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Editorial on the Research Topic
Women in chemistry 2022

Introduction

A wide plethora of research exists on women in STEM education, but research by female
chemists in educational and employment settings is scarce, especially in the Middle East and
North Africa region. Most current industries use computer-driven machinery, and rising
levels of automation and automated control systems that are driven by machines have altered
shop floor procedures. The necessary qualifications and skills for chemistry jobs have
changed as a result.

Chemistry education in Egypt is advancing. At least 15 STEM high schools operated by
the Education Ministry have been established since 2011. In 2017, 43% of Egypt’s university
STEM students were women which is higher than the percentage in the UK and all over the
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globe. The percentage increased to reach almost 47% in 2018/2019 as
was reported in the Higher education bulletin from CAPMAS. The
percentage of female graduates by field is shown in the
2021 UNESCO scientific report using data from 2018: agriculture
49.4%, engineering 20.9%, health & welfare 56%, natural sciences
64.2%, and ICT 36.8%. According to UNESCO data, in 2018 only
46% of Egypt’s total number of scientific researchers were women.
This percentage exceeds the average percentage of female
researchers in the Arab World which accounts for around 43%
and that of EU which accounts for 34%.

Womenmust engage in all fields in order for societies to advance
and stay up with the times. However, in some fields, such as the
male-dominated field of Mechanical and Electrical Engineering,
there is very little female representation, so we are striving to
raise awareness among youth in society.

This editorial plays a small part in this by documenting women’s
work in chemistry with all of its qualitative ramifications,
highlighting successful research stories, and focusing on
advancing and sustaining the presence in public and private
sector institutions to emphasize the significance of women
working in this profession and empowering them in the field of
Chemistry.

Diverse international representation of researchers have
contributed to this Research Topic in the 2022 edition and all
the manuscripts were published after a thorough peer review
process. The following is a summary of the areas and
contributions in each of these manuscripts organized in terms of
broad research topics.

Analytical chemistry

This section includes 2 articles involving some areas of
Analytical Chemistry, as bioplastic analysis and food products.
Censi et al. reported on bioplastics, defined as materials obtained
from biomass sources and recycled food waste. They can be divided
into biodegradable, bio-based, or both. This minireview described
the different methods for bioplastic qualitative analysis, such as
fluorescence, Nuclear Magnetic Resonance (NMR), Fourier-
Transform Infrared Spectroscopy (FTIR), UV-VIS
spectrophotometry, Differential Scanning Calorimetry (DSC),
Thermogravimetric Analysis (TGA) and for bioplastic
quantitative analysis, such as Gas Chromatography (GC), High-
Performance Liquid Chromatography (HPLC), TGA associated
with Mass Spectrometry (TGA-MS). The processes of biopolymer
degradation were also examined considering the advantages and
disadvantages of each method, and their potential environmental
impact.

The determination of trace levels of organic fining agents in
wines was reported by Bongiorno et al. Fining agents were
commonly added to wines to reduce or remove some undesirable
compounds, such as proteins, phenols, and tannins. The residues of
fining agents should not be present in the final product, any trace
residues must be quantified using detection methods. Among them
there are immunochemical assays such as Enzyme-Linked
Immunosorbent Assay (ELISA), for the detection of exogenous
protein residues; Mass Spectrometry (MS) based methods for the
determination of contaminants, antioxidants, polymers, surfactants,

and proteins; biosensors for the detection of food allergens as
lysozyme, ovalbumin, caseins, lactoglobulin.

Photocatalysis and photochemistry

Research advances in photocatalysis towards sustainable
technology for converting solar energy into fuels, mainly
through the solar-driven conversion of water and CO2 into
fuels and chemicals.Many important photocatalytic reactions,
i.e., Water splitting, hydrogen evolution, oxygen reduction, CO2

reduction, and organic reaction, have been explored. Mainly the
photocatalyst has been considered a significant player, and a wide
range of photocatalyst materials, from oxides, perovskites, (oxy)
halides, organic semiconductors (graphitic carbon nitrides,
conjugated polymers, porous polymers, covalent organic
framework, etc.), porous materials, and 2D materials for
photocatalytic fuel production. Traditional metal oxides are
widely utilized photocatalysts but are limited with poor
efficiency and absorb light in the short wavelength range. In
recent years, significant progress has been achieved in
improving the performance of oxide semiconductors by
increasing the exposed active areas. A series of new visible light
active photocatalysts such as TiO2, BiVO4, WO3, Fe2O3, Cu2O,
spinel oxides, perovskites, etc.,.have been developed through the
integration of binary or ternary structured photocatalyst loaded
with co-catalysts which lower photoexcited charge carriers
recombination and achieve high catalytic efficiency and photo-
stability. The photocatalytic performance is essentially dependent
on the electronic structure of photocatalysts, and the conversion
efficiency could be enhanced via rational catalyst design, such as
introducing vacancies and constructing a heterointerface. In spite
of significant progress in materials development, the current status
of the photocatalysts is limited to practical applications from
laboratory-scale to industrial-scale. Moreover, various
photoreactor systems have been developed for low-cost solar
fuel production, which is promising for realizing the
commercialization of such technologies. This Research Topic
features one review and one original research paper on this
Research Topic.

The first article focuses on the synthesis of Catalyst: The
Development Synthesis of Tetrahydrobenzo [b]pyran Scaffolds
via a Single-Electron Transfer/Energy Transfer Farzaneh
Mohamadpour. The authors report on methylene blue (MB+)-
derived photo-excited state functions was employed in an
aqueous solution as single-electron transfer (SET) and energy
transfer catalysts. The formation of malononitrile, and dimedone,
a radical tandem Knoevenagel–Michael cyclocondensation reaction
of tetrahydrobenzo [b] pyran scaffolds, were developed. A gram-
scale cyclization is possible, implying that the technology may be
applied in industries.

The review by Wang and Kowalska is focused on the use
Property-governed performance of platinum-modified titania
photocatalysts. The preparation of platinum deposited on the
surface of titania has been shown to improve photocatalytic
performance both under UV and visible light. Interestingly, the
property governed activity for Pt/TiO2 photocatalysts such as
platinum content, platinum properties (size, aggregation/uniform
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distribution, oxidation state), titania properties (size, crystallinity,
specific surface area, polymorphic form, defect density, morphology,
surface characteristics) and the contact between platinum and
titania have been considered an highlighted.

Chemical biology

In this study, Lee and Heffern investigated the interface between
the biological activity of flavonoids and their interaction with copper
ions as potential therapeutic targets. Flavonoids are small
polyphenolic molecules that are widely distributed in plant
products, are known to have beneficial health effects and exhibit
complex behaviour in biological systems. Copper contributes to the
proper functioning of biological systems and its deregulation is
associated with several metabolic diseases. Spectroscopic techniques
were used to study the binding of flavonoids to Cu(II) and their
radical scavenging activities. The authors identified important
structural groups involved in this interaction related to ring
substitution. The biological effects of flavonoids on copper
transport were also evaluated and shown to be influenced by
their hydrophobicity. In conclusion, relevant aspects of the
influence of flavonoids on copper transport have been elucidated,
contributing to new dietary recommendations and potential
therapeutic development.

Zhang et al. showed that the potential drug molecule OHPy2N2 is
the first example of a low molecular weight, macrocyclic small
molecule capable of activating cellular mechanisms of protection
against oxidative stress. The results reported clearly show that there
are multiple pathways that OHPy2N2 may impact to promote natural
mechanisms within cells that protect against chronic oxidative stress
in the eye. The work is a paradigmatic example of the contribution of
chemical biology, combining the organic and inorganic design of
small molecules with studies aimed at elucidating their potential to
impact eye disease. Only such a multidisciplinary approach will,
soon, be able to characterise the structural components of the
OHPy2N2 molecule responsible for the activation of these
pathways and hopefully lead to the identification of non-surgical
therapeutic options whose benefits outweigh the risks of cataract
surgery complications that may still occur, especially in patients of
advanced age.

Electrochemistry

This Research Topic features two original research papers on the
Electrochemistry section. The first one is entitled “Toward practical
Research Topic: Identification and mitigation of the impurity effect
in glyme solvents on the reversibility of Mg plating/stripping in Mg
batteries,” which addresses the challenges associated with the
reversible electrochemical plating and stripping of magnesium in
magnesium batteries. The authors focus on ether glyme solutions
containing the MgTFSI2 salt, which are commonly used electrolytes
for achieving reversible behavior of Mg electrodes. The study
systematically identifies impurities in these systems and
investigates their effects on the Mg deposition-dissolution
processes. This study evaluates various mitigation methods to
eliminate impurities and discusses their beneficial effects on

improved reactivity. Ultimately, the authors propose a
conditioning protocol that can be easily implemented and safer
for practical applications of MgTFSI2/glyme electrolytes containing
impurities. In this article, the authors emphasize the significance of
glymes as solvents andMgTFSI2 as a promising salt for Mg batteries,
which makes a significant contribution to the field of Mg batteries by
addressing the impurity effect in glyme solvents and providing
practical strategies for their mitigation. The systematic
identification of impurities, evaluation of mitigation methods,
and proposal of a conditioning protocol demonstrate the author’s
thorough research and understanding of the subject matter. This
study’s findings can potentially facilitate the development of
practical and efficient electrolyte systems for Mg batteries.

The second paper submitted to this section is entitled:
Electrodeposited Fe on Cu foam as advanced Fenton reagent for
catalytic mineralization of methyl orange,” which addresses the
significant Research Topic of textile dye pollution in water and
proposes an innovative solution using Fe/Cu catalysts in
heterogeneous Fenton’s reaction. This study uses environmentally
friendly electrodeposition techniques to explore the degradation of
methyl orange, a model azo dye, in aqueous solutions. In this work,
the authors have discussed the advantages of bimetallic Fenton
reagents, specifically Fe/Cu catalysts, regarding their catalytic
efficiency and stability. They also explain how immobilizing iron
species onto porous templates like metal foam can enhance the
catalyst’s activity. The use of metal foam as a substrate is justified
based on its durability, ductility, and highly effective surface area.
This study offers valuable insights into using Fe/Cu catalysts on
copper foam as an effective solution for the degradation of textile
dyes in wastewater. The research findings, experimental approach,
and the environmentally friendly nature of the proposed method
make it a significant contribution to the field of wastewater
treatment.

Green and sustainable chemistry

Gender inequality, the fifth sustainable development goal
outlined by the United Nations is considered as a significant
hindrance to sustainable development and without fully
addressing it, reaching the other goals will be much more
difficult. Within this context, women play a pivotal role in
contributing to improve economic, social, and environmental
Research Topic crucial for achieving a sustainable future. Green
chemistry is a continuously evolving frontier, which embraces the
development of chemical processes and environment-friendly
products alternative to hazardous substances to prevent pollution.
The extensive use of crude oil raised the need for more sustainable
feedstock for energy and materials, which has to meet the growing
demand for goods. The design of sustainable chemical processes
reduces waste and demand on diminishing resources. In this frame,
waste lignocellulosic biomass represents a sustainable alternative
feedstock to fossil resources for fuels and chemicals. Indeed this
frame, it is possible to obtain innovative materials starting from
wastes, for example, humic and fulvic acids formulate nanohybrids
with silica obtained from rice husks can be used for agricultural
applications and circular processes involving urban waste
valorization (Giordana et al.). Another possibility is to employ
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added value molecules from renewable resources to optimize the
production of chemicals usually obtained from fossil resources:
isoprene can be prepared under mild conditions by selective
catalytic conversion of prenol, which is an allylic alcohol that can
be synthesised from renewable sources using metabolically
engineered Escherichia coli (Kothandaraman et al.). Moreover,
through the practice of green and sustainable chemistry,
processes that use smaller amounts of energy can be conceived.
Practical Mg-ion batteries require highly reversible Mg deposition
and large current density, therefore both identification and removal
of impurity in glyme solvents are crucial to achieve reversible Mg
electrochemistry. Yang et al. were able to reach this goal, employing
a facile conditioning protocol to further improve the performance of
MgTFSI2/Gx electrolytes.

Inorganic chemistry

Among the most relevant and active Inorganic Chemistry
research areas, the search for biological activity of coordination
compounds is a mature, yet constantly growing field. In particular,
there is an urgent need for the development of new classes of
compounds due to acquired resistance or limitations of the
currently approved drugs against cancer.

In this Research Topic, we highlight the ability of coordination
compounds such as hydrazone copper (II) complexes to behave as
antiproliferative agents. Correia and co-workers managed to
synthesise new copper (II) complexes bearing benzohydrazide-
hydrazone derivatives of 8-hydroxy-2-quinolinecarbaldehyde and
evaluate their behaviour in malignant melanoma (A-375) and lung
(A-549) cancer cells. All the new compounds appeared to be potent
on cancer cells, albeit with varying efficiencies in cell lines of
different origins. Globally this group of complexes is more active
against the melanoma cells (A-375), than in lung (A-549) cancer
cells, but in both cases the IC50 values are in the low μM range.

Medicinal and pharmaceutical chemistry

The primary goal of a medicinal chemist is to discover hit
compounds and then hit to lead optimization with ideal selectivity
towards the targets such as enzymes, proteins, receptors, DNA, and
RNA which play a crucial role in disease pathways. Based on the
structure and function of a suitable target, hit molecules can be
designed with chosen potency, selectivity, and optimal ADME/T
parameters. To date, a wide class of small molecules including
natural products/their metabolites and synthetic molecules have
been designed or discovered which play a crucial role in various
therapeutic areas.

Natural polyphenolic small molecules such as flavonoids possess
antioxidant as well as prooxidant properties. Lee et al. reported that
flavonoids might affect copper transport and offer new therapeutic
development. Listro et al. reviewed urea-based molecules as anticancer
agents and highlighted the relevance of the urea moiety in the
medicinal chemistry scenario of anticancer drugs. Ribeiro et al.
synthesized Cu-complexes with hydroxyquinoline hydrazones and
tested them for anticancer activities in melanoma and lung
adenocarcinoma cell lines. These Cu-complexes exhibit promising

anticancer activities in the low micromolar range and induce
oxidative and DNA damage. Small molecules have the potential to
interact with nucleic acid secondary structures such as G-quadruplexes
(G4s) offering a new direction in the development of therapeutics.
Besides small molecules, macrocyclic molecule, and protein-mimetic
peptides (PMPs) are reported to display significant pharmacological
properties that have potential in therapeutics development. Despite of
Research Topic of large compounds, still there is a large chemical gap
to discover new small chemical molecules with improved potency,
efficacy and selectivity, and target identification. Due to the highly
heterogeneous nature of various disease phenotypes and the complex
mechanism of action of small molecules in biological systems, the
combination approach of potential clinical candidates with existing
drugs might be a suitable therapeutic application.

Nanoscience

The aim of the Research Topic: Women in Chemistry 2022 is
to highlight the significant contributions from women researchers.
The study by Vlaicu et al. of the Research Topic “Atomic scale insight
into the decomposition of nanocrystalline zinc hydroxynitrate toward
ZnO using Mn2+ paramagnetic probes” guides to the right selection
of the most appropriate zinc hydroxynitrate synthesis method.
Promising compound that exhibits a range of particular properties:
anion-exchange, intercalation capacity and biocompatibility,
becoming useful for a wide variety of applications in fields from
nanotechnology to healthcare and agriculture. The study
represents a model for the right choice of synthesis for specific
applications and in the development of new green, cost-effective
synthesis routes for Mn2+ doped nano-ZnO.

Another important study collected on this Research Topic by
Cardoso et al. is represented by “Rational design of potent ultrashort
antimicrobial peptides with programmable assembly into
nanostructured hydrogels”. The always important question of the
microbial resistance to common antibiotics is threatening to cause
the next pandemic crisis and in this special section, the authors
reported a study on the bi-functional rational design of Fmoc-
peptides as both antimicrobial and hydrogelator substances for the
fast, adaptable, and cost-efficient antimicrobial peptide design with
programmable physicochemical properties.

The last contribution to the Nanoscience section of this Research
Topic is represented by the original research by Tiwari et al., entitled
“Overcoming the rise in local deposit resistance during electrophoretic
deposition via suspension replenishing”. A promising method is
represented by Electrophoretic deposition for the scalable assembly
of colloidally stable nanomaterials into thick films and arrays. The
study highlights an important effect, namely, that the growth of the
ion-depletion region plays the most significant role in the increase of
the deposit resistance, demonstrating also a method to maintain
constant deposit resistance in Electrophoretic deposition by
periodic replenishing of suspension, improving its scalability.

Organic chemistry

Following the celebration of International Women’s Day 2022,
the UNESCO International Day of Women and Girls in Science,
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Frontiers in Chemistry is proud to offer this platform to promote the
work of women scientists, across all branches of Organic Chemistry.

At present, less than 30% of researchers worldwide are women.
Long-standing biases and gender stereotypes are discouraging girls
and women away from science-related fields, and STEM research in
particular. Organic Chemistry is no exception to this. Science and
gender equality are, however, essential to ensure sustainable
development as highlighted by UNESCO. In order to change
traditional mindsets, gender equality must be promoted,
stereotypes defeated, and girls and women should be encouraged
to pursue STEM careers.

This Research Topic has the aim of bringing into the spotlight
the contributions of female researchers in all areas of Organic
Chemistry. The works presented here include applications in
synthesis, and modification of immobilization techniques and
hydrogels and demonstrate the diversity of research performed in
Organic Chemistry.

The work by Villamil et al. describes advances in thiol-thioester
chemistry. The team explored the use of 2-aminothiols for the
deprotection of thiols bearing an acyl group. The best results
were obtained using cysteamine or L-cysteine in an aqueous
buffer pH 8 at room temperature for 30 min. This process
demonstrates that this deprotection can take place under very
mild conditions and can yield inhibitors of a wide-range of
metallo-β-Lactamases.

The work by Santis et al. describes the immobilization of an
enzyme that catalyzes the regio- and stereospecific hydroxylation of
non-activated C–H bonds at the only expense of H2O2. The team
investigated both covalent and ionic immobilization and metal
affinity binding and was found to lead to high immobilization
yields and result in significantly greater stability for a peroxygenase.

The review byWolfel et al. discusses current strategies for ligand
bioconjugation to poly (acrylamide) gels with respect to chemo-
selectivity and site-specificity of attachment as well as preservation
of ligand’s functionality. These biomaterials have many advantages
such as convenient synthesis, desirable mechanical properties within
physiological range of native soft tissues, the potential to be
functionalized with ligands to support the culture of living cells,
and their optical transparency making them compatible with
microscopy investigations. The review focuses on the application
of materials for cell culture studies including specific functions of
these hydrogels, and how user-friendly they are compared to the
chemoselectivity the hydrogels exhibit.

Supramolecular chemistry

Supramolecular chemistry enables the design and synthesis of
multiple compounds and functional materials, leading to
advancements in interdisciplinary fields such as chemistry,
physics, materials science, biology, drug delivery, and
nanotechnology. The papers published in this section are an
example of the multidisciplinarity of the field, focusing on the
dynamics and structural characterization of supramolecular
complexes, peptide-based aggregates and fluorescent gels.

Novo and Al-Soufi described the evaluation of thermodynamic
parameters, dynamics of supramolecular association and structural
information of supramolecular complexes by fluorescence

correlation spectroscopy (FCS). FCS is very useful for studying
the dynamics in supramolecular host-guest complexes, when the
relaxation time of the complex formation is faster than the
observation time (fast-exchange dynamics), in opposition to the
slow-exchange regime, which is vital for the understanding of
supramolecular complexes and their function.

Fasola et al. identified a protein mimetic peptide (PMP) from
Pseudomonas aeruginosa YeaZ protein. This PMP has the ability to
switch to different secondary structural elements (α-helix, β-sheet),
and to form different aggregate types (helical nanofibers, 2D-sheets
and hydrogel) by changing external conditions such as
concentration, hydrophobicity and temperature. PMP is a
promising candidate for the generation of improved
biocompatible and responsive materials from a single building
block.

Impresari et al. developed different AIEgen-based luminescent
hybrid supramolecular structures comprising of tetraphenylethylene
scaffold and fatty acids of different chain lengths in water. The
presence of longer alkyl chains facilitates the formation of stable
emissive aggregates. N-terminus capping agents were used in the
development of cell-viable peptides that self-assembled into
luminescent fibrillary materials, which were able to form
supramolecular gels in aqueous solution. Considering the
widespread importance of luminescent materials, these
fluorescent gels can be used as suitable substrates for in vitro
models and bio-imaging studies.

This section further aims to encourage more women to pursue
careers in this field.

Theoretical and computational chemistry

In the continually evolving landscape of scientific research, it’s
undeniable that women have made remarkable strides, particularly
in the field of Chemistry. Beyond their invaluable contributions,
women continue to challenge the status quo, driving innovation, and
inspiring future generations of researchers. We recognize and salute
these brilliant minds, focusing on four recent theoretical and
computational chemistry contributions span across diverse
Research Topic, fragment library design, spectral denoising,
SARS-CoV-2 target proteins study and encapsulating population
analysis.

Our journey begins with the work of Imbernon et al., who
effectively harnessed the wealth of data in the Protein Data Bank to
inspire fragment library design for drug discovery. The team
identified fragments with multiple binding sites and modes,
unravelling the potential of these multi-targeting fragments to
provide frequent hits in screening, thus redefining modern
medicinal chemistry.

Switching gears, Iyengar et al. took a profound leap into the
fight against COVID-19. Using their expertise in computational
chemistry, the team investigated alternative target sites formolecular
probe design on three SARS-CoV-2 proteins, uncovering key
interactions that contribute to the viral proteins’ function. These
findings have the potential to revolutionize our approach to battling
such an unpredictable and lethal virus.

Continuing on a biomedical front, Bian et al. and her colleagues
unravel the usage of spectral denoising in improving data analysis.
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The team developed a novel spectral denoising method utilizing the
Hilbert–Huang transform and F-test, resulting in superior results to
conventional methods. This advancement is critical in modern
science, with potential applications spanning from chemical
investigations to medical diagnostics.

Lastly, we delve into the field of population analysis with the
contribution from North et al. In their notable work, they examined
the impact of basis sets and quantum methodology choices on
population analysis. The results shed light on the significant
variations in atomic charges based on adopted approaches,
thereby highlighting the importance of careful method selection
in population analysis studies.

Collectively, these works underscore the diversity of applications
for computational and theoretical chemistry, from drug discovery
and molecular probe design to enhanced data analysis methods.

In light of their achievements, we emphasize the growing
importance and need for diversity in the scientific community.
We hope that highlighting these contributions by women will
inspire future generations of scientists, underscoring that gender
should never be a barrier to innovation and discovery. As we move
forward, let’s continue to celebrate and encourage more women in
Chemistry, the echoes of their impact reverberating within the
scientific community and beyond.

Conclusion

We have included some highlights from various research
activities in the field of chemistry. We anticipate that this will be
a useful reference tool for students and researchers working in
various areas of chemistry who are conducting chemical studies of
novel systems with potential applications. This Research Topic
discusses current and promising trends in chemical, biological,
theoretical and computational chemistry for a sustainable and
green future. The authors present contributions with original
research articles, mini and full reviews, and papers on related
Research Topics in this Research Topic. Electrochemical,

inorganic and supermolecular chemistry are covered in the
Research Topic. Researchers can refine their studies in the search
by using the information provided here. Moreover, this outstanding
Research Topic of manuscripts emphasises the ongoing and
powerful role that nanoscience plays in our understanding of
complex processes. The contributions made by the development
and application of novel chemistry research tools are numerous. The
work described in themanuscripts also demonstrates an acceleration
in the translation of research diagnostics, and potential applications
in chemistry. The reader is expected to enjoy and value the
contributions of Women in Chemistry. We would like to thank
all authors, reviewers, and Editorial Board members for their
significant contributions to the implementation of this special
Research Topic.
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Solvent-Induced Selectivity of
Isoprene From Bio-Derived Prenol
Jotheeswari Kothandaraman†, Lelia Cosimbescu*† and Marie S. Swita

Pacific Northwest National Laboratory, Richland, WA, United States

In this work we demonstrate the selective catalytic conversion of prenol, which is an allylic
alcohol that can be prepared from renewable resources to isoprene. The catalyst is an
inexpensive molybdenum complex (Molyvan L) designed and used as an additive for
lubricants. Isoprene is generated under relatively mild reaction parameters at 130–150°C,
for 2 h, under vapor pressure conditions that do not exceed 50 psi. Two cases were
studied: one in which Molyvan L was dissolved in a base oil at 1% concentration (weight/
weight) and then mixed with a solvent and prenol and the other in which neat Molyvan L
was introduced in the reaction and the base oil was replaced with the solvent and prenol.
We investigated the selectivity of the reaction using the following solvents in both cases:
dodecane, dodecanol, isododecane, octane, blendstock for oxygenate blending (BOB3),
a fuel surrogate, a polyalphaolefin (PAO4), and methoxy polyethylene glycol (methoxy
PEG350). Although conversion of prenol was above 94% in all experiments, isoprene was
formed with various degrees of efficiency alongside a prenol isomeric alcohol, diprenyl
ether and mixed ether via intramolecular and intermolecular dehydration reactions.
Dodecane appeared to have the highest level of selectivity initially in base oil so we
studied the effect of various dodecane-like solvents on isoprene yield and product profile.
Surprisingly, octane (similar to dodecane) and isododecane (branched alkane) generated
insignificant amounts of byproducts, essentially providing the highly desired isoprene with
a very high selectivity. Branching of the solvent does not appear to have an effect on
selectivity. Another advantage of this catalyst is the low loadings required to effect the
transformation; that is, 0.25% (weight/volume) in the cases using neat Molyvan L and 0.5%
(weight/volume) in the cases usingMolyvan L dissolved in the base oil. Provided that prenol
can be produced in large scale from bioresources, this work would enable the sustainable
production of isoprene, in good yield, and with very high selectivity.

Keywords: prenol, isoprene, selective catalysis, bio-derived, sustainability

1 INTRODUCTION

Isoprene, an unsaturated hydrocarbon, is an importantmonomer used in the production of synthetic rubber
(approximately 95%of isoprene produced is used for this purpose). It also is an important platformchemical
used for a wide range of applications, such as fragrances, medicines, and pesticides. Currently, isoprene is
mostly produced from fossil sources as a byproduct of the thermal cracking of oil or naphtha. About 800,000
metric tons are produced annually.With a strong industrial demand for isoprene, its sustainable production
from raw materials derived from renewable sources is highly desired. (Ezinkwo et al., 2013).

Prenol (3-methyl-2-buten-1-ol) has been identified as an interesting and unusual oxygenated
biofuel blendstock for use in spark ignition engines primarily because it exhibits a novel “octane

Edited by:
Maela Manzoli,

University of Turin, Italy

Reviewed by:
Zhi Li,

ShanghaiTech University, China
Aida Luz Villa,

Universidad de Antioquia, Colombia

*Correspondence:
Lelia Cosimbescu

lelia.cosimbescu@pnnl.gov

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Green and Sustainable Chemistry,
a section of the journal
Frontiers in Chemistry

Received: 18 February 2022
Accepted: 26 April 2022
Published: 17 May 2022

Citation:
Kothandaraman J, Cosimbescu L and

Swita MS (2022) Solvent-Induced
Selectivity of Isoprene From Bio-

Derived Prenol.
Front. Chem. 10:879129.

doi: 10.3389/fchem.2022.879129

Frontiers in Chemistry | www.frontiersin.org May 2022 | Volume 10 | Article 8791291

ORIGINAL RESEARCH
published: 17 May 2022

doi: 10.3389/fchem.2022.879129

13

http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.879129&domain=pdf&date_stamp=2022-05-17
https://www.frontiersin.org/articles/10.3389/fchem.2022.879129/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.879129/full
http://creativecommons.org/licenses/by/4.0/
mailto:lelia.cosimbescu@pnnl.gov
https://doi.org/10.3389/fchem.2022.879129
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.879129


hyperboosting” effect when blended with gasoline mixtures
(Monroe et al., 2019). Because of its unique positioning of
olefinic and alcohol functional groups, when blended with
gasoline the research octane number (RON) of the mixture
exceeds the performance of the individual pure components.
This is in contrast with the well-known synergistic blending of
oxygenates into gasoline, in which the measured RON never
surpasses the RON of best performing component. In addition to
reducing NOx and soot production during combustion, which is
typical of most alcohol-based fuels, prenol has low water
miscibility, good energy density, high octane sensitivity, and
low Reid vapor pressure. With the current trend of
decarbonizing the transportation sector, including fuels and
bio-derived oxygenates blending into fuels, there is even a
greater incentive to produce prenol from biorenewable
resources. Currently prenol is produced industrially as an
intermediate for the generation of citral using petroleum-
derived chemicals via a two-step process that first involves
reacting isobutene and formaldehyde to form isoprenol and
then isomerization of the isoprenol to prenol. (Bonrath and
Netscher, 2005; Parker et al., 2016). Prenol is not naturally
abundant, however, because of its promising fuel performance,
researchers have studied its synthesis from renewable sources
using metabolically engineered Escherichia coli. (Chou and
Keasling, 2012; Zheng et al., 2013; George et al., 2015; Gupta
and Phulara, 2015; Liang et al., 2021). With recent developments
in biosynthetic approaches, prenol production of more than 2 g/L
has been demonstrated, thus showing its potential as a next
generation biofuel. (Zheng et al., 2013; Clomburg et al., 2019).

Previously, while studying the reactivity of prenol in the presence
of Molyvan L (a molybdenum additive used as a friction modifier),
we identified the major products of the reaction: 2-methylbut-3-en-
2-ol, ethers, and isoprene (2-methyl-1,3-butadiene) (Cosimbescu
et al., 2022). These moieties were produced via isomerization of
prenol, intermolecular and intramolecular dehydrations,
respectively, albeit with no selectivity to any specific product.
Producing isoprene from bio-derived prenol by selective
intramolecular dehydration is an attractive alternative route to
the conventional petroleum-derived process. Bioproduction of
isoprene has been gaining much attention recently, (Yang et al.,
2012; Wang et al., 2017; Li et al., 2018; Li et al., 2019; Janke et al.,
2020), and inspired by the body of work, we wanted to leverage our
early results with prenol/Molyvan L catalyst and explore the
potential of producing isoprene by selective intramolecular
dehydration of 2-methylbut-3-en-2-ol, a tertiary isomeric alcohol
of prenol that forms in situ in presence of Molyvan L.

In this work, we investigated conditions for the selective
catalytic production of isoprene from prenol using Molyvan L
as an inexpensive homogenous catalyst. Previous work published
by us and by other research teams has shown that the selective
production of isoprene from prenol is challenging under
relatively mild conditions (<150°C) and often results in a
mixture of products, such as ethers, ketones, and isomers of
prenol in the presence of both homogenous and heterogeneous
catalysts (Marton et al., 1989; Bianchini et al., 2001; Todd and
Bielawski, 2013; Cosimbescu et al., 2022). Notably, Taylor and
Shenk reported selective production of isoprene from prenol

isomeric alcohol under harsh conditions (300°C) (Taylor and
Shenk, 2002). However, in their study, the alcohol was prepared
in 50% yield by the reduction of its butyne precursor, 2-
methylbut-3-yne-2-ol, with a large excess of copper zinc dust.
Several other products also were formed, presumably making
isolation of the alcohol difficult. In contrast, our process is not
only energy efficient (occurring at a lower temperature, low
catalyst loadings, short reaction times), but can use “green”
prenol produced from biomass. We have identified that the
solvent plays a key role in controlling the selectivity of the
product distribution <150°C. Furthermore, the optimized
reaction conditions that provide high selectivity also would
enable the separation of isoprene from the reaction mixture
via distillation, as the minor products formed have much
higher boiling points. To the best of our knowledge, this work
is the first report of selective, catalytic, and high yielding
production of isoprene directly from prenol under relatively
mild reaction conditions and short reaction times.

2 MATERIALS AND METHODS

2.1 Reagents
Prenol and isododecane (2,2,4,6,6-pentamethylheptane) were
purchased from TCI America and used without further
purification. Octane, methoxy PEG350 and dodecane were
purchased from Aldrich and used as received. The blendstock
for oxygenate blending (BOB3) was obtained from a commercial
refiner and was used as received. BOB3 is a winter-blend,
premium unadditized gasoline, with the lowest amount of
butane among all available BOBs and therefore has the lowest
vapor pressure. A detailed hydrocarbon analysis was conducted at
Intertek Laboratory in accordance with ASTM D2699 to provide
the BOB3 composition and carbon typing. The hydrocarbon
group types in terms of total mass percent were as follows:
paraffins—6.8225; isoparaffins—44.9437; olefins—8.5925;
naphthenes—13.7524; aromatics—22.5572; c14+—0.7997;
unknowns—2.5320. The fuel surrogate blend was prepared in
house from the following components: isooctane (55%), heptane
(15%), xylene (25%), 1-hexene (5%), and it is designed to mimic a
gasoline fuel but with much fewer components. All components
were reagent grade and purchased from Fisher.

Polyalphaolefin 4 (PAO4, provided by Exxon Mobil) was the
base oil for Molyvan L additive/catalyst. PAO4 is a Group IV
lubricant base stock with a kinematic viscosity around 4cSt at
100°C. Molyvan L [molybdenum di (2-ethylhexyl)
phosphorodithioate] was obtained from Vanderbilt Chemicals
LLC and was provided as a concentrated oil solution (75% w/w).
We further diluted the received lubricant additive in PAO4 to
obtain a 1% (w/w) solution. In the “neat” experiments, we used
the molybdenum-based catalyst as received, in
concentrated form.

2.2 Experimental Procedure
A 50 ml pressure vessel rated up to 1,000 psig from McMaster
Carr was loaded with either: 5 ml prenol, 5 ml solvent (octane,
dodecane isododecane, methoxy PEG 350, BOB3, fuel surrogate,
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or PAO4) and 10 ml of 1% Molyvan solution in PAO4; or 5 ml
prenol, 15 ml of solvent as defined above, and 55–60 mg neat
Molyvan L as the Mo catalyst. The reaction mixtures were
premixed in a 20 ml scintillation vial to ensure homogeneity
and take an aliquot that served as a baseline for the reaction. As
such, the initial concentration of prenol was kept the same in both
configurations, at 25% (v/v). The internal temperature was
monitored via a handheld Omega thermometer attached to a
type K thermocouple. A pressure gauge (McMaster Carr - part
number: 9767T21) was attached to the side of the reaction vessel
to monitor vapor pressures, typically between 40–50 psig. An
external Omega type K thermocouple, attached to an over-
temperature controller offset at 250°C, was kept inside the
vessel heating mantle to prevent overheating. The mixtures
were stirred at a temperature ~150°C for 2 h, then chilled in
ice as to prevent the loss of volatiles, particularly isoprene and
placed in freezer.

2.3 Analysis
2.3.1 Gas Chromatography via Flame Ionization
Detection
Original (fresh, 0 h) and heated samples (2 h) were analyzed via
GC-FID to quantify used prenol and generate conversions, as well
as qualitatively compare the magnitude of isoprene peak from
each reaction condition. Samples were analyzed using an Agilent
7,890 gas chromatograph equipped with a flame ionizing
detector. The column was a DB5-MS 30 m × 250 μm x 1.0 µm
film thickness with a carrier gas of helium flowing at 2.0 ml/min.
The oven temperature was initially held for 1.0 min at 40°C and
then ramped up at 10°C/min to a final temperature of 325°C,
where it was held for 10 min. The injection volume of each neat
sample was 1 µl and the inlet was heated to 260°C. Each sample
was integrated using Agilent Data Analysis software. A baseline
drop was used for integration to determine each peak area of
compounds of interest. Using the peak areas, specific samples
were compared to their respective originals at the beginning of the
experiment. Chromatograms from each sample set (before and
after heating) were overlaid to qualitatively inspect for area
differences indicative of chemical changes with heating. All
GC-FID overlays can be found in the SI.

2.4 Spectral Characterization
NMR spectra were obtained using a Bruker Avance NEO or
Varian 500 MHz NMR Spectrometer console scanned at
500 MHz (1H). The chemical shifts are reported in delta (δ)
units, parts per million (ppm) downfield from tetramethylsilane
(TMS), Samples were prepared in deuterated chloroform
containing dimethylterephthalate (DMTP) as an internal
standard.

3 RESULTS AND DISCUSSION

A simple process set-up comprised of a 50 ml pressure vessel
rated up to 1,000 psig was loaded with either 5 ml prenol, 5 ml
solvent (octane, dodecane, isododecane, methoxy PEG350,
BOB3, fuel surrogate, or PAO4) and 10 ml of 1% Molyvan L

solution in PAO4 (data shown in Supplementary Table S1) or
5 ml prenol, 15 ml of solvent as defined above, and 55–60 mg neat
Molyvan L as the molybdenum catalyst (data shown in
Supplementary Table S2).

The reaction mixtures were premixed in a 20 ml scintillation
vial to achieve homogeneity, and an aliquot of the mixture served
as a baseline for the reaction. As such, the initial concentration of
prenol was kept constant in both experiments, at 25% (volume/
volume). Original (“fresh”, unheated, 0 h) and heated (2 h)
samples were analyzed via gas chromatography-flame
ionization detection (GC-FID) to quantify the percent of
prenol used and generate conversions and to qualitatively
compare the magnitude of isoprene peak from each reaction
condition. The reaction profile was similar to others previously
run, with four major products identified via GC-FID (Figure 1).
Other minor unidentified species also were present, totaling no
more than 10% of the total products.

After the prescribed reaction time (2 h after reaching near
150°C), the reactor was chilled in ice to minimize the loss of the
most volatile component, isoprene, and the mixture was
transferred to a vial and then stored in a freezer until testing.
The set-up has several metal hardware attachments (i.e., an inner
temperature probe, a pressure gauge, and a rupture disk) of
substantial volume where product(s) can condense and escape
the final mixture, thus skewing the analytical results. The upper
part of the set-up was not cooled, providing opportunities for
product loss, particularly isoprene. The two configurations are
referred to as 1%Molyvan L base oil solution and neat Molyvan L.
These distinctively different conditions were implemented to
probe for the highest conversion of prenol to products and for
selectivity towards isoprene. Initial studies explored only
lubricant containing systems and dodecane provided a
promising result, that is why the study was continued in
lubricant solvent-systems and expanded to systems without
lubricant. The qualitative abundance data is shown in
Figure 2 and Figure 4.

The solvents screened are not typical organic solvents; rather,
they are fuel-related solvents from which this research
originated. As mentioned, it was discovered serendipitously
that dodecane provided enhanced selectivity with a 1%
Molyvan L base oil solution (Figure 2). While all solvent
media tested provided near quantitative conversions of
prenol, only few generated high amounts of isoprene.
Dodecanol, which is slightly more polar than dodecane, was
tested also, and although it yielded a substantial amount of
isoprene, it also participated in dehydration reactions with itself
and prenol and generated extra major byproducts aside from
those shown in Figure 2. Therefore, the apparent enhanced
selectivity for isoprene in this case is not real, as the graph
ignores those byproducts only formed with dodecanol. Fuel
surrogate and BOB3 generated large amounts of isoprene, as it
qualitatively appears to be the largest product, but not
selectively. We also investigated the methoxy PEG350 as a
polar solvent, but we encountered challenges in assessing
reaction efficiency towards isoprene formation because the
solvent and products partition between the base oil and polar
phases. A large amount of the isomeric alcohol was found in the

Frontiers in Chemistry | www.frontiersin.org May 2022 | Volume 10 | Article 8791293

Kothandaraman et al. Isoprene Synthesis From Prenol

15

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


bottom layer (aqueous, polar), so this reaction also did not
provide the desired selectivity. Encouraged by the enhanced
selectivity of dodecane, other high boiling-point solvents
(required to minimize the vapor pressure of the system) such
as octane and isododecane were explored. We were surprised to
discover that both solvents provided very high selectivity
towards the desired product with minimal formation of side
products. The GC-FID of octane is shown as an example in
Figure 3.

Although isododecane is expensive and is not a realistic
solvent for a prospective industrial process, we chose it to

study the effect of branching on selectivity. Both linear and
branched systems have exhibited similar selectivity, showing
the reaction profile is independent of solvent branching. In
one example, PAO4 (a branched solvent system) was used as
the solvent as well as the molybdenum catalyst medium to study
its selectivity (Figure 2). Notably, PAO4 showed enhanced
reactivity, as significant amounts (about 5% based on
conversion of prenol compared to trace amounts for other
solvent conditions) of isoprene and byproducts were formed
in the “fresh” unheated sample even though it was placed in
the freezer immediately after mixing.

FIGURE 1 | Structures of major products and their corresponding GC-FID retention times.

FIGURE 2 | 1 wt% Molyvan L solution in PAO4. Reaction composition: 5 ml solvent, 5 ml prenol, 10 ml Molyvan L solution.
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Experiments were repeated with neat catalyst without a base
oil, PAO4 (Figure 4). Overall, for this case, conversions and
selectivity for isoprene appear slightly lower than those in the case
in which a base oil was included (compare Supplementary
Tables S1, S2). This is particularly true for the initially tested

solvents (i.e., dodecane, fuel surrogate, BOB3, and methoxy
PEG350). This is most evident in the case of dodecane, which
yields much lower amounts of isoprene than the base oil
containing counterpart (entries two in Supplementary Tables
S1, S2). On closer examination of the data, the catalyst

FIGURE 4 | Neat Molyvan L (75% in neutral oil). Reaction composition: 5 ml prenol, 15 ml solvent, Molyvan L (~55–60 mg).

FIGURE 3 | GC-FID traces of prenol, octane, and 1% Molyvan L base oil mixture before (red) and after (black) heating in a closed vessel.
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concentration in the overall neat mixture was about half of that
used in the lubricant mixture. The lower conversions could be
attributed to this discrepancy; however, the product profile and
isoprene selectivity are unlikely to be affected by the lower catalyst
amounts. In contrast, octane and isododecane (Figure 4) show
remarkable selectivity even when neat Molyvan L was used. The
octane product profile is shown as an example in Figure 5.

Notably, these solvents promoted enhanced reactivities even
at cold temperatures (freezing and room temperatures), as a
significant amount of isoprene was formed in the “fresh”
samples. It is important to note that although BOB3 was
included as a (co)solvent in the testing matrix, even if it
provided a stellar selectivity for isoprene, it would not be a
useful or practical solvent system, as isoprene could not be
isolated due to the complex make-up of this fuel blend and the
presence of many light fractions that would co-distill with
isoprene. In contrast, all other mixtures could be easily
subjected to distillation to isolate the lowest boiling point
fraction, isoprene. In all examples from Figures 2, 4 a GC-
FID peak area discrepancy from the prenol consumed and the
major products formed suggests mass losses. About 10% of the
mixtures are made up of unidentified species that are present in
much smaller amounts than the byproducts of interest. All
things considered, there still appears to be ~20–25% area loss
from prenol to products, albeit GC-FID is not a quantitative
technique. Isoprene is the lightest fraction of the reaction
mixture at 1.47 min and therefore is the most likely
component to escape the mixture during transfers, transport,
and analysis. Although 2-methylbut-3-en-2-ol (the isomer of
prenol) appears close in retention time to isoprene at 1.76 min,
its boiling point is substantially higher than isoprene, at 99
versus 34°C. To confirm our suspicions, an experiment

mimicking the 1 wt% Molyvan L solution in PAO4
conditions was conducted, in which 10 ml of PAO4, 5 ml of
octane, and 2.7 ml of isoprene were heated at ~145–150°C for
2 h. Aliquots before and after heating were analyzed by 1HNMR
to quantify losses during heating (Supplementary Figures S18,
S19). Isoprene quantification before and after heating against an
internal standard (dimethylterephthalate) revealed a 12% loss as
a result of heating alone, not accounting for equal losses during
transfers and weighing (2.03 mmol isoprene per gram of
solution before heating versus 1.78 mmol of isoprene per
gram of solution after heating).

To quantitatively evaluate the amount of isoprene in the final
mixtures, albeit after storage in the freezer for several weeks, we
conducted 1HNMR analysis using the procedure described below.
First, an aliquot (~0.2 g) from the reaction mixture was combined
with a CDCl3 solution (~0.6 g) containing a known amount of
internal standard (dimethylterephthalate). This internal standard
haswell resolved singlet peaks (8.1 and 3.9 ppm) against the isoprene
signature peaks (6.48–6.42 ppm) and away from other olefinic
byproducts. A weight measurement is more accurate than a
volume measurement and it enables integration of proton peaks
of these constituents and therefore quantification of the amount of
isoprene present in the mixture. The two selected experiments for
this study were those with octane solvent that gave the largest
selectivity. Details of this procedure are found in the SI. The yields of
isoprene from entries six in Supplementary Tables S1, S2 derived
both from 1HNMR and GC-FID analyses are shown in Table 1.

The stacked 1HNMR results of the two reaction mixtures
demonstrate the similarity of the mixtures, the absence of
isomeric alcohol that appears at 5.9 ppm, but presence of
other olefinic species that partly overlap with the isoprene
peaks at ~5 ppm (Figure 6).

FIGURE 5 | GC-FID traces of prenol, octane, and neat Molyvan L mixture before (red) and after (black) heating in a closed vessel.
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Previous attempts by others to synthesize isoprene or ethers
from prenol resulted in low yields and poor selectivity. For
example, Bielawski et al. studied a graphite oxide activated
zeolite catalyst at 150°C for selective dehydration of different
alcohols, including prenol, to corresponding alkenes (Todd and
Bielawski, 2013). Although some alcohols formed olefins with
good conversion and selectivity, prenol or the isomeric alcohol
formed isoprene with poor yields and selectivity. Similarly, while
attempting to form carbonyl compounds by isomerization of
allylic alcohols at 100°C, Bianchini et al. reported that prenol
formed a range of products including isoprene but with poor
yields and selectivity (Bianchini et al., 2001). The reaction
mechanism and the conditions controlling the selectivity of
dehydration of prenol or the isomeric alcohol is of
fundamental interest. As mentioned earlier, we serendipitously
identified that by simply choosing the right solvent, isoprene can

be selectively formed from prenol (isomerization followed by
elimination), thus suppressing ether formation (substitution).
Strong protic or Lewis acid catalysts have been reported to be
active for allylic rearrangements and dehydration reactions
(Overman et al., 1978; Moser, 1989; Larsen et al., 1997; Jacob
et al., 1998; Matthias Kiefer et al., 1998; Korstanje et al., 2012).
Molyvan-L, a strong Lewis acid catalyst, is likely to catalyze an
allylic rearrangement of prenol to a more stable and substituted
tertiary alcohol (i.e., the isomeric alcohol), (Belgacem et al., 1992;
Jacob et al., 1998; Matthias Kiefer et al., 1998; Fronczek et al.,
2002), which then can undergo intramolecular dehydration to
form isoprene (Figure 7). A reaction mechanism for isoprene
formation from in situ formed isomeric alcohol has been
proposed based on previously reported oxo complexes
(Korstanje et al., 2012; Korstanje et al., 2013). The Lewis
acidic Molyvan-L coordinates with the isomeric alcohol to

TABLE 1 | Yields of isoprene from entry six of Supplementary Tables S1, S2 derived both from 1HNMR and GC-FID analyses.

Experiment Yield From 1HNMR (%) Apparent Yield From
GC-FID (%)

Octane (1 wt% Molyvan L in base oil, entry 6 in Supplementary Table S1) 54 44
Octane (neat Molyvan L, entry 6 in Supplementary Table S2) 69 52

FIGURE 6 | Quantification of isoprene present in the octane reactions via 1HNMR.
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form molybdenum-alkoxy species, which then expels isoprene to
form a hydroxy molybdenum species. Upon expulsion of water,
the original Molyvan-L catalyst is regenerated for subsequent
catalysis.

As shown in many entries in Supplementary Tables S1, S2,
the strong Lewis acidic Molyvan-L also can coordinate with
multiple alcohols and catalyze the intermolecular dehydration
of prenol to ethers but to a significantly lesser extent in octane and
isododecane solvents. Notably, that significant reactivity
difference is observed even between two simple straight chain
alkanes, dodecane (entry two in Supplementary Table S2) and
octane (entry six in Supplementary Table S2). The difference in
the boiling point and vapor pressure between these solvents could
influence the product distribution. At a reaction temperature of
150°C, in the case of octane (boiling point 125.6°C), the prenol
isomer alcohol concentration in the condensed phase is expected
to be higher as opposed to dodecane (boiling point 216.2°C),
which could influence the subsequent product distribution. At
this point, it is not very clear how the solvent affects the selectivity
to one product over the other. In situ reactivity studies could shed
light on the reaction mechanism. In addition to the
aforementioned direct formation of isoprene from prenol via
isomer alcohol dehydration, isoprene formation from elimination
of ethers could not be excluded (Al-Faze et al., 2021).

Overall, the process is expected to be easily scalable, provided
the reaction is run in a vessel capable of sustaining the vapor
pressure of the reaction medium. A qualitative analysis of the
most selective process, octane with or without PAO4, appears
amenable for scale-up. The reagents are inexpensive or recyclable.
Molyvan L was used at 0.25% (weight/volume) concentration in
the neat reaction condition, and reaction optimization may lower
that amount further. PAO4 is a commodity chemical and costs
about $1/pound. N-octane is not inexpensive; however, more
work may reveal that 99% reagent grade is not necessary to
achieve high reactivity, and a lower grade solvent may be
sufficient. The octane should be recoverable in the isoprene
isolation process, via fractional distillation, or after isoprene
removal, or the remaining mixture could be recycled back
through another reaction cycle. There are many adjustments
that could be made to optimize the process, reduce energy
requirements, and improve cost. We have only laid the
foundation for future opportunities.

4 CONCLUSION

We have reported herein a simple, efficient, and selective
synthesis of isoprene from prenol in the presence of a

FIGURE 7 | Proposed catalytic cycle for the isoprene formation from the in situ formed isomeric alcohol.
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commercially available molybdenum catalyst. We serendipitously
found that the choice of solvent plays a key role in suppressing the
formation of side products such as ethers. Among the solvents
tested, the use of simple long chain alkanes such as octane but also
highly branched alkanes such as isododecane resulted in high
conversion and selectivity to isoprene. In the case of octane, the
highest yield was obtained with neat Molyvan L, in the absence of
PAO4, at 69% yield (and quantitative conversion of prenol).
Selectivity is very high at ~90% based on results from our GC-FID
analysis. Discerning the reaction mechanism could provide
additional insights and understanding of the catalytic cycle
and help to optimize the production of isoprene under mild
conditions.
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Methylene Blue as a Photo-Redox
Catalyst: The Development Synthesis
of Tetrahydrobenzo[b]pyran Scaffolds
via a Single-Electron Transfer/Energy
Transfer
Farzaneh Mohamadpour*

School of Engineering, Apadana Institute of Higher Education, Shiraz, Iran

In a green tandem reaction using aldehyde derivatives, malononitrile, and dimedone, a
radical tandem Knoevenagel–Michael cyclocondensation reaction of tetrahydrobenzo[b]
pyran scaffolds was developed. Using visible light as a sustainable energy source,
methylene blue (MB+)-derived photo-excited state functions were employed in an
aqueous solution as single-electron transfer (SET) and energy transfer catalysts. The
range of yields is quite uniform (81–98%, average 92.18%), and the range of reaction time
is very fast (2–7min, average 3.7 min), and the point mentioned in the discussion is that the
procedure tolerates a range of donating and withdrawing groups, while still giving very
excellent yields. The reaction is fairly insensitive to the nature of the substituents. Research
conducted in this project aims to develop a non-metallic cationic dye that is both
inexpensive and widely available for more widespread use. In addition to energy
efficiency and environmental friendliness, methylene blue also offers an excellent atom
economy, time-saving features, and ease of use. As a result, a wide range of long-term
chemical and environmental properties can be obtained. The turnover number and
turnover frequency of tetrahydrobenzo[b]pyran scaffolds have been computed.
Surprisingly, gram-scale cyclization is a possibility, implying that the technology may be
applied in industries.

Keywords: methylene blue (MB+), photo-redox catalyst, renewable energy source, tetrahydrobenzo[b]pyran
scaffolds, aqueous solvent, photochemical synthesis
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Graphical Abstract |

1 INTRODUCTION

Photoredox catalysts have recently played an increasingly
important role in the organic synthesis by forming C–C and
C–heteroatom bonds via single electron transfer (SET) and
photo-induced electron transfer (PET). From small-scale to
large-scale, they are required for a variety of treatments.
Technological advances have led to the development of flow
reactors (Politano and Oksdath-Mansilla, 2018) using visible
light and dual photosensitized electrochemical reactions
(Verschueren and De Borggraeve, 2019), resulting in a more
inexpensive, green, and efficient method of reaction. It took

until much later for MB+’s staining properties to be recognized.
Methylene blue belongs to the thiazine dye family and is a cationic
dye. Several medical procedures involve the use of methylene blue.
It possesses anti-malarial effects and has been demonstrated to be
effective in the treatment of methemoglobinemia (Wainwright and
Crossley, 2002; Clifton and Leikin, 2003; Tardivo et al., 2005). MB+

has a τf ~ 1.0 ns singlet lifetime, a 664 nm absorbance, and a molar
absorbance (ε = 94,000) (Romero et al., 2016). With a triplet
lifespan of τf ~ 32 μs(Pitre et al., 2016), the triplet 3MB+* is a
significantly more stable excited state (Patel et al., 2021). The
photocatalytic cycles of methylene blue are depicted in Figure 1
(Patel et al., 2021). When the dye in the ground state is bombarded
with visible light to produce the high-energy excited state of the dye
(Dye*), the photoredox cycle begins. Two distinct pathways from
the dye in the excited state (Dye*) are used to demonstrate the
visible light photoredox catalysis. The Dye* reductive property can
be used in the presence of a sacrificial electron acceptor. In other
words, as an electron donor, Dye* leads to the radical cation species
of Dye. Dye* acts as an electron acceptor in the presence of a
sacrificial electron donor (Miyabe, 2017).

Furthermore, green chemists believe that visible light
irradiation is a reliable technique for environmentally friendly
organic chemical syntheses since it has large energy reserves, low
prices, and renewable energy sources (Mohamadpour, 2021a;
Mohamadpour, 2021b).

Because of their biological and pharmacological action, the
structures that makeup pyran derivatives have aroused the
curiosity of biochemists and synthetic organic chemists
(Figure 2) such as Chk1 kinase inhibitory activity (Foloppe et al.,
2006), analgesic properties (Kuo et al., 1984), anticancer (Wang et al.,
2000), vasodilatory (Ahluwalia et al., 1997), spamolytic (Ellis, 1977),
antihypertensive, hepatoprotective, cardiotonic (Heber et al., 1993),
vasodilator (Coates, 1990), anti-leukemic (Fokialakis et al., 2002;
Beagley et al., 2003), emetic (Cannon et al., 1975), anti-anaphylactic
(Biot et al., 1997), diuretic (Hafez et al., 1987), and anti-alzheimer
activities (Bayer et al., 2006).

Several methods for synthesizing tetrahydrobenzo[b]pyran
scaffolds with MCRs in the presence of various catalysts have
been published. For example, CaHPO4 (Bodaghifard et al., 2016),
SiO2NPs (Banerjee et al., 2011), ethylenediamine diacetate (Zhou
et al., 2017), silica-bonded N-propylpiperazine sodium n-propionate
(Niknam et al., 2013), I2 (Bhosale et al., 2007), NH4Al(SO4)2.12H2O

FIGURE 1 | Photocatalytic cycles can be carried out with MB+ (Patel
et al., 2021).
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(Mohammadi et al., 2017), NH4H2PO4/Al2O3 (Maleki and Sedigh
Ashrafi, 2014), ACoPc-MNPs (Zolfigol et al., 2016), ZnO NPs
(Banerjee and Saha, 2013), Fe3O4@SiO2-imid-PMA (Esmaeilpour
et al., 2015), NiFe2O4@SiO2–H3PW12O40 (Maleki et al., 2016),
theophylline (Mohamadpour, 2021c), triethanolamine (Rahnamaf
et al., 2020), sodium alginate (Mohamadpour, 2022a), Fe3O4@SiO2@
TiO2 (Khazaei et al., 2015), MgFe2O4 nanoparticles (Eshtehardian
et al., 2020), trichloroisocyanuric acid (Hojati et al., 2018), Na2 eosin
Y (Mohamadpour, 2021d), DABCO (Tahmassebi et al., 2011), and
Pd nanoparticles (Saha and Pal, 2012). There are limitations onmetal

catalysts such as, expensive reagents, severe reaction conditions,
monotonous yields, environmental hazards, workup processes, and
long reaction times associated with these methods. A homogenous
catalyst is also difficult to separate from a reaction mixture. Our goal
was to investigate photocatalysts (Mohamadpour, 2021e;
Mohamadpour, 2021f) in green environments in order to
synthesize heterocyclic compounds that had previously been
explored. This research also shows the use of MB+

(Mohamadpour, 2022b; Mohamadpour, 2022c) as a metal-free
dye photo-redox catalyzer that is low-cost and widely available.

TABLE 1 | Optimization of various photocatalystsa.

Entry Photocatalyst Solvent (3 ml) Time (min) Isolated yields (%)

1 — H2O 20 64
2 Methylene blue (0.1 mol%) H2O 3 81
3 Methylene blue (0.2 mol%) H2O 3 97
4 Methylene blue (0.5 mol%) H2O 3 97
5 Riboflavin (0.2 mol%) H2O 3 61
6 Acenaphthenequinone (0.2 mol%) H2O 3 46
7 Phenanthrenequinone (0.2 mol%) H2O 3 43
8 Erythrosin B (0.2 mol%) H2O 3 48
9 9H-Xanthen-9-one (0.2 mol%) H2O 3 49
10 Xanthene (0.2 mol%) H2O 3 47
11 Rhodamine B (0.2 mol%) H2O 3 63
12 Rose bengal (0.2 mol%) H2O 3 56
13 Fluorescein (0.2 mol%) H2O 3 67

aReaction conditions: malononitrile (1 mmol), benzaldehyde (1 mmol), and dimedone (1 mmol) in H2O, as well as a white LED (18 W) and a variety of photocatalysts, were utilized at room
temperature.

FIGURE 2 | Pyran motifs can be found in a variety of medicinally important compounds.
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Visible light assists Knoevenagel–Michael cyclocondensation process
of aldehyde derivatives, malononitrile, and dimedone in an aqueous
solvent at room temperature and in an air environment. This was a

successful one-pot reaction that was completed in a timely, cost-
effective, and simple manner.

2 RESULTS AND DISCUSSION

To begin, LED irradiation was used to study the reaction of
benzaldehyde, malononitrile, and dimedone in H2O (3ml) at
room temperature. In 3ml H2O for 20min, there was a 64%
yield of 4a without photocatalysts. As a way of improving the
reaction, methylene blue, riboflavin, acenaphthenequinone,
phenanthrenequinone, erythrosin B, 9H-xanthen-9-one, xanthene,
rhodamine B, rose Bengal, and fluorescein (Figure 3) were examined
in the same settings. This reaction proceeded with 43–97% yields and
produced the acceptable matching product 4a (Table 1). Methylene
blue, according to the data, performed better in such a response.
Using 0.2 mol% MB+, the yield was raised to 97% (Table 1, entry 3).
The CH2Cl2, DMSO, toluene, THF, and DMF all resulted in
decreased yields. When the reaction is carried out in EtOAc,
EtOH, MeOH, H2O/EtOH (1:1), CH3CN, or solvent-free
conditions, the reaction rate and yield increase. With a high yield
and rate, the reaction took place in H2O. Using the same conditions
as entry 12, a yield of 97% was obtained. In Table 2, the impact of
white light on the yield was examined using a variety of light sources.
Testing without the light source resulted in a small amount of 4a. The
effective synthesis of product 4a requires visible light and MB+,
according to the findings. Changes in the intensity of white LEDs
were also used to find the improved settings (10, 12, 18, and 20W).

TABLE 2 | Optimization of the solvents and visible lighta.

Entry Light source Solvent (3 ml) Time (min) Isolated yields (%)

1 — H2O 15 trace
2 Blue light (18 W) H2O 3 90
3 Green light (18 W) H2O 3 86
4 White light (10 W) H2O 3 83
5 White light (12 W) H2O 3 91
6 White light (20 W) H2O 3 97
7 White light (18 W) EtOAc 3 71
8 White light (18 W) EtOH 3 76
9 White light (18 W) — 8 74
10 White light (18 W) MeOH 6 67
11 White light (18 W) H2O/EtOH (1:1) 3 88
12 White light (18 W) H2O 3 97
13 White light (18 W) CH3CN 3 68
14 White light (18 W) CH2Cl2 20 33
15 White light (18 W) DMSO 25 35
16 White light (18 W) toluene 25 28
17 White light (18 W) THF 15 18
18 White light (18 W) DMF 15 24

aReaction conditions: at room temperature, malononitrile (1 mmol), benzaldehyde (1 mmol), and dimedone (1 mmol) were added to MB+ (0.2 mol %).

FIGURE 3 | Structures of various photocatalysts.
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TABLE 3 | Synthesis of tetrahydrobenzo[b]pyran scaffolds.

(Continued on following page)
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TABLE 3 | (Continued) Synthesis of tetrahydrobenzo[b]pyran scaffolds.
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SCHEME 1 | Synthesis of tetrahydrobenzo[b]pyran scaffolds.

TABLE 4 | Calculated turnover number (TON) and turnover frequency (TOF).

Entry Product TON TOF Entry Product TON TOF

1 4a 485 161.6 12 4l 480 240
2 4b 465 155 13 4m 475 158.3
3 4c 440 146.6 14 4n 405 57.8
4 4d 480 240 15 4o 475 118.7
5 4e 425 85 16 4p 475 237.5
6 4f 490 163.3 17 4q 435 87
7 4g 475 95 18 4r 460 92
8 4h 490 245 19 4s 490 163.3
9 4i 420 60 20 4t 440 73.3
10 4j 410 82 21 4u 455 151.6
11 4k 485 242.5 22 4v 485 161.6

SCHEME 2 | There has been a mechanistic approach presented for synthesizing tetrahydrobenzo[b]pyran scaffolds.
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White LED (18W) was found to be the best choice according to the
researchers (Table 2, entry 12). Table 3 and Scheme 1 show that a
wide variety of substrates were evaluated under ideal conditions. In
Table 3, it appears that the benzaldehyde substituent had no
influence on the outcome of the reaction. Within the reaction
conditions, polar and halides were allowed. The current reaction
conditions permit both electron-donating and electron-withdrawing
reactions to proceed successfully.Ortho-,meta-, and para-substituted
aromatic aldehydes have a very high yield. Various aldehydes, such as
the heavier naphthaldehyde, result in a completed product with
negligible yield loss. Heterocyclic aldehydes followed a similar pattern
in terms of reactivity.

Likewise, Table 4 displays the turnover number (TON) and
turnover frequency (TOF). A higher TON and TOF numerical
value mean less catalyst is utilized, and a higher yield, and the
catalyst becomes more efficient with increasing value.

The chosen strategy is depicted in Scheme 2. It is possible to
tautomerizemalononitrile (2) by exposing it to visible light (A). After
that, the aldehydes (1) and (A) are joined to generate
arylidenemalononitrile (B), which is photochemically activated to
yield a radical intermediate (C). More energy can be utilized to
accelerate this reaction, altering visible light. According to recent
studies (Patel et al., 2021), visible light energy is utilized by this
widely available cationic dye to create catalytic approaches that use
single-electron transfer (SET) as well as energy transfer (EnT). To
boost the visible-light–induced *MB+, a SET approach is used to
produce themalononitrile radical. The energy transfer (EnT) activity
between the radical adduct (C) and the MB radical produces the
intermediate (D) and ground-state MB. The intermediate (F) is
formed when the malononitrile radical takes a hydrogen atom from
(E). The intermediates (F) and (D) combine as aMichael acceptor to
generate (G), which then undergo intramolecular cyclization and
tautomerization to give rise to the final product (4).

A comparison of the catalytic ability of several catalysts described
in the literature is presented in Table 5 for the synthesis of
tetrahydrobenzo[b]pyran scaffolds. In the presence of visible light,
it could possess a number of useful properties, such as the need for a
small amount of photocatalyst, a rapid reaction time, aqueous
solvents, and the absence of byproducts. The atom–economic
protocol is exceedingly successful at multigram scales and has
significant industrial implications. Their efficiency and purity set
them apart from other materials.

3 EXPERIMENT

3.1 General
A 9100 electro–thermal apparatus was used to determine the
melting points of all compounds. A Bruker (DRX-400 and
DRX-300) instrument was also used to record the nuclear
magnetic resonance (1HNMR) spectra using CDCl3 as the
solvent.

3.1.1 Preparation of Tetrahydrobenzo[b]pyran
Scaffolds in General (4a–v)
Methylene blue (0.2 mol%) was mixed with dimedone (3,
1.0 mmol), malononitrile (2, 1.0 mmol), and aldehydes (1,
1.0 mmol) in H2O (3 ml) and agitated at room temperature
under white LED (18W) irradiation. The reaction, which used
n-hexane/ethyl acetate (3:1) as the eluent, was monitored using
TLC. As a result of the reaction, the resultant substance was
screened and rinsed with water, and the crude solid was
crystallized from ethanol in order to yield the pure chemical
without further purification. If we could make the
aforementioned compounds using gram scale methods, we
would be able to scale up to the level of pharmaceutical
process development. 50 mmol of m-tolualdehyde,
malononitrile, and dimedone were used in one experiment.
The large-scale reaction ran well, requiring only 3 min to
complete, and the product was recovered using typical
filtration processes. The 1HNMR spectrum of this material
suggests that it is spectroscopically pure. After comparing the
spectroscopic data, the products were categorized (1HNMR). The
1HNMR spectra files are provided in the Supplementary
Material.

4 CONCLUSION

According to the findings, using a single-electron transfer (SET)/
energy transfer (EnT), a radical tandem Knoevenagel–Michael
cyclocondensation process of aldehyde derivatives, malononitrile,
and dimedone can be used to generate metal-free
tetrahydrobenzo[b]pyran scaffolds. In an aqueous solution and
an air atmosphere at room temperature, visible light is used as a
renewable energy source. Green protocol advantages include the

TABLE 5 | Comparing the catalytic characteristics of different catalysts described in the text for the production of catalyst 4aa.

Entry Catalyst Conditions Time/yield (%) Reference

1 CaHPO4 H2O/EtOH, 80°C 120 min/91 Bodaghifard et al. (2016)
2 SiO2 NPs EtOH, rt 25 min/94 Banerjee et al. (2011)
3 Silica-bonded N-propylpiperazine sodium n-propionate H2O/EtOH, Reflux 25 min/90 Niknam et al. (2013)
4 I2 DMSO, 120°C 3.2 h/92 Bhosale et al. (2007)
5 NH4Al(SO4)2.12H2O EtOH, 80°C 120 min/92 Mohammadi et al. (2017)
6 NH4H2PO4/Al2O3 EtOH, Reflux 15 min/86 Maleki and Ashrafi, (2014)
7 Fe3O4@SiO2-imid-PMA H2O, Reflux 20 min/94 Esmaeilpour et al. (2015)
8 Theophylline H2O/EtOH, rt 10 min/89 Mohamadpour, (2021c)
9 Trichloroisocyanuric acid EtOH, 80 °C 10 min/90 Rahnamaf et al. (2020)
10 MB+ visible light irradiation, H2O, rt 3 min/97 This work

aBased on the benzaldehyde, malononitrile, and dimedone three-component synthesis.

Frontiers in Chemistry | www.frontiersin.org July 2022 | Volume 10 | Article 9347818

Mohamadpour Organic Chemistry, Photoexcited MB+

30

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


use of minimal amounts of photocatalyst, excellent yields, a
reaction side that is highly efficient, safe conditions for the
reaction, and a speedy procedure without the use of toxic
chemicals or solvents. The purification process did not require
chromatography. A model substrate reaction at the multigram
scale demonstrates that this reaction can be scaled up without
compromising the outcome. Due to these advantages, this
technology offers significant benefits for industrial applications
and for environmental concerns.
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The production of red wine plays a key role in the local and international

economies of several nations. During the winemaking process, to clarify the

final product, before bottling, and to remove undesired substances (proteins,

phenols, and tannins), fining agents are commonly added to wines. These

substances have different origins (animal and vegetable proteins or mineral

compounds), and they show a potential risk for the health of allergic subjects.

For these reasons, the residues of fining agents, constituted by exogenous

proteins based on gluten, egg, and milk proteins, should not be present in the

final product and their trace residues should be quantified with accuracy. In the

last decade, several analytical approaches have been developed for their

quantitative determination using different sample treatment protocols and

analytical techniques. These methods are based on liquid chromatography

coupled with mass spectrometry or enzyme-linked immunosorbent assays

(ELISAs). Recently, biosensors have been proposed as a potential alternative

to immunoassay approaches, allowing rapid, cheap, and simple multi-residue

detection. This short review aimed to report the most recent and relevant

findings in the field.

KEYWORDS

fining agents, wine, mass spectrometry, ELISA: enzyme-linked immunosorbent assay,
biosensors, allergens

Introduction

In winemaking, the term “fining” indicates a clarification step that implies the

addition of substances (fining agents) deemed to reduce or remove some undesirable

compounds that could give rise to unpleasing precipitates. The fining process also

modifies the wines’ organoleptic characteristics, reduces astringency, and improves

color and flavor. Fining agents are removed according to good manufacturing

practices, but these substances are considered “processing aids” and should not be

present in the final product. According to the FDA (2013), fining agents could not be

reported on the wine label, if removed during the winemaking. But the permanence of
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“exogenous” compounds in the final products must be evaluated,

taking into account their origin (animal or vegetable proteins,

mineral compounds) and mostly their potential consequence on

the health of the consumer. As aforesaid, the arsenal of fining

agents at disposal of the winemaker is quite ample, but the best

results often require the adoption of synergistic action of many

clarifiers. Among the non-proteic organic compounds used in

beverage fining, polyvinylpolypyrrolidone (PVPP), reported as

generally recognized as safe (GRAS) and approved for many uses

by the FDA, is particularly useful as it is capable of removing

flavans and phenols (Ronnau et al., 2000; Adachi et al., 2003;

Yoshida et al., 2008). PVPP, by removing phenols, also lowers the

bitterness and prevents oxidative browning in white wines. As a

collateral effect, PVPP depletes resveratrol (Threlfall et al., 1999)

and quercetin (Laborde et al., 2006) commonly associated with

the healthy effect of moderate wine consumption (Castellari

et al., 1998). The adoption of proteic clarifiers, while

preserving most of the healthy substances, can represent a risk

for hypersensitive consumers, even if the literature seems to

indicate the inconsistency of an allergological risk. Indeed, while

proteinaceous fining agents are used to obtain the tannin

precipitation, the formation of soluble complexes between

tannins and proteins takes place. These complexes can remain

in the solution even in correctly processed fined wines. According

to Maury et al. (2019), in a study involving the preparation of a

model wine, fined with radio-labeled proteins (gelatin or wheat

gluten protein), their residue amounted from 24% to 58% of the

initial fining proteins added. Finally, the use of animal proteins

could also entail ethical or religious concerns, such as

vegetarianism or veganism, or religious faith. For this reason,

since 31 May 2009, the EU Directive 2007/68/EC established that

all wines must declare on the label if proteic allergens have been

used during wine production. Similar regulations on the use of

eggs, milk, and fish derivatives (isinglass) as clarifiers of wines

and stabilizers have also been enacted in other countries such as

the United States, New Zealand, and Australia. However,

showing these warnings on the label could reduce the

attractiveness of the product and potentially damage the

perception of its quality.

Classification of protein-based fining
agents used in winemaking

Several fining agents are of proteic nature (Marangon et al.,

2019), and we can find animal or plant proteins. The former are

frequently obtained from collagen (i.e., bovine and porcine

gelatin) (Hrazdina et al., 1969; Oberholster et al., 2013), fish

gelatin and isinglass (Sanborn et al., 2010), milk (caseinates)

(Weber et al., 2009), and white egg (ovalbumin). Among plant

proteins, we consider those derived from cereals (Simonato et al.,

2009; Iturmendi et al., 2010; Simonato et al., 2011; Simonato

et al., 2013), legumes (Granato et al., 2018), grape seeds, potatoes

(Gambuti et al., 2012; Gambuti et al., 2016), and seaweeds

(Noriega-Domínguez et al., 2010).

Since 2000, several food production protocols have been

modified due to the spread of bovine spongiform

encephalopathy. Winemaking was no exception, and some of

the fining agents of animal origin (bovine proteins) have been

abandoned. Consequently, among clarifying agents, porcine

gelatin remained the most commonly used protein (Sarni-

Manchado et al., 1999; Maury et al., 2001; Smith et al., 2015).

The gelatin (from pig and fish) at low pH gives rise to

colloidal particles that, being positively charged, interact with

negatively charged particles, originating sediments. Among the

fish gelatins, isinglass is very pure gelatin, prepared from the air

bladders or, more recently, from other fish tissues (Rizzi et al.,

2016).

On the other hand, caseins, which are phosphoproteins

obtained from milk, contain sequences of hydrophilic and

hydrophobic amino acids, which confer an amphiphilic nature

to these fining agents. At the pH of the wine, caseins in

association with sodium or potassium form insoluble micelles,

which leads to coagulation and sedimentation of the interacting

substances (Weber et al., 2007a). In addition, caseins lead to the

formation of insoluble complexes with phenolic compounds

from grapes and allow removing the excess tannin in over-

oaked white wines (Weber et al., 2009; Cosme et al., 2012).

Egg proteins are largely used as clarifying agents due to their

ability to bind and reduce tannin content (Cosme et al., 2007;

Rizzi et al., 2016). As fish gelatins, they are positively charged and

form aggregates with the negatively charged particles of wines.

The lysozyme, another egg protein, shows antimicrobial activity

against Gram-positive bacteria and, thus, is used as a stabilizer for

better control of the fermentation process and against wine

spoilage (Weber et al., 2007a). As an alternative to animal

proteins, those derived from legumes (pea, lentils, and soy),

wheat gluten, and oenological yeast protein extracts (Gaspar

et al., 2019) can be used for fining purposes (Marangon et al.,

2019).

This notwithstanding, some of them still represent a potential

risk to the health of allergic subjects, and therefore have to be

traced in the final product. Simonato et al. (2009; 2013) reported

that Patatin P (Gambuti et al., 2012) and maize zeins could be

used as fining agents. Patatin P, which belongs to glycoproteins, is

obtained from a potato aqueous by-product, and it could

represent a vegetable-based clarifying agent, with the same

properties of animal protein used in winemaking. Maize zeins,

extracted from the “corn gluten,” plays a good role as a

processing aid in winemaking and has the advantage of not

requiring a label declaration (European Commission. Directive

2003/89/EC; European Commission. Directive 2007/68/EC).

Cosme et al. (2012) and Kang et al. (2018) investigated a

possible application of rice proteins as clarifying agents with

properties similar to caseinates for white and rosè wines and

gelatin for red wines.
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More recently, grape seed proteins have been tested as

clarifiers (Vincenzi et al., 2013; Gazzola et al., 2017). These

substances overcome the allergological risk related to the use

of exogenous proteins during winemaking because the grape seed

proteins are considered endogenous components of wine.

Finally, Pino Ramos et al. (2022) have studied the fining

ability of quinoa proteins as an alternative to animal proteins

(i.e., gelatin).

Analytical approaches for identifying
exogenous protein in wines

The lack of stringent regulation related to the use of fining

agents for the winemaking process and the possibility of adopting

proteic clarifiers determines the possible persistence of

exogenous proteins in the final product. Therefore, to evaluate

their presence and to overcome allergological or food ethics

problems, sensitive and accurate detection methods have been

developed. Indeed, in the last decade, immunochemical assays,

mass spectrometry (MS)-based analytical determinations, and

biosensors have been applied to inform allergic consumers about

the potential presence of allergens.

Immunochemical assays

The enzyme-linked immunosorbent test (ELISA) represents

a useful tool for the detection of exogenous protein residues in

wine. It is characterized by easy execution, low cost, rapidity, and

good sensitivity. ELISA tests are capable of detecting

contamination of egg white, casein, and gluten, and are also

useful for identifying and quantifying gelatins. The drawbacks in

ELISAs come from the complexity of matrix composition, which

can inhibit the immuno-enzymatic reaction (Koestel et al., 2016).

In addition, due to the absorption on the membrane surfaces,

and the low pH value of wine and the content of tannins, the

ability to interact with proteins in some epitopes could change,

causing alterations, impairing sensitivity, or leading to false

negatives or to partial responses (Kaul et al., 2007).

Weber et al. (2007a) reported LOD values, in the order of

0.005 μg/ml for the fish gelatin and lysozyme assays, that were

complying with the Organisation Internationale de la Vigne et du

Vin (OIV, Paris, France requests (values ≤ 0.25 μg/ml)), but not

satisfying for other clarifying agents. Deckwart et al. (2014), using

an indirect ELISA approach for investigating wine samples,

obtained LOD values of caseins in the order of 0.2 μg/ml for

red wines, while for white wines, the values ranged from 0.01 μg/

ml to 0.1 μg/ml. Different sample pretreatments, based on

immunochemical assays, have been proposed to determine

various types of exogenous proteins in several commercial

wines. Weber et al. (2007b) analyzed four white wines made

in Germany, and after a dilution in the ratio of 1:10 in phosphate-

buffered saline solution, it was possible to detect lysozyme

residues in all of them. Egg albumin was found in just one

wine that was refined with a high dosage of dried egg white (20 g/

hl). Rolland et al. (2008) tested 153 commercial Australian wines,

using a different sample pretreatment for white or red wine. The

former was dialyzed (3.5 kDa cutoff) in SnakeSkin pleated

dialysis tubing; the latter was simply diluted 1:4 in ethanol; no

residual milk or egg proteins were found. Restani et al. (2012)

analyzed 63 commercial wines (all filtered through membranes

having a pore size of 1 µm) and 16 experimental wines treated

with milk proteins (filtered through membranes having a pore

size of 3 µm) using both ELISA and immunoblotting techniques,

incubating the membranes with specific anti-caseinate

antibodies. The authors did not find any detectable protein

residue in the wines. Uberti et al. (2014), adopting the same

pretreatment approach as Restani et al. (2012), investigated

78 commercial red wines from Australia, New Zealand, and

Europe, reporting the oenological practices adopted and the

corresponding level of egg white protein residues. The authors

did not find egg proteins (LOD 0.0564 μg/ml), despite the wide

range of doses (3–10 g/hl) used for refining. Simonato et al.

(2011) precipitated wine proteins by means of the KDS method,

originally proposed by Vincenzi et al. (2005), which involves

protein complexation with dodecyl sulfate, followed by a

precipitation step of complexes as potassium salts. They

reported that wheat protein residues were detectable only in

wines treated with massive gluten amounts (>50 g/hl), far higher
than those usually employed in winemaking protocols.

Zeleňáková et al. (2021) reported the identification of cow

milk allergen in 17 wine samples (vintage 2014–2017)

originating from Slovenia. The LOD was 0.24 μg/ml and the

LOQ was 1.30 μg/ml. The sample treatment was very quick and

easy: the extraction buffer solution (10 ml) was added to 1.00 ml

of wine; the sample, maintained under continuous shaking for

5 min, was centrifuged; and the supernatant was sampled for the

ELISA test. The findings showed the casein concentrations

ranged from 1.634 to 16.715 μg/ml for white wines and from

21.473 to 67.22 μg/ml for red ones.

MS-based methods

As reported elsewhere (Monaci et al., 2010; Maury et al.,

2019), the drawbacks of immunochemical assays are mostly

related to the formation of soluble protein–tannin complexes,

which are not removed by filtration and potentially not

recognized by ELISA antibodies. MS-based approaches are far

less selective but extremely sensitive, and make it possible to

determine an ample collection of molecules ranging from

contaminants, antioxidants, polymers, surfactants, and

proteins (Indelicato et al., 2016a; Di Donna et al., 2017; Aiello

et al., 2020; Bongiorno et al., 2021). MS allows the detection at

trace levels of fining agent residues while their identification is
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independent of the structure of allergens (Kaul et al., 2007; Kirsch

et al., 2009; Picariello et al., 2011).

Tolin et al. (2012a), Tolin et al. (2012b), based on the same

analytical approach as Simonato et al. (2011), scrutinized several

commercial wines to ascertain the presence of animal protein

residues. The nano-liquid chromatography (LC) tandem mass

spectrometry (MS/MS) analytical strategy allowed the

determination of ovalbumin and caseins at levels of about

100 ng/L and 60 ng/L of wine, respectively. Using this

approach, the authors overcome the limitations of classical

immunological methods, gaining sensitivity and eliminating

the problems affecting immunoassays that rely on the labile

tertiary structure of proteins (Kaul et al., 2007) for protein

recognition and reactivity.

Monaci et al. (2013) developed an interesting approach

based on isotopically labeled peptides of ovalbumin and α

S1–casein to determine egg proteins and caseinates in white

wine samples. This approach allowed to fairly estimate and take

into account tryptic digestion yields in the analytical procedure.

Good LODs were also achieved, ranging between 0.4 and 1.1 μg/

ml (depending on the peptide considered as a marker of the

fining agent). In order to reduce the analysis costs, Losito et al.

(2013) proposed an approach for the determination of caseinate

residues in refined white wines using LC coupled with a 3D ion

trap mass spectrometer. The optimization of an appropriate

wine volume and a protein extraction/digestion protocol,

followed by MS/MS analysis performed on an ion trap

instrument, provided a good sensitivity (LOD lower than

0.25 μg/ml) complying with the request of OIV, which

represents the reference value in the current European

legislation.

Another research aspect being pursued is the continuous

refinement of the wine sample pretreatment. With this goal,

Mattarozzi et al. (2014) proposed an LC-MS/MS method for

the simultaneous determination of α-, β-casein, and

ovalbumin in commercial red wine after a thorough

evaluation of different sample treatments. According to the

authors, among the most widely adopted strategies involving

the use of denaturing agents, protein precipitation, cutoff

filters, or size exclusion purification cartridges, the size

exclusion-based procedure provided the best performance

in terms of both accuracy (recovery) and precision. The

validated LC-MS/MS method has proven sensitive enough

to identify and quantify allergens in red wine protein extracts

at trace levels, with LODs and LOQs values ranging from

0.01 to 0.8 μg/ml and from 0.03 to 2 μg/ml, respectively. De

Angelis et al. (2017) succeeded in the upgrade of an analytical

workflow based on the use of pre-enrichment columns. The

sample clean-up was based on either size exclusion columns

(SEC) or cut-off filters (UF), followed by selective peptide

enrichment on a 1-cm-long C-18 trap column. It was found

that the SEC-based procedure provided faster analyses, but the

lengthier UF was the most sensitive approach, resulting in

LODs and LOQs of 0.036 and 0.12 μg/ml for egg and 0.050 and

0.17 μg/ml for milk, respectively. Pilolli et al. (2014) evaluated

two MS-based approaches: LC- high resolution (HR) MS and

LC-MS/MS. These two approaches usually have different

applications (Di Stefano et al., 2012; Indelicato et al.,

2016b), but have proven to be equally well-suited for

quantification and screening purposes. As can be foreseen,

the main advantage of HR-MS lies in the open possibility of

retrospective analysis. On the other hand, the MS/MS method

was more sensitive to analytes and less sensitive to matrix. The

same authors developed a new approach based on the

integration of mass spectrometry and immunoassay (MSIA)

(Pilolli et al., 2017) to detect egg allergens. Polyclonal

antibodies raised against native ovalbumin were

immobilized onto MSIA-customized disposable tips. The

protocol implied a 1:4 dilution of the wine sample, an

automated purification/enrichment step on MSIA, followed

by tryptic digestion and LC-MS/MS determination. LOD and

LOQ values obtained were 0.01 and 0.03 μg/ml, respectively.

The development of LC-MS/MSmethods for the detection of

caseins, albumin, and lysozyme in wines brought more refined

approaches capable of increasing sensitivity and reducing

analysis time, as reported by Rodrigues Spinelli et al. (2021).

The authors claimed recovery values ranging from 90.7% to

108.6% introducing a pH adjustment, the use of cellulose ester

membranes, precipitation with organic solvents, and a final

concentration/clean-up. The LOQ values ranged from 0.01 to

0.25 μg/ml. Pig gelatin and egg white proteins have been

determined in 5-year aged Nebbiolo-based red wine by

Restani et al. (2014) and Dal Bello et al. (2021). Biomarker

peptides were detected and quantified by a nano LC-HR-MS

method.

Yang et al. (2021) have recently developed an LC-MS/MS

method to quantify ovalbumin, ovotransferrin, β–lactoglobulin,
and 4 caseins (α S1-, α S2-, β-, and κ–casein). The authors

optimized the clean-up procedure for wine samples using an

extraction treatment by a PVPP solution, trypsin digestion of

proteins followed by peptide purification on HLB SPE cartridges

to remove buffers, digest reagents, other matrix components, and

interfering peptides. This article reported a standard addition

strategy to quantify the wine allergens. The LODs for egg

allergens were 0.1 μg/ml and for milk allergens

0.003–0.015 μg/ml, showing high sensitivity, simple clean-up

procedure, and a reduction of costs for this approach.

Since MS approaches become increasingly customary, it has

started to appear in literature articles dealing with the

investigation of a large number of wine samples to detect and

quantify exogenous protein residues. Jessy Pavón-Pérez et al.

(2019) analyzed white and red wines from four different grape

varieties produced by 14 Chilean wineries. This approach to

determining casein and ovalbumin is based on ultrafiltration

membranes, protein precipitation with organic solvents, followed

by a fast (7 h) enzymatic digestion. The LOD and LOQ achieved
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using an LC-MS/MS approach ranged from 4.70 to 8.50 μg/L and

10 to 20 μg/L, respectively.

Biosensors

Since the ELISA approach is somewhat doubtful as far as it

concerns false negatives or positives (Lacorn et al., 2011), and the

MS approach requires pricey instrumentation and more

specialized operators, it was reasonable to expect the

development of simpler and still reliable approaches to

determine protein residues in wines. Up to date, several

electrochemical biosensors have been proposed for the

detection of food allergens (lysozyme, ovalbumin, caseins, and

lactoglobulin) (Vasilescu et al., 2016), but only a few of them have

been tested on wines (Ocaña et al., 2015; Mihai et al., 2015; Pilolli

et al., 2015; Wessels and Paschke-Kratzin, 2016; Titoiu et al.,

2019). The recent availability of several aptamer sequences,

specifically synthesized for lysozyme capture, prompted the

development of several sensors for the detection of lysozyme

in wines (Mihai et al., 2015; Ocaña et al., 2015; Titoiu et al., 2019).

Aptamers are short oligonucleotide or peptide sequences that are

more stable with respect to antibodies, with the further advantage

of reduced production costs. The LOD values for such biosensors

range from few ppt to ppm levels (Vasilescu et al., 2016). On the

other hand, Pilolli et al. (2015) and Pilolli and Monaci (2016)

worked on the development of a surface plasmon resonance

(SPR)-based biosensor to detect egg-related fining allergens. The

same group refined the approach (2016) in order to increase the

sensitivity while still maintaining the speed and easy

sample handling of the sensor-based instrumentation.

Indeed, wine samples were subjected to a very short

pretreatment by PVP/SEC purification steps that allowed

reaching a LOD of up to 0.2 μg/ml. Recently, Baldo et al.

(2021) and Rodrigues Spinelli et al. (2021) described the

combination of a disposable electrochemical device with

magnetic beads, delivering an ultrasensitive detection of the

egg allergen ovalbumin in wines. The approach leads to a

LOD of 0.2 fg/ml within a wide linear range of concentration

from 0.01 to 10 pg/ml (European Commission, 2003; European

Commission, 2007).

Conclusion

The determination of protein residues in wines remains a

strong topic in the current research. While early applications

relied on the more economical ELISA approach, in recent years,

HPLC/MS has gained new ground due to a lower risk of false

positives and substantial sensitivity improvements. These

improvements, however, do not come cheap since the

quantitative determination of protein residues in wines is

complicated by several steps of sample treatment, analyte

recoveries, and ionization efficiency of the peptides quantified.

Thus, in order to reduce costs and improve determination time,

recently, some sensor-based applications have started to appear.

In wines, their application is actually limited to lysozyme and

ovalbumin detection, but it is foreseeable that their wide-spread

use will obtain reliable results at very reasonable costs since their

development is rapidly gaining momentum.
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Aggregation-induced emissive materials are gaining particular attention in the last decades
due to their wide application in different fields, from optical devices to biomedicine. In this
work, compounds having these kinds of properties, composed of tetraphenylethylene
scaffold combined with fatty acids of different lengths, were synthesized and
characterized. These molecules were found able to self-assemble into different
supramolecular emissive structures depending on the chemical composition and water
content. Furthermore, they were used as N-terminus capping agents in the development
of peptide-based materials. The functionalization of a 5-mer laminin-derived peptide led to
the obtainment of luminescent fibrillary materials that were not cytotoxic and were able to
form supramolecular gels in aqueous environment.

Keywords: aggregation-induced emission (AIE), peptide materials, luminescent materials, self-assembly,
supramolecular gel

1 INTRODUCTION

Luminescent materials are employed nowadays for technological applications in different fields, such
as light-emitting devices, OLEDs, chemical sensing, and bio-imaging (Zhu et al., 2017; Liu Y. et al.,
2018; Huang et al., 2020; Meng et al., 2020; Zeng et al., 2020; Zhou et al., 2020; Kalva et al., 2021; Chen
et al., 2022; Niu et al., 2022). Fluorescent gels combine the elastic and mechanic features of gels with
the additional property of being light emitting, paving the way to advanced applications. As an
example, an injectable, photoluminescent hydrogel for the delivery of stem cells into heart and
skeletal muscle tissues (Niu et al., 2019) has been recently developed. In this context, supramolecular
fluorescent gels are gaining particular interest nowadays as they can address some of the major
drawbacks of polymeric ones, e.g., difficult synthesis, process scalability, fluorescence emission, and
toxicity (Li et al., 2019). The use of small-molecule emissive gelators has thus been started to be
exploited in different applications, as biomedicine (Lim et al., 2019; Rajasekar and Lavanya, 2022)
and photoelectronics (Cheng et al., 2020; Cao et al., 2021).

Commonly, organic fluorescent materials are built with conventional π conjugated
chromophores, such as fluorescein and rhodamine, that in the solid-state, as well as in
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concentrated solutions, could form strong π–π stacking
interactions. Such aggregates, upon photoexcitation, tend to
decay via non-radiative pathways resulting in strong
luminescence quenching, often named “aggregation-caused
quenching” (ACQ) (Thomas et al., 2007; Huang et al., 2019).
This phenomenon practically hampers the use of many
chromophores, where intermolecular interaction may occur
such as in sensing materials, thus limiting their practical use
(Yuan et al., 2010). In 2001, Luo et al. observed that, in some
materials, the aggregation plays a constructive role instead of a
destructive one in the fluorescence process and coined the term
“aggregation-induced emission” (AIE) for this phenomenon (Luo
et al., 2001; Hong et al., 2009). Unlike conventional ACQ dyes,
AIE luminogens (AIEgens) show negligible or extremely weak
emission in dilute solution, while they brightly emit in the solid or
aggregate state. Nowadays, numerous AIEgens have been
synthesized and widely investigated due to their intrinsic
tendency to aggregate and turn on their emission (Martínez-
Ávila et al., 2009; Zhang et al., 2014; Arribat et al., 2019; Xu et al.,
2020; Meti et al., 2021; Gialelis et al., 2022). AIEgens could indeed
be used despite their amount, preventing the use of sophisticated
instruments thanks to their high signal-to-noise ratios.
Furthermore, the formation of a few emissive aggregates can
be readily visualized, improving sensitivity and speed in
applications (Liu et al., 2010; Kwok et al., 2015).
Tetraphenylethylene (TPE) is the prototype AIEgens due to its
easy synthesis and a wide range of possibilities to modify the
scaffold (Feng H.T. et al., 2018; Liu Q et al., 2018; Yang et al.,
2018; García-González et al., 2021; Ma et al., 2021; Saraswathi and
Joseph, 2022). Although some debate still exists, both restriction
of intramolecular rotation and intramolecular π–π stacking
interactions have been generally recognized as the mechanism
of the TPE intense bluish emission (Chen et al., 2019).
Substituents present on the TPE phenyl rings can affect its
emission properties (Ceballos et al., 2017). It has been
reported that para-substituents exert a strong influence on the
TPE emission (Yang et al., 2018), as examples, diethylamino TPE
shows a yellow emission, while a pyrene derivative emits a white
light (Feng X. et al., 2018). On the other hand, the introduction of
self-assembling moieties can influence TPE aggregation ability
into ordered and well-defined morphologies leading to a wide
variety of micro- and nano-architectures (Salimimarand et al.,
2017; Talloj et al., 2020; Zhang et al., 2022).

In this work, we developed hybrid compounds combining TPE
and fatty acids (FAs). FAs are amphiphilic molecules able to self-
assemble into aggregates of various shapes and sizes (Kindt et al.,
2020; Singh et al., 2021; Vicente-García and Colomer, 2021).
Fluorescent FA derivatives have been found in several
applications as direct probes for membranes and liposomes, in
the preparation of fluorescent phospholipids, and as biosensors
(Muroski et al., 2017; Tokunaga et al., 2017; Gu et al., 2018;
Laguerre and Schultz, 2018). Their combination with TPE could
lead to hybrid compounds combining the AIE features of TPE
and the surfactant properties of FAs. Here, starting from amino-
TPE, the functionalization with FAs of different lengths was
carried out through amide coupling. The emission properties
and the self-assembly tendencies of the obtained compounds

were studied by fluorescence, DLS, and electron microscopy.
Finally, we investigated the exploitation of the head carboxylic
group, for the conjugation of biomolecules such as peptides. In
particular, the obtained compounds were used as N-terminus
capping agents in the development of peptide-based materials.
Peptides are indeed able to organize themselves into ordered
structures and are widely exploited in the development of smart
materials (Clerici et al., 2016; Fuertes et al., 2017; Gagni et al.,
2019; Banerjee and Hamley, 2020; Locarno et al., 2020; Vaghi
et al., 2020; Varanko et al., 2020; Bucci et al., 2021a; Bucci et al.,
2021b; Surís-Valls et al., 2022) and supramolecular gels (Makam
and Gazit, 2018; Jain and Roy, 2020; Tsutsumi et al., 2021;
Kurbasic et al., 2022). Ultra-short peptides derived from
natural proteins, such as amyloidogenic ones, have been
investigated, the phenylalanine dipeptide being the most
exploited motif (Diaferia et al., 2019; Bucci et al., 2020; Gil
et al., 2020; Ji et al., 2021; Criado-Gonzalez et al., 2022). Here,
we selected the IKVAV sequence derived from laminin
glycoprotein, one of the major components of the basement
membrane (Patel et al., 2019), to be functionalized with the
developed FA/TPEs conjugates. The laminin 5-mer peptide,
once conjugated to highly hydrophobic moieties, is indeed able
to induce the amyloid-like fibril formation and it has been used
for the preparation of polymeric hydrogels and in the design of
bioactive scaffolds (Sahab Negah et al., 2018; Jain and Roy, 2019;
Firipis et al., 2021; Yin et al., 2021). Its functionalization with FA/
TPEs led to luminescent morphologically different architectures
that have been able to form supramolecular gels in an aqueous
environment.

2 MATERIALS AND METHODS

The solvents were purchased from common commercial sources
and used without additional purification. Zinc, titanium (IV)
tetrachloride, succinic anhydride, tetradecanedioic acid, TFA,
Dulbecco’s modified Eagle’s medium (DMEM)—low glucose,
2-propanol, Triton X-100, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), non-essential amino
acids, hydrochloric acid (HCl) and TIPS were purchased from
Sigma-Aldrich (Taufkirchen, Germany). Benzophenone was
purchased from Merck KGaA (Darmstadt, Germany). 4-
Aminobenzophenone, EDC hydrochloride, all the Fmoc-amino
acids, HBTU, and HATU were purchased from Fluorochem
(Hadfield, United Kingdom). Rink amide AM resin
(100–200 mesh, 0.7 mmol/g) was purchased from
Novabiochem (Läufelfingen, Switzerland). DIEA was
purchased from Iris Biotech GmbH (Marktredwitz, Germany).
Dimethyl sulfoxide (DMSO) was purchased from PanReac
AppliChem ITW Reagents (Darmstadt, Germany). Penicillin/
streptomycin, L-glutamine, and fetal bovine serum were
purchased from EuroClone (Pero, Italy).

The peptides were prepared by solid-phase peptide synthesis
(SPPS) using the Fmoc/t-Bu strategy on Rink Amide AM resin
(100–200 mesh, 0.7 mmol/g). The two peptides were manually
synthesized using as coupling systems HBTU/DIEA for the
natural amino acids and HATU/DIEA for the two fluorescent
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hybrid compounds. Once removed from the resin, compounds 4
and 5 were characterized by ESI-MS and NMR techniques and
analyzed by RP-HPLC (see Table 1 and SI for the experimental
procedure).

NMR spectroscopic experiments were carried out either on a
400 MHz Bruker Advance Neo spectrometer (400 and 100 MHz
for 1H and 13C, respectively) or a 500 MHz Bruker BioSpin
GmbH (500 and 125 MHz for 1H and 13C, respectively).
Chemical shifts are given in ppm relative to the DMSO-d6
internal standard, and coupling constants (J) are reported in
hertz (Hz).

Mass spectra were acquired on a Fison MD800 spectrometer
and electrospray ion trap on a Finnigan LCQ Fleet spectrometer
from Thermo Scientific.

The purity of compounds 4 and 5 was analyzed by analytical
RP-HPLC (Jasco LC-NetII/ADC series, equipped with an RP-
HPLC Pump PU-4180 and a PDA Detector MD-4010), using a
Gemini-NX C18 column from Phenomenex (5 μm, 150 ×
4.6 mm). The solvent system used was 0.1% TFA in 100%
H2O (A) and 0.1% TFA in 100% CH3CN (B), the flow rate
0.8 ml/min, column at 30°C, λ 220 nm.

FT-IR spectroscopy measurements were made on a Perkin
Elmer Spotlight 400 FT-IR spectrophotometer equipped with a
diamond crystal attenuated total reflectance (ATR) accessory. All
the sample were analyzed at room temperature in the solid state.

A total of 32 scans were performed for all measurements with a
resolution of 4 cm−1 in the 4,000–650 cm−1 spectral region.

CD spectra were measured on a Jasco J-820
spectropolarimeter with a 0.1 cm quartz cuvette. The spectra
were recorded from 190 to 250 nm with a 0.2 nm step and a
2 s collection time per step, taking four averages and using a
sensitivity of 100 mdeg and a scanning speed of 50 nm/min. The
spectrum of the solvent was subtracted to eliminate interference
from cell, solvent, and optical equipment. The CD spectra were
plotted as the mean residue ellipticity θ (degree*cm2*dmol−1)
versus wavelength λ (nm). Noise-reduction was obtained using a
Fourier-transform filter program. The stock solutions of peptides
4 and 5 were prepared in TFE (1 mM, 1 ml) and diluted to 50 µM
with different TFE/water mixtures in order to analyze the
following conditions: A) 100% TFE, B) 7.5:2.5, C) 1:1, D) 3:7,
E) 2:8, F) 1:9, and G) 0.5:9.5 TFE/water mixtures.

TEM samples were prepared by solvent evaporation on a holey
carbon grid sample and were observed under a transmission
electron microscope L120C (ThermoFisher, United States)
operating at 120 KV. Images were acquired by a Ceta camera
4kx4k.

SEM samples were prepared by solvent evaporation on a
silicon wafer, both at room temperature and at 60°C, while the
gels were transferred as such. All the samples were sputter-
coated with gold for 10 s at 0.016 mA Ar plasma (Scancoat six

TABLE 1 | Sequence and chemical characteristics of compounds 4 and 5.

Compound Sequence RP-HPLC purity
(%)

Rt m/z cld. m/z fnd.

4 1-IKVAV-NH2 99.4 11.4 mina 957.56 957.66
5 2-IKVAV-NH2 99.1 13.9 minb 1097.71 1098.64

aGradient elution for compound 4: 40%–100% of B in A over 20 min at a flowrate of 0.8 ml/min. A: 0.1% TFA in 100% H2O; B: 0.1% TFA in 100% CH3CN.
bGradient elution for compound 5: 50%–100% of B in A over 20 min at a flowrate of 0.8 ml/min. A: 0.1% TFA in 100% H2O; B: 0.1% TFA in 100% CH3CN.

SCHEME 1 | Synthesis of the FA/AIE conjugates, compounds 1 and 2, starting from compound 3, 4-amino-TPE. i: (A) succinic anhydride, compound 3, DIEA in
dioxane, reflux, 2 h; (B) room temperature (rt), overnight (o.n.).; ii: (A) tetradecanedioic acid, EDC hydrochloride in DCM, 0°C, 30 min; (B) compound 3, DIEA in DCM,
rt, o.n.
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sputter coater) for SEM imaging using an SEM-EDS JSM-
IT500 LV (JEOL Spa) operating at high vacuum, which
provided the direct visualization of the self-assembled
aggregated structures.

For the gel formation, 6 mg of compound 4 or 5 was dissolved
in 500 μL of acetonitrile, using alternate ultrasonic bath and
vortex until a clear solution was obtained. Then, for
compound 4, 500 μL of a 0.1 M NaHPO4 aqueous buffer

FIGURE 1 | Emission spectra of TPE/FA conjugates, (A) for compound 1 and (B) for compound 2, at different DMSO/water ratios (CM = 10 µM) and in the presence
of TFA together with solid-state neat emission.

FIGURE 2 | DLS measurements of compounds 1 (A–C) and 2 (D,E) in different DMSO/water mixtures. (A) Normalized autocorrelation functions of all the DMSO/
water ratios, highlighting the noisy profiles of 1:1 and 3:7 DMSO/water ratios, whose fitting was not achievable; (B) normalized autocorrelation functions of compound 1
for 2:8, 1:9 and 0.5:9.5 DMSO/water ratios, where the arrow indicates the presence of 1:9 and 2:8 of small components that were not properly fitted by NNLS fitting; (C)
intensity weighted size distribution for compound 1 in 2:8, 1:9, and 0.5:9.5 DMSO/water ratios. (D) Normalized autocorrelation functions for compound 2 and (E)
intensity weighted size distribution for all the DMSO/water ratios for compound 2. (F) Images of compounds 1 (F1 panel) and 2 (F2 panel) suspensions in water with
increasing DMSO percentages. The pictures were taken under a UV light illumination (λex = 365 nm).
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(pH = 8.4) was added to the solution. After having obtained a
clear solution with the aid of an ultrasonic bath and vortex, the
sample was left to self-assemble in gel at r.t. overnight. On the
contrary, the solution of compound 5 in acetonitrile was diluted
with 500 μL of 0.1% (v/v) TFA in water, alternating ultrasonic
bath and vortex until a clear solution was obtained. Then, the
sample was heated at 65°C for 45 min and cooled down to r.t. for
3 min.

The confocal images were acquired on a Nikon spinning disk
confocal microscope, equipped with the CSI-W1 confocal
scanner unit. The samples were excited with the 405 nm laser.

UV–vis absorption spectra were obtained on a Shimadzu
UV–vis–NIR 3600 spectrophotometer in a 1 cm path length
quartz cell. Photoluminescence quantum yields were measured
with a C11347 Quantaurus-QY absolute photoluminescence
quantum yield spectrometer (Hamamatsu Photonics),
equipped with a 150W xenon lamp, an integrating sphere,
and a multi-channel detector steady-state spectrofluorometer
(Edinburg Instrument Ltd.). Continuous excitation for the
steady-state measurements was provided by a 450W xenon
arc lamp, and the excitation wavelength was set at 325 nm.
Photoluminescence lifetime measurements were determined by
the time-correlated single-photon counting (TCSPC) method,
and they were performed using an Edinburg Pulsed Diode PLED-
375 (Edinburg Instrument Ltd.), with a central wavelength of
375 nm. Photoluminescence experiments at room temperature
were carried out in various solvent solutions at several
concentrations, in the range of 1–2x10–5 mol/L in
dichloromethane (DCM), dimethylsulfoxide (DMSO)/water
mixtures. In all experiments, 10–20 µL of a mother solution
0.26 mM of trifluoroacetic acid (TFA) in DMSO was added to
avoid carboxylic acid dissociation or amine-ammonium
equilibrium. The acid did not influence the luminescence of
the aggregates but rather speed up the aggregation and
stabilizes the aggregates.

Lifetime was fitted with a multiexponential decay curves, and

the average lifetime was calculated according to τav
∑

m

n�1 αnτ
2
n

∑
m

n�1 αnτn
, m is

the nth component of the fitted decay; a is the pre-exponential
value of the nth component.

For PL measurements, a trace amount of trifluoroacetic acid
was added to the measured solution to avoid carboxylic acid
dissociation or amine-ammonium equilibrium.

The dynamic light scattering (DLS) measurements were
performed using a Malvern Zetasizer Nano instrument
(Malvern Panalytical, Ltd.) at 25°C, equipped with a 633 nm
solid-state He–Ne laser at a scattering angle of 173°. Analyses
were carried out on 50 μM samples dispersed in DMSO/water
mixtures by using viscosity and refractive index data reported in
LeBel and Goring (1962) after the samples were aged for 24–48 h
at rt. The size measurements were averaged from at least three
repeated measurements.

Rheological tests were conducted at 25°C using an Anton Paar
MCR 302 Rheometer (Anton Paar GmbH), operating in a 25 mm
parallel geometry with a 1 mm distance gap. The frequency sweep
measurements were performed at 0.8% strain from 0.1 to 100 rad/
s at 25°C.

Human neuroblastoma SK-N-SH cells (kindly provided by
prof. Adriana Bellucci, University of Brescia, Italy) were grown in
complete medium composed of DMEM low glucose,
supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, 1% L-glutamine, and 1% non-essential amino
acids. Cells were maintained at 37°C under a humidified
atmosphere of 5% CO2.

The cell viability was tested by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) assay. Neuroblastoma
cells were seeded into a 48-well plate (15000 cells/well) in
complete medium. After 24 h, cells were treated with different
concentrations (0.001–100 μM) of the compound of interest or
with vehicle (1% DMSO). Treated and untreated cells were
incubated for 24 h at 37°C under a humidified atmosphere of
5% CO2. Next, 30 μL of MTT (5 mg/ml) was added to the cells
and incubated for 3 h at 37°C under a humidified atmosphere of
5% CO2. Afterward, formazan crystals were solubilized with
acidified (0.1M HCl) isopropanol containing 10% Triton X-
100. The optical density (OD) was determined at a wavelength
of 570 nm using an Infinite 200Pro Tecan plate reader (Tecan
Group Ltd.). Compounds were tested in triplicate. The cell
viability was expressed as the percentage (%) of viable cells
relative to the vehicle (100%). All experimental data were
shown as mean ± SD. Data were analyzed by a one-way non-
parametric ANOVA Kruskal–Wallis test with Dunnett’s
correction for multiple comparison using Prism Software. The
statistical significance was set at p < 0.05.

3 RESULTS AND DISCUSSION

3.1 Synthesis of the FA/TPE Conjugates and
Their Characterization
3.1.1 Synthesis
Compounds 1 and 2, functionalized with succinic and
tetradecanedioic acids, respectively, were synthesized starting
from 4-amino-TPE (Scheme 1, compound 3) obtained
following a general protocol (reported in the SI). In the case
of the shorter FA/TPE conjugate, the reaction was carried out in
basic conditions, using DIEA as base in the presence of a slight
excess of succinic anhydride in dioxane, to yield compound 1 in
65.27% (see the SI for procedure details; Supplementary Figure
S1). Regarding the synthesis of the longer conjugate, compound
2, the coupling reaction between compound 3 and
tetradecanedioic acid was performed using EDC as a coupling
reagent added in substoichiometric ratio, in order to activate only
a carboxyl group. The desired product 2was obtained in a 31.95%
yield (see the SI for procedure details; Supplementary Figure S2).

3.1.2 Fluorescence Spectroscopy
The photophysical properties of the synthesized AIEgens have
been studied in dilute solutions, neat solid state, and as aggregate
forms obtained from solvent/water mixtures, adding
trifluoroacetic acid (TFA) mixture to avoid issues of carboxylic
acid dissociation/amine-ammonium equilibrium.

In dilute solutions, the UV–vis absorptions of compounds 1
and 2 in dichloromethane (DCM) and dimethyl sulfoxide
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(DMSO) show the presence of a high energy band around 250 nm
and a second one around 320 nm characterized by a molar
absorptivity of ca. 1.5#104 M−1cm−1, typical of a π–π*-type
transition of the conjugated TPE scaffold (Bolzoni et al., 2013)
(Supplementary Figures S7A, S8A in the SI). As observed in
Supplementary Figures S7B, S8B in the SI, no appreciable
optical variation can be observed with/without a small amount
of TFA, implying that the protonation state of carboxylic acid
function did not affect the TPE absorption features. As expected,
no emission can be detected in the diluted solution arising from
the TPE excitation. On the contrary, intense photoluminescence
emissions can be detected upon molecular aggregations. The
photophysical properties of the self-assembled 1 and 2
homostructures were evaluated by a modified solvent
displacement technique used to self-assemble other aromatic
peptides (Reches and Gazit, 2003; Yuran et al., 2012; Bonetti
et al., 2015; Bucci et al., 2017; Bucci et al., 2020). To trigger the
self-assembly, a stock solution of compounds 1 and 2 in DMSO
(1 mM) was diluted with different DMSO/water mixtures
(containing a small amount of TFA) to a final
concentration of 10 µM and characterized after an
incubation of 5–10 min. The aggregates of compound 1 at a
2:8 DMSO/water ratio have to be aged up to 40 min to get a
stable luminescence. Figure 1 shows the emission properties of
the aggregates together with the emission of the pure neat solid
sample of the two compounds. The solid microcrystalline
sample of 1 behaves like an AIEgen and shows a broad
bluish emission with a maximum at 465 nm (FWHM
5500 cm−1) and a quantum yield of emission (QY) of 0.25.
The spectrum from the 1:9 DMSO/water mixture clearly
provides a similar bluish emission centered at 474 nm and
displays a QY = 0.25. Increasing the amount of the DMSO
content until reaching a 2:8 DMSO/water ratio, the emission
undergoes a slight shift toward the blue (λmax = 453 nm) and a
slightly decreased QY (0.21). On the contrary, by just

increasing the DMSO to 30% (3:7 DMSO/water mixture),
no emission is detectable.

The microcrystalline solid sample of 2, featuring a longer alkyl
chain as a substituent of the TPE core, shows emission with a
maximum at 445 nm (FWHM 4900 cm−1) and a QY of 0.1. It is
worth noting that, in contrast to 1, the emission from the 1:
9 DMSO/water mixture clearly provides a similar bluish-green
emission centered at 485 nm while displaying the highest QY of
0.52. The 2:8 DMSO/water mixture displays a similar emission
although the QY drops to 0.44. The full photophysical parameters
for compounds 1 and 2 are, respectively, reported in
Supplementary Tables S3, S4 in the SI. Clearly, the presence
of the longer alkyl chain in 2 results in a more pronounced
tendency to form stable and efficient emissive aggregates even at
lower water content.

3.1.3 Dynamic Light Scattering Analyses
Dynamic light scattering measurements were taken into account
to get insights into the self-assembly tendency of compounds 1
and 2 as a function of the different DMSO/water ratios.
Compound 1 showed a very poor scattering power when
dissolved in 1:1 and 3:7 DMSO/water mixtures, and only
when the water content was increased to reach a 2:8 DMSO/
water ratio, the correlation function showed to be stable over
several acquirements, suggesting that some aggregates were
starting to form (Figure 2A).

Nevertheless, the fitting of the correlograms was poor, such
that no reliable size distribution could be achieved. By further
increasing the water content and passing from 1:9 to 0.5:
9.5 DMSO/water ratio, the very first part of the correlogram
changed, becoming less evident the starting flex (indicated with
an arrow in Figure 2B) compatible with a very small component
of the mixture. Good fittings of the curves were obtained only for
the last two solvent ratios (1:9 and 0.5:9.5) that eventually led to
the size distribution reported in Figure 2C) with two peaks,

FIGURE 3 | (A,E) TEM micrographs of (A) compound 1 (50 µM) and (E) compound 2 (50 µM). The scale bars are 1 μm (A) and 500 nm (E). (B–D) SEM
micrographs of compound 1 (50 µM) after its self-assembly in (B) 5% (v/v), (C) 10% (v/v), and (D) 20% (v/v) DMSO in water. Scale bars are 2 μm (B,C) and 1 μm (D).
(F–H) SEM micrographs of compound 2 (50 µM) after its self-assembly in (F) 5% (v/v), (G) 10% (v/v), and (H) 20% (v/v) DMSO in water. Scale bar is 1 μm.
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compatible with non-isotropic objects, as revealed by the TEM
analysis for this molecule (see Figure 3A). Even compound 2
improved its scattering capacity when the non-solvent amount

increased: while for 1:1 and 3:7 DMSO/water ratios, the
correlograms were poor and the size distribution showed two
populations possibly related to the undissolved solid material,

SCHEME 2 | Synthesis of compounds 4 and 5. i: the 5-mer sequence of laminin (IKVAV-NH2) was synthesized manually by SPPS using the Fmoc/t-Bu strategy
and Rink Amide AM resin (100–200 mesh, loading 0.7 mmol/g) as solid support. ii: the on-resin coupling with the TPE/FA conjugate (2 for compound 4 or 3 for
compound 5) was performed o.n. at rt in DMF using as coupling system 3:2.5:4 equivalents of TPE/FA conjugate/HATU/DIEA. Once the Kaiser test confirmed the
successful conjugation, the peptidyl-bound resin underwent cleavage, giving compound 4 or 5.

FIGURE 4 | Emission spectra of peptide conjugates, (A) for compound 4 and (B) for compound 5, at different DMSO/water ratios (CM = 10 µM) and in the presence
of TFA together with solid-state neat emission and GEL emission.
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starting from the DMSO/water ratio 2:8 on, the correlograms
became stable and repeatable (Figure 2D). These findings
suggested the formation of stable and regular self-assembled
structures, and their fitting led to size distribution by intensity
with one population only, centered at 140 ± 44 nm (Figure 2E,
the upper traces). The obtained value of hydrodynamic diameter was
in agreement with the TEM results (see Figure 3B). Moreover, the
behavior of the two compounds seen by DLS nicely agrees with the
fluorescence spectroscopy results, suggesting that for compound 2
the aggregates start tomassively form inmixtures with aminorwater
content, as it can be macroscopically observed in the pictures of the
different DMSO/water mixtures (Figure 2F).

3.1.4 Electron Microscopy Analyses
The morphologies of the aggregates were investigated by TEM
and SEM. In particular, the TEM analysis conducted on the
suspensions of compounds 1 and 2 in 5% (v/v) DMSO in water
showed the presence of tubular and lamellar structures for the
shortest FA/TPE conjugate (Figure 3A) and the formation of
spherical assemblies for the longest one (Figure 3E).

On the other hand, SEM investigations revealed that the
obtainment of stable morphologies is strictly dependent on
water concentration (Figures 3B–D,F–H).

In the case of compound 1, at lower DMSO percentages, the
formation of lamellar structure is evident (Figures 3B,C). This is
probably due to the strong π−π interactions among the

hydrophobic TPE moieties leading to a coalescence of the
nanotubular assemblies into plates (Salimimarand et al., 2017).
By increasing the DMSO amount (Figure 3D), it is indeed
possible to observe the bundle of nanofibers characterized by
an 85 nm inner diameter (Supplementary Figure S12D). The
coalescence was also observed upon heating at 60°C (see
Supplementary Figure S12 in the SI).

The elongation of the alkyl chain on compound 2 leads to a
different scenario in which the presence of both globular and
fibrillar structures is evident. In particular, the formation of
bigger agglomerates was observed by increasing the amount of
DMSO (Figures 3G,H). This change in the morphology could be
ascribed to the longer hydrophobic chain that, being more
flexible, could favor a more compact, globular shape.

The self-assembly behavior of both FA/TPE conjugates was
ascertained by confocal microscopy (Supplementary Figure S16).
The confocal images of the colloidal suspensions (10% (v/v) DMSO
in water) confirmed the presence of spherical aggregates of fibers for
compound 1 and bigger globular agglomerates for compound 2.

3.2 FA/TPE Peptides: Synthesis and
Characterization
3.2.1 Synthesis
Compounds 1 and 2 were then used as N-terminus capping
agents for ultra-short peptides. In particular, the IKVAV

FIGURE 5 | Selected region of ATR-FTIR spectra for compounds 4 and 5: deconvoluted amide I peaks for compounds 4 (A) and 5 (B) in powder form. Both
compounds are characterized by a mixture of conformations, with a predominant unordered structure for compound 4, while compound 5 displays a higher propensity
for the β-sheet conformation. CD signatures of (C) compounds 4 and (D) 5. All samples were prepared in various TFE–water mixtures at a concentration of 50 µM. The
CD signal was converted to the mean residue ellipticity, which normalizes for peptide length and concentration.
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sequence from laminin was selected. This sequence is able to
induce fibril formation in water environment, and it has been
used for the functionalization of polymeric hydrogels (Perera
et al., 2019; Yin et al., 2021). Here, we wanted to investigate the
effect of FA/TPE hybrids on IKVAV self–assembly. Our aim was
to obtain new AIE peptide-based nanomaterials, through the
combination of the luminogen feature of TPE, the self-
assembly propensity of FAs, and the amyloidogenic 5-mer
laminin sequence. Furthermore, the gelation ability of the so-
obtained hybrid compounds was also investigated. To this
aim, compounds 4 and 5 were synthesized by solid-phase
peptide synthesis (SPPS) using the Fmoc/t-Bu strategy
(Scheme 2).

3.2.2 Fluorescence Spectroscopy
As already discussed for precursors 1 and 2, the new peptide
conjugates have been investigated in solution and as aggregates,
again in the presence of a trace amount of TFA. Absorption
studies on compounds 4 and 5 were performed only in DMSO,
since they are only partially soluble in DCM. As reported in
Supplementary Figures S9A, S10A in the SI, the absorptions
closely resemble those of the parent compounds 1 and 2 and they
are correlated to the presence of the TPE chromophore.
Derivatives 4 and 5 show a residual luminescence peaking at
365 nm in diluted DMSO solution, possibly ascribed to the TPE
moiety (Figure 4). Intense photoluminescence emissions can be
instead detected upon molecular aggregation. The photophysical

FIGURE 6 | (A,B) TEM (A) and SEM (B) micrographs of compound 4 (50 µM) after its self-assembly in 1:9 (v/v) DMSO/water mixture. Scale bars are 100 nm (A)
and 1 µm (B). (E,F) TEM (E) and SEM (F) micrographs of compound 5 (50 µM) after its self-assembly in 1:9 (v/v) DMSO/water mixture. Scale bars are 200 nm (E) and
2 µm (F). (C,G) Confocal images of compounds 4 (C) and 5 (G) after their self-assembly in a 1:9 (v/v) DMSO/water mixture. Scale bars are 10 µm. (D,H) Images of
compounds 4 (D) and 5 (H) suspensions in water with increasing DMSO percentages. The pictures were taken under UV light illumination (λex = 365 nm).

FIGURE 7 | (A–D) SEM micrographs of the gel obtained from compound 4 (0.6% w/t) in 50% (v/v) CH3CN in 0.1 M NaHPO4 in water. Scale bars are 5 μm (A,B)
and 1 μm (C,D). (E,F) SEM micrographs of the gel obtained from compound 5 (0.6% w/t) in 50% (v/v) CH3CN in 0.1% TFA in water. Scale bar is 5 μm. (G,H) SEM
micrographs of xerogel obtained from compounds 4 (G) and 5 (H) after slow evaporation at rt. Scale bars are, respectively, 50 µm (G) and 20 µm (H).
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properties of the self-assembled 4 and 5 homostructures were
evaluated similarly to their parent systems 1 and 2.

Derivatives 4 and 5 show a residual luminescence peaking at
365 nm in the diluted DMSO solution, possibly ascribed to the
TPE moiety (Figure 4). Intense photoluminescence emissions
can be instead detected upon molecular aggregation. The
photophysical properties of the self-assembled 4 and 5

homostructures were evaluated similarly to their parent
systems 1 and 2.

The solid microcrystalline sample of 4 shows a broad bluish
emission with a maximum at 479 nm (FWHM 4500 cm−1) and a
QY of 0.38. The spectrum from the 1:9 DMSO/water mixture
clearly provides a similar bluish emission centered at 470 nm,
displaying a QY = 0.14. Increasing the amount of DMSO content
as in a 2:8 DMSO/water mixture led to a reduction of the
tendency to aggregate resulting in poorly emissive system with
a QY of only 0.055.

The solid microcrystalline sample of 5, featuring a longer alkyl
chain as a substituent of the TPE core, shows emission with
maximum at 484 nm (FWHM 4400 cm−1) and a QY of 0.42. The
luminescence of the 1:9 and 2:8 DMSO/water mixtures provides a
bluish-green aggregate emission centered at 482 nm displaying a
high QY = 0.62–0.65.

3.2.3 Secondary Structure Analysis
The secondary structure of the synthesized FA/TPE peptides 4
and 5 was investigated by both ATR-IR and CD experiments
(Figure 5). In the ATR-IR spectrum of compound 4 (Figure 5A),
the deconvolution and the fitting of the amide I band showed a
major peak in the amide I region at 1645.42 cm−1, indicating an
unordered conformation. In the same region, the spectrum of
compound 5 (Figure 5B) exhibited two major peaks at
1612.96 and 1628.91 cm−1, which correspond to a β-sheet
conformation (Litvinov et al., 2012).

CD spectra of compounds 4 and 5 in different TFE/water
mixtures (Figures 5C,D) showed that the secondary structure of
the two peptides dramatically changed by increasing the
percentage of water. The CD signatures of compounds 4 and
5 in 100% TFE showed a large negative band at from 190 to
around 210 nm and small negative peaks at around 220 nm,
which correspond to an unordered structure. By increasing the
percentage of water until 50% (v/v), the CD signatures showed a
positive peak at 190 nm, while the large negative band shifted to

FIGURE 8 | (A,C) Images of the gels obtained from compounds 4 (A)
and 5 (C) spread on two coverslips with the superimposing photographs of
the compounds in the gel state. The pictures of the cover slips were taken
under a laser illumination (λex = 325 nm), while the two superimposed
photographs were taken under a UV light illumination (λex = 365 nm). (B,D)
Confocal images of the gels obtained from compounds 4 (B) and 5 (D). Scale
bars are 10 µm.

FIGURE 9 | (A) Frequency sweep experiments for the gels synthesized from compounds 4 (Gel 4) and 5 (Gel 5). G′ is the storage modulus and G″ is the loss
modulus. (B) The effect of compounds 1, 2, 4, and 5 on cell viability by MTT assay. SK-N-SH neuroblastoma cells were treated with compound solutions ranging from
0.001 to 100 µM for 24 h. Data represent the mean ± SD of triplicate measurements. **p < 0.01 compound 2 versus vehicle.
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around 200 nm with small negative peaks at around 220 nm,
suggesting a partial helical tendency for both the compounds. The
CD signature of the two compounds in 20% (v/v) and 30% (v/v)
TFE in water showed two opposite behaviors: while compound 4
showed an intense positive peak at 195 nm and a large intense
negative band at around 220 nm, which correspond to a β-sheet
conformation, compound 5 in 30% (v/v) was characterized by a
positive peak at 190 nm and three negative peaks at 202, 219, and
225 nm, whereas in 20% (v/v), it revealed two slight Cotton effect
bands approximately at 215 and 230 nm, which were due to the
aromatic π–π effects of TPE. In addition, at the lowest
concentration of TFE in water (20% (v/v), 10% (v/v), and 5%
(v/v) for compound 4 and the latter two for compound 5), the CD
signatures showed a bisignated Cotton effect signal,
approximately at 210 and 230 nm for compound 4 and
approximately at 220 and 240 nm for compound 5, indicating
strong π–π stacking of TPE chromophores in water (Chu et al.,
2018).

The tendency to self-assemble compounds 4 and 5 was also
ascertained by the DLS investigation. The DLS measurements
were carried out on the two compounds dissolved in 50 μM 0.5:
0.95 DMSO/water mixture, after being aged for 48 h. The results
showed a good scattering level, indicating the presence of some
relevant nanostructures in suspension. The two species showed
similar intensity-weighted size distribution profiles, presenting
two peaks centered at 204 ± 27 nm and 996 ± 171 nm in the case
of compound 4 and 359 ± 54 nm and 1230 ± 238 nm for
compound 5 (Supplementary Figure S11). The double
distribution is due to the non-isotropic shape of the self-
assembled structures.

3.2.4 Electron Microscopy Analyses
TEM and SEM analyses of nanocolloidal suspension of
compound 4 in 10% (v/v) DMSO in water showed the
formation of fiber-like aggregates (Figures 6A,B). A similar
behavior was also observed for compound 5 (Figures 6C,D).
In particular, both TEM and SEM images showed the formation
of belts that could assemble into fibers, suggesting that the
amyloid tendency of the peptide sequence prevails on the FA
and TPE contributions to self-assembly.

The colloidal suspensions (10% (v/v) DMSO in water) were also
visualized by confocal microscopy, showing that compound 4
preferred self-assembling into short and fractal fiber aggregates,
whereas compound 5 adopted a large and symmetric fiber network.

3.2.5 Gel Formation and Evaluation
Inspired from the previous results obtained by Jain et al. on
laminin-derived lipophilic conjugates (Jain and Roy, 2019; Jain
and Roy, 2020), compounds 4 and 5 were tested for gelation in
various conditions, by varying: i) the pH of the organic/water
mixtures, ii) the concentration of the gelators, and iii) the trigger
for gelation (e.g., heating, sonication) (results not shown). The
optimal conditions were 6 mM (0.6%w/t) in 50% (v/v) CH3CN in
0.1 M NaHPO4 in water (pH = 8.4) for compound 4, while for
compound 5 5 mM (0.6% w/t) 50% (v/v) CH3CN in 0.1% TFA in
water. The gelation of 4 was obtained at room temperature (rt)
using alternate vortexing and sonication, allowing the solution

undisturbed overnight (o.n.) to self-assemble in gel, while
compound 5 required to be heated at 65°C for 30 min, after
which the peptide self-assembled immediately in gel. The gel
from compound 4 showed a flower-like fractal architectures when
analyzed by SEM (Figures 7A–D).

On the other hand, the gel obtained using compound 5 as a
gelator showed the presence of more extended lamellar structures
(Figures 7E,F).

To better understand the morphology responsible for gel
formation, we also analyzed the xerogel obtained from gels 4
and 5 after slowly evaporation at rt (Figures 7G,H). For
compound 4, lamellar multilayers were observed, while for 5,
a more disordered structure were present.

Gel formation also results in a luminescent material (Figures
8A,C), which was studied in analogy to the characterization already
described for compounds 4 and 5. The fluorescence traces are
reported in Figure 6. Compound 4 displays an emission centered
at 476 nm (FWHM 4050 cm−1) and a QY of 0.26. Compound 5
displays a bluish emission with a maximum at 475 nm (FWHM
3950 cm−1) and aQY of 0.38. For both compounds, the luminescence
band and efficiency closely resemble those measured in the DMSO/
water mixture as well as those obtained from the neat solids.

Confocal microscopy confirmed the architectures revealed by
SEM, as the gel of compound 4 self-assembled into flower-like
aggregates (Figure 8B), while the gel synthesized from compound
5 adopted a more flexible structure characterized by the presence
of hollows (Figure 8D).

Therefore, we tested the viscoelastic properties of the
synthesized gels using oscillatory rheometry (Figure 9A). The
frequency sweep experiments were performed from 0.1 to
100 rad/s with a strain of 0.8%.

The results showed that for both compounds 4 and 5, the
storage modulus (G′) is higher than the loss modulus (G″), thus
indicating that both the gels have a predominant elastic feature
over the viscous one. Moreover, both moduli have some
dependence over frequency. Overall, compound 5 moduli are
always far higher than those of compound 4, G′ being
approximately 1300 Pa versus 130 Pa in the 1–10 rad/s range.
Such values, especially in the case of compound 5, indicate that
the gel is relatively stiff. At high frequencies, behaviors are
different: G′ and G″ of compound 4 tend to increase, whereas
compound 5G′ decreases; therefore, at about 100 rad/s, the
difference in the values of loss and elastic modulus between
the two gels is lower than in the rest of the frequency range.

3.2.6 Cytotoxicity
Finally, the cell viability of the FA/TPE hybrid compounds 1 and 2
and the conjugated peptides 4 and 5 were assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Neuroblastoma SK-N-SH cell line was used as the human
neuronal model system. These cells are extensively used for both
basic and applied research in biomedicine, including neurotoxicity
(Cheung et al., 2009) and neurodegeneration (Xicoy et al., 2017). The
cells were cultured for 24 h and then exposed to vehicle (1%DMSO)
or the compound solutions in the concentration range from 0.001 to
100 µM for 1 day. The experimental results revealed that the viability
of SK-N-SH cells significantly decreased upon treatment with
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100 μM of compounds 2 (78.1%, respectively; p = 0.0047) when
compared to vehicle (Figure 9B). Although the treatment of SK-N-
SH cells with 10 and 100 μM of compound 1 demonstrated a slight
increase in the cell viability, no significant changes were observed
after treatment with compounds 1, 4, and 5 compared to vehicle.

4 CONCLUSION

In this work, hybrid molecules combining the AIE properties of TPE
and the surfactant ability of fatty acids were synthesized and
characterized. Starting from 4-amino-TPE, the functionalization
with FAs of different lengths was performed through amide
coupling. The emission properties and the self-assembly
tendencies of the obtained compounds were studied by
fluorescence, DLS, and electron microscopy (EM). Our results
showed that the presence of a longer alkyl chain results in a
more pronounced tendency to form stable and efficient emissive
aggregates. The obtained compounds were then used as N-terminus
capping agents in the development of peptide-based materials. In
particular, the exploitation of the free carboxylic group led to the
functionalization of the 5-mer laminin-derived IKVAV peptide. The
conjugates self-assembled into luminescent fibrillary materials that
were able to form supramolecular gels in the aqueous environment.
Gels showed interesting rheological features, with a marked
prevalence of elastic over loss modulus, thus indicating that they
can be considered relatively stiff, especially in the case of compound
5. Thus, the definition of compounds with the potential to supply a
suitable substrate for in vitro models is relevant for a wide range of
studies and applications.
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Reversible electrochemical magnesium plating/stripping processes are

important for the development of high-energy-density Mg batteries based

on Mg anodes. Ether glyme solutions such as monoglyme (G1), diglyme

(G2), and triglyme (G3) with the MgTFSI2 salt are one of the conventional

and commonly used electrolytes that can obtain the reversible behavior of

Mg electrodes. However, the electrolyte cathodic efficiency is argued to be

limited due to the enormous parasitic reductive decomposition and passivation,

which is governed by impurities. In this work, a systematic identification of the

impurities in these systems and their effect on the Mg deposition–dissolution

processes is reported. The mitigation methods generally used for eliminating

impurities are evaluated, and their beneficial effects on the improved reactivity

are also discussed. By comparing the performances, we proposed a necessary

conditioning protocol that can be easy to handle and much safer toward the

practical application of MgTFSI2/glyme electrolytes containing impurities.

KEYWORDS

reversibility, Mg plating/stripping, glyme solvent, Mg (TFSI)2, impurity effect

1 Introduction

Multivalent energy storage technologies based on Mg, Zn, or Ca are attracting

increasing attention due to their high volumetric capacities (i.e., 3,832 mA h/cm3 Mg

vs. 2,062 mA h/cm3 Li and 1,136 mAh/cm3 Na) and low cost due to their natural

abundancy (Yoo et al., 2013; Muldoon et al., 2014). Significant efforts have been

devoted in the search for an optimal combination of electrodes/electrolyte materials

since Aurbach reported the first rechargeable Mg battery prototype (Aurbach et al., 2000;

Aurbach et al., 2007). However, the development of useful electrolytes, exhibiting a wide
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electrochemical window with suitable compatibility with anode

and cathode materials, is still very limited. Years of fundamental

studies have shown that the electrolyte properties such as

conductivity, viscosity, solvation structure, and chemical

stability greatly affect the electrochemical performance

(Deivanayagam et al., 2019; Leon et al., 2022) and are highly

dependent on the exact formulation and a complex interaction

between solvents and salts. With these constraints, only a few

solvents meeting the requirements are currently practical in

terms of their ability to dissociate Mg (or Zn and Ca) salts

and show reversible metal plating and stripping processes (Bitenc

et al., 2019; Deivanayagam et al., 2019). Among them, ethereal

solvents such as glymes are perhaps most commonly employed

due to low viscosity, high chemical stability, and relatively low

vapor pressure for multivalent systems. For example, magnesium

bis-(trifluoromethanesulfonyl) imide [Mg (TFSI)2] salt

(Shterenberg et al., 2015) or magnesium carba-closo-

dodecaborate [Mg (HCB11H11)2] in glyme solvents has been

intensively explored as promising candidates for Mg batteries

(McArthur et al., 2017; Hahn et al., 2018; Fisher et al., 2019).

Despite these attractive characteristics, these electrolytes

exhibited poor Coulombic efficiency for Mg deposition and

stripping (Connell et al., 2016; Sa et al., 2016). The origin of

their poor electrochemical performance is still debated due to

conflicting experimental observations and theoretical

explanations of the Mg anode passivation mechanisms. Recent

studies have suggested that the presence of trace levels of

chemical impurities from solvents and anions can affect the

material properties substantially (Connell et al., 2016; Kang

et al., 2019). Even at very low concentrations, the impurities

in the glyme system play an important role in determining the

degree of reversibility of magnesium deposition/stripping. For

example, it was reported that trace levels of H2O (≤ 3 ppm) have

a profound impact on the reversibility of Mg deposition and

stability at the electrode/electrolyte interface, as well as

passivation behaviors (Connell et al., 2016). However, detailed

investigations of other chemical impurities in addition to water

have not been reported yet. Generally, impurities in solvents used

for formulation can come from synthesis/manufacturing

processes, degradation, storage conditions, or chance

contamination. Similarly, impurities from raw materials can

react with various chemicals or the atmosphere to form other

substances, like reactive intermediates or degradation products

during electrolyte preparation and storage, which have the

potential to affect the performance as well.

Currently, MgTFSI2 is one of the few simple salts known that

can be dissolved in many organic solvents and show high anodic

stability, so it is the most commonly used ether-soluble salt for

Mg batteries (Ha et al., 2014; Shterenberg et al., 2015). Herein, as

a benchmarking system and commercially available material, we

specifically focus on the details of MgTFSI2 in glycol dimethyl

ether solutions (Gx) including monoglyme (G1), diglyme (G2),

and triglyme (G3). We systematically identified the impurities

present in these systems and their effect on electrochemical

performance. Mitigation strategies to remove the impurities

and improve the activity are assessed, including ordinary

purification methods, adding electrolyte additives, and

electrochemical conditioning. Each mitigation method is

investigated to elucidate why performance is amended.

Finally, we propose a facile conditioning process based on

electrochemical galvanostatic cycling, which is the necessity

step in practical use to maximize the Coulombic efficiency of

Mg deposition–dissolution. We believe that the impurity issues

are not limited toMgTFSI2/Gx but are generic to most electrolyte

systems for the Mg battery, so this work will provide an effective

approach to optimize and achieve the advanced performance for

more practical electrolyte systems.

2 Results and discussion

2.1 Identification of impurities and
performance with as-received Gx solvents

Glymes usually are synthesized by several common methods

at large scales using ethylene epoxide and alcohols with Lewis

acid catalyzed at high temperature and pressure (Tang and Zhao,

2014). The common materials and routes to prepare glymes are

shown in Supplementary Figure S1. The most common impurity

expected in the “as-received” Gx is small amounts of water. Most

glymes are completely miscible with water and alcohols so that its

presence is inevitable. Therefore, the Karl Fischer titration was

employed to determine the water content in the “as-received” Gx

solvent, and the results are given in Figure 1A. It is clear that the

water content increases from G1 to G3 as the chain increases in

the glyme chemistry, which is indicative of the added chemical

steps or larger alcohols needed to go from one to another.

Moreover, the polarity including dipole moments and

dielectric constants increases with the ethylene oxide chain

length (Tang and Zhao, 2014); thus, higher polarity may also

contribute to the higher measures of water content from

G1 to G3.

Because of their manufacturing process, some other organic

impurities such as diethyl ether and hydrocarbons could be

found in glymes as well. Gas chromatography-mass

spectrometry (GC-MS) is ideally suited for the determination

of the trace organic impurities due to its excellent sensitivity. The

total ion current chromatograms (TICs) obtained from GC for

the “as-received”Gx are given in Figure 1B. Due to trace amounts

of impurities, the chromatograms were magnified to reveal the

small impurity peaks in glymes (the large peaks are due to the

solvent itself). It shows the raw material from the supplier

contained impurity peaks primarily located in the 1–6 min

region. The peaks were assigned to the most probable

candidates from the NIST library, as provided in Table 1. We

hypothesize that these impurities could be the residues of
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unconverted starting reactants such as propylene oxide and

alcohols, or from the intermediates such as 2-ethoxyethanol

(see Supplementary Figure S1), or the result of the instability

of glymes at high temperatures possibly arising in an industrial

plant during production, purification, and even packing. The

increase of impurities with the chain length can probably be

explained by the increasing boiling point with the chain length of

the glymes, which complicates their purification as it requires

higher temperatures in the purification process so that additional

decomposition processes may occur. As a result, any such

common products that may be produced in the synthesis

would be hard to monitor in the commercial solvents. In fact,

it is difficult to remove all the impurity substances effectively and

fully at a large scale by manufacturing processes unless proper

care is taken in every step involved with the increased cost.

Figure 1C shows the first CV result from the freshly prepared

solution based on the “as-received” G1, G2, and G3 containing

0.5 MMgTFSI2 using a Pt working electrode. A reductive process

occurs at an onset higher than 0 V, and no oxidative current is

obtained in positive scan in the CV curve. This small reductive

current is attributed to irreversible processes such as the

formation of a passivation film on the electrode surface,

rather than Mg deposition. Not surprisingly, the “as-received”

solvent cannot support any reversible Mg deposition/stripping,

regardless of the solvent used.

2.2 Improved performance: Solvent
purification processing

The purity of glymes is confirmed to be critical to enable the

efficient Mg electrochemical activity. Typical purification

treatments to remove impurities from hydrophilic solvents are

adsorption with molecular sieves (MS) and distillation. As noted

in Figure 2A, the storage of the “wet” glymes over 3-Å molecular

sieves for 48 h readily provided “dry” solvent with moisture

content in the 10–20 ppm range. Distilling over Na/K can

reduce the water content < 10 ppm. We evaluated the relative

effects of absorption and distillation purification methods on Mg

deposition/stripping in MgTFSI2-Gx solutions, as shown in

Figure 2B. Compared to the electrochemical activity from “as-

received” Gx solvents, both methods show evidence of increased

Columbic efficiency (CE) and current density upon Mg

deposition and dissolution; however, the distillation

purification approach results in significantly enhanced

performance. This suggests a “relatively clean” solvent was

obtained by distillation and confirms that water impurity

plays a critical role in controlling the nature of Mg

deposition/stripping, consistent with previous reporting

(Connell et al., 2016).

Also it should be noted that regardless of the solvent, the

onset plating voltage in the distilled solution tends to be more

FIGURE 1
(A) Water content in the as-received solvents from G1 to G3 by Karl Fischer titration. (B) Chromatograms (total ion count) of the as-received
solvents in G1, G2, and G3 by GC-MS. (C) Cyclic voltammogram of the freshly prepared electrolyte using “as-received” G1, G2, and G3 with 0.5 M
MgTFIS2 on a Pt electrode. Scan rate: 25 mV/s.
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positive (−0.2 V vs. Mg2+/Mg) compared to that in the dried

solution (−0.5 V vs. Mg2+/Mg), indicating that the beginning of

plating requires a higher overpotential activation for the dried

solution due to more passivation at the electrode interface from

impurities. This general phenomenon does not occur on the

opposite polarization. The subsequentMg stripping voltage starts

TABLE 1 Impurity identification in the as-received solvents by GC-MS.

Solvent RT (min) Possible compound

G1

1.70

2.29

2.42

2.99

G2

1.70

2.04

2.36

3.48

3.55

G3

1.70

2.3

3.38

4.57

4.97

5.15
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from ~2.0 V for all the dried solutions. However, a single

oxidation peak appears at 2.0 V for distilled G1, and a large

oxidation peak occurs at ~0.4 V with a smaller peak near 2.0 V

for distilled G2 and G3. This overpotential decrease probably

suggests that the reaction products formed from the side reaction

between Mg0 and the electrolyte components (e.g., SEI) make the

dissolution of Mg0 easier in distilled G2 and G3 than that in

distilled G1. The difference in the interfacial properties with

different solvents inspired us to further explore and understand

the fundamental mechanism for these behavior changes and will

be the subject of a separate report.

We noted that a trend was found using both approaches that

the performance decreases in the order of G1>G2>G3. The
preferred solvation structures formed in G1–G3 affect the

performance, which has been discussed in the literature

(Seguin et al., 2019). Although with pretreatments, more

impurities still existing in the glymes with longer chains are

also partially responsible for the performance difference.

Despite containing similar water contents, the distinct

difference in the performance between distilled G2 and

G3 suggests that other organic impurities contribute to CE.

The GC-MS measurement in Figure 2C reveals that the signals

of some small alcohol impurities such as 2-ethoxyethanol and

1-butanol are present in the as-received G1 solvent and

disappear after distillation; however, larger alcohols are not

completely removed by distillation in G2 and G3. The role of

organic impurities on the performance is discussed in

Section 2.4.

By evaluating the performance, we demonstrated that most

of the moisture along with some small organic impurities can be

successfully removed from “as-received” solvents by the Na/K

distillation process. Therefore, this method is employed to ensure

solvent purity and provide better performance at the laboratory

scale. Nevertheless, there is a risk associated with this aggressive

purification method utilizing reactive Na/K of personal injury

and incurred liability (Michaels, 2000). To mitigate this risk,

alternative purification approaches including the use of

molecular sieves and calcium hydride (CaH2), which are

convenient and often the drying agent of choices in the

purification of laboratory solvents, can rapidly provide

relatively dry glymes suitable for the Mg battery. Mg

deposition/stripping efficiency (data for CaH2 drying are

shown in Supplementary Figure S2), however, is lower than

that from Na/K distillation (~20% vs. ~70%), suggesting

that the drying agent composition plays a role in removing

impurities.

FIGURE 2
(A) Water content in the solvents dried by molecular sieve, distilled over Na/K measured via Karl Fischer titration. (B) Cyclic voltammograms
(CVs) for the electrolytes with 0.5 M MgTFSI2 in pretreated G1, G2, and G3 dried by molecular sieves and distillation methods. Pt was used as the
working electrode and a scan rate of 25 mV s−1. (C) Chromatograms (total ion count) of the distilled solvents in G1, G2, and G3 by GC-MS.
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2.3 Improved performance: Incorporating
supporting additives and co-salt

Mitigating the impurity issues and enhancing performance

can be achieved through alternative paths. Adding reductive

scavengers, such as Mg metal powders, Bu2Mg, CrCl3, and

AlCl3 in THF-based solutions, is an effective way to remove

the interfering impurities, yet these methods rely on the use of

flammable Mg powder or toxic CrCl3, which are not practical for

commercial manufacturing (Ha et al., 2016; Deivanayagam et al.,

2019; He et al., 2019). Recently, Mg(BH4)2 has been proposed as

an effective water scavenging species in Mg (TFSI)2/tetraglyme

electrolyte (Ma et al., 2017). Thus, MgTFSI2/G2 electrolytes

were prepared with 10 mMMg(BH4)2. The resulting CVs are

presented in Figure 3. For as-received G2, the CV matches the

data in Figure 1C, and no improvement is evident after

Mg(BH4)2 addition. The performance in dried solvent (MS)

exhibits reversible behavior with improved CE from 24% to

38%. The CE of distilled G2 systems is enhanced from 76% to

83% upon Mg (BH4)2 addition. The trend indicates that

supporting additives like Mg(BH4)2 are optimized in

extrinsically dried or distilled solvents to minimize the water

content. The exact water content cannot be easily determined in

the solutions by the Karl Fischer analysis due to the interference

from the residual BH4
− (Ma et al., 2017). More recently, Wang

et al. (2020) have reported that adding 0.1 MMg (BH4)2
improves the performance in MgTFSI2/G2 and revealed that

the mechanism was due to the preferred adsorption of BH4
−

anions on the Mgmetal surface. But considering the much higher

amount they used, it would be the same strategy as we discussed

as follows as a co-salt system rather than as the supporting

additive.

Inspired by the electrolyte composition and a better

reversibility in the magnesium–aluminum–chloride complex

(MACC), the reintroduction of chlorides, such as MgCl2, is

another successful method to boost the MgTFSI2/Gx

performance and is widely employed by the community

(Barile et al., 2014; Pan et al., 2016; Sa et al., 2016). However,

these “additions” are far from being similar to the addition of a

small amount of supporting additives adopted earlier because it

requires a substantial quantity of MgCl2 to combat the negative

effects of impurities and support magnesium deposition at high

efficiency (Connell et al., 2016; Connell et al., 2020). In this work,

0.25 MMgCl2 was added to 0.25 MMgTFSI2/Gx (1:1 ratio for Cl:

TFSI), resulting in a total Mg2+ concentration of 0.5 M to

compare the MgCl2 effect on the electrolyte performance.

Figure 4 (A–C) displays the results of the first CV, a Pt

working electrode in solutions of “as-received,” “dried,” and

“distilled” Gx based on 0.25 M MgCl2 and 0.25 M MgTFSI2.

As expected, adding MgCl2 to the MgTFSI2/Gx solutions

increases the overall electrochemical properties in terms of

current density and CE (Figures 4D vs. Figures 1C and 2B)

for all solvents with different treatments. Compared to the results

in Figure 2C, the onset potential for the stripping peak is also

greatly reduced with the addition of MgCl2. For example, in

G1 solution, it shifts from ~2V to 0.5 V during positive scanning,

implying less passivated Mg formed in the cathodic scan. With

the presence of more impurity residues in the “as-received,”

however, the improvement in CE was limited even with the

addition of MgCl2. The mixed co-salt MgCl2/MgTFSI2 in dried

and distilled solvents restores the CE. Again, the results suggest

any beneficial effect that Cl− has can be maximized in the “clean”

electrolyte with much lower concentration of impurity residues.

The twofold advantages of MgCl2 are responsible for the

enhanced reversible Mg cycling behavior: the dramatic changes

in the solvation structure in the bulk electrolyte (i.e., formation

of MgxCly complex cationic species and an interplay between

TFSI and Cl coordination) and interface speciation upon the

addition of MgCl2 to the electrolyte (Connell et al., 2016). The

changes in bulk electrolyte characteristics with MgCl2 including

ionic conductivity, ionic speciation, and anion association

strength are reported elsewhere and not discussed in this

work (Sa et al., 2016; Salama et al., 2017; Connell et al.,

2020). Herein, we investigated the influence of MgCl2 on

surface chemistry because the interface formation on the Mg

electrode is highly susceptible to impurities and can be

significantly changed by Cl−. To verify the beneficial role of

MgCl2 on the formation of the surface layer, Mg electrodes

cycled in dried MgTFSI2/G2 with and without MgCl2
electrolytes are characterized by XPS. Figure 5A displays the

high-resolution spectra of Mg2p, Cl2p, S2p, C1s, O1s, and F1s

on the Mg surface with the detailed analysis of the composition

of the surface layer by carefully fitting the XPS spectra. It is

immediately evident that with MgCl2, the electrode has a

smaller amount of MgO/Mg (OH)2, resulting in more

FIGURE 3
First cyclic voltammograms (CVs) for the electrolytes with
0.5 M MgTFIS2 and 10 mM Mg (BH4)2 in G2 from as-received
solvents, dried bymolecular sieves, and distilled. Pt was used as the
working electrode, and the scan rate was 25 mV s−1.
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accessibility of the underlying active metallic Mg, estimated by a

much higher Mg0 peak at 49.4 eV in Mg2p spectrum. The active

species of MgxCly
− cation in addition to TFSI-coordinated Mg2+

in the solution can precede the electron transfer and be involved

on the interface, causing Mg–Cl bonding to be present in the

Cl2p region around 200 eV on the surface layer. Similar results

using Pt as a working electrode have been reported in the

previous work (Connell et al., 2016). The presence of O = SO,

MgxS in the S2p region, and −CFx, MgF2 peaks in the F 1s region

suggest the decomposition of TFSI− in both electrolytes. The

instability of TFSI− and its reduction on the Mg anode are also

observed in the following section after extensive cycling

(i.e., “conditioning”). The carbon spectra in each electrolyte

feature a major peak at 286 eV and a smaller peak at 288 eV,

which is the characteristic of C–O–C and O–C = O,

respectively, attributed to the decomposition of G2.

However, the atomic percentage of surface composition (at%

summarized in Figure 5B) is dominated by higher carbon and a

lower content of F with MgCl2. It appears that TFSI

decomposition is less extensive but rather solvent

decomposition is more in the case of mixed MgCl2/

MgTFSI2-electrolyte than the pure TFSI solution. It reveals

that chloride addition affects the reaction of both the TFSI

anion and the solvent during surface layer formation. Although

with a certain level of impurities in the dried electrolyte, Cl− can

competitively react/more strongly bind to the Mg surface and

depress the overall coverage by MgO/Mg (OH)2 from

impurities, as well as inhibit TFSI from decomposition to

some extent.

2.4 Improved performance: Electrolytic
conditioning

It was shown that even rigorously cleaned MgTFSI2/glyme

solutions are limited to a Coulombic efficiency of ~70% for Mg

deposition/dissolution during the first cycle. The strategies with

adding reducing agents are significant advancements toward the

implementation of the MgTFSI2/Gx electrolyte, but the practical

CE values have not been obtained. To further improve the

performance, earlier reports focused on electrochemical

conditioning by extensive repeated CV cycling

between −1.2 and 2.8 V at a slow scan rate for 200–500 cycles

(Barile et al., 2014). Nevertheless, to the community, the term

“conditioning” does not have a formal definition, and in many

cases, it simply implies “cycling until it works better.”

Consequently, the disadvantage of the traditional conditioning

methods using the potential-controlled cycling is the lack of

quantifiable evaluation for optimized performance. Hereafter, we

proposed a facile conditioning protocol for practical applications,

modified based on the galvanostatic cycling suggested by a

previous report (Shterenberg et al., 2015). Our conditioning

FIGURE 4
Cyclic voltammograms (CVs) for the electrolytes in (A) G1, (B) G2, (C) G3, and (D) Coulombic efficiency for each solvent (dried by molecular
sieves, distilled) containing 0.25 M MgTFIS2 and 0.25 M MgCl2. Pt was used as the working electrode, and the scan rate was 25 mV s−1.
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method within an electrochemical cell (Figure 9 shown in

experimental) entails attaching the WE lead to one Mg rod;

the CE/RE leads to the second Mg rod and cycling Mg2+ back

and forth between the rods at a fixed current while changing the

direction of flow every 1,000 s. Typical current levels in our cells

are 0.1–1 mA depending on the electrolyte status and electrode

surface area. The overall charge per volume required to attain the

optimized electrochemical response can be as little as 5 C/ml

(1 C = 1 mA × 1,000 s) or as much as 20–30 C/ml, depending on

the electrolyte purity, shelf life, etc. The CV response on a third Pt

electrode is verified periodically (i.e., every 5–10 C/ml) to assess

the progress. Supplementary Figure S3 illustrates the two-

electrode electrolysis conditioning process using “as-received”

G2 as an example. A large current of 1 mA was used in the first step

to start conditioning for 10 ks, as shown in Supplementary Figure

S3A. CV measurement was carried out, and CE was calculated to

check if there is any improvement, as shown in Supplementary

Figure S3B. The cell polarization decreases gradually, indicated by

voltage vs. time profiles in Supplementary Figure S3A,

demonstrating that conditioning is still working. After 1 mA

conditioning, a slower conditioning process was applied using

lower current, e.g., 0.5 mA or less, as the electrolyte becomes

cleaner. In theory, as the impurities become more dilute and the

flux of impurities to the surface is decreased, they cannot diffuse

toward the Mg surfaces as quickly, so a lower current/longer time

conditioning protocol might be needed toward the end.

Supplementary Figure S3B shows the changes in the CV

measurement of the electrolyte throughout a typical conditioning

process. A reductive feature (~−0.5 V) ascribed to Mg deposition

and a corresponding small stripping peak (0.5 V) appear after

passing 10 C/ml in the first conditioning step. This deposition

and stripping feature evolve in character in the following condition

cycles using lower currents. The current density increases

significantly, and CE also improves from 25% to 81% for the

“as-received” solution after passing 30 C/ml in the electrolyte.

The conditioning process is stopped at this point because we

found that the CE cannot be improved any further as

conditioning continues. CE in fact decreases if overdose of

conditioning is applied.

Figure 6 demonstrates the CVs of Mg plating/stripping in the

solutions, which contain “as-received,” “dried,” and “distilled”

G1, G2, and G3 solvents using the same electrolytes from Figure 4

FIGURE 5
(A) High-resolution XPS spectra of Mg 2p, C1s, O1s, Cl 2p, F 1s, and S 2p on the surface layer of the cycled Mg electrode with/without MgCl2 in
MgTFSI2/G2 dried solutions. (B) Atomic percentage (at%) of the SEI on Mg electrodes cycled with/without 0.25 MMgCl2 in MgTFSI2-G2 electrolytes.
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after the conditioning process. CE of each testing solution and the

total charge used for conditioning to eliminate impurity residues

and optimize the efficiency are provided in Figure 6D. After

conditioning, the CE (and the current density) improves but

decreases in the order of G1 > G2 > G3. On the other hand, the

conditioning cycles and total charge used for conditioning

particularly in “as-received” and “dried” solutions increase in

the order of G1< G2 < G3. Lower CE is obtained in G2 and

G3 even using the similar amount of charge during the

conditioning process. This again implies that more impurities

are present in the longer chain Gx.

It is critical to initiate testing with highly pure materials to

minimize the conditioning requirements. We found that in most

cases for MgTFSI2/Gx systems, conditioning is required,

nonetheless, to maximize Mg deposition/stripping efficiency

and obtain relatively constant electrochemical results. One

possibility for the observed low CE is the ubiquity, solubility,

and proclivity of H2O to physisorb on reaction container

surfaces. Although the “conditioning-free” electrolytes with

additives such as heptamethyldisilazane (HpMS) can scavenge

water, the CE was still below 70% due to trace water left (Kang

et al., 2019). As such, achieving anhydrous conditions is always

questionable and challenging. The fundamental question “How

dry is dry?” proves to be difficult to answer if an accurate

determination of a trace water contaminant lower than the

ppm level (<3 ppm) is required.

Another possibility is some protic organic contaminants

(R-OH) such as ethyl glycol, as discussed in Section 2.2, are

not readily removed, even by rigorous distillation processes.

Electrolytic conditioning can break down these protic residual

molecules, evidenced from GC-MS data before and after the

conditioning process in distilled MgTFSI2/G2 solutions as a

case study, as shown in Figure 7A. We observed that the

signals for longer alcohols such as methoxyethanol and

propanol disappear after conditioning. To confirm the

inhibitory effect of organic impurities, we intentionally

added 500 ppm methoxyethanol to conditioned MgTFSI2/

G2 solutions. Figure 7B shows that the resultant CE

decreases from 88% to ~57%, and the plating/stripping

current density decreases significantly. Both are restored

upon performing a subsequent conditioning process. These

results further exemplify that the organic impurities in

addition to water in the glyme solvent inhibit the

performance and suggest the necessity of conditioning,

which can aid to remove these species.

Additionally, in addition to impurities in the as-received

solvents, process-related detrimental substances may form in the

prepared electrolyte, which could be treated as impurities as well.

FIGURE 6
Cyclic voltammograms (CVs) for the electrolytes in (A) G,1 (B) G2, and (C) G3 (as received, dried by molecular sieves, and distilled) containing
0.25 MMgTFIS2 and 0.25 MMgCl2 after conditioning. Pt was used as the working electrode, and the scan rate was 25 mV s−1. (D)Columbic efficiency
from CV in each used solvent after conditioning. The filled pattern indicates the total charge used for conditioning to eliminate impurities and
optimize the reversibility of Mg deposition/stripping.
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A previous study from Barile et al. (2014) identified the presence

of high molecular weight species in the freshly synthesized

MACC electrolyte. These oligomers formed due to ring-

opening polymerization of THF during electrolyte formulation

can impede the performance, but they were removed by the

conditioning process to improve the performance. Unlike in

MACC, the ESI-MS data in Supplementary Figure S4 confirm

that no oligomeric species is present in the as-preparedMgTFSI2/

G2 (distilled) solution, indicating no such ring-open

polymerization for an acyclic ether solvent. Table 2

summarizes the major cation speciation as identified from the

ESI-MS for both freshly prepared and conditioned solutions.

Both spectra show Mg (G2)2
2+ and Mg (TFSI) (G2)+ species as

the two most intense peaks. However, their relative ratio

increases from 0.6:1 in the fresh electrolyte to ~4.9:1 in the

conditioned electrolyte. This suggests that after conditioning,

most Mg2+ are solvated by two G2 molecules only without

forming contact Mg–TFSI ion pairs, or some TFSI anions are

released from the Mg (TFSI) (G2)+ structure during cycling. This

preferred structure can facilitate fast ion exchange, which might

be responsible for the highly reversible magnesium plating and a

better Coulombic efficiency in the conditioned solution. On the

other hand, four new species are recognized only from the

conditioned electrolyte (see Table 2 for the possible structure),

although their concentrations are much lower. They contain

nitrogen and fluorine that are liberated from TFSI−, indicating

the decomposition of the salt itself. This observation is consistent

with the results revealed by our XPS and EDS data on the black

mass deposited onto the Mg electrode in Supplementary Figure

S5 and the other literature (Yoo et al., 2017). TFSI anions or [Mg

(TFSI)]+ ion pairs could be easily attacked by the free

nucleophilic OH− from water/alcohol impurities or by simply

releasing from the Mg (OH)2 surface, resulting in bond breaking

of C–S of TFSI (Yu et al., 2017). It is likely that gains in CE by

conditioning/continuous cycling may come at the expense of the

decomposition of MgTFSI2, particularly with the presence of

impurities. Thus, the instability of MgTFSI2 itself at the Mg

anode/electrolyte interface is another important factor that limits

the electrochemical performance (to reach CE > 95%). Other

relatively stable salts such as magnesium tetra

(hexafluoroisopropyl)borate (Mg [B (hfip)4]2 and magnesium

tetrakis (perfluoro-tert-butoxy)aluminate (Mg [TPFA]2), or co-

salt magnesium triflate [Mg (OTf)2] with MgCl2 in glymes, are

now being developed to overcome this limitation (Deivanayagam

et al., 2019; Lau et al., 2019; Dlugatch et al., 2021; Ren et al., 2021).

TABLE 2 Mass spectra speciation of the major cation species probed
by ESI-MS for freshly prepared and conditioned 0.5 M Mg (TFSI)2/
G2 solutions.

Solution m/z Compound/empirical formula Ratio (%)

Fresh 142 Mg (G2)2
2+ 37.2

438 Mg (TFSI) (G2)+ 62.8

Conditioned 142 Mg (G2)2
2+ 80.6

184 Mg (G2)2(CF3)
2+ 1.6

220 Mg (G2)2(C6H14O3N)
2+ 0.3

438 Mg (TFSI) (G2)+ 16.3

618 Mg (TFSI) (G2)2(CH3ON)
+ 1.0

947 Mg3 (TFSI)2 (G2)2F3
+ 0.2

FIGURE 7
(A) Chromatograms (total ion count) of the distilled solvents G2 for the fresh electrolyte and conditioned electrolyte by GC-MS. (B) CV
measurement before and after intentionally adding 500 ppm methoxyethanol in the conditioned solution. The performance is restored to the
conditioned values after performing conditioning again. Scan rate: 25 mV/s.
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The purity of the salt also affects the Mg plating/stripping

efficiency. Mg (TFSI)2 salt is highly hygroscopic and forms a

crystalline hexahydrate with residue water, making it

extremely hard to eliminate the water completely from the

salt (Ma et al., 2017). It is difficult to determine the water

content in the salt and efficacy of electrochemical

conditioning to remove it from salt. Drying salts at an

elevated temperature (140–180°C) appears to be

insufficient, and other synthesis/purification techniques,

such as recrystallization of commercial salts, should be

considered in the future.

As such, we propose that electrochemical conditioning

is necessary for the MgTFSI2/glyme electrolytes prior to

battery operation. This charge (Q)-controlled electrolytic

conditioning protocol we developed to remove impurities

is controllable, quantitative, and repeatable from batch to

batch. Also, this process is practical, requires no special

synthesis/purification apparatus in the glovebox, and

provides a safe method to implement in the lab that does

not make use of highly reactive materials such as Na and K.

We suggest this protocol as a solution to many users to

accurately assess the electrolyte performance based on the

MgTFSI2/Gx system.

2.5 Aging and storage

We investigated the stability of the conditioned electrolyte

under resting conditions in a sealed cell stored in an inert

atmosphere for extended times. Figure 8 compares the CV of

the solution containing MgCl2/MgTFSI2 in dried G2 after 1 or

2 weeks at OCP. The overpotential after 1 week resting

remains the same as the conditioned but increases slightly

after 2 weeks of resting. The CE decreases by ~5% after every

week of storage. The results indicate that the aging of MgCl2/

MgTFSI2 in G2 is not as severe as the MACC in THF, which

undergoes ongoing THF ring-opening polymerization (Barile

et al., 2014); however, we observed that this stability is

dependent on the storage environment. For example, the

glovebox atmosphere should be maintained at < 1 ppm O2

and H2O.

3 Conclusion

This study presents the identification of impurity in

glyme solvents, which have been extensively used in Mg

batteries. GC-MS shows that in addition to water, other

protic organic contaminants (R-OH) like butanol affect the

reversibility of Mg cycling significantly. Purifying methods to

remove impurities including molecule sieve drying, Na/K

distillation, additive addition, and hybrid salt were

evaluated and compared. We conclude that the removal of

impurity is vital to achieving reversible Mg electrochemistry.

We proposed a facile conditioning protocol to further

improve the performance of MgTFSI2/Gx electrolytes by

galvanostatic cycling at different currents. The conditioned

electrolyte after Q-controlled electrochemical conditioning

demonstrates highly reversible Mg deposition and a large

current density, characteristics that are necessary for

practical Mg-ion batteries. GC-MS data reveal that residual

water during the electrolyte preparation and some organic

impurities can be effectively eliminated by a conditioning

process. ESI-MS data show that the speciation favoring Mg

complexes such as Mg (G2)2
2+ enables much more reversible

Mg deposition from the conditioned solution. New

decomposition species are also formed during cycling

because of the instability of MgTFSI2 itself. This work also

illustrates that glyme solvents may undergo subtle aging

processes during storage.

FIGURE 8
Cyclic voltammograms of the conditioned MgTFSI2/MgCl2 in
dried G2 and after resting for 1 week and 2 weeks at OCP.

FIGURE 9
Photograph of an assembled three-electrode cell in the
glovebox. It is mounted in a standard three-prong lab clamp.
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4 Experimental and methods

4.1 Chemicals

All chemicals were purchased from Sigma Aldrich, unless

otherwise stated. Monoethylene glycol dimethyl ether (G1,

99.5%), diethylene glycol dimethyl ether (G2, 99.5%), and

triethylene glycol dimethyl ether (G3, 99%) were received and

stored in an argon-filled glovebox. The solvents used as-is,

that is, without any treatment, for electrolyte formulations

were called “as-received” in the following text. Solvents were

dried prior to use over molecular sieve (alumina 3 Å) for 48 h

in the glovebox in a stationary mode and named “dried by MS”

in the text. For comparison, all the solvents were purified by

vacuum distillation (25 cm Vigreux column) over liquid Na/K

alloy; in the main text, they are referred to as “distilled

solvent.” Although this method provides solvents in a

purified, dry form, the use of such highly reactive agents

can be quite dangerous for both the novice and the

experienced researcher. Extreme caution and PPE (hood,

blast shields, face shield, and protective and fire-resistant

clothing) should always be used. Considering the

danger and laborious work introduced by using metallic

Na/K, purification by calcium hydride was also tried in this

work to evaluate its feasibility in practice; the solvent was

referred to as “dried by CaH2.” Typically, fresh ground CaH2

(~10 g) was added to 1 L of solvent in a side-arm Schlenk flask,

and the solvent was allowed to stir over CaH2 overnight. Once

finished, all the solvents were stored in an inert atmosphere

(i.e., glovebox). The water content in these samples was

determined by Karl Fischer titration (Mettler-Toledo).

Mg (TFSI)2 (99.5%, solvionic) and MgCl2 (99.9%) were

vacuum-dried at 150°C for 24 h before use. The electrolytes

contained different mixtures were stirred at room temperature

for 1 day to make uniform solutions. All electrolytes were

prepared in a wet-chemical glovebox and then were

transferred into another glovebox, which was equipped

with electrochemistry testing apparatus using a sealed

mason jar without exposure to air.

4.2 Gas chromatography—mass
spectrometry measurement

The impurities in the solvents were identified using the

Clarus 600/560D gas chromatograph with a mass

spectrometer detector. An autosampler (Perkin Elmer) was

used to make the sample injections. The inlet was equipped

with a split/splitless injector and a nonpolar Supelco SLB™-
5 ms (30 m × 0.25 mm I.D. × 0.25 µm) film capillary column.

A constant helium flow rate of 1.0 ml/min was used as the

carrier gas. An inlet temperature was set at 220°C, and the

oven temperature was programmed to heat from 50 to 250°C

at 20°C/min. The final oven temperature was held for 5 min to

allow all the compounds to elute. The overall measurement

time was 15 min. The mass ranges from 15 to 300 m/z, and the

event time was 0.1 s in a scan mode. The mass spectrometer

was run in the electron impact ionization (EI) mode. The

temperature of the ion source was set to 180 C, and the

filament was operated at a voltage of 70 V. Data were

processed by TurboMass™ software with the commercial

searchable libraries (NIST) for automatic peak detection

and spectral deconvolution.

4.3 Electrochemistry

Cyclic voltammograms of each electrolyte were carried

out using a customized three-electrode glass T-cell (ACE

Glass), as shown in Figure 9. The bushing and ferrule were

made of polytetrafluoroethylene (PTFE) to resist organic

solvents. All glassware and sealing parts were dried in an

oven at 120°C overnight before transferring into the

glovebox. A Pt disk was cleaned by immersing it in 1 M

HNO3 before testing and was used as the working electrode

(2 mm in diameter, CH instruments, Austin, TX). Mg

rods, polished in the glovebox to expose fresh metal surface,

were used as the counter and reference electrodes (99.9%

purity). To ensure the consistency and comparison of the

electrochemistry activity between different electrolytes,

1.5 ml of solution was introduced in the cell to keep the

same electrolyte level. The distance between each electrode

was fixed for every experiment. Cyclic voltammetry (CV) was

performed using a Gamry electrochemical workstation in the

glovebox.

4.4 Liquid chromatography–electrospray
ionization–mass spectrometry (LC-
ESI-MS)

Mass spectrometry measurements were taken using an

Agilent Technologies 1260 Infinity liquid chromatograph

equipped with an Agilent 6120 Quadrupole ESI mass

spectrometer. A direct infusion method with sample via

airtight Hamilton syringes was used to minimize exposure

to an ambient atmosphere. The detector capillary voltage was

3000 V, the drying gas (N2) flow rate was 12 L/min, the

nebulizer pressure was 35 psig, the drying gas temperature

was 350°C, and the fragmentor voltage was 70 V. The

spectrometer measured a range of m/z values from

150 to 2,000.
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4.5 X-ray photoelectron spectroscopy

A PHI VersaProbe II was used for XPS measurements of Mg

electrodes after cycling. This system was attached to an Ar-

atmosphere glovebox, and the samples were transferred to the

XPS through a glovebox without exposure to air. A 100-W X-ray

beam was focused to a 100 µm diameter. A high-resolution

spectrum for each individual element was taken with a

23.5 eV pass energy over 30 scans. Spectra were calibrated

against a C–C 284.8 eV carbon peak.
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The reversibility of the thiol-thioester linkage has been broadly employed in

many fields of biochemistry (lipid synthesis) and chemistry (dynamic

combinatorial chemistry and material science). When the

transthioesterification is followed by a S-to-N acyl transfer to give an amide

bond, it is called Native Chemical Ligation (NCL), a high-yield chemoselective

process used for peptide synthesis. Recently, we described thioglycolic acid

(TGA) as a useful reagent for thioester deprotection both in solution and

anchored to a solid-support under mild conditions. Inspired by NCL, in this

work, we extended this approach and explored the use of 2-aminothiols for the

deprotection of thiols bearing an acyl group. The best results were obtained

using cysteamine or L-cysteine in an aqueous buffer pH 8 at room temperature

for 30 min. The described approach was useful for S-acetyl, S-butyryl, and

S-benzoyl heterocycles deprotection with yields up to 84%. Employing this

methodology, we prepared six new analogs 2 of mercaptomethyl

bisthiazolidine 1, a useful inhibitor of a wide-range of Metallo-β-Lactamases

(MBLs). Compared with the previous methodologies (TGA polymer supported

and TGA in solution), the biomimetic deprotection herein described presents

better performance with higher yields, shorter reaction times, less time-

consuming operations, easier setup, and lower costs.

KEYWORDS

thioester deprotection, transthioesterification, native chemical ligation,
bisthiazolidine, thiol

Introduction

The thiol-thioester exchange occurs smoothly in neutral aqueous media at room

temperature and is a highly chemoselective process. Due to these ideal features, this

exchange reaction is found in many natural processes, including energy metabolism,

mitosis, and autophagy (Pietrocola et al., 2015). Moreover, the abundance of thioester-

mediated processes in nature has led to speculation regarding the role of these derivatives

in the origin of life (Chandru et al., 2016; Vallee et al., 2017).

Besides the importance of the thiol-thioester exchange in biochemical processes, the

reversibility of this linkage has been broadly used in the field of dynamic combinatorial

chemistry (Mondal and Hirsch, 2015) and, more recently, applied in material science

(Worrell et al., 2018).
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In particular, Native Chemical Ligation (NCL) is a methodology

used for peptide synthesis. It is a high-yielding chemoselective

process, successfully applied to peptide and protein synthesis,

chemical modification of proteins, protein-protein ligation, and

the development of probes and molecular machines (Dawson

et al., 1994; Gui et al., 2016; Burke et al., 2017). The NCL

process begins with a reversible transthioesterification between

two peptides. The mercapto group of an N-terminal cysteine

residue of a peptide B attacks the C-terminal thioester of a

second unprotected peptide A in an aqueous buffer at pH 7.0

(see Figure 1, Step 1). A second step consists of an S-to-N acyl

transfer, leading to the formation of an amide bond between both

peptides A and B (Figure 1, Step 2) (Serra et al., 2020).

Recently, we described another application of this reversible

process applied to thiol deprotection in solution under mild

conditions. This methodology is a valuable tool, especially when

the substrate does not support harsh conditions like strong basic

media. The deprotection is carried out using thioglycolic acid

anchored to a solid support like TentaGel® resin (TG-NCO-SH,

Method A) or in solution (Method B), Figure 2A (Villamil et al.,

2021). Both homogeneous and heterogeneous approaches were

conveniently carried out at room temperature, in aqueous buffer

at pH 8, and the methods were useful for thioacetyl deprotection

of several substrates, affording the free thiol after 24 h of reaction.

Bisthiazolidines 1 (BTZ) are cross-class metallo-β-lactamases

(MBLs) inhibitors active in vitro and against MBL-expressing

bacterial pathogens, Figure 3. These compounds were designed as

penicillin analogs and behaved as competitive inhibitors of MBLs

from all subclasses, with Ki values in the micromolar range. BTZ

were effective against NDM-1, VIM-2, L1, and IMP-1, all MBLs

of clinical importance (Mojica et al., 2015; González et al., 2016;

Hinchliffe et al., 2016).

Previous studies showed that the mercaptomethyl group

present in 1 is essential for MBL inhibition (Hinchliffe et al.,

2016). With this in mind, we aimed to prepare new

bisthiazolidine analogs 2 with variations on the carboxylic

acid (R) in order to improve the inhibition activity. The

synthetic route proposed includes thiol deprotection as the

key step, see Figure 3.

Inspired by the NCL approach, in this work we propose to

use 2-aminothiols for the deprotection of the thioacetyl

derivatives as shown in Figure 2B. Although NCL is widely

used in several fields of organic chemistry, to the best of our

knowledge, it has not been explored for thioester deprotection in

solution.

FIGURE 1
Native chemical ligation peptide synthesis.

FIGURE 2
(A) Previous work on thioester deprotection using Method A
polymer supported TGA (TG-NCO-SH) or Method B TGA in
solution. (B) This work uses 2-aminothiols for thioacetyl
deprotection.

FIGURE 3
Bisthiazolidines 1 and BTZ analogs 2 with variations at RX.
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Results and Discussion

In order to prepare new BTZ analogs 2, first we synthesized

S-acetylated bisthiazolidine 3 as previously described (Villamil

et al., 2021). Then, amides 4a-c, 4f, and esters 4d-ewere obtained

starting from 3 and the corresponding amine or alcohol (R-XH),

using HBTU as a coupling agent in DCM with yields ranging

from 38 to 79%, see Scheme 1.

Based on our previous results, we performed the deprotection

of thioacetylated compounds 4a-f using TGA anchored to a

TentaGel® resin (TG-NCO-SH), Method A. In this reaction, a

transthioesterification process occurs between the thioester and

the thiol. The mercaptomethyl derivatives 2a-f were obtained

after chromatographic column purification with yields ranging

from 24 to 44%, as shown in Scheme 1.

Inspired by the Native Chemical Ligation (NCL) mechanism,

where a transthioesterification reaction is followed by a 1-5 S,N-

acyl transfer to form an amide and shift the equilibrium toward

the product (Figure 1; Agouridas et al., 2019) and the report for

the use of cysteamine (Cym) in acetonitrile under reflux for the

conversion of simple and unfunctionalized thioesters into thiols

(Endo et al., 1974), we envisioned that 2-aminothiols 5a-c could

be useful for the deprotection of acyl thioesters, as shown in

Figure 2B.

In order to rapidly evaluate several sets of reaction

conditions, we used reaction miniaturization, a concept

developed by High Throughput Experimentation (HTE) to

find the best reagents and conditions for a desired product.

HTE is a tool that allows to perform a large number of

experiments in parallel. The advantages of the reaction

miniaturization studies is that they require a few milligrams of

reagents (microscale) and shorter manipulation times compared

to traditional experimentation (Wong and Cernak, 2018;

Mennen et al., 2019).

Experimental and computational studies support the notion

of the thiolate as the effective nucleophilic species in NCL (Wang

et al., 2011; Diemer et al., 2022). In this sense, the aminothiols 5a-

c to be screened were selected basically based on the pKa value of

the thiol, dismissing other possible ionic species (Maguire et al.,

2020).

We reasoned that L-Cysteine ethyl ester (L-CysOEt, 5a)

bearing a thiol with a pKa = 6.5 could be first explored since

it is close to neutral pH (Friedman et al., 1965). According to the

Henderson-Hasselbach equation, the ratio of the L-CysOEt

species SH/S− is 1/2.5 in H2O at pH 7.30 (Henderson, 1908).

A different aspect to consider is that thiolates are susceptible to

oxidation (leading to disulfide species), a process that is

accelerated when the pH of the solution is close to or above

the thiol pKa.

Taking these considerations into account, the deprotection

reaction of 3 was screened in aqueous buffers pH range from 5 to

8, aminothiol 5a equivalents from 1 to 10 and the time from 0.5 to

6 h, see Supplementary Table S1. Aliquots were taken at different

times and diluted for HPLC analysis. Overall, the best conditions

for 3 deprotection were achieved using 2 eq L-CysOEt at pH 8,

during 2 h to give 1 in 90% yield (see Supplementary Table S1).

Since the thiol−thioester exchange is an equilibrium

(Bongiardina et al., 2021), an excess of the deprotecting agent

5a is required to shift the equilibrium toward the desired product.

The reactions performed at pH 5 and 6 provided the less

favorable yields, even when using more equivalents of 2-

aminothiol or longer reaction times.

Based on these results, we extended the screening of 2-

aminothiols including L-Cysteine (L-Cys, 5b) and Cysteamine

(Cym, 5c) for the deprotection of thioacetyl bisthiazolidine 3.

These 2-aminothiols bear a thiol pKa value of 8.3 and

SCHEME 1
Synthesis of 2a-f using acetyl deprotection: Method A: TG-
NCO-SH (2 eq), MeOH:PB pH 8 (1:9), 24 h.

TABLE 1 Optimization of thioester deprotection using different 2-
aminothiols 5a-c for the deprotection of 3.

HPLC 1 yield (%)[a]

pH Time (h) L-CysOEt 5a L-Cys 5b Cym 5c

1 7 0.5 nd 64 69

2 1 nd 80 79

3 2 76 90 84

4 8 0.25 nd 62 62

5 0.5 68 83 89

6 1 nd 78 73

7 2 90 nd nd

[a]Yields were determined using a validated HPLC technique in which BTZ 1was used as

external standard.
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8.2 respectively (Pitman and Morris, 1979). Thus, to ensure a

significant amount of thiolate, the reaction was performed at

pH 7 (Table 1 entry 1–3) and pH 8 (Table 1, entry 4–7), and the

reaction time was screened from 0.25 to 2 h using 2 equivalents

of 5b/c.

Both 2-aminothiols, L-Cys 5b and Cym 5c, gave similar

yields compared to L-Cys-OEt 5a. Overall, Cym 5c was the best

deprotecting agent, using 2 equivalents at pH 8 after only 30 min,

affording 1 in 89% HPLC yield, Table 1, entry 5.

The HTE allowed us to find the best reaction conditions by

running several experiments simultaneously rather than carrying

out single ones, reducing the cost and time of the experiments.

Overall, we performed 23 reactions in aqueous media, using less

than 30 mg of compound 3 to find the optimal conditions for the

deprotection reaction. This example shows the potential of the

TABLE 2 Deprotection of thioester 3 under optimized conditions
MeOH:BP (1:9), pH 8, rt, 30 min, aminothiol 5 (2 eq) or TGA (2 eq).

Entry Deprotecting agent (2 eq) 1 Yield (%)[a]

1 L-CysOEt 5a 65

2 L-Cys 5b 75

3 Cym 5c 78

4 TGA[b] 56[b]

[a]Yields correspond to purified compounds by column chromatography on flash SiO2.
[b] values were obtained from reference (Villamil et al., 2021).

TABLE 3 Thiol deprotection yield (%) using Method A, B and C of different substituted BTZ. Method A: TG-NCO-SH (2 eq) MeOH:BP pH 8 (1:9), 24 h;
Method B: TGA (2 eq), MeOH:PB pH 8 (1:9), 0.5 or 24 h; Method C: Cym (2 eq), MeOH:PB pH 8 (1:9)0.5 h.

Entry Starting Material Method, Yield %, (time h)

Product A, (24 h) B, (0.5 or 24 h) C, (0.5 h)

1 4a 2a 29 15 (0.5) 64

2 4b 2b 38 10 (0.5) 50

3 4c 2c 24 10 (0.5) 58

4 4d 2d 39 28 (0.5) 70

5 4e 2e 44 24 (0.5) 68

(Continued on following page)
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TABLE 3 (Continued) Thiol deprotection yield (%) using Method A, B and C of different substituted BTZ. Method A: TG-NCO-SH (2 eq) MeOH:BP pH 8 (1:
9), 24 h; Method B: TGA (2 eq), MeOH:PB pH 8 (1:9), 0.5 or 24 h; Method C: Cym (2 eq), MeOH:PB pH 8 (1:9)0.5 h.

Entry Starting Material Method, Yield %, (time h)

Product A, (24 h) B, (0.5 or 24 h) C, (0.5 h)

6 4f 2f 31 20 (0.5) 78

7 6a 6b 6,610 56 (24)* 59

8 7a 7b 9,210 71 (24)* 84

9 8a 8b 7,910 77 (24)* 80

10 9a 9b 6,610 51 (24)* 59

11 10a 8b 6,110 58 (24)* 51

12 11a 1 7,610 75 (24)* 78

13 12a 12b 6,810 69 (24)* 80

14 13a 13b 6,510 53 (24)* 61

Yields correspond to purified compounds by column chromatography on flash SiO2.

*: value extracted from (Villamil et al., 2021)..
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reaction miniaturization tool, mainly due to waste reduction and

shorter time-consuming operations.

Reaction scale-up for the deprotection of
thioacetyl 3

Once the best reaction conditions were established, the reaction

was scaled-up for deprotection of 3 using 2-aminothiols L-CysOEt

5a, L-Cys 5b, andCym 5c at pH 8 for 30 min. The isolated yields of 1

were 65%, 75%, and 78%, respectively, see Table 2, entries 1, 2, and 3.

These results correlate well with the yields determined by HPLC at

68%, 83%, and 89%, respectively (Table 1), validating the results

obtained by HTE. The three 2-aminothiols employed afford the free

thiols in better yields than previously described TGA in solution

(56% yield after 30 min), Table 2. The yield values for TGA in

solution was obtained in a previous work (Villamil et al., 2021).

Deprotection of thioacetyl bicycles 4a-f using the optimized

conditions (Method C: Cym 5c pH 8, 30 min at rt) led to analogs

2a-f in yields ranging from 50 to 78%, Table 3. The average yield

was 65%, remarkably higher than those obtained using the TGA

solid-supported approach (Method A, average yield of 34%). In

addition, the reaction time decreased from 24 h to 30 min. This

aspect is crucial since products 2a-f, containing a free thiol, are

easily oxidized in aqueous buffer. 2-aminothiols 5 allowed to set

up reactions in shorter reaction times compared with TGA,

affording better yields, probably by avoiding product oxidation.

In order to highlight the best performance of Cym regarding

TGA in solution, we carried out the deprotection reaction of the

new derivatives 4a-f using method B (TGA in solution) after

30 min instead of 24 h, to compare the yields with method C

(Cym in solution). The average yields were methods B and C, was

18% and 65%, respectively, significantly higher when using Cym,

Table 3. The yield values for methods A and B (24 h) were

obtained in a previous work (Villamil et al., 2021).

Reaction scope

To extend the methodology scope, different S-acyl

bisthiazolidines 6a-11a, and S-acetyl oxazolidines 12a and 13a

were assayed using Cym 5c (Method C) and compared with our

FIGURE 4
Comparison of 1H-NMR spectra for the deprotection reaction of 3 using different additives. Reaction of 3 (0.04 mmol) in D2O, PB [1 M] at pH 8,
and MeOD-d4 (10%) at 27°C after 40 min: (A) TGA (0.08 mmol); (B) ethylenediamine (0.08 mmol); (C)Cym 5c (0.08 mmol). The 13C chemical shift of
C2 atoms was obtained from 1H,13C-HMBC correlations to the respective acetyl protons.
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previous results using TGA solid-supported and TGA in solution

(Method A and B, respectively) (Villamil et al., 2021), see Table 3.

Method C smoothly deprotected S-acetyl bisthiazolidines/

oxazolidines 6a-9a, 12a, and 13a with yields ranging from 59 to

84%, Table 3, entries 7–10, 13, and 14. In addition, different acyl

side chains like propyl thioester 10a and benzoyl thioester 11a

were deprotected in moderate to good yields, 51 and 78%,

respectively, in Table 3, entries 11 and 12.

Altogether, the results obtained with our previous

approaches (Methods A and B) led to slightly lower average

yields compared to Method C (56, 64, and 67%, respectively) and

shorter reaction times, 24 h vs 30 min. In addition, regarding

method A, Cym is a common reagent in organic laboratories and

is less expensive than Tentagel® resin.

Overall, Method C herein reported provides better yields in a

shorter time with a lower-cost reagent and easier setup.

Mechanistic insights

As described in NCL, the presence of a 2-aminothiol enables

an intramolecular S-to-N-acyl migration, releasing the thiol and

displacing the equilibrium toward the products (Wang et al.,

2011). This fact suggests that when using Cym for thioester

deprotection, an analogous process is occurring. In order to

confirm the deprotection mechanism, NMR experiments were

performed. Three sets of conditions were assayed in PB

pH 8 using different deprotecting agents: 1) thioglycolic acid

(TGA, 2 eq); 2) ethylenediamine (ETN, 2 eq); and 3) Cysteamine

5c (2 eq).

In the first experiment, when using TGA for thiol

deprotection, after 40 min of reaction, 50% of the

deprotection product was observed and thioacetylated TGA

could be detected, Figure 4A.

Transthioesterification is the main deprotection mechanism

in these conditions. A complete deprotection was observed after

9 h of incubation, Supplementary Figure S1.

On the other hand, when ethylenediamine (ETN) is used, the

deprotection reaction is not observed by 1H NMR after 40 min,

Figure 4B. This result indicates that only an amine group is not

able to deprotect the thiol.

Finally, when Cym 5c is used as a deprotecting agent, a

complete thiol deprotection is observed after 40 min of

incubation. Only N-acetylated cysteamine and free-thiol 1

were found in the 1H-NMR spectra, while S-acetylated

cysteamine was not detected, see Figure 4C. The 1H-NMR

spectra at t = 40 min comparison of experiments 1) and c)

shows that the reaction rate is faster for c), observing a

complete deprotection of 3.

Based on the obtained results and the numerous studies of

the NCL mechanism (Barnett and Jencks, 1969; Wang et al.,

2011), we propose, as a first step, a reversible S,S-acyl transfer

involving an anionic concerted SN2 displacement mechanism

with the formation of a tetrahedral intermediate, Figure 5, Step I

(Barnett and Jencks, 1969). This is a common intermediate for

the deprotection of thioesters using 2-aminothiols or thiols

lacking the amino group.

The second step involves the S,N-acyl transfer, which could

proceed by an 5-endo-trig cyclization to form a thiazolidine

intermediate, an irreversible step faster than the

thiol−thioester exchange (Figure 5, step II).

In summary, the thiol-thioester exchange step is reversible,

whereas the S,N-acyl transfer is irreversible, displacing the thiol-

thioester exchange equilibrium toward the product 1 and

N-acetylated cysteamine (NHAc-5c), increasing the

deprotection reaction rate.

Conclusion

In summary, we found that 2-aminothiols are suitable

deprotecting agents for acyl thioester groups under aqueous

mild conditions, mimicking a NCL approach. The reversibility

of thiol−thioester exchange and the high efficacy of the

intramolecular S,N-acyl migration process are driving

forces to increase the reaction rate, affording shorter

reaction times. In addition to this, the mild experimental

conditions, near neutral pH, disfavor oxidation processes or

bisthiazolidine-ring opening, increasing the deprotection

reaction yields.

The new Cym deprotection methodology allowed us to

prepare six new analogs of BTZ 1 with different substitutions

at carboxylic acid (2a-f) to further be evaluated as MBL

inhibitors.

The biomimetic deprotection herein described presents

better performance than previous reported methodologies

(TGA polymer supported and TGA in solution), with higher

FIGURE 5
Mechanism proposal: step (I) reversible thiol−thioester
exchange through a tetrahedral intermediate; step (II) irreversible
thiazolidine intermediate to S,N-acyl transfer process.

Frontiers in Chemistry frontiersin.org07

Villamil et al. 10.3389/fchem.2022.934376

74

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.934376


yields, less time-consuming operation, shorter reaction times,

easier setup, and lower costs. We envision that these conditions

could provide a simple and practical method for labile thioester

hydrolysis.

Experimental section

General Methods. All reactions were carried out in dry,

freshly distilled solvents under anhydrous conditions unless

otherwise stated. Reactions were monitored by analytical thin

layer chromatography (TLC) on 0.25 mm silica gel coated

plastic sheets (SIL G/UV 254). Flash chromatography on Silica

gel 60 (40 µm average particle diameter) was used to purify the

crude reaction mixtures. Yields are reported for

chromatographic and spectroscopically (1H and 13C NMR)

pure compounds unless otherwise stated. 1H and 13C NMR

spectra were recorded on a Bruker Avance 400 instrument at

400 and 100 MHz, respectively. Chemical shifts (δ) are

expressed in ppm downfield from TMS as an internal

standard unless otherwise stated. Multiplicities are

indicated as s (singlet), d (doublet), t (triplet), q (quartet),

m (multiplet), b (broad). Assignments of 1H and 13C NMR

peaks were made based on a combination of COSY, HSQC,

and HMBC spectra. Electrospray ESI high-resolution mass

spectra (HRMS) were recorded on a MicroTOF-Q

spectrometer from Bruker Daltronics. Optical rotation was

measured using a Jasco p-2000 polarimeter with a 2.0 ml cell,

optical path length of 100 mm and sodium lamp (λ = 589 nm)

at room temperature. The concentration c is given as g/100 ml.

HPLC Equipment and Method Validation. The liquid

chromatography analysis was performed using Waters

HPLC equipment, with binary pumps (Waters 1,525) and a

photodiode array detector (Waters 2,996), with a loop

injection of 20 μL (Rheodyne 1727). A reverse phase

C18 separation column was used (Kinetex NUCLEOSIL®
C18, 150 mm × 4 mm, 5 µm) with detection at λ = 205 nm

for all compounds at 37°C. The eluent consisted of TFA

0.003 M (mobile phase A) and MeCN (mobile phase B) at a

flow rate of 1.2 ml/min. The injection volume was 20 µl. Initial

conditions 70/30 (mobile phase A/mobile phase B) changed in

2 min–55/45, maintained for 3.5 min, and changed in

0.1 min–5/95, maintained for 2.4 min. Data and

chromatograms were collected and analyzed using the

Empower System program by Waters Corporation, 2002.

System linearity was verified in the concentration range:

0.01, 0.041, 0.102, 0.163, 0.203, and 0.244 mg/ml, prepared

from a stock solution of BTZ 1, 1 mM in MeOH. Linearity was

established from the calibration curve using least squares

linear regression analysis and a correlation coefficient (R2)

value of 0.9991 was found. A standard of 0.203 mg/ml was

injected five times to evaluate the precision system, and a %

RSD value of 1.0% was found.

Synthetic procedures

Compounds 1, (González et al., 2016; Hinchliffe et al., 2016),

3, (Villam il et al., 2021), 6–13 (Saiz et al., 2014; Villamil et al.,

2021) were prepared according to previous reports.

Method A: General method for deprotection
using TG-NCO-SH

A solution of 4a (0.0167 g, 0.0454 mmol) in MeOH (0.5 ml)

and degassed BP pH 8 1M (1.0 ml) was added to the polymer-

supported deprotecting agent (TG-NCO-SH, 0.222 g,

0.0908 mmol) prepared as previously described (Villamil et al.,

2021) and stirred for 24 h at room temperature under a nitrogen

atmosphere. Then, the polymer was filtered and washed with

MeOH. The organic layer was dried over Na2SO4, filtered and

evaporated. The mixture was poured into a NaCl saturated

solution and extracted with EtOAc (3 × 30 ml). The combined

organic layers were dried, filtered, and concentrated to dryness.

The crude was purified by column chromatography on flash SiO2

(CH2Cl2/nHex 3:1) to yield 2a (0.0043 g, 29%) as a colorless oil.

Method B: As previously described
(Villamil et al., 2021)

Method C: General method for deprotection
using Cym

In a two-necked flask, 4a (0.04 g, 0.11 mmol) was dissolved in

MeOH (2 ml) and BP pH 8 1M (18 ml) and cysteamine

hydrochloride 5c (0.026 g, 0.22 mmol) was added. The

reaction mixture was stirred for 30 min at room temperature,

then poured into a NaCl saturated aqueous solution (30 ml) and

extracted with EtOAc (3 × 30 ml). The combined organic layers

were dried, filtered, and concentrated to dryness. The crude was

purified by column chromatography on flash SiO2 (CH2Cl2/

nHex 3:1) to yield 2a (0.023 g, 64%) as a colorless oil.

Optimization of the deprotection
conditions of 3 using L-Cys-OEt 5a

Compound 3 was incubated into separate 2 ml Eppendorf®
tubes at different pH and L-Cys-OEt 5a concentrations, as

described: 3 (100 µL of a solution of 42 mM in MeOH) was

added to aqueous buffer 1M (pH 5, 6, 7 or 8, final volume 1 ml)

and L-Cys-OEt 5a (10, 20, 60 or 100 µl of a solution 420 mM in

MeOH, corresponding to 1, 2, 6 or 10 equivalents) was added.

The reaction solution was kept at 25°C and at suitable time

intervals, aliquots of 100 µl were taken and acetonitrile (400 µl)

was added. Then, the solution was vortexed, filtered, and

chromatographed (Supplementary Table S1).

Optimization of the deprotection conditions of 3 using L-Cys

5b and Cym 5c was carried out using the same methodology as

described for L-Cys-OEt 5a (Table 1).
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Representative procedure for
deprotection of 3 using L-Cys-OEt 5a in
preparative scale

(Table 2) In a two-necked flask, compound 3 was dissolved

(0.05 g, 0.18 mmol) in MeOH (1 ml) and added BP at pH 8 1M

(19 ml) and L-Cys-OEt 5a hydrochloride (0.067 g, 0.36 mmol).

The reaction mixture was stirred for 30 min at room

temperature. It was poured into HCl 5% and extracted with

EtOAc (3 × 30 ml). The combined organic extracts were dried,

filtered, and concentrated to dryness, and the crude was purified

by column chromatography on flash SiO2 (nHex/EtOAc/AcOH

7:3:0.01) to yield 1 (0.028 g, 65%).

Deprotection of 3 using thiols 5b, 5c, and TGA was carried

out using the same methods as described for 5a (Table 2).

Representative procedure for the
synthesis of thioacetylated BTZ 4a-f

S-(((3R,5R,7aS)-3-(benzylcarbamoyl)tetrahydro-
2H-thiazolo [4,3-b]thiazol-5-yl)methyl)
ethanethioate (4a)

Into a two-necked flask under nitrogen atmosphere, 3 (0.1 ,

0.36 mmol) was dissolved in dry CH2Cl2 (8 ml) and cooled in

an ice bath. To the mixture was added HBTU (0.163 g,

0.43 mmol), DIPEA (0.139 g, 1.08 mmol), 4-DMAP (0.005 g,

0.036 mmol) and benzylamine (0.043 g, 0.4 mmol) and warmed

to room temperature with stirring for 2 h. Then it was poured

into a NaCl saturated aqueous solution (30 ml) and extracted

with CH2Cl2 (3 × 30 ml). The combined organic layers were

dried, filtered, and concentrated in vacuo to dryness. The crude

product was purified by column chromatography on flash SiO2

(nHex/EtOAc 3:1) to yield 4a (0.051 g, 38%) as a white solid:

MP = 61–65°C [α]D20 -54.9 (c = 0.91 in CH2Cl2);
1H NMR

(400 MHz, CDCl3) δ 7.51 (br, 1H, NH), 7.37–7.28 (m, 5H,

ArH), 4.94 (dd, J = 5.8, 4.1 Hz, 1H, CH), 4.53 (dd, J = 14.9,

6.3 Hz, 1H, CH-H), 4.44 (dd, J = 14.9, 5.7 Hz, 1H, CH-H), 4.33

(dd, J = 8.1, 5.2 Hz, 1H, CH), 4.09 (dd, J = 7.1, 2.9 Hz, 1H, CH),

3.55 (dd, J = 11.9, 5.8 Hz, 1H, CH-H), 3.52 (dd, J = 11.5, 2.5 Hz,

1H, CH-H), 3.27 (dd, J = 11.1, 7.1 Hz, 1H, CH-H), 3.19 (dd, J =

14.0, 5.2 Hz, 1H, CH-H), 3.13 (dd, J = 14.0, 8.1 Hz, 1H, CH-H),

3.09 (dd, J = 11.9, 4.0 Hz, 1H, CH-H), 2.14 (s, 3H, CH3);
13C{1H}

NMR (100 MHz, CDCl3) δ 195.1, 170.3, 138.2, 128.9, 127.8,

127.7, 73.3, 72.8, 72.0, 43.6, 39.7, 37.8, 33.6, 30.6, HRMS (ESI/

Q-TOF) m/z: [M + Na]+ Calcd for C16H20N2O2NaS3 391.0585,

found 391.0585.

S-(((3R,5R,7aS)-3-((4-methoxybenzyl)
carbamoyl)tetrahydro-2H-thiazolo [4,3-b]
thiazol-5-yl)methyl) ethanethioate (4b)

Prepared in an analogous route as described for 4a, starting

from 3 (0.12 g, 0.43 mmol) and 4-methoxybenzylamine

(0.065 g, 0.47 mmol), purified by column chromatography

on flash silica gel (nHex/EtOAc 2:1) to yield 4b (0.127 g,

74%) as a colorless oil [α]D20 −73.6 (c = 1.96 in CH2Cl2);
1H

NMR (400 MHz, CDCl3) δ 7.43 (t, J = 5.9 Hz, 1H, ArH), 7.22

(dt, J = 4.9, 2.9 Hz, 2H, ArH), 6.88 (dt, J = 5.0, 3.0 Hz, 2H, ArH),

4.92 (dd, J = 5.8, 4.1 Hz, 1H, CH), 4.46 (dd, J = 14.6, 6.3 Hz, 1H,

CH-H), 4.36 (dd, J = 14.6, 5.6 Hz, 1H, CH-H), 4.31 (dd, J = 7.9,

5.4 Hz, 1H, CH), 4.07 (dd, J = 7.1, 2.9 Hz, 1H, CH), 3.80 (s, 3H,

CH3), 3.54 (dd, J = 11.9, 5.8 Hz, 1H, CH-H), 3.50 (dd, J = 11.1,

2.9 Hz, 1H, CH-H), 3.26 (dd, J = 11.1, 7.1 Hz, 1H, CH-H), 3.17

(dd, J = 13.6, 5.0 Hz, 1H, CH-H), 3.12 (dd, J = 13.7, 7.5 Hz, 1H,

CH-H), 3.08 (dd, J = 11.9, 4.1 Hz, 1H CH-H), 2.17 (s, 3H, CH3);
13C{1H} NMR (100 MHz, CDCl3) δ 195.1, 170.1, 159.2, 130.3,

129.2, 114.2, 73.3, 72.7, 71.9, 55.4, 43.1, 39.6, 37.8, 33.6, 30.6.

HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for

C17H22N2O3NaS3 421.0690, found 421.0687.

S-(((3R,5R,7aS)-3-(phenylcarbamoyl)tetrahydro-
2H-thiazolo [4,3-b]thiazol-5-yl) methyl)
ethanethioate (4c)

Prepared in an analogous route as described for 4a, starting

from 3 (0.15 g, 0.54 mmol) and aniline (0.055 g, 0.59 mmol),

purified by column chromatography on flash SiO2 (nHex/EtOAc

5:2) to yield 4c (0.077 g, 41%) as a colorless oil [α]D20 −177.5 (c =

1.84 in CH2Cl2);
1H NMR (400 MHz, CDCl3) δ 9.03 (br, 1H,

NH), 7.65 (d, J = 7.7 Hz, 2H, ArH), 7.35 (t, J = 7.9 Hz, 2H, ArH),

7.13 (t, J = 7.4 Hz, 1H, ArH), 5.03 (dd, J = 5.7, 4.6 Hz, 1H, CH),

4.42 (dd, J = 9.0, 4.2 Hz, 1H, CH), 4.12 (dd, J = 7.2, 3.1 Hz, 1H,

CH), 3.63 (dd, J = 11.9, 5.9 Hz, 1H, CH-H), 3.54 (dd, J = 11.2,

3.0 Hz, 1H, CH-H), 3.33 (dd, J = 14.4, 3.9 Hz, 1H CH-H), 3.32

(dd, J = 11.7, 7.9 Hz, 1H, CH-H), 3.20 (dd, J = 14.1, 9.1 Hz, 1H,

CH-H), 3.12 (dd, J = 11.9, 4.3 Hz, 1H, CH-H), 2.25 (s, 3H, CH3);
13C{1H} NMR (100 MHz, CDCl3) δ 195.3, 168.3, 137.6, 129.2,

124.7, 119.7, 73.2, 73.1, 71.9, 39.8, 37.8, 33.5, 30.8; HRMS (ESI/

Q-TOF) m/z: [M + Na]+ Calcd for C15H18N2O2NaS3 377.0428,

found 377.0428.

S-((acetylthio)methyl)tetra hydro-2H-thiazolo
[4,3-b]thiazole-3-carboxylate (4d)

Prepared in an analogous route as described for 4a starting

from 3 (0.1 g, 0.36 mmol) and N-boc-ethanolamine (0.069 g,

0.43 mmol), purified by column chromatography on flash

SiO2 (nHex/EtOAc 7:3) to yield 4d (0.12 g, 79%) as a white

powder: MP = 65–71°C [α]D20 -74.0 (c = 3.25 in CH2Cl2);
1H

NMR (400 MHz, CDCl3) δ 5.15 (dd, J = 5.3, 3.4 Hz, 1H, CH), 5.05

(br, 1H, NH), 4.31 (t, J = 6.7 Hz, 1H, CH), 4.25–4.22 (m, 3H, CH,

CH2), 3.58, (dd, J = 11.9, 5.4 Hz, 1H, CH-H), 3.45–3.43 (m, 2H,

CH2), 3.34–3.26 (m, 3H, CH2, CH-H), 3.10 (dd, J = 11.6, 3.7 Hz,

1H, CH-H), 3.08 (dd, J = 13.9, 7.4 Hz, 1H, CH-H), 2.36 (s, 3H,

CH3), 1.45 (s, 9H, (CH3)3);
13C{1H} NMR (100 MHz, CDCl3) δ

195.8, 170.5, 155.9, 79.7, 74.1, 71.6, 70.0, 64.9, 39.6, 38.4, 37.7,

34.3, 30.7, 28,5; HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for

C16H26N2O5NaS3 445.0902, found 445.0906.
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(3R,5R,7aS)-(2-aminothiazol-5-yl)methyl 5-
((acetylthio) methyl)tetrahydro-2H-thiazolo
[4,3-b]thiazole-3-carboxylate (4e)

Prepared in an analogous route as described for 4a starting from

3 (0.2 g, 0.7 mmol) and (2-aminothiazol-4-yl)methanol (0.1 g,

0.77 mmol), purified by column chromatography on flash silica

gel (nHex/EtOAc 2:3) to yield 4e (0.137 g, 50%) as a colorless oil

[α]D20 −33.8 (c = 2.3 in CH2Cl2);
1HNMR (400MHz, CDCl3) δ 6.51

(s, 1H, H (4)-thiazol), 5.64 (br, 2H, NH2), 5.18 (dd, J = 5.3, 3.3 Hz,

1H, CH), 5.06 (d, J = 12.6 Hz, 1H, CH-H), 5.02 (d, J = 12.6 Hz, 1H,

CH-H), 4.29 (t, J = 6.8 Hz, 1H, CH), 4.28 (dd, J = 6.5, 5.0 Hz, 1H,

CH), 3.58 (dd, J = 11.9, 5.4 Hz, 1H, CH-H), 3.34–3.24 (m, 3H, CH-

H, CH2), 3.12–3.06 (m, 2H, CH2), 2.34 (s, 3H, CH3);
13C{1H} NMR

(100MHz, CDCl3) δ 195.7, 170.3, 168.7, 146.1, 107.6, 74.1, 71.5,

69.9, 62.7, 38.5, 37.7, 34.5, 30.7; HRMS (ESI/Q-TOF)m/z: [M+Na]+

Calcd for C13H17N3O3NaS4 414.0050, found 414.0041.

S-(((3R,5R,7aS)-3-((2-aminophenyl)carbamoyl)
tetrahydro-2H-thiazolo[4,3-b] thiazol-5-yl)
methyl) ethanethioate (4f)

Prepared in an analogous route as described for 4a starting from

3 (0.15 g, 0.54 mmol) and o-phenylenediamine (0.203 g,

1.88 mmol), purified by column chromatography on flash SiO2

(CH2Cl2/EtOAc 9:1) to yield 4f (0.111 g, 56%) as a colorless oil:

[α]D20 −100.7 (c = 4.5 in CH2Cl2);
1H NMR (400MHz, CDCl3) δ

8.87 (br, 1H, NH), 7.23 (d, J = 7.8 Hz, 1H, ArH), 7.06 (t, J = 7.6 Hz,

1H, ArH), 6.80 (t, J = 7.5 Hz, 2H, ArH), 5.07 (t, J = 5.0 Hz, 1H, CH),

4.43 (dd, J = 8.1, 5.1 Hz, 1H, CH), 4.16 (dd, J = 7.0, 2.4 Hz, 1H, CH),

3.90 (br, 2H, NH2), 3.57 (dd, J = 11.9, 5.9 Hz, 1H, CH-H), 3.51 (dd,

J = 11.3, 2.3 Hz, 1H, CH-H), 3.30–3.18 (m, 3H, CH2, CH-H), 3.09

(dd, J = 11.9, 4.1 Hz, 1H, CH-H), 2.26 (s, 3H, CH3);
13C{1H} NMR

(100MHz, CDCl3) δ 195.4, 169.1, 140.8, 127.5, 125.4, 123.4, 119.4,

117.9, 73.2, 72.9, 72.0, 39.7, 37.7, 33.6, 30.7; HRMS (ESI/Q-TOF) m/

z: [M +Na]+ Calcd for C15H19N3O2NaS3 392.0537, found 392.0540.

Synthesis of analogs 2a-g

(3R,5R,7aS)-N-benzyl-5-(mercaptomethyl)
tetrahydro-2H-thiazolo [4,3-b]thiazole-3-
carboxamide (2a)

Yield: Method A (29%): Method C (64%)
1HNMR (400MHz, CDCl3) δ 7.77 (br, 1H, NH), 7.36–7.28 (m,

5H, ArH), 4.88 (dd, J = 5.8, 5.0 Hz, 1H, CH), 4.49 (qd, J = 14.8,

6.0 Hz, 2H, CH2), 4.31 (dd, J = 8.1, 5.3Hz, 1H, CH), 4.07 (dd, J = 7.3,

3.7 Hz, 1H, CH), 3.49 (dd, J = 11.0, 3.9 Hz, 1H, CH-H), 3.46 (dd, J =

11.6, 5.7 Hz, 1H, CH-H), 3.34 (dd, J = 11.2, 7.3 Hz, 1H, CH-H), 3.06

(dd, J = 11.8, 4.8 Hz, 1H, CH-H), 2.77 (ddd, J = 13.4, 8.1, 5.3 Hz, 1H,

CH-H), 2.69 (dd, J = 13.9, 8.4Hz, 1H, CH-H), 1.55 (t, J= 8.4Hz, 1H,

SH); 13C{1H} NMR (100MHz, CDCl3) δ 170.3, 138.2, 128.9, 127.9,
127.7, 74.9, 72.9, 72.1, 43.6, 39.5, 33.8, 33.3; HRMS (ESI/Q-TOF) m/

z [M + Na]+ Calcd for C14H18N2ONaS3 349.0479, found 349.0478;

[α]D20 -80.0 (c = 0.66 in CH2Cl2).

(3R,5R,7aS)-5-(mercaptomethyl)-N-(4-
methoxybenzyl) tetrahydro-2H-thiazolo [4,3-b]
thiazole-3-carboxamide (2b)

Prepared in an analogous route as described for 2a starting

from 4b (0.0181 g, 0.0454 mmol), purified by column

chromatography on flash SiO2 (nHex/EtOAc 3:1) to yield 2b

(Method A: 38%, Method C: 50%) as a colorless oil [α]D20

-108.5 (c = 1.0 in CH2Cl2);
1H NMR (400MHz, CDCl3) δ 7.69

(br, 1H, NH), 7.23–7.19 (m, 2H, ArH), 6.88–6.85 (m, 2H, ArH),

4.86 (dd, J = 5.8, 4.9 Hz, 1H, CH), 4.47–4.36 (m, 2H, CH2), 4.29

(dd, J = 8.1, 5.3 Hz, 1H, CH), 4.05 (dd, J = 7.3, 3.8 Hz, 1H, CH),

3.80 (s, 3H, CH3), 3.46 (dd, J = 11.2, 3.8 Hz, 1H, CH-H), 3.44 (dd,

J = 11.8, 6.0 Hz, 1H, CH-H), 3.32 (dd, J = 11.2, 7.3 Hz, 1H, CH-H),

3.05 (dd, J = 11.8, 4.8 Hz, 1H, CH-H), 2.76 (ddd, J = 13.6, 8.1,

5.3 Hz, 1H, CH-H), 2.68 (dt, J = 14.0, 8.4 Hz, 1H, CH-H), 1.56 (t,

J = 8.4 Hz, 1H, SH); 13C{1H} NMR (100MHz, CDCl3) δ 170.2,

159.2, 130.3, 129.2, 114.3, 74.9, 72.8, 72.1, 55.4, 43.0, 39.5, 33.8,

33.3; HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for

C15H20N2O2NaS3 379.0585, found 379.0591.

(3R,5R,7aS)-5-(mercaptomethyl)-N-
phenyltetrahydro-2H-thiazolo [4,3-b]thiazole-
3-carboxamide (2c)

Prepared in an analogous route as described for 2a starting from

4c (0.0161 g, 0.0454 mmol), purified by column chromatography on

flash SiO2 (nHex/EtOAc 3:1) to yield 2c (Method A: 24%, Method

C: 58%) as a colorless oil [α]D20 −116.6 (c = 0.25 in CH2Cl2);
1H

NMR (400MHz, CDCl3) δ 9.44 (br, 1H, NH), 7.65 (dd, J = 8.5,

1.0 Hz, 2H, ArH), 7.36–7.31 (m, 2H, ArH), 7.15–7.11 (m, 1H, ArH),

4.99 (dd, J = 5.9, 5.2 Hz, 1H, CH), 4.43 (dd, J = 8.4, 4.7 Hz, 1H, CH),

4.11 (dd, J = 7.5, 3.5 Hz, 1H, CH), 3.57 (dd, J = 11.5, 3.7 Hz, 1H, CH-

H), 3.54 (dd, J = 12.0, 5.9 Hz, 1H, CH-H), 3.38 (dd, J = 11.4, 7.5 Hz,

1H, CH-H), 3.12 (dd, J = 11.8, 5.0 Hz, 1H, CH-H), 2.96 (ddd, J =

14.0, 7.8, 4.7 Hz, 1H, CH-H), 2.84 (dd, J = 14.1, 8.5 Hz, 1H, CH-H),

1.82 (t, J = 8.2 Hz, 1H, SH); 13C{1H} NMR (100MHz, CDCl3) δ
168.6, 137.7, 129.2, 124.7, 119.8, 74.6, 72.8, 72.4, 39.5, 33.6, 33.3.

HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for C13H16N2ONaS3
335.0322, found 335.0321.

(3R,5R,7aS)-2-((tert-butoxycarbonyl)amino)
ethyl 5-(mercaptomethyl)tetrahydro-2H-
thiazolo [4,3-b]thiazole-3-carboxylate (2d)

Prepared in an analogous route as described for 2a starting

from 4d (0.0192 g, 0.0454 mmol), purified by column

chromatography on flash SiO2 (nHex/EtOAc 8:2) to yield 2d

(Method A: 39%, Method C: 70%) as a colorless oil [α]D20 −35.9

(c = 2.13 in CH2Cl2);
1H NMR (400 MHz, CDCl3) δ 5.08 (dd, J =

5.3, 3.8 Hz, 1H, CH), 4.83 (br, 1H, NH), 4.31 (dd, J = 7.8, 5.9 Hz,

1H, CH), 4.25 (dd, J = 6.6, 4.8 Hz, 1H, CH), 4.24 (t, J = 5.3 Hz, 2H,

CH2), 3.54 (dd, J = 12.0, 5.4 Hz, 1H, CH-H), 3.43 (t, J = 4.9 Hz,

2H, CH2), 3.34 (dd, J = 11.0, 4.9 Hz, 1H, CH-H), 3.27 (dd, J =

11.0, 6.6 Hz, 1H, CH-H), 3.09 (dd, J = 11.9, 3.8 Hz, 1H, CH-H),

2.88 (dt, J = 13.6, 7.5 Hz, 1H, CH-H), 2.64 (ddd, J = 13.6, 9.6,
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5.9 Hz, 1H, CH-H), 1.97 (dd, J = 9.6, 7.2 Hz, 1H, SH), 1.45 (s, 9H,

(CH3)3);
13C{1H} NMR (100 MHz, CDCl3) δ 170.6, 155.9, 79.9,

75.0, 73.5, 70.6, 64.8, 39.7, 39.3, 34.3, 33.9, 28.5; HRMS (ESI/

Q-TOF) m/z: [M + Na]+ Calcd for C14H24N2O4NaS3 403.0796,

found 403.0796.

(3R,5R,7aS)-(2-aminothiazol-4-yl)methyl 5-
(mercaptomethyl) tetrahydro-2H-thiazolo [4,3-
b]thiazole-3-carboxylate (2e)

Prepared in an analogous route as described for 2a starting from

4e (0.0178 g, 0.0454 mmol), purified by column chromatography on

flash SiO2 (nHex/EtOAc 2:3) to yield 2e (Method A: 44%, Method

C: 68%) as a colorless oil [α]D20 −33.4 (c = 1.63 in CH2Cl2);
1HNMR

(400MHz, CDCl3) δ 6.52 (s, 1H,H (4)-thiazole), 5.38 (br, 2H, NH2),

5.09 (dd, J = 5.2, 4.1 Hz, 1H, CH), 5.06 (d, J = 12.6 Hz, 1H, CH-H),

5.03 (d, J = 12.6 Hz, 1H, CH-H), 4.32 (dd, J = 7.2, 6.4 Hz, 1H, CH),

4.26 (dd, J = 6.6, 5.3 Hz, 1H, CH), 3.52 (dd, J = 11.9, 5.4 Hz, 1H, CH-

H), 3.35 (dd, J = 11.0, 5.2 Hz, 1H, CH-H), 3.28 (dd, J = 11.0, 6.7 Hz,

1H, CH-H), 3.07 (dd, J = 11.9, 4.0 Hz, 1H, CH-H), 2.87 (dt, J = 13.7,

7.4 Hz, 1H, CH-H), 2.62 (ddd, J = 13.6, 9.4, 6.3 Hz, 1H, CH-H), 1.97

(dd, J = 9.4, 7.6 Hz, 1H, SH); 13C{1H} NMR (100MHz, CDCl3) δ
170.4, 168.5, 146.2, 108.0, 75.2, 73.5, 70.4, 62.8, 39.2, 34.3, 33.8;

HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for C11H15N3O2NaS4
371.9945, found 371.9945.

(3R,5R,7aS)-N-(2-aminophenyl)-5-
(mercaptomethyl) tetrahydro-2H-thiazolo [4,3-
b]thiazole-3-carboxamide (2f)

Prepared in an analogous route as described for 2a starting from

4f (0.0168 g, 0.0454 mmol), purified by column chromatography on

flash SiO2 (CH2Cl2/EtOAc 9:1) to yield 2f (Method A: 31%,Method

C: 78%) as a colorless oil [α]D20 -68.3 (c = 1.85 in CH2Cl2);
1H NMR

(400MHz, CDCl3) δ 9.19 (br, 1H, NH), 7.29 (dd, J = 8.2, 1.3 Hz, 1H,

ArH), 7.08 (td, J = 7.8, 1.4 Hz, 1H, ArH), 6.84–6.80 (m, 2H, ArH),

5.06 (dd, J = 5.6, 4.7 Hz, 1H, CH), 4.45 (dd, J = 8.2, 5.0 Hz, 1H, CH),

4.24 (dd, J = 7.2, 2.7 Hz, 1H, CH), 3.60 (dd, J = 11.3, 2.7 Hz, 1H, CH-

H), 3.55 (dd, J = 12.0, 5.9 Hz, 1H, CH-H), 3.35 (dd, J = 11.3, 7.2 Hz,

1H, CH-H), 3.13 (dd, J= 11.9, 4.5Hz, 1H, CH-H), 2.97–2.80 (m, 2H,

CH2), 1.84 (t, J = 8.2 Hz, 1H, SH); 13C{1H} NMR (100MHz, CDCl3)

δ 169.1, 140.4, 127.5, 125.1, 123.9, 119.8, 118.3, 75.0, 73.2, 73.1, 39.6,
33.7, 33.5, HRMS (ESI/Q-TOF) m/z: [M + Na]+ Calcd for

C13H17N3ONaS3 350.0431, found 350.0430.

Deprotection of 6–13 was carried out using the same

approach as described for 4a, Method C).
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Structure-activity assessment of
flavonoids as modulators of
copper transport
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Flavonoids are polyphenolic smallmolecules that are abundant in plant products and

are largely recognized for their beneficial health effects. Possessing both antioxidant

and prooxidant properties, flavonoids have complex behavior in biological systems.

The presented work investigates the intersection between the biological activity of

flavonoids and their interactions with copper ions. Copper is required for the proper

functioning of biological systems. As such, dysregulation of copper is associatedwith

metabolic disease states such as diabetes andWilson’s disease. There is evidence that

flavonoids bind copper ions, but the biological implications of their interactions

remain unclear. Better understanding these interactions will provide insight into the

mechanisms of flavonoids’ biological behavior and can inform potential therapeutic

targets.We employed a variety of spectroscopic techniques to study flavonoid-Cu(II)

binding and radical scavenging activities. We identified structural moieties important

in flavonoid-copper interactions which relate to ring substitution but not the

traditional structural subclassifications. The biological effects of the investigated

flavonoids specifically on copper trafficking were assessed in knockout yeast

models as well as in human hepatocytes. The copper modulating abilities of

strong copper-binding flavonoids were largely influenced by the relative

hydrophobicities. Combined, these spectroscopic and biological data help

elucidate the intricate nature of flavonoids in affecting copper transport and open

avenues to inform dietary recommendations and therapeutic development.
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dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol; Chrys, Chrysin 5,7-dihydroxy-2-
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dihydrochromen-4-one; Kae, Kaempferol 3,5,7-trihydroxy-2-(4-hydroxyphenyl)chromen-4-one;
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1 Introduction

Flavonoids are a class of small phenolic secondary plant

metabolites. Ubiquitous in the plant kingdom, flavonoids are

recognized as micronutrients that are biologically active in

mammalian systems (Datta et al., 2004). Flavonoids are widely

studied for their health benefits which include anti-

inflammatory and anti-cancer properties (Dai et al., 2017).

However, the mechanisms of their biological activity remain

unclear due to flavonoids’ complex activity as both anti- and

pro-oxidants. Flavonoids share a core structure containing

two benzene rings connected by a heterocyclic pyran ring

(Figure 1). Derivatization of this core structure differentiates

flavonoids into subclasses based on oxidation and substitution

of the heterocyclic C-ring (Table 1). Modest structural

differences correspond to changes in biological effects with

variations in hydroxyl group positions relating to differing

antioxidant activity (Rice-Evans et al., 1996). Often,

flavonoids are studied by subclasses with the assumption

that molecules within subclasses behave similarly.

Interactions of flavonoids with metal ions are a source of

both anti- and pro-oxidant activity (Perron et al., 2011).

Flavonoids have been shown to perform Fenton-type

reactions in the presence of Fe(III) and Cu(II) ions (Fang

et al., 2020). Furthermore, coordination to metal ions affects

the oxidative activity of flavonoids. There is evidence that

flavonoids interact with metal ions including Fe(III), Zn(II),

and Cu(II) with varying reports on the potential biological

effects (Weber 1988; Escandar and Sala 1991; Fernandez et al.,

2002; Ren et al., 2008; Pekal et al., 2011; Říha et al., 2014;

Anderson, Larson, and Berreau 2016; Cherrak et al., 2016).

While copper is an essential trace metal micronutrient, its

dysregulation and mislocalization is correlated with a host of

pathologies including Wilson’s disease, neurodegeneration,

and some cancers (Baldari et al., 2020). The causal

relationship between these pathologies and copper

dysregulation is still undetermined, but redirecting copper

trafficking, either by removal or altering the localization of the

metal ion, is emerging as a viable therapeutic strategy

(Hunsaker and Franz 2019). For instance, copper chelation

therapies have shown encouraging effects in reducing

morbidity in Wilson’s disease patients and restricting

tumor angiogenesis (Baldari et al., 2020). By in large, the

focus on copper-modulating agents have been on synthetic

chelators and ionophores, with less attention paid to natural

products such as flavonoids. Investigating the copper-

modulating properties of flavonoids may not only facilitate

rational design but may also inform on nutrition-based effects

FIGURE 1
The core structure shared by flavonoids is composed of two benzene rings (rings A and B) connected by a heterocyclic pyran ring (ring C).
Flavonoid subclasses include flavonols (blue), flavanones (purple), flavones (green), flavonols (orange), anthocyanins (maroon), and isoflavones (grey).
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of such plant-derived products. As flavonoids display metal

chelating properties, their health benefits may in part be due to

their ability to affect copper trafficking (Říha et al., 2014).

Indeed, some flavonoids reportedly protect against

symptoms of copper-dysregulation associated pathologies

(Cremonini et al., 2018), but the structure/function

relationship between how their chelating abilities relate to

their potential therapeutic actions in these scenarios requires

further elucidation. To this end, this work sought to elucidate

the relationship between flavonoid-copper interactions and

their ability to affect copper trafficking in cell-based models.

A library of 18 flavonoids was compiled composed of

flavonoids that are bioavailable through food consumption

and recognized for their health benefits. The Cu(II)-binding

properties of the 18 flavonoids spanning the subclasses

(Table 1) were directly compared spectroscopically, and

their impact on Cu(II)-associated redox activity was

assessed with in vitro assays. Flavonoids with appreciable

Cu(II)-binding abilities were assessed for their ability to alter

copper trafficking in cell-based eukaryotic models. Taken

together, this study offers a deeper understanding of how

specific structural features of flavonoids may relate to their

potential therapeutic activity in copper-associated disorders.

2 Materials and methods

All chemicals were used as purchased without further

purification. (-)-Epicatechin (EC), (-)-epicatechin gallate

(ECG), quercetin (QT), 3-hydroxyflavone (3-HF),

hesperetin, ACES, tricine, and bathocuproine disulfonic

acid disodium salt (BCS) were obtained from Sigma-

Aldrich (St. Louis, MO). Catechin (Cat), luteolin (Lut),

(-)-epigallocatechin (EGC), and biochanin A were

purchased from VWR (Radnor, PA). (-)-Epigallocatechin

gallate (EGCG), chrysin, naringenin, naringin, hesperidin,

rutin, kaempferol, cyanidin, genistein, hematoxylin,

coumarin-3-carboxylic acid (CCA), ascorbic acid,

ethylenediaminetetraacetic acid (EDTA),

tris(hydroxymethyl-d3)amino-d2-methane (deuterated Tris,

Tris-d11), MOPS, BisTris, and all solvents were obtained

from Fisher Scientific (Waltham, MA).

TABLE 1 Structures and subclasses of flavonoids.

Subclass Structure Flavonoids Substitutions

Flavan-3-ols Epicatechin (EC) R1 = OH, R2 = H

Catechin (Cat) R1 = OH, R2 = H

Epigallocatechin (EGC) R1 = OH, R2 = OH

Epicatechin gallate (ECG) R1 = gallate, R2 = H

Epigallocatechin gallate (EGCG) R1 = gallate, R2 = OH

Flavanones Hesperetin (Htin) R1 = H, R2 = OH, R3 = OCH3

Hesperidin (Hdin) R1 = glucoside, R2 = OH, R3 = OCH3

Naringenin (Ngenin) R1 = H, R2 = H, R3 = OH

Naringin (Ngin) R1 = glycoside, R2 = H, R3 = OH

Flavones Luteolin (Lut) R1 = OH, R2 = OH, R3 = H, R4 = OH, R5 = OH

Chrysin (Chrys) R1 = OH, R2 = OH, R3 = H, R4 = H, R5 = H

3-hydroxyflavone (3-HF) R1 = H, R2 = H, R3 = OH, R4 = H, R5 = H

Flavonols Quercetin (QT) R1 = H, R2 = OH

Kaempferol (Kae) R1 = H, R2 = H

Rutin (Rut) R1 = rutinoside, R2 = OH

Anthocyanins Cyanidin (Cyan) R1 = H, R2 = OH

Isoflavones Biochanin A (Bio A) R1 = OCH3

Genistein (Gen) R1 = OH
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2.1 Determination of binding ratio and
binding affinity

All UV-Vis studies were performed on a Shimadzu UV-

1900i at 30°C or 37°C using quartz cuvettes (Starna) with a

pathlength of 1 cm. Milli-Q water was the reference for all

studies, and the spectrum of the buffer was subtracted, and the

spectra were normalized after data collection.

50 μM solutions of flavonoids were prepared in 50 mM

buffer (pH 7.4). CuSO4, dissolved in Milli-Q water, was

titrated into the solution in ratios ranging from 10–250 μM.

2.2 Identification of binding location

2.2.1 1H Studies
Spectra were recorded on a Bruker 400 MHz NMR

spectrometer with Topspin 3.2 running IconNMR 50 mM

solutions of flavonoids were prepared in DMSO-d6 and

12.5 mM solutions of CuSO4 were prepared in MeOD. Samples

were prepared of flavonoids alone at a final concentration of

12.5 mM flavonoid and with 0.25 equivalents of CuSO4

dissolved in 50:50 DMSO-d6:MeOD.

2.3 DPPH radical scavenging of flavonoids

The radical scavenging abilities of flavonoids were studied using

the DPPH• assay as previously described (Xie and Schaich 2014;

Zhao et al., 2020). In short, 50 μM 2,2-diphenyl-1-picrylhydrazyl

free radical (DPPH) in ethanol was added to preincubated solutions

of 50 μM flavonoid, or ascorbic acid as the positive control, with and

without 50 μMCuSO4 or ZnCl2 in a 96-well plate. Time dependent

absorbance measurements were recorded at 515 nm over the course

of 60 min using a Spectramax i3x microplate reader (Molecular

Devices, San Jose, CA). The radical scavenging ability was calculated

using the following equation:

DPPH scavenging % � [1 − (Asample − Aflav)/ADPPH] × 100%

(1)
where Asample is the absorbance of the flavonoid and DPPH, Aflav

is the absorbance of the flavonoid alone, and ADPPH is the

absorbance of DPPH alone at the end of the 1-h measurement.

2.4 Measurement of •OH in solution

The amount of •OH in solution was measured as previously

described (Hu et al., 2016). A solution of 2.5 mM CCA and 500 μM

ascorbic acidwas prepared in 10 mMphosphate buffer, pH 7.4. 50 μl

of the CCA/ascorbic acid solution was added to 200 μl of pre-

incubated flavonoid/CuSO4 solutions at the described

concentrations. Time-dependent fluorescence intensity

measurements were recorded with excitation at 388 nm and

emission at 450 nm over the course of 90 min using a

Spectramax i3x microplate reader (Molecular Devices, San

Jose, CA).

2.5 Assessment of copper transport in
yeast

Saccharomyces cerevisiae strains used in this study are

listed in Supplementary Table S2. Yeast cells were cultured in

YPD (1% yeast extract, 2% peptone, 2% glucose) and YPGE

(1% yeast extract, 2% peptone, 3% glycerol, 2% ethanol)

media. Growth in liquid YPD media was monitored at

600 nm. For qualitative observations, spot plate assays

were performed on YPD and YPGE plates supplemented

with the indicated flavonoids and copper. 10-fold serial

dilutions of overnight YPD cultures were spotted on

YPGE agar plates supplemented with 25 μM flavonoids or

5 μM CuSO4 and incubated at 37°C for the indicated time.

2.6 HepG2 cell culture and stimulations

HepG2 cells were maintained in 4.5 g/L DMEM media

supplemented with 10% fetal bovine serum, 1% sodium

pyruvate, 1% glutamine, 1% Penicillin-Strepomycin. Cells were

incubated at 37°C with 5% CO2 in complete media until 70%

confluence. HepG2 cells were plated at 300,000 cells/well in 6-

well plates and allowed to grow for 24 h. Stimulations of 20 μM

flavonoid with and without 50 μM CuSO4 were added to the

wells and incubated for 24 h.

2.7 Cell viability

Cell viability was measured using the MTS assay (Promega,

Madison, WI). HepG2 cells were plated at 10,000 cells/well in a

96-well plate and allowed to grow for 24 h. Wells were stimulated

with 20 μM flavonoid with and without 50 μM CuSO4. After

24 h, media was removed, and cells were washed with DPBS to

remove excess flavonoid. 20 μl of MTS reagent was added to each

well and incubated for 1 h. Absorbance at 490 nm was measured.

2.8 Intracellular copper measurements

After stimulations, HepG2 cells were washed with cold

50 mM EDTA in HEPES buffer to remove any copper on the

cell surface followed by washes with HEPES buffer. Cells were

resuspended in 50 μl HEPES buffer and added to 250 ml 70%

nitric acid. Samples were boiled for 1 h at 95°C then allowed to
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sit at room temperature for 24 h. Samples were diluted to 5 ml

with nanopure water. Metal analysis was performed using a

Perking Elmer 5300 DV optical emission ICP with auto

sampler. Measured copper levels were normalized to the

control sample.

2.9 Western blot analysis

After stimulations, HepG2 cells were washed with DPBS and

lysed with 60 μl RIPA buffer. Whole cell lysates were centrifuged

at 15,000 rpm at 4°C for 1 h. The supernatant was collected and

stored at −20°C. Protein quantification was determined using the

BCA assay. 20 μg of protein sample was loaded into 15-well SDS-

PAGE gels and transferred to polyvinylidene difluoride (PVDF)

membranes. PVDF membranes were incubated at 4°C overnight

with primary antibodies. Primary antibodies used were anti-CCS

(1:2000, sc-55561, Santa Cruz Biotechnology, anti-mouse), and

anti-α-tubulin (1:10,000, MA1-80017, ThermoFisher, anti-rat).

Primary antibodies were removed, and the membranes were

washed with tris buffered saline with Tween (TBST). Membranes

were then incubated in secondary antibodies at room

temperature for 1 h. Secondary antibodies used were anti-

mouse IgG AlexaFluor800 (A32789, 1:5000 Invitrogen) and

anti-rat IgG (A21428, 1:5000 Invitrogen), AlexaFluor647, and

a horseradish peroxidase-conjugated secondary antibody. Blot

images were recorded on a BioRad ChemiDoc imaging system

and processed in ImageLab.

3 Results and discussion

3.1 Spectroscopic characterization of
flavonoid-copper binding interactions in
solution

A breadth of techniques have been applied to probe aspects of

flavonoid-metal interactions including computational methods,

electrochemical studies, and various spectroscopies (Korotkova

et al., 2012; Samsonowicz and Regulska 2017; Xu et al., 2020).

However, reports have used varying experimental conditions

including solvents, buffers, and pH conditions, yielding

contradicting parameters for flavonoid-metal interactions

(Samsonowicz and Regulska 2017). Thus, to allow connections

to be made between structural features and biological function,

we applied a universal approach that would allow us to

comparatively study our selected library of flavonoids across

the subclasses. The conjugated structure of flavonoids lends itself

FIGURE 2
Electronic absorption spectra of representative flavonoids (A) luteolin, (B) EGCG, (C) biochanin A, and (D) cyanidin (black) in 50 mMMOPS buffer
(pH 7.4) titrated with CuSO4. Flavonoids were prepared at 50 µM and CuSO4 was titrated into the solution from 0.2 to 5 molar equivalences.
Flavonoids typically have two distinct absorption bands: a strong absorbance between 270 and 295 nm (Band II) and a weak Band I absorbance that
appears as a shoulder at slightly longer wavelengths. Changes in the intensities and shifts in the lambda max wavelengths of these bands,
indicate interactions of Cu(II) with the flavonoids. Electronic absorption spectra of the remaining flavonoids tested are shown in Supplementary
Figure S1.
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to analysis by absorption spectroscopy. There are two major

peaks in UV-Vis spectra for flavonoids. Band I corresponds to

absorbance by the B ring while Band II appears at lower

wavelengths due to absorbance by the A ring (Figure 2A).

(Kumar and Pandey 2013) Flavanols and flavanones do not

have conjugation between the A and B rings. This lack of

conjugation is reflected in the presence of a strong absorbance

between 270 and 295 nm (Band II) and a weak Band I absorbance

that appears as a shoulder at slightly longer wavelengths

(Figure 2B). (Rice-Evans et al., 1996)

Cu(II) binding near or at sites of conjugation yields spectral

changes to these bands, which indicate metal-flavonoid

interactions. We used these spectral changes to monitor

metal binding in the presence of Cu(II)-binding buffers to

categorize the flavonoids based on approximate apparent

binding affinity ranges. Flavonoids were classified into Cu(II)

binding affinities based on their ability to compete for Cu(II)

binding with 50 mM MOPS (Kd = 100 μM), ACES (Kd =

17.4 μM), BisTris (Kd = 5.3 μM), and Tricine (Kd = 50 nM)

(Figure 3; Table 2). (Kandegedara and Rorabacher 1999; Atp

1979; Azab and El-Nady 1994; Azab et al., 2001; Fernandez

et al., 2002) Spectra were recorded for the flavonoids alone in

each of the buffers as well as after Cu(II) addition. Changes in

the spectra upon Cu(II) addition indicate that the flavonoids

have a greater affinity for Cu(II) than the buffer and therefore

interact in solution. If the buffer has a greater binding affinity

for Cu(II) than the flavonoid, no spectral changes are observed.

All flavonoids tested showed binding in 50 mM MOPS,

indicating Kd < 100 µM. While binding affinity ranges

showed some correlation to flavonoid subclasses, some

exceptions arise based on the type of functional group and

position. The flavanones and isoflavones were all relatively

weak binders with Kd >17.4 μM. While flavanols with -OH

modifications at the C-3 position also showed relatively weak

binding affinities with Kd >17.4 μM, the presence of a gallate

modification at the C-3 position in epicatechin gallate (ECG)

and epigallocatechin gallate (EGCG) increases the Kd of the

flavanols to 5.3 μM–50 nM. This indicates that a gallate moiety

on the C-ring can endow stronger Cu(II)-binding ability to this

subclass, while, surprisingly, a catechol on the B-ring does not.

Interestingly, the anthocyanin, cyanidin, which differs from

epigallocatechin (EGC) by the introduction of conjugation

between the A and C rings, shows a strong binding affinity,

suggesting that such conjugation may contribute to the electron

donating abilities of the flavonoid. Among the flavones, luteolin

and 3-hydroxyflavone (3-HF) were strong binders with Kd

between 5.3 μM and 50 nM whereas chrysin showed weak

binding (Kd > 17.4 μM). Luteolin and chrysin only differ by

FIGURE 3
Representative electronic absorbance spectra of QT and CuSO4 in various 50 mM buffers (pH 7.4) for determining binding affinity ranges.
CuSO4 was titrated into a 50 μM solution of QT from 0.2 to 5 equivalences. Spectral changes correspond to binding between QT and Cu(II) which
indicates that QT has a stronger binding affinity than the corresponding buffer. Conversely, the lack of spectral changes upon Cu(II) addition in tricine
buffer indicates that the binding affinity between tricine and Cu(II) is stronger than that of QT and Cu(II). These experiments allow us to estimate
the binding affinity of QT and Cu(II) to be between that of BisTris-Cu(II) (5.3 μM) and tricine-Cu(II) (50 nM). Electronic absorption spectra of the
remaining flavonoids tested are shown in Supplementary Figure S1.

TABLE 2 Binding affinity ranges of flavonoids with Cu(II).

Binding affinity ranges

100 μM 17.4 μM 5.3 μM 50 nM

EC, cat, EGC, hesperetin, Hesperidin, naringenin, naringin, chrysin, biochanin A, genistein Rutin ECG, EGCG, 3-HF, Luteolin, QT,
Kaempferol, Cyanidin
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the presence of a catechol moiety on the B-ring of the former,

suggesting that Cu(II)-binding to luteolin likely occurs at this

site. While the catechol moiety is absent in 3-HF, this flavone

differs from chrysin by the presence of an -OH group in the C-3

position of the C-ring, suggesting that this functional group,

likely in cooperation with the ketone at the C-4 position,

coordinates to Cu(II). Of the flavonols, both quercetin (QT)

and kaempferol are strong binders with Kd in the

5.3 μM–50 nM range. However, the C-3 O-rutinoside

analogue of QT, rutin, showed reduced binding affinity (Kd

in the 17.4–5.3 µM range), suggesting that this sugar

modification disrupts Cu(II)-binding. The determined

binding affinity ranges of QT and rutin support previously

modeled binding affinities (Zhang et al., 2018).

To help further understand the contributions of specific

structural features, we used the changes in absorption spectra

to identify the location of Cu(II) interaction. Cu(II)

interactions with the flavanols and flavanones increase the

Band II absorbance, and flavanol-Cu(II) interactions also

produce a bathochromic shift in Band I absorbance. These

spectral shifts are attributed to changes in the conjugation on

the B-ring where Cu(II) is hypothesized to interact. Flavonols

and flavones likely interact with Cu(II) at the C-ring carbonyl

which is supported by a bathochromic shift in Band I upon

introduction of the metal ion in solution. Similar to the

flavanones, the isoflavones show a large Band II absorbance

and a smaller Band I absorbance that appears as a shoulder

(Figure 2C). Cu(II) interactions cause a bathochromic shift in

Band I absorbance likely due to interactions with the hydroxy

group on the A-ring. Finally, the spectrum of cyanidin

likewise shows a bathochromic shift in Band I upon

addition of Cu(II) as well as significant decreases in

absorbance (Figure 2D). These interaction locations were

confirmed by 1H-NMR: as Cu(II) is paramagnetic,

coordination will cause faster relaxation of nuclei within

electronic proximity, resulting in observed broadening in

FIGURE 4
Representative 1H NMR spectra of 50 mM (A) EC, (B) EGCG, (C) chrysin with (gray) and without (black) 0.25 equivalents of CuSO4 in 50:
50 DMSO-d6:MeOD.
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the spectra. This property can be exploited to confirm the site

of interaction on the flavonoid molecules. The addition of

0.25 equivalents of Cu(II) to epicatechin (EC) results in

broadening of the downfield peaks which correspond to the

B-ring protons (Figure 4A). (Davis et al., 1996) The localized

broadening confirms the interaction of Cu(II) ions at the diol

on the B-ring. The spectra of EGCG also present localized

broadening around the most downfield protons (Figure 4B).

The most downfield peak corresponds to the protons on the

gallate group indicating that rather than interacting at the

B-ring, Cu(II) ions interact at the gallate moiety (Delius et al.,

2017). This confirms that it is indeed the interaction of Cu(II)

with the gallate group that contributes to the stronger binding

observed in the binding affinity estimation. It does appear that

there is some interaction with the hydroxy groups on the

B-ring evidenced by the large decrease in intensity of the peak

at 5.8 ppm corresponding to the B-ring protons. Study of the

flavanols is made easier by a saturated C-ring which results in

no conjugation between the A- and B-rings and therefore

more localized broadening. When conjugation is present

throughout the molecule, introduction of paramagnetic

Cu(II) to the flavonoid solutions results in universal

broadening in the 1H-NMR spectra. Interpretation of

spectra is more difficult with broadening across all peaks,

but changes in intensity of peaks provide insight into the

location of interaction. The spectrum of chrysin and Cu(II)

shows broadening throughout the spectrum but has a

significantly larger decrease in peak intensity of the peaks

corresponding to the A- and C-ring protons (Figure 4C).

(Ansari 2008) This confirms the expected interaction of

Cu(II) with the 4-carbonyl of the C-ring and the 5-OH on

the A-ring. These results are supported by the UV-Vis

interactions observed as well as previously reported crystal

structures and computational studies (Bukhari et al., 2009;

Pekal et al., 2011; Říha et al., 2014).

The UV-Vis titrations were also examined to determine

whether binding affinity classifications were associated with

ligand-to-metal stoichiometries. Although the method of

continuous variation (Job’s plot) has been applied to study

some flavonoid/metal complexes, this method primarily works

for interactions with large dissociation constants (Ulatowski et al.,

2016). Thus, to allow for broader analysis of the flavonoid library,

we opted to apply the mole ratio plot analysis using the

characteristic absorbance of the Cu(II)-flavonoid complexes to

approximate and compare binding stoichiometries of flavonoids to

Cu(II) under buffered aqueous conditions at physiological pH. To

achieve this, we monitored the equivalents of Cu(II) at which the

intensities of the absorbance of flavonoid-Cu(II) peaks plateau,

indicating stable species formation (Figure 5). Consistent with

literature, the binding ratios vary between 1:2, 1:1, and 2:1 copper-

to-flavonoid (Table 3). In the same way gallate modifications

affects binding affinity, flavanols with gallate groups have

altered binding ratios (1:1 copper-to-flavonoid) compared to

their ungallated counterparts, which typically have 2:1 copper-

to-flavonoid binding ratios. Additionally, as observed with the

binding affinities, the O-rutinoside modification on rutin alters the

binding ratio relative to its unmodified counterpart, QT, with the

former having a 1:1 binding ratio in contrast to the 2:1 ratio of the

latter. The 2:1 ratio of QT suggests the presence of two binding

sites for Cu(II) likely occurring at the B-ring diol as well as the 4-

carbonyl on the C-ring and either the 5-OH of the A-ring or the 3-

OHon the C-ring. The glycone on rutin likely disrupts interactions

around the 4-carbonyl allowing for binding to occur only at the

B-ring. However, beyond these two observations, the binding

ratios do not seem to have dependence on or correlation to

structural subclass or binding affinities.

3.1.1 Flavonoids impart antioxidant activity
through multiple mechanisms

Flavonoids are well-known to exhibit antioxidant

activity, with reactive oxygen species (ROS) scavenging

being one of the most common hypothesized mechanisms.

The flavonoid library was classified by their antioxidant

activity with the 2,2-diphenyl-1-picryl-hydrazyl-hydrate

(DPPH) free radical assay (Campos et al., 2009; Xie and

Schaich 2014; María Pilar de et al., 2019). The stable DPPH

free radical is purple in solution, and its reduction by an

antioxidation discolors the solution, allowing loss of

absorbance at its λmax = 515 nm to be used to assess

antioxidant activity. Ascorbic acid was used as a positive

control and scavenged 97% of DPPH in solution (Figure 6A).

The antioxidant capacity of the flavonoids alone were tested

in the absence of Cu(II) using endpoint reads of the DPPH

FIGURE 5
Representative electronic absorbance spectra of biochanin A
upon addition of 0.2–5 equivalences of copper in 50 mM MOPS
buffer (pH 7.4) for the determination of binding ratios. The inset
shows absorbance at 389 nm where spectral changes occur
due to Cu(II) binding to biochanin A. The changes in absorbance at
389 nm plateau at 1 equivalence of Cu(II) which indicates a
1:1 binding ratio between biochanin A and Cu(II).
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free radical signal. The flavanols tested, all of which contain

o-catechol groups in the B-ring were able to scavenge over

80% of DPPH in solution whereas the flavanones, which are

similar to the flavanols but do not contain the B-ring o-

catechol, did not exhibit DPPH radical scavenging abilities.

Similarly, the flavones and isoflavones tested were unable to

scavenge DPPH radical in solution except for luteolin. Of

importance to note is that luteolin has an o-catechol group

on its B-ring which the non-scavenging flavonoids lack.

These results are consistent with previous studies and

indicate the importance of the o-catechol group in

antioxidant activity (Manuela Silva et al., 2002). An

exception is kaempferol, which lacks the o-catechol group

but exhibits radical scavenging abilities, suggesting that the

hydroxy group on the B-ring may participate in antioxidant

activity.

Little differences were observed in the endpoint reads of the

DPPH assay when Cu(II) was added. While the DPPH reads at

TABLE 3 Binding ratios of flavonoids to Cu(II) ions in solution. Ratios were determined by titrating CuSO4 into a 50 μM solution of flavonoid and
monitoring the absorbance values of peaks that correspond to flavonoid-Cu(II) complexes.

Binding ratios (Cu:flavonoid)

1:2 1:1 2:1

EC, Cat, hesperidin, naringin, 3-HF, luteolin, chrysin, kaempferol EGC, ECG, EGCG, hesperetin, naringenin, rutin, cyanidin. biochanin A, genistein QT

FIGURE 6
Determination of the ability of flavonoids to scavenge the DPPH radical, depicted as DPPH scavenging %. 50 μM flavonoid or ascorbic acid was
incubated with 50 μMCuSO4 before addition of 50 μMDPPH•. (A) The DPPH scavenging % was determined using the 515 nm absorbance of DPPH
at the end of a 1-h reaction. (B) Time-dependent scavenging activity of representative flavonoids EC and luteolin in the presence of 50 μM CuSO4

measured over the course of 1 hour. (C) End-point DPPH scavenging % of flavonoids in the presence of 50 μM ZnCl2 after a 1-h reaction. (D)
Time-dependent DPPH scavenging activity of representative flavonoids EC and luteolin in the presence of 50 μM ZnCl2 measured over 1 hour.
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endpoint allow for general classification of the antioxidant capacity

of the flavonoids, solvent effects, particularly those that may

associate with the radical, have been shown to influence endpoint

quantitation (Xie and Schaich 2014). A more accurate comparison

on antioxidant activity can be made by monitoring scavenging

kinetics. Thus, to thoroughly understand the scavenging kinetics

of flavonoids in comparison to their Cu(II)-bound forms,

absorbance measurements were recorded over time, beginning

immediately after addition of DPPH to solution. For all

flavonoids that exhibit DPPH radical scavenging properties based

on endpoint reads, the presence of Cu(II) increased the kinetics of

the scavenging reaction (representative plots of EC and luteolin

shown in Figure 6B). It has been suggested that rather than the

antioxidant activity occurring from redox reactions with the Cu(II)

center, coordination of Cu(II) at the hydroxy groups on the B-ring

stabilizes a semiquinone radical intermediate facilitating the DPPH

radical scavenging mechanism (Bukhari et al., 2009). To test this

hypothesis, Zn(II) was substituted for Cu(II). Zn(II), like Cu(II),

behaves as a Lewis acid, but it is redox-inactive. The scavenging

activities of flavonoids in the presence of Zn(II) show similar trends

as in the presence of Cu(II) (Figures 6C,D). The rate of scavenging

was increased in the presence of Zn(II) which supports the

hypothesis that the increased antioxidant activity with Cu(II)

addition is due to its interaction with the B-ring hydroxy groups

as a Lewis acid rather thanmetal-centered redox activity. TheDPPH

assay demonstrates that flavonoids’ radical scavenging abilities are

affected by Cu(II) but are not correlated with the strength of copper

interaction.

Another mechanism by which flavonoids potentially

possess antioxidant activity is by chelating redox-active

Cu(II) ions thereby preventing production of ROS

produced via Fenton-like chemistry (Hu et al., 2016). To

assess this, coumarin-3-carboxylic (3-CCA) was used as a

probe to examine the protection of flavonoids against Cu(II)-

induced production of •OH (Hu et al., 2016). Ascorbic acid

and copper undergo a redox cycling reaction which produces
•OH. 3-CCA reacts with •OH to form 7-hydroxy-3-

carboxycoumarinic acid which fluoresces with excitation

at 388 nm and emission at 450 nm. The fluorescence

intensity can be monitored to observe production of •OH

in solution. As expected, the concentration of Cu(II) ions in

solution was positively correlated to the amount of •OH

detected (Figure 7A). Introduction of all flavonoids to

solution decreased detected •OH, with increasing amounts

of flavonoids decreasing •OH production (Figures 7B;

Supplementary Figure S2). In contrast to the flavonoid

FIGURE 7
CCA fluorescence intensity measurements for determining the effects of flavonoids on the time-dependent generation of

•
OH. Flavonoid

effects were compared to (A) Cu(II) addition alone, with (B) QT shown as an example. 2.5 mM CCA and 50 μM ascorbic acid were used for all
experiments. The calculated area under the curve over the course of 90 min was measured for flavonoid solutions. (C) EC and (D) QT effects are
shown as representative plots in the presence (blue) and absence (red) of Cu(II).
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effects on DPPH scavenging, the protective effects of the

flavonoids against Cu(II)-induced production of ROS

correlates to their binding affinities. For example, at 4-

fold excess, EC is unable to reduce production of •OH to

baseline levels (Figure 7C), whereas QT was able to stop •OH

generation at 1 equivalent (Figure 7D).

Flavonoids are often touted and have been extensively

studied for their antioxidant effects. Due to their known

interactions with copper ions, it has been hypothesized that

some of their antioxidant activity is a result of those

interactions (Fernandez et al., 2002; Ren et al., 2008; Pekal

et al., 2011; Cherrak et al., 2016). The discrepancies between

the CCA and DPPH assays indicate that while copper

interactions do have an effect on the antioxidant activity

of flavonoids, the mechanism by which copper has its

influence varies based on the flavonoid. While copper

FIGURE 8
Serially diluted S. cerevisiae strains were spotted on the noted YPGE plates and incubated at 37°C for 4 days before imaging. (A) YPGE agar plates
were prepared with 25 μM of the noted flavonoid. (B)Mixed ligand plates were prepared with 25 μM of each noted flavonoid. Treatment with mixed
ligands exhibit changes suggestive of competition between ligands.

FIGURE 9
(A) Cell viability of HepG2 cells in the presence and absence of flavonoids and Cu(II), measured using the MTS assay. HepG2 cells were
stimulated with 20 μM flavonoid with or without 50 μM CuSO4. The MTS reagent was added after 24 h. After 1 h incubation with the reagent,
absorbance wasmeasured at 490 nm. (B)Quantification of total cellular copper of HepG2 cells in the presence and absence of flavonoids and Cu(II),
measured by ICP-OES. HepG2 cells were stimulatedwith 20 μM flavonoidwith or without 50 μMCuSO4 for 24 h. Error bars represent SD, n= 3.
*p < 0.05 versus the vehicle control.
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binding affinity generally correlates with •OH levels from

Cu(II)-induced Fenton-like chemistry as measured with the

CCA assay, these trends do not apply to general free radical

scavenging as measured with the DPPH assay. It is important

to note that the ability to protect against •OH generation is

not directly correlated to structure of the flavonoids, but

rather to the binding affinities of the flavonoids to Cu(II).

Stronger binders, like QT and kaempferol, can prevent •OH

production, whereas weaker binders, like EC, cannot

eliminate •OH generation. Both the CCA and DPPH

assays demonstrate that antioxidant activity of flavonoids

is not delineated by subclass but rather functional group

location and identity.

3.2 Understanding the bioactivity of
flavonoids

3.2.1 Effects of flavonoids on copper trafficking
in yeast

Having gained an understanding of the structural features

important to flavonoid-copper interactions in solution, we

extended investigations to probe how the flavonoids’ appreciable

interactions with Cu(II) in buffered solutions influence copper

trafficking in cell-based models. The ability of these flavonoids to

transport copper was probed in Saccharomyces cerevisiae (S.

cerevisiae) as a model eukaryotic organism (Soma et al., 2018).

Two knockout strains of S. Cerevisiae, ctr1Δ and ccc2Δ, were

treated with various flavonoids to observe differences in growth.

The ctr1 gene encodes a high-affinity copper transporter localized at

the plasma membrane, and its knockdown restricts copper import

from the extracellular space into the cytosol (Wu et al., 2009). The ccc2

gene encodes a copper-transporting ATPase hypothesized to

translocate copper from the cytosol to extracytosolic

compartments, and its knockdown has been shown to induce a

functional copper deficiency (Yuan et al., 1995). Under aerobic

growth conditions (e.g. YPGE media), compared to its wild-type

(WT) counterpart, the knockout strains show impaired growth that is

rescuedwith copper supplementation (Supplementary Figure S3).We

posited that copper-binding flavonoids could affect copper

bioavailability to the knockdown strains, which could be

monitored by differences in yeast growth. Specifically, we

investigated the activity of 3-HF, luteolin, QT, and kaempferol, as

these represent strong binders with a common ring conjugation

structure. Growth rescue of ctr1Δ cells would suggest that copper

is being imported by the flavonoid while rescue of ccc2Δ cells would

indicate that the flavonoid can improve intracellular copper

availability to extracytosolic compartments. To assess growth with

a large dynamic range of detection, a spot assay was performed, where

yeast were plated on agar in a 1:10 dilution series of four dilutions.

Interestingly, despite the similarities of the flavonoids with respect to

solution-based binding affinities and ring structures, they showed

notable differences in effects on growth rescue of the knockouts

(Figure 8).

In both knockout strains, 3-HF further restricts growth, which

may indicate chelation of extracellular copper without transport

into the cell. Conversely, luteolin treatment exhibits growth rescue

effects on both ctr1Δ and ccc2Δ suggesting that it can transport

copper into the cell and affect its intracellular availability. The

differences in the behavior of these two may be attributed in their

relative hydrophobicities. S. cerevisiae have cell walls that are

hydrophilic (Klis et al., 2002). The relatively higher

hydrophobicity of 3-HF (reported log p = 4.17 (Pogodaeva

et al., 2012)) may explain its inability to transport copper into

yeast cells in contrast to the more hydrophilic luteolin [reported

log p = 0.7 (Quintieri et al., 2008)] (Supplementary Table S1). The

simultaneous treatment with both 3-HF and luteolin result in a

combined effect, with growth rescue that is less than luteolin but

similar to copper supplementation alone suggesting that the two

flavonoids may compete in their effects (Figure 8B). This may

point to the possibility of modulation of copper ionophoric effects

based on flavonoid content. Kaempferol and QT have reported log

p values that are similar to one another but are in between those of

luteolin and 3-HF (log p = 1.87 (Sreelakshmi et al., 2017) and 1.82

(Rothwell et al., 2005) respectively). Interestingly, while

kaempferol shows only modest to no growth rescue of the

ctr1Δ and ccc2Δ, QT shows a strong growth rescue of the ctr1Δ

strain comparable to that of luteolin. This may be in part due to the

ability of QT to complex Cu(II) at a 2:1 ratio of copper-to-

flavonoid, allowing for translocation of higher concentrations of

copper into the cell. The growth rescue by both luteolin and QT of

the ctr1Δ strainmay also point to the importance of the catechol in

the B-ring in facilitating copper import. However, in the ccc2Δ

strain, no growth rescue is observed by QT, suggesting that while

QT may facilitate copper import, it does not have a beneficial

impact on extracytosolic copper availability.

FIGURE 10
Western blot analysis of the CCS protein in lysates of
HepG2 cells in the presence and absence of the flavonoids 3-HF or
QT and Cu(II). HepG2 cells were stimulated with 20 μM flavonoid
with and without 50 μM CuSO4 and incubated for 24 h. Cell
lysates were collected, and Western blot analysis was performed
using antibodies specific for CCS with α-tubulin as a control.
Western blot images for the remaining assessed flavonoids are
shown in Supplementary Figure S5.
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Additionally, we tested the effects of EGCG on the growth of the

knockout strains, as EGCG is a well-reported copper modulator in

cell-based assays. In both strains, EGCG exhibited potent inhibition

on cell growth, suggesting that it may serve as an extracellular Cu(II)

chelator to withhold the metal ion from the organism.

3.2.2 Effects of flavonoids on copper trafficking
in human hepatocytes

The inability of 3-HF to improve copper availability to the

yeast knockout strains was a surprising observation, given that

recent work reported that this particular flavonoid acts as a

potent copper ionophore in mammalian cancer cell lines. In

this context, Dai et al. posited that the delivery of copper by 3-

HF could cause a redox imbalance in the cell, leading to

copper-induced cell death (Dai et al., 2017), or

“cuproptosis” (Oliveri 2022). We thus assessed the same

flavonoids in HepG2 cells, a human hepatocarcinoma cell

line sensitive to cuproptosis. Cell viability was measured using

the MTS assay in which an MTS tetrazolium compound is

reduced by the mitochondria of viable cells to produce a

colored formazan complex whose absorbance is monitored.

Consistent with the previous report, our results show that in

the presence of supplemented copper, 3-HF significantly

reduces cell viability (Figure 9A), and this effect correlates

with increased intracellular copper levels, as measured by

ICP-OES (Figure 9B). Conversely to yeast cells,

HepG2 cells have a hydrophobic cell membrane, which

may explain the differential effects in copper import

between the two systems. The effect of 3-HF on copper

metabolism is further validated by changes to the

expression of the copper chaperone for superoxide

dismutase (CCS), a reported marker for cytosolic copper

deficiency (Bertinato and L’Abbé 2003). Interestingly,

supplemental copper increases CCS expression, while the

addition of 3-HF with supplemental copper decreases

expression (Figure 10). Although CCS expression has been

shown to increase in the presence of copper chelators and

copper-deficient conditions, its response to acute treatment of

supplemental copper remains unclear. While this complicates

the interpretation of the CCS expression data, the difference

between supplemented copper with and without 3-HF remain

apparent, suggesting that the flavonoid modulates copper by

different mechanisms than treatment with Cu(II) salt alone.

While none of the other flavonoids tested significantly altered

intracellular copper levels relative to the no-flavonoid controls,

luteolin and EGCG treatments signficantly affected cell viability.

Previous work has shown that while EGCG shows antioxidant

properties, its copper complex conversely functions as a pro-

oxidant (Azam et al., 2004). These contrasting effects may be

reflected in the cell viability data where EGCG improves cell

viability over the control whereas the presence of Cu(II) reduces

this effect. This may suggest the differences in cell viability with

EGCG may be due to affecting the reactive oxygen species

balance in the cell rather than by copper-modulating

mechanisms. Luteolin, on the other hand, reduces cell

viability, and this effect is attenuated by Cu(II) addition.

Given the relative hydrophilicity of luteolin, it is possible that

the flavonoid alters reactive oxygen species balance in the

extracellular environment, but further studies are required to

assess this effect. However, as both EGCG and luteolin

treatments show no significant changes in either intracellular

copper levels or CCS levels, their impact on cell viability may be

independent of copper modulation. In contrast, while QT shows

no changes in intracellular copper levels nor cell viability, the

flavonoid induces a notable increase in expression in CCS in the

presence of Cu(II). This may suggest that while QT does not

affect copper import, it may modulate intracellular copper

distribution and availability.

The cell-based assays demonstrate that despite similar

behaviors of the flavonoids in solution, these are not

necessarily predictive of their biological behavior.

Moreover, even among eukaryotic systems, the structural

features of the flavonoids may lend to differences in

interactions in components such as membrane environments.

4 Conclusion

In this work, we focused on characterizing and assessing the

ability of flavonoids to serve as modulators of copper trafficking.

Structure-based characterization of flavonoid-Cu(II) interactions in

buffered aqueous solutions showed wide diversity in the binding

affinities and ratios that correspond more closely to specific

functional group modifications and locations rather than the

traditional subclassification of flavonoids by ring structures.

Binding affinities correlated to protective effects against •OH

generation but not necessarily general scavenging activity. We

further assessed how structural factors may affect the ability of

flavonoids with appreciable Cu(II) affinity to traffic the metal in

biological contexts. In yeast models, we found that hydrophobicities

trend with the transport of copper into the cells. The more

hydrophilic flavonoids, luteolin and QT, can cross the yeast cell

wall and rescue growth of strains with copper trafficking proteins

knocked out. However, a different trend was observed in

mammalian HepG2 cells, which have relatively hydrophobic cell

membranes, with the most pronounced copper transport effects

exhibited by 3-HF. 3-HF increased intracellular copper levels and

subsequently induced cuproptosis. While the exact mechanisms of

3-HF transport require further elucidation, decreased CCS protein

expression suggests that 3-HF affects cellular copper trafficking

mechanisms. Though 3-HF had the most marked effect on

copper trafficking markers, treatment with QT also demonstrated

effects on CCS expression suggesting potential modulation of

intracellular localization. Taken together, our studies demonstrate

an approach for linking the structure of natural products to their

potential functions as copper modulators. Future work should take
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into account organism-specific copper modulation as well as the

heightened importance of functional group substitution and

hydrophobicities rather than traditional subclassifications. The

data offers insight to guiding principles for identifying such

agents within the flavonoid structural family, which can both

inform nutritional recommendations as well as therapeutic agent

design for impacting copper-associated disorders.
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Nanomaterials have unique properties, functionalities, and excellent

performance, and as a result have gained significant interest across

disciplines and industries. However, currently, there is a lack of techniques

that can assemble as-synthesized nanomaterials in a scalable manner.

Electrophoretic deposition (EPD) is a promising method for the scalable

assembly of colloidally stable nanomaterials into thick films and arrays. In

EPD, an electric field is used to assemble charged colloidal particles onto an

oppositely charged substrate. However, in constant voltage EPD the deposition

rate decreases with increasing deposition time, which has been attributed in

part to the fact that the electric field in the suspension decreases with time. This

decreasing electric field has been attributed to two probable causes, (i)

increased resistance of the particle film and/or (ii) the growth of an ion-

depletion region at the substrate. Here, to increase EPD yield and scalability

we sought to distinguish between these two effects and found that the growth

of the ion-depletion region plays the most significant role in the increase of the

deposit resistance. Here, we also demonstrate a method to maintain constant

deposit resistance in EPD by periodic replenishing of suspension, thereby

improving EPD’s scalability.
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Graphical Abstract

Highlights

1) Suspension replenishment enables constant deposit resistance

with time.

2) Ion-depletion causes a decrease in the electric field during

electrophoretic deposition.

3) Film formation plays an insignificant role in increasing

deposit resistance.

4) Electric field can bemaintained constant via ion-replenishing.

1 Introduction

The growth of nanotechnology is contingent upon further

advancements in nanomanufacturing technologies (Philp and

Fraser Stoddart, 1996; Whitesides and Grzybowski, 2002; Gates

et al., 2005; Biswas et al., 2012; Bauer et al., 2018).

Nanomanufacturing techniques can be broadly classified into

top-down and bottom-up approaches or some combination of

the two (Philp and Fraser Stoddart, 1996; Whitesides and

Grzybowski, 2002; Gates et al., 2005; Merkel et al., 2010;

Biswas et al., 2012; Pascall et al., 2014; Vogel et al., 2015; Jesse

et al., 2016; Liu et al., 2016; Isaacoff and Brown, 2017; Fu et al.,

2018; Yin et al., 2020). Top-down approaches involve cutting

down macro-sized materials into nanomaterials with the help of

external stimuli. Some examples of top-down approaches are

lithography, molding, and milling. On the other hand, bottom-

up approaches involve the assembly of atoms/molecules/colloidal

particles into a larger nanostructure driven by interaction forces

between them and/or external stimuli. Some examples of

bottom-up approaches are atomic layer deposition, sol-gel

nanofabrication, self-assembly, vapor deposition, Langmuir-

Blodgett assembly, electric-field-assisted assembly, and

capillary-force-assisted assembly. Both top-down and bottom-

up approaches have benefits and limitations of their own. Top-

down approaches have the advantage of precision and

repeatability (Biswas et al., 2012; Jesse et al., 2016). However,

they suffer from high capital and operating costs, low scalability,

and diffraction limits of the electromagnetic wave being used

which limits the feature size in lithography (Gates et al., 2005;

Merkel et al., 2010; Biswas et al., 2012; Fu et al., 2018). Bottom-up

approaches, on the other hand, have the advantage of high

scalability, relatively low cost, the ability to fabricate structures

upon non-planar substrates, and compatibility with organic

materials (Philp and Fraser Stoddart, 1996; Whitesides and

Grzybowski, 2002; Biswas et al., 2012; Vogel et al., 2015;

Isaacoff and Brown, 2017; Yin et al., 2020). However, bottom-

up approaches suffer from limited repeatability and a lack of

control over the process. Thus, improvements and innovations in

both top-down and bottom-up approaches are required to

develop the next generation of nanomanufacturing technologies.

One promising bottom-up technique that is gaining attention

in research labs and industry because of its scalability, cost-

effectiveness, tunability, simple setup, and versatility in

depositing a wide range of materials over many substrate

shapes is electrophoretic deposition (EPD) (Besra and Liu,

2007; Dickerson and Boccaccini, 2011; Kalinina and Pikalova,

2019; Sikkema et al., 2020; Atiq Ur Rehman et al., 2021). EPD

assembles charged colloidal particles onto an oppositely charged

substrate under the application of an externally applied electric

field. Due to its advantages, EPD has been used to form 2-D and

3-D assemblies of various classes of materials such as metals,

ceramics, organics, and biomaterials onto planar, non-planar,

and patterned substrates (Sarkar and Nicholson, 1996; Van der

Biest and Vandeperre, 1999; Biest and Vandeperre, 2002;

Zhitomirsky, 2002; Sarkar et al., 2004; Besra and Liu, 2007;
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Corni et al., 2008; Novak and König, 2009; Boccaccini et al.,

2010b, 2010a; Boccaccini and Dickerson, 2013; Chavez-Valdez

et al., 2013; Guo et al., 2015; Diba et al., 2016; Ma et al., 2018;

Kalinina and Pikalova, 2019; Obregón et al., 2019; Hu et al., 2020;

Lim et al., 2021). However, the underlying mechanisms and

kinetics of EPD are still not well-understood (Dickerson and

Boccaccini, 2011; Fuseini and Zaghloul, 2022).

Although the first-documented observation of

electrophoresis was done by the French chemist Gautherot in

1801, it took more than a century before a theoretical framework

for the kinetics of EPD were established by Hamaker in 1940

(Hamaker, 1940; Besra and Liu, 2007). According to Hamaker’s

equation (Equation 1), EPD yield (m) depends on a sticking

parameter (f) which is the ratio of the number of particles that

adhere to the substrate and become part of the deposit to the total

number of particles reaching the substrate, particle concentration

(Cs), electrophoretic mobility of the particle being deposited (µ),

area of the substrate (A), effective electric field in the suspension

(E), and time (t):

m � fCsμAEt (1)

Later it was observed that some of these factors do not

necessarily remain constant but can decrease as a function of

time, which can lead to a plateau in EPD yield (Sarkar and

Nicholson, 1996; Anné et al., 2004; van der Biest et al., 2004;

Wang et al., 2004; Stappers et al., 2008; Ferrari and Moreno,

2010). The particle concentration in the suspension decreases

as particles deposit on the substrate, or as they settle out of the

suspension. The electrophoretic mobility of the particles has

also been shown to decrease during EPD due to a shift in the

pH of the suspension (Kershner et al., 2004; Tiwari et al.,

2020). Finally, the effective electric field in the suspension has

been observed to decrease in the suspension during constant-

voltage EPD (Zhang et al., 1994; Sarkar and Nicholson, 1996).

The factors responsible for causing a decrease in particle

concentration and particle electrophoretic mobility are

well-understood and can be controlled (Sarkar and

Nicholson, 1996; Besra and Liu, 2007; Tiwari et al., 2020).

However, there is currently no consensus on the factor(s) that

cause the decrease in electric field in the suspension (De and

Nicholson, 2004; Kershner et al., 2004; Besra et al., 2010;

Mishra et al., 2010; MISHRA et al., 2013; Tiwari et al., 2020).

In constant-voltage EPD, the total applied voltage difference

(Vtotal) between the substrate and the counter-electrode is

maintained constant using a power supply as shown with the

help of a schematic in Figure 1. The Vtotal in the EPD cell is

distributed as the sum of the voltage drop across the suspension

(Vsus) and the voltage drop across the deposit (Vdep). The

corresponding electric fields in the suspension (Esus) and the

deposit (Edep) are not necessarily the same, or constant with time.

In current literature, an increase in Vdep and corresponding Edep
with time has been observed (Sarkar and Nicholson, 1996;

Negishi et al., 2005; van Tassel and Randall, 2006b; Stappers

et al., 2008). This increase in Vdep was widely attributed to the rise

in local deposit resistance (Rdep) during EPD, which will be

discussed in-depth in the next section. Consequently, there is a

decrease in Vsus, and in the corresponding Esus (Negishi et al.,

2004, 2005). Therefore, to understand and be able to better

control the electric field on the deposit as well in the

suspension, it is vital to understand the root cause behind the

rise in local deposit resistance as a function of time.

There have been different explanations put forward to justify

the increase in local deposit resistance during EPD (Boccaccini

and Dickerson, 2013). Some researchers suggested that the

increase in deposit resistance is caused because the thickness

of the deposit is increasing with time (Sarkar and Nicholson,

FIGURE 1
Schematic showing voltages across a typical electrophoretic deposition cell used in constant-voltage mode.
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1996). The hypothesis for this justification is that the resistivity of

the deposit is higher than that of the suspension, and hence, an

increase in deposit thickness leads to an increase in deposit

resistance (Sarkar and Nicholson, 1996). However, further

studies contradicted this claim by showing that the resistance

of the deposit remains the same before and after the deposition,

suggesting there must be another factor causing the rise in

deposit resistance during EPD (Argirusis et al., 2006; Stappers

et al., 2008; Schneider et al., 2010).

Further theoretical and experimental studies pointed to the

electrochemical consumption of ions on the deposit electrode as

the reason for the rise in deposit resistance during EPD (van

Tassel and Randall, 2006b; Stappers et al., 2008; Hu et al., 2019).

In a series of papers, Tassel et al. put forward a theory to explain

the formation and stabilization of an ‘ion-depleted conduction

region’ on the deposit electrode during constant-current EPD

(De and Nicholson, 2004; van Tassel and Randall, 2006a, 2006b,

2007a, 2007b, 2007c). They showed that during EPD, a high

resistivity ‘ion-depleted conduction region’ forms and grows due

to the consumption of ions on the deposit electrode. In a typical

electrochemical cell, this region will not be stable because of the

immediate onset of convection currents that supply ions to this

region. However, they argued that in an EPD cell, this region is

stabilized against convection due to the buffering action of

particles i.e., adsorption/desorption equilibria of ions from the

particle surface present in the ion-depleted region. Thus, this

region is confined to the deposited particle layer. The conduction

of ionic current through this high resistivity ‘ion-depleted

conduction region’ can proceed even above the equilibrium

limit current and leads to a very high Rdep and Edep. On the

other hand, in constant-voltage EPD, the electrochemical

consumption of ions on the deposit electrode will also lead to

the formation and growth of a stable ion-depleted conduction

region. The only difference is that the current cannot exceed the

equilibrium limit current in constant-voltage EPD. To study the

role of the ion-depleted region on deposit resistance during

constant-voltage EPD, Stappers et al. measured the deposit

impedance as a function of time in a constant-voltage EPD

via impedance spectroscopy (Stappers et al., 2008). They

reported that the deposit impedance increases as deposition

proceeds but returned to the original value after the

deposition was stopped. Moreover, when they paused the

FIGURE 2
Schematic showing steps involved in (A) substrate-replenish electrophoretic deposition and (B) suspension-replenish electrophoretic
deposition.
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deposition and replaced the particle suspension with the

supernatant solution (without particles) and then resumed the

deposition, the deposit impedance continued to increase. These

two observations suggest that the deposit impedance is a function

of the electrochemical depletion of ions on the deposit electrode

rather than the growth of high-resistivity particle film. However,

they were unable to maintain a constant deposit impedance and

hence constant electric field, likely because they are merely

recirculating the suspension from a reservoir where the ionic

concentration was being depleted with time.

We hypothesized that instead of recirculating the suspension

as per the study by Stappers et al., replenishing the suspension

using a suspension-replenish EPD approach (Figure 2B) it would

be possible to hinder the growth of the ion-depletion region and

maintain constant deposit resistance as it will keep the ionic

concentration constant during EPD. To confirm our hypothesis,

in this study, we isolated and compared the individual effects of

the growing deposit and the growing ion-depletion region on the

increase in deposit resistance during constant-voltage EPD of

alumina particles. We accomplished this by developing two

modified EPD approaches (details provided in the

experimental section), where either the substrate (along with

the deposited film) or the suspension was replenished (Figure 2).

Substrate-replenish EPD (Figure 2A) allowed us to periodically

restart the growth of the deposit onto a fresh substrate while

allowing the ion-depletion region to grow unhindered. On the

other hand, suspension-replenish EPD (Figure 2B) allowed us to

periodically restart the growth of the ion-depletion region by

replenishing the ions and particles in the suspension while letting

the deposit grow unhindered. We found that the growth of the

ion-depletion region and not the deposit growth causes the

increase in deposit resistance. We also found that the deposit

resistance remained nearly constant during the suspension-

replenish EPD. Thus, confirming our hypothesis that the

growth of the ion-depletion region can be hindered, and

deposit resistance can be kept constant via replenishment of

ions using suspension-replenish EPD, which then helps maintain

a near-constant electric field in the suspension.

For future work, improvements to suspension-replenish EPD

can be achieved using a continuous-flow setup with automatic

adjustments based on a live feedback mechanism to maintain

constant particle concentration, pH, and conductivity in the EPD

cell. Moreover, when measuring the electric field during EPD,

one must be aware that the presence of the mulitmeter probe has

the potential to impact the experiment. To overcome these

challenges, computational tools can be utilized. Simulations of

EPD experiments at varying scales will further help us visualize

and understand the local and bulk electrochemical changes

occurring during EPD.

2 Experimental details

2.1 Suspension preparation and
characterization

α-alumina nanoparticles (> 99% purity, 80 nm diameter,

3.97 g/cm3 density) were purchased from US Research

Nanomaterials, Inc., USA. A positively charged suspension of

0.25 volume % α-alumina nanoparticles was prepared in ethanol

(200 proof ethanol, Acros Organics) by using hydrochloric acid

(Technical HCl, Fischer Chemical) as the dispersing agent. The

suspension was sonicated using an ultrasonicator (Branson SFX

550 probe ultra-sonicator). Effective pH (pHe) measurements

were made using the ASTM D6423-19 standard protocol using a

Thermo Scientific 5107 BNMD No-Cal pH/Automated

Temperature Compensation combination electrode connected

to a Thermo Scientific Orion Star A111 bench-top pH meter

FIGURE 3
(A) Schematic and (B) the corresponding photograph of the electrophoretic deposition setup.
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(Fuel and Engines, 1999). pHemeasurements were recorded after

30 s of immersion in a stirred suspension. A Malvern Panalytical

Zetasizer was used to measure the electrophoretic mobility and

zeta potential of the nanoparticles in suspension. The Hückel

model was used to calculate the zeta potential from particle

mobility (Hunter, 2001). The suspension, with a pHe of 1.70 +/-

0.04 obtained by mixing 0.4 ml of 0.02 M HCL in ethanol

solution with 19.6 ml of ethanol having particle mobility and

zeta potential of 0.74 +/- 0.07 µm cm/V.s and 53.90 +/- 4.79 mV

respectively, was used as the starting suspension for all

depositions.

2.2 Electrophoretic depositions

Figure 3 shows a schematic and a corresponding photograph

of the electrophoretic deposition setup that was used to perform

the deposition of alumina nanoparticles using an applied electric

field of 100 V/cm. Here, a hexagonal weighing boat was used to

contain 20 ml of suspension. A magnetic stir rod and plate were

used to stir the suspension during deposition. The electric field

was applied by connecting a counter electrode (graphite) and a

substrate placed 33 mm apart in the suspension to the positive

and negative terminals of the power supply, respectively. To

fabricate the substrate, a 10 nm titanium adhesion layer was

sputtered onto a 100 4-inch prime-grade silicon wafer followed

by sputtering of 100 nm gold layer using a KJL CMS-18

sputtering instrument. The wafer was then diced into 6 mm

(width) × 20 mm (height) substrates using an ADT 7100 dicing

saw. To image the EPD films, a cross-section of the film was

prepared using an FEI Helios Nanolab 600 dual-beam focused

ion beam (FIB)/Scanning Electron Microscope (SEM) using

methods described elsewhere (Langford and Petford-Long,

2001). Imaging of the cross-section was performed using the

same instrument; the cross-section was tilted 45° relative to the

electron beam and dynamic focus was used to keep the entire

cross-section in focus.

2.2.1 Substrate replenish electrophoretic
deposition

In this substrate replenish EPD approach, we ran 30-min

depositions starting with a fresh suspension of alumina

nanoparticles at 100 V/cm while pausing the deposition at 10-

min and 20-min time points to remove the substrate covered

with deposit and to introduce a fresh substrate (without any

deposit). The old suspension was collected in a centrifuge tube

whilst the substrate is being replenished. After the substrate was

replaced, the old suspension was reintroduced into the EPD boat

followed by resumption of deposition (Figure 2A).

2.2.2 Suspension replenish electrophoretic
deposition

In this suspension replenish EPD approach, we performed

30-min depositions starting with a fresh suspension of alumina

nanoparticles at 100 V/cm while pausing the deposition at 10-

min and 20-min time points to remove the old suspension and

introduce a fresh suspension followed by resumption of the

deposition (Figure 2B).

2.3 Deposit resistance measurement

The deposit resistance was calculated viaOhm’s law using the

voltage difference measured between the substrate (deposit

FIGURE 4
(A) Photograph and (B) optical micrograph of a typical ⍺-alumina nanoparticles film deposited via electrophoretic deposition.
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electrode) and a Pt wire (0.1 mm diameter) submerged at a

distance of 1 mm parallel to the center of the substrate and

the current value that was recorded from the power supply. A

Siglent SDM 3055 digital multimeter and multimeter probe were

used to measure the voltage difference as shown with the help of a

schematic in Figure 3. The Pt wire was electrically connected to

the multimeter probe with copper (Cu) tape. A distance of 1 mm

was chosen as it allowed us to keep the Pt wire as close to the

substrate as possible without disrupting the film growth since our

films did not grow thicker than 1 mm. The voltage readings were

automatically recorded using the Easy DMM software (Siglent).

3 Results and discussion

3.1 Deposit resistance during conventional
electrophoretic deposition

Figure 4 shows a photograph and an optical micrograph of a

typical film obtained via electrophoretic deposition of α-alumina

nanoparticles. Here, full coverage of the submerged part of the

substrate with the particles is seen. The porous structure of the films

is evident from the SEM images of the top view (Figure 5A) as well as

the cross-sectional view (Figure 5B) of the film. Due to edge effects

i.e., the concentration of electric field on the substrate edges, the film

thickness was highest at the edges as evident in Figure 4A (Pascall

et al., 2013). It was also observed that the film roughness increased

with time, which could be attributed to the decreasing stability of the

suspension as the pHe of the suspension shifts towards the isoelectric

point of alumina with time (Tiwari et al., 2020). The decrease in

suspension stability leads to the agglomeration of particles in the

suspension, which these agglomerates then deposit onto the

substrate and increase film roughness Joung and Buie, 2011.

To measure how the deposit resistance changes during

conventional electrophoretic deposition, we performed 30-min

depositions of the positively charged alumina nanoparticles with

an applied electric field of 100 V/cm. Figure 6 shows that the deposit

resistance increases exponentially during conventional EPD. This

increase can be attributed to the growing thickness of the film of

deposited alumina nanoparticles since it has a higher resistivity than

the suspension it is replacing (Sarkar and Nicholson, 1996).

Secondly, it could be caused due to the formation and growth of

a high resistivity ion-depletion region on the substrate. This region is

formed because of the depletion of H3O
+ or H2EtO

+ ions as they

FIGURE 5
(A) Top-view SEM image and (B) Cross-sectional SEM image of the film prepared via FIB showing the porous structure of the EPD film.

FIGURE 6
Deposit resistance as a function of time for conventional
electrophoretic deposition ( ) substrate-replenish electrophoretic
deposition ( ) suspension-replenish electrophoretic deposition
( ) of alumina nanoparticles performed at 100 V/cm in
constant-voltage mode. For each type of deposition, three
replicate runs were performed to calculate the average and SD in
deposit resistance plotted here.
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undergo electrochemical reactions to form H2 gas on the substrate

(De and Nicholson, 2004; van Tassel and Randall, 2007a). This

region is not present on the counter electrode because the primary

reactions there result in the generation of ions (H2EtO
+ or H3O

+)

while the depletion of Cl- ions as they undergo electrochemical

conversion into Cl2 is negligible (van Tassel and Randall, 2007b).

Therefore, both deposit and ion-depletion regions grow unhindered

for the entire duration of the deposition in conventional EPD as

shown with the help of a schematic in Figure 7A.

3.2 Deposit resistance during substrate-
replenish electrophoretic deposition

To isolate the effect of the ion-depletion region growth on the

deposit resistance, we performed substrate-replenish EPD

(Figure 2A). In this modified EPD approach, we ran 30-min

depositions starting with a fresh suspension of alumina

nanoparticles at 100 V/cm while pausing the deposition at 10-min

and 20-min time points to remove the substrate and introduce a fresh

substrate followed by resumption of the deposition. Here, the ion-

depletion region is growing for the entire 30-min duration of the

experiment, while the deposit growth is restarted every 10min via

substrate-replenishment, shown schematically in Figure 7B. Figure 6

shows that the deposit resistance in substrate-replenish EPD increases

exponentially from 0 to 10 min and then drops sharply to nearly the

original value at 10 min, followed by an exponential rise from 10 to

20 min and drop to nearly the original value at 20 min, and finally an

exponential rise from 20 to 30min. The increase in deposit resistance

during substrate-replenish EPD is quite similar to that in

conventional EPD (Figure 6) suggesting that the deposit resistance

is mainly a function of the ion-depletion region growth.

Note, that there are two minor differences between the deposit

resistance increase in conventional and substrate-replenish EPD.

FIGURE 7
Schematic showing the ion-depletion region and deposit growth on the substrate during (A) conventional electrophoretic deposition, (B)
substrate-replenish electrophoretic deposition, and (C) suspension-replenish electrophoretic deposition.
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First, the rate of the exponential rise in deposit resistance from 10 to

30 min in substrate-replenish EPD is greater than that in

conventional EPD, which we attributed to the faster

electrochemical depletion of ions in the substrate replenish EPD

because of the greater conductive surface area provided by periodic

replacement of substrate covered by deposit film with fresh

substrates having no deposit on them to begin with. Secondly,

the return of deposit resistance deposit to the baseline resistance at

10- and 20-min time-points is attributed to the temporary removal

of the ion-depletion region as the suspension is homogenized upon

collection in the centrifuge tube.

3.3 Deposit resistance during suspension-
replenish electrophoretic deposition

Finally, to isolate the effect of the growing deposit on the deposit

resistance, we performed suspension-replenish EPD (Figure 2B). In

this modified EPD approach, we ran 30-min depositions starting

with a fresh suspension of alumina nanoparticles at 100 V/cm while

pausing the deposition at 10-min and 20-min time points to remove

the old suspension and introduce a fresh suspension followed by

resumption of the deposition. In this approach, the deposit is

growing for the entire 30 min while the ion-depletion region

growth is restarted every 10 min with suspension-replenishment

as shown with the help of a schematic in Figure 7C. Figure 6 shows

that in suspension-replenish EPD, deposit resistance remains nearly

constant with time relative to the conventional and substrate-

replenish EPD. These results further confirm that the deposit

resistance is primarily a function of the growth of the ion-

depletion region and not due to the deposit growth. This also

proves our hypothesis that the deposit resistance increase can be

mitigated by minimizing the growth of the ion-depletion region via

the replenishment of ions.

In summary, deposit resistance increases by a factor of only

3.7x during suspension-replenish EPD compared to 36x and 29x

in conventional and substrate-replenish EPD, respectively.

Therefore, it can be concluded that the growth of the ion-

depletion region and not the deposit growth is the main

driver for the increase in deposit resistance during EPD in

agreement with recent studies (Argirusis et al., 2006; Stappers

et al., 2008; Schneider et al., 2010). This also confirms our

hypothesis that the deposit resistance and hence electric field

can be maintained nearly constant by hindering the growth of the

ion-depletion region via ion replenishment using a novel

suspension replenish EPD approach which can help improve

EPD yield.

4 Conclusion

In this work, we isolated the individual effects of the growth

of the ion-depletion region and deposit growth on the local

deposit resistance increase during electrophoretic deposition. We

found that the main cause for the increase in deposit resistance is

the ion-depletion region which forms and grows due to the

electrochemical depletion of ions on the substrate. On the other

hand, the effect of deposit growth on the increase in deposit

resistance was found to be minimal. We also showed that deposit

resistance, which is known to be the cause behind the decrease in

electric field in the suspension during constant-voltage EPD can

bemaintained nearly constant via ion-replenishment using a new

suspension-replenish EPD. While in Stappers et al.’s study,

deposit resistance increased with time, which is most likely

due to the fact they were recirculating instead of replenishing

the suspension (Stappers et al., 2008). Thus, by using a

suspension replenish approach the electric field in the

suspension can be maintained constant improving EPD yield.

Thereby, enabling a route to manufacture nanomaterials-based

products and devices in an efficient and scalable manner.
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Unspecific peroxygenases (UPOs) are among the most studied enzymes in the

last decade and their well-deserved fame owes to the enzyme’s ability of

catalyzing the regio- and stereospecific hydroxylation of non-activated C–H

bonds at the only expense of H2O2. This leads to more direct routes for the

synthesis of different chiral compounds as well as to easier oxyfunctionalization

of complex molecules. Unfortunately, due to the high sensitivity towards the

process conditions, UPOs’ application at industrial level has been hampered

until now. However, this challenge can be overcome by enzyme

immobilization, a valid strategy that has been proven to give several benefits.

Within this article, we present three different immobilization procedures

suitable for UPOs and two of them led to very promising results. The

immobilized enzyme, indeed, shows longer stability and increased

robustness to reaction conditions. The immobilized enzyme half-life time is

15-fold higher than for the free AaeUPO PaDa-I and no enzyme deactivation

occurred when incubated in organic media for 120 h. Moreover, AaeUPO PaDa-I

is proved to be recycled and reused up to 7 times when immobilized.

KEYWORDS

biocatalysis, unspecific peroxygenase, immobilization techniques, enzyme stability,
process intensification

Introduction

During the past 2 decades, biocatalysis has become a valid and extensively used

approach for chemical synthesis. On the one hand, this strategy helps to overcome the

weaknesses of some traditional chemical processes, while on the other hand, it enables the

development of more environmentally friendly processes (Wu et al., 2021). In addition,

protein and process engineering, computer modeling and computational studies have

paved the way for the industrial use of enzymes nowadays. One of the main benefits of

using enzymes as catalysts is related to their high stereo- and regio-selectivity, which is

particularly useful in the case of selective oxidation and oxyfunctionalization of non-

activated C–H, C–C-, or C=C-bonds (Hobisch et al., 2021). In fact, from the organic

chemistry perspective, site-specific oxyfunctionalization reactions are difficult to obtain

since they rely on a fragile equilibrium between reactivity and selectivity, which,
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conversely, can be easily reached with enzymes. Therefore,

biocatalysis opens the way to the selective

oxyfunctionalization of organic molecules which plays a key

role in the industrial scenario. In fact, these reactions are

essential for the synthesis of building blocks, fine chemicals,

functionalized polymers, and pharmaceutical compounds

(Chanysheva et al., 2018; Grogan 2021).

Among the different enzyme families able to catalyze these

crucial reactions, unspecific peroxygenases (UPOs) drew

attention due to their interesting characteristics. Even though

UPOs are heme-thiolate enzymes like the well-known

P450 monooxygenases, they are independent from the use of

expensive electron donors like nicotinamide adenine

dinucleotide phosphate (NADPH) and auxiliary flavoproteins.

In fact, UPOs only rely on hydrogen peroxide (H2O2) as

cosubstrate and oxidant agent, solving the crucial problem of

cofactor recycling (Molina-Espeja et al., 2015). Furthermore, as

highlighted by Ramirez-Escudero et al., UPOs do not only show

the catalytic activity of P450s, the classical heme-peroxidase, but

also a chloroperoxidative one from Caldariomyces fumago

(Ramirez-Escudero et al., 2018; Hofrichter et al., 2020). This

hybrid activity earned them a position as the first member of a

subclass of oxidoreductases (EC.1.11.2.1) (Ramirez-Escudero

et al., 2018). In addition, UPOs have a vast selection of

transformations and a wide substrate scope that ensures their

adoption to produce several fine chemicals. Unspecific

peroxygenases from Agrocybe aegerita, in particular, is one of

the most studied UPOs (Hofrichter and Ullrich 2014; Dong et al.,

2018).

The bottleneck of UPOs’ application on industrial scale is

nowadays due to the high cost of the heme-enzymes. Therefore,

beside the improvement of the enzyme turnover number, which

on the one hand was achieved via protein engineering (Molina-

Espeja et al., 2014), and on the other hand by choosing the proper

strategy for the in situ provision of the cosubstrate (Burek et al.,

2019), another economically feasible approach to the use of

UPOs is related to the enzyme recovery and recycling. The

enzyme immobilization is the foremost strategy to do that

(Figure 1).

As highlighted by Boudrant and coworkers, enzyme

immobilization can represent the optimal solution to

overcome different issues related to the use of biocatalysts

(Boudrant et al., 2020). In fact, in this manner, is possible to

improve the enzyme stability towards different organic solvents

also at extreme values of pH and temperature (Sheldon, Basso

et al., 2021). Higher biocatalyst loading into the reactors can be

achieved, and, as aforementioned, this technique allows enzyme

recyclability and simplified downstream processing (Thompson

et al., 2019a). In addition, it also enables the use of enzymes in

continuous processing (De Santis et al. 2020). Briefly, the enzyme

immobilization leads to the development of a biocatalyst that can

sustain the industrial requirements (higher stability and

therewith higher overall productivity), and at the same time

can be easily isolated and recovered from the reaction system.

This study offers an in-dept analysis of different carrier-

bound immobilization methods to boost the use of UPOs at

technical scales. In details, the experiments were performed with

AaeUPO PaDa-I, a laboratory-evolved variant of UPO from

FIGURE 1
Schematic representation of the covalent, ionic, and metal affinity-binding immobilization techniques investigated in this study. The ethylbenzene
hydroxy functionalization to (R)-1-phenylethanol is the model reaction chosen as proof-of-concept of immobilized enzyme applicability.
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Agrocybe aegerita benefitting from nine mutations including four

in the signal peptide and five in the mature protein. Therewith,

the secretion into the media and the stability in terms of

temperature and cosolvents presence were significantly

increased (Molina-Espeja et al., 2014; Molina-Espeja et al.,

2015). So far, PaDa-I is the most promising mutant variant

of UPOs.

We aimed to determine the most appropriate carrier

bound immobilization protocol for the biocatalyst. The

optimum (carrier) candidate should retain as much enzyme

as possible and, at the same time, avoid any loss of its activity.

Additionally, different parameters and carrier characteristics

therefore need to be considered. As far as the latter is

concerned, the size and the diameter of the pores play a

crucial role. Parameters like (i) protein loading, (ii)

immobilized enzyme activity, and (iii) immobilization yield

and (iv) activity yield were used to evaluate the

immobilization procedures (Liese and Hilterhaus 2013;

Boudrant et al., 2020; Guisan et al., 2020).

Materials and methods

General information. All solvents, reactants, and starting

materials were received from commercial suppliers in the highest

available purity (Sigma Aldrich, VWR, Carl Roth, Thermo Fisher)

and used as received. Carriers for covalent immobilization

(Lifetech™ ECR8285, ECR8215F, ECR8304F, ECR8404F,

ECR8409F, ECR8315F, ECR8415F) as well as carriers for ionic

immobilization (Lifetech™ ECR1508, ECR1604) were received from

Purolite Life Sciences Ltd. (Llantrisant, United Kingdom) and

treated as described below. Carriers for affinity immobilization of

purified his-tagged enzyme (EziG™ Amber, Coral, and Opal) were

received from EnginZyme A.B. (Solna, Sweden) and treated as

described below. Potassium phosphate buffer (KPi buffer) was

always freshly prepared in the lab for the experiments. All

experiments were carried out under atmospheric conditions if

not stated otherwise. For shaking and incubation of the carriers,

a roller mixer from IKA (Staufen, Germany) was used. For

photometric measurements, a temperature-controlled Cary

60 UV/Vis spectrophotometer from Agilent technologies (Santa

Clara, California, United States) was used.

The mutant variant AaeUPO PaDa-I was used in the

covalent and ionic immobilization procedures; conversely,

the his-tagged PaDa-I was adopted for the experiments

with the EziG™ carriers. Both the enzymes were produced

via fermentation as described by Hobisch et al. (Hobisch and

Kara 2021). The his-tagged PaDa-I was used as both crude

preparation and purified enzyme; the purification was

performed via immobilized-metal affinity chromatography

(IMAC) with the Ni-NTA purification system and

performed as described by the producer (see Supporting

Information) (Fisher Scientific Thermo, 2015).

Covalent immobilization procedure. 1 g of each epoxy

carrier (Lifetech™ ECR8285 and ECR8215F) was incubated

in 2.5 mL of 50 mM KPi buffer (pH 7) on a roller mixer for

5 min followed by vacuum filtration for 5 min. This washing

procedure was performed a total of three times. Subsequently,

the supports were incubated in 3.0 ml of a PaDa-I dilution in

50 mM KPi buffer (pH 7, 0.27 mgenzyme mL−1) for 5 h at room

temperature under careful mixing and then for 14 h at 4°C.

Finally, the carriers were vacuum filtered. The filtrate was

washed again with 2.5 mL of 50 mM KPi buffer (pH 7) by

mixing for 5 min and then decanting. This procedure was

repeated one last time, and finally the support-immobilized

PaDa-I was stored at 4 °C (Purolite Life Sciences 2015). All the

three supernatants were stored at 4 °C for the further analyses

(see below).

Amino carriers (Lifetech™ ECR8304F, ECR8404F,

ECR8409F, ECR8315F and ECR8415F) were treated as

described above but preactivated for 1 hour by adding 2.5 mL

of a 25% (v/v) glutaraldehyde solution with stirring followed by

filtration and washing (Purolite Life Sciences 2015).

Ionic immobilization procedure. 0.5 g of each amine carrier

(Lifetech™ ECR1508 and ECR1604) was equilibrated with 2.5 mL

of deionized water for 5 min on a roller mixer and then vacuum

filtrated for 5 min. Afterwards, the resin was incubated in 1.7 mL of a

PaDa-I dilution in 50mMKPi buffer (pH 7, 0.24 mgenzyme mL−1) for

24 h at room temperature under gentle mixing. Eventually, the

carriers were vacuum filtered. The filtrate was washed again with

2.5 mL of 50 mM KPi buffer (pH 7) by mixing for 5 min and then

decanting. This procedure was repeated one last time, and finally the

support-immobilized PaDa-I was stored at 4 °C (Purolite Life Sciences

2015). All the three supernatants were stored at 4 °C for further

analysis (see below).

Metal affinity binding immobilization procedure. 0.5 g of each

carrier (EziG™ Amber, Coral, andOpal) was incubated with 2.9 mL

of a PaDa-I dilution in 50 mMKPi buffer (pH 7, 1.4 mgenzyme mL−1)

for 24 h at room temperature under careful mixing. Finally, the

carriers were vacuum filtered. The filtrate was washed again with

2.5 mL of 50 mM KPi buffer (pH 7) by mixing for 5 min and then

decanting. This procedure was repeated one last time, and finally the

support-immobilized PaDa-I was stored at 4 °C (Bormann et al.,

2020). All the three supernatants were stored at 4 °C for the further

analyses (see below).

Assessment of the enzyme immobilization. Bicinchoninic

acid protein assay (Pierce™ 660 nm) was performed on all the

wash fractions from the immobilization procedures (see

above) to evaluate the mass of leached protein during the

immobilization protocol. A calibration curve was obtained by

measuring the absorbance of a dilution series of bovine serum

albumin (BSA) in triplicates. By determining the

concentration of the free PaDa-I in the wash fractions after

the immobilization, the protein loading and immobilization

yield were calculated (Eqss 1, 2, respectively) (Antharavally

et al., 2009).
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Protein loading (PL)(mgimmo. enzyme

gwet carrier
)

� menzyme used initially −mwash/filtrate fractions

mwet carrier
(1)

Immobilization yield (%)

� menzyme offered (mgenzyme) −menzyme supernatants (mgenzyme)

menzyme offered (mgenzyme)
× 100

(2)
To evaluate the immobilized enzyme’s activity, instead, a

standard activity assay was performed on the immobilized

enzyme as well as on the liquid fractions collected during

the immobilization procedure. This assay is based on the

absorbance of oxidized form of 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) at 405 nm.

To investigate the liquid fraction, the PaDa-I-catalyzed oxidation

of 990 μL 0.3 mMABTSwith 10 μL enzyme sample and 1.75 μL 3.5%

(v/v) H2O2 was photometrically tracked over time and evaluated in

triplicates in the time interval from 0.05 to 0.2min; themeasurements

were performed in triplicates and the volumetric activity was

calculated (Eq. 3) (Kadnikova and Kosti´ 2002).

Activityvol.(
U
mL

) � ΔAbs405 nm × DF × V

εABTS
+°

405 nm × v × d
(3)

ΔAbs405 nm (min−1) = measured absorbance at 405 nm over

time; DF (1) = dilution factor; d (cm) = light path; V (mL) =

sample volume; v (mL) = enzyme volume in the sample;

εABTS
+°

405 nm � molar extinction coefficient, 36.8 mM−1 cm−1 (Burek

et al., 2019)

To investigate the immobilized enzyme, 10 mL of 0.3 mMABTS,

1–10mg of immobilized enzyme and 17.5 μL of 3.5% (v/v) H2O2

were stirred at 250 rpm at 25 °C. From the time of addition of the

hydrogen peroxide, five samples (0.5 mL each) were taken every 30 s.

The experiments were performed in triplicates and the activity was

calculated Eq. 4.

Activityimmo.(
U

gwet carrier
) � ΔAbs405 nm × DF × V

εABTS
+°

405 nm × mwet carrier × d
(4)

By correlating the volumetric activity and the protein

loading, the specific activity and the immobilization yield can

be calculated Eqs 5, 6, respectively).

Activityspec.⎛⎝
U

mgimmo. enzyme

⎞⎠ � Aimmo

PL
(5)

Activity yield (%)

�
Activityspec.(Umg−1immo. enzyme) × mimmo. enzyme(mgenzyme )
menzyme offered(mgenzyme) × Activityspec.(Umg−1free enzyme)

× 100

(6)

Results and discussion

Three different immobilization techniques were

investigated, each of which was based on a different type of

interaction between the carrier and the enzyme (covalent,

ionic, and metal affinity interactions, Figure 1). The first

one relied on the formation of a covalent bond between the

carrier functional groups and the enzyme amino acids. Two

different carrier families were studied within the covalent

binding technique: the epoxy and the amino supports, both

supplied by Purolite Life Sciences (Llantrisant,

United Kingdom).

As epoxy carriers, Lifetech™ ECR8285 and Lifetech™
ECR8215F were chosen and both resins are composed of

polymethacrylate material functionalized with epoxy groups

enabling a multipoint covalent attachment of the enzyme on

the carrier surface. The differences between the two resins are

their particle size and pore diameter (see Supporting

Information). The formation of a covalent bond is here based

on the interaction between nucleophilic amino acids (mainly

lysines) and the epoxy group, which leads to the opening of the

epoxydic ring (Figure 1) (Mateo et al., 2007). Because of the type

of interaction, pH plays an important role for the success of the

immobilization procedure. It is therefore important to emphasize

that it is likely that an alkaline pH (instead of the neutral pH here

applied) would have favored the nucleophilic attack and led to a

higher immobilization yield. Unfortunately, this condition is not

suitable for UPOs since activity is negatively affected by basic

conditions (Molina-Espeja et al., 2014).

As amino carriers, Lifetech™ ECR8304F, ECR8404F, ECR8409F,

ECR8315F and ECR8415F were selected. The differences between the

five resins are their particle size, pore diameter, and the amino-spacer

length (see Supporting Information). In contrast to the epoxy carrier

case, the covalent bond is here obtained through a simple carbonyl-

amine condensation reaction (see Figure 1). The resins need to be

activated before via glutaraldehyde addition. Then, the activated

carrier can bind the enzyme linking the second terminal aldehydes

of glutaraldehyde and one of the amino groups of AaeUPO PaDa-I.

When it comes to the enzyme immobilization on amino

carriers, not only different supports but also different enzyme-to-

carrier ratios were investigated. Moreover, also the storage

stability was determined up to 30 days after the immobilization.

For the characterization of the free and immobilized

biocatalyst, the well-accepted assay system oxidizing ABTS

to its single radical specie (ABTS•+) was used to determine

enzyme activity (Kadnikova and Kosti´ 2002). Conversely, the

protein loading was calculated according to the Pierce™
protein concentration assay. Both epoxy and amino

supports showed a similar trend: higher protein loadings

and activities were observed when supports with larger

pore diameters were used. Moreover, comparison of the

amino carriers also shows that shorter spacer lengths lead

to higher protein loading and activity (Table 1).
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Among the supports evaluated for covalent immobilization,

Lifetech™ ECR8315F led to the highest protein loading and

enzyme activity. Therefore, the immobilization procedure was

further optimized for this carrier. Different enzyme-to-carrier

ratios were evaluated (from 0.4 to 3.5 mgprotein/gcarrier) and, as

highlighted in Figure 2, the 0.8 mgprotein gcarrier
−1 showed the right

balance between a high protein loading and a satisfactory activity.

It is worth noticing that by increasing the enzyme-to-carrier

ratio, even if there is an increment in the protein loading, the

enzyme activity tends to fluctuate or even decrease. This

phenomenon might be attributed to the formation of

multilayers on the carrier surface.

Additionally, the long-term process stability of immobilized

AaeUPO PaDa-I was determined over 30 days and up to 60% of

the enzyme activity was retained. Within the ionic

immobilization strategy, two different resins from Purolite Life

Sciences were evaluated (Lifetech™ ECR1508 and ECR1604) (see

Supporting Information). Here, the carriers differ according to

their functional group, a tertiary, and a quaternary amine

(Table 2), and the enzyme is retained due to ionic interactions

TABLE 1 Screening results obtained for the covalent immobilization of AaeUPO PaDa-I.

Carriers[a] Protein loading
(mgprotein/gcarrier)

Immobilization yield
(%)

Specific activity
(U/mg)[b]

Activity yield
(%)

Pore diameter
(Å)

Spacer length[c]

Epoxy carriers

ECR8285 0.250 ± 0.004 54 4.7 0.44 400–600 -

ECR8215F 0.484 ± 0.004 54 44 ± 4 4 1200–1800 -

Amino carriers

ECR8304F 0.670 ± 0.007 57 2 0.2 300–600 Short spacer

ECR8404F 0.40 ± 0.09 32 n.d.[d] n.d 300–600 Long spacer

ECR8409F 0.43 ± 0.01 35 n.d n.d 600–1200 Long spacer

ECR8315F 0.616 ± 0.006 55 27.5 ± 0.5 3 1200–1800 Short spacer

ECR8415F 0.45 ± 0.05 28 21 ± 5 1 1200–1800 Long spacer

aAll the here evaluated carriers are part of the Lifetech™
.

ECR, resins supplied by Purolite Ltd. The resins are characterized by a common specific particle size of 150–300 μm, except for ECR8285 whom shows a particle size of 250–1000 µm.
bper mg of enzyme immobilized.
cShort spacer: C2, long spacer: C6.
dNot detected.

FIGURE 2
Activity and protein loading of the enzyme being immobilized
on the amino carrier ECR8315F. The reported lines in the graph are
only a guide to the eye. Experiments were performed in triplicates
while for 1.5 and 2.0 mgprotein/gcarrier values, the activity results
showed up to 10-fold higher standard deviations.

FIGURE 3
Activity of the enzyme being immobilized on the Amber, Coral,
and Opal EziG™ carriers incubated at different protein-to-carrier
ratios. The reported lines in the graph are only a guide to the eye.
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being established with the carrier’s and enzyme’s surface charge.

Therefore, parameters like the isoelectric point of the enzyme, the

optimal pH, and the ionic strength of the immobilization buffer

must be carefully selected.

When AaeUPO PaDa-I is immobilized on Lifetech™
ECR1604 (quaternary amine), we observed a slightly higher

protein loading (20%) compared to the enzyme being

immobilized on Lifetech™ ECR1508 (tertiary amine). We

hypothesize that the interaction between the negatively

charged enzyme and the–NR3
+ functional group is stronger

compared to the–NR2 moiety. Conversely, the immobilized

enzyme observes a similar activity when immobilized on both

carriers (Table 2). Furthermore, the activity was measured

4 weeks after the immobilization and remained steady.

As regards the metal affinity immobilization technique, we

investigated the three porous carriers from EnginZyme A.B.

(Solna, Sweden): EziG™ Amber, Coral, and Opal. These three

carriers are made of a controlled-pore glass material covered by an

organic polymer leading to hydrophobic, semi-hydrophobic, or

hydrophilic resins (see Supporting Information). Additionally, Fe3+

ions are linked to the carrier surface. For the enzyme immobilization

to occur, the cations interact with the lone pair of electrons of a

histidine group (Cassimjee et al., 2018); therefore, his-tagged PaDa-I

was used for the following immobilization investigations. When

applied to purified his-tagged PaDa-I, we observed a significantly

higher specific activity for immobilized enzyme on the Opal EziG™
carrier although the protein loading is similar for all carriers (Figure 3,

Table 3).

Again, we evaluated different enzyme-to-carrier ratios to

reach the optimal protein loading without compromising the

enzyme activity and found an optimal ratio at 0.8 mgPaDa-I
gcarrier

−1 for EziG™ Amber and 1.0 mgPaDa-I gcarrier
−1 EziG™

Coral. Eventually, the highest specific activity was reached when

the purified his tagged PaDa-I was immobilized on EziG™ Opal

carrier with a final enzyme-to-carrier ratio of 1.2 mgPaDa-I
gcarrier

−1 (Supplementary Figure 3SI; Supplementary Tables

S7–9). Moreover, the activity of the immobilized enzyme

retained up to 1 month.

Further experiments were devoted to the proof-of-concept

of our model reaction system, the hydroxy functionalization

of ethylbenzene to the enantiopure (R)-1-phenylethanol. In

this case, the covalently immobilized PaDa-I (Lifetech™
ECR8315F) was adopted and different parameters like (i)

the amount of immobilized enzyme, (ii) the shaking

intensity and (iii) the reaction temperature were optimized

(see Supporting Information). These experiments were crucial

to prove not only the applicability of the developed

immobilization procedure to the model reaction, but also

that the covalent enzyme immobilization do not affect

either the regio- or the enantioselectivity properties of

the enzyme. However, it cannot be omitted that also the

(R)-1-phenylethanol overoxidation to acetophenone

occurred as a side-reaction; when the optimum conditions

are applied, a target product selectivity of 74% is achieved. Yet

this datum was not an unforeseen phenomenon; in fact, even if

the kinetics parameter regulating the alcohol overoxidation

TABLE 2 Screening results obtained for the ionic immobilization of AaeUPO PaDa-I.

Carriers[a] Protein
loading (mgprotein/gcarrier)

Immobilization yield (%) Specific activity (U/mg)[b] Activity yield (%)

ECR1508 0.658 ± 0.002 38 9 ± 1 1

ECR1604 0.833 ± 0.003 61 7 ± 3 1

aAll the here evaluated carriers are part of the Lifetech™ supplied by Purolite Ltd. The resins are characterized by a common specific particle size of 150–300 µm.
bPer mg of enzyme immobilized.

TABLE 3 Screening results obtained for the affinity immobilization of purified his-tagged AaeUPO PaDa-I.

Carriers[a] (optimum
ratio)

Protein loading
(mgprotein/gcarrier)

Immobilization yield
(%)

Specific activity
(U/mg)[b]

Activity yield
(%)

Pore diameter
(Å)

Amber (0.8) 0.37 ± 0.01 46 69 ± 13 11 300

Coral (1.0) 0.27 ± 0.03 45 50 ± 16 5 300

Opal (1.2) 0.76 ± 0.02 92 67 ± 9 55 500

aAll the evaluated carriers are part of the EziG™ carriers supplied by EnginZymeA.B.; for each carrier, only the data related to the optimum enzyme-to-carrier ratio are reported in the table.

The Amber one is a controlled pore glass material coated with a semi-hydrophobic polymer, the Coral is covered by a hydrophobic polymer, while the Opal carrier is made only of glass. In

all cases, the particle size is 75–125 μm.
bPer mg of enzyme immobilized.
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are still under debate, the ketone formation is a well-known

side rection of UPOs catalysis (Kluge et al., 2012).

The optimized conditions laid the foundation for additional

experiments about the enzyme recyclability (see Supporting

Information). Repetitive batch experiments were indeed

successfully conducted and demonstrated that the covalently

immobilized enzyme can be recycle up to 7 times, with a loss

of product formation of 89% after six batches (see Figure 4).

Before concluding this chapter, it is worth observing that the

aforementioned procedures are only part of the numerous

available immobilization techniques. Unexpectedly, despite the

countless advantages of enzymatic immobilization as well as the

big appeal UPOs have captured since their discovery in 2004,

only few research about the combination of these two core topics

have been published so far. For instance, one of the first

published UPOs carrier bound immobilization procedures,

involved the recombinant unspecific peroxygenase from

Agrocybe aegerita (rAaeUPO) on Relizyme™, which is a

polymethacrylate resin functionalized with

hexamethylenamino groups (Fernandez-Fueyo et al., 2016).

Similar to the aforementioned study, also Fernandez-Fueyo

and coworkers evaluated the enzyme immobilization efficiency

via protein concentration assay of the supernatant and via ABTS

activity assay. When comparing their results with the ones shown

before (Table 1) a similar behavior can be noted: the loss of

enzyme performance (in both cases around 20-fold) is well-

balanced by the increase in the enzyme stability. Recently, the

same enzyme was chosen by Carballares and coworkers to

investigate the effect of the pH in ion exchange

immobilization procedures on cationic supports; after an in-

depth analysis, different activity assays proved that the best

results are achieved with MANAE agarose (Carballares et al.,

2021). As it also emerges from the experiments conducted (see

Table 2), high immobilization yield value can be achieved via

ionic immobilization. However, the pH control necessary to

perform this immobilization can negatively affect the enzyme

activity. In fact, as proved by Carballares et al., albeit the ionic

immobilization performed at pH 9 led to an immobilization yield

of almost 100%, it also caused a decrease in enzyme activity and

stability; according to these results they concluded that, to take

the most advantage from the immobilization procedure, the

rAaeUPO needs to be immobilized at pH 5. Turning back to

the covalent immobilization, Molina-Espeja et al. proved the

feasibility of directed unique-point covalent immobilization

(DUCI) strategy by synthetizing and immobilizing a new

PaDa-I-Cys variant, through the formation of a single

disulfide bridge between the just introduced cysteine and the

carrier (Molina-Espeja et al., 2019). The main advantage of this

immobilization procedure is the strict control on enzyme

orientation exercised by the activated carrier. One of the two

carrier materials studied for the directed unique-point enzyme

immobilization, is a polymethacrylate epoxy activated carrier

which led to results comparable to the ones presented for the

Lifetech™ ECR8215F (see Table 1). Moreover, the authors used

fluorescence confocal microscopy to visualize the enzyme

bound to the epoxy-carrier and, since only a negligible

amount of the non-modified PaDa-I was linked to the

carriers, to prove the selectivity of the immobilization

procedure.

Carrier-free immobilization strategies can also represent a

valid alternative; carrier-free methods generally show

advantages like high volumetric activity and stability

against unnatural condition. According to authors’

knowledge, so far Poraj Kobielska and coworkers have

demonstrated the feasibility of unspecific peroxygenase

encapsulation in polyvinylalcohol/polyethylenglycol gel

FIGURE 4
(R)-1-phenylethanol and acetophenone formation through the repeated batches (A) hydrogen peroxide concentration determined at the end
of each batch (B).
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beads (Poraj-Kobielska et al., 2015) and Kara and coworkers

in alginate beads (Hobisch et al., 2020).

Eventually, it is also worth to mention the positive effect that in-

silico analysis can have in the development of an immobilization

procedure. These can indeed act as guidelines helping us to shortlist

the countless procedures, to point out the optimal conditions and to

foresee the immobilized enzyme behavior. A tool like molecular

docking, for example, can help better understanding the protein

domains involved in the anchoring phase and predict the effect on

the enzyme active site (Holyavka et al., 2016). Similarly, software like

Swiss Pdb Viewer and Maestro identify the amino acid residues on

the enzyme surface and provide information about their special

position. Both were indeed used by Sakibaev and coworkers to

determine the distance between the active center of the enzyme and

the potential sites for binding, an important parameter to predict the

effect of the immobilization procedure on the enzyme activity

(Sakibaev et al., 2019). An alternative is represented by algorithms

such as LIGRe (ligand interacting group reactivity) that determines

the amino acids reactivity at a given pHhighlighting the regions of the

enzyme prone to interact with the carrier functional group (Torres-

Salas, del Monte-Martinez et al., 2011). Moreover, microscopes such

as scanning electron microscope (SEM) and fluorescence confocal

microscopy are often used to display the enzyme distribution

throughout the carrier pores and to predict substrate/product

diffusion limitation problems within the support, respectively

(Molina-Espeja et al., 2019; Ahmad et al., 2020).

Conclusion

Among the different immobilization strategies investigated,

metal affinity binding using the Opal EziG™ support, proved to

be the most suitable method for AaeUPO PaDa-I. The optimized

condition led to an immobilization yield of 92% and to an activity

yield of 55%; moreover, the 75% of enzyme activity was kept up

to 30 days. However, it is worth noting that these promising

results were obtained using purified PaDa-I, which consists of an

extra cost that negatively affect the labour and overhead (L&O)

costs (Thompson et al., 2019b). Comparing only the results of the

crude enzyme extract immobilization procedures, covalent

immobilization with the amino carrier Lifetech™ ECR8315F is

found to be the optimum. When immobilized on this carrier, the

enzyme has an immobilization yield of 55% and an activity yield

of 2%. Moreover, even if 40% of enzyme activity is lost after

30 days, the half-life time of the immobilized enzyme is 15-fold

higher than for the free PaDa-I. Eventually, the covalently

immobilized enzyme was adopted as catalyst in the

ethylbenzene hydroxy-functionalization reaction (proof-of-

concept) and to validate the hypothesis of enzyme

recyclability (until 7 times). According to Thompson et al.,

the obtained results respect industrial requirements like high

enzyme loading (>10wt%) and partially satisfy requirements

such as high retained activity (>50%) and enzyme recyclability

(Thompson et al., 2019a). Moreover, an upscale from 1 to 10 g

immobilization performed with the Lifetech™ ECR8315F carrier

with no negative consequences, reveals its potential use on larger

scales, e.g. in flow, and foreshadows that the system is robust

enough for further increase. Considering this very promising

results, future experiments will be devoted to further improve

immobilization and reaction conditions in order to continue

reducing the gap between the enzyme properties and the

industrial requirements.
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Due to the influence of uncontrollable factors such as the environment and

instruments, noise is unavoidable in a spectral signal, which may affect the

spectral resolution and analysis result. In the present work, a novel spectral

denoising method is developed based on the Hilbert–Huang transform (HHT)

and F-test. In this approach, the original spectral signal is first decomposed by

empirical mode decomposition (EMD). A series of intrinsic mode functions

(IMFs) and a residual (r) are obtained. Then, the Hilbert transform (HT) is

performed on each IMF and r to calculate their instantaneous frequencies.

The mean and standard deviation of instantaneous frequencies are calculated

to further illustrate the IMF frequency information. Third, the F-test is used to

determine the cut-off point between noise frequency components and non-

noise ones. Finally, the denoising signal is reconstructed by adding the IMF

components after the cut-off point. Artificially chemical noised signal, X-ray

diffraction (XRD) spectrum, and X-ray photoelectron spectrum (XPS) are used to

validate the performance of the method in terms of the signal-to-noise ratio

(SNR). The results show that the method provides superior denoising

capabilities compared with Savitzky–Golay (SG) smoothing.

KEYWORDS

denoising, Hilbert–Huang transform, empirical mode decomposition, x-ray
diffraction, x-ray photoelectron spectrum, f-test

Introduction

As a fast, non-destructive analytical technique, spectral analysis plays an increasingly

important role in the fields of traditional Chinese medicine (TCM) (Ma et al., 2020), food

(Bian et al., 2017; Amendola et al., 2020), bio-medicine (Wu et al., 2021; Yang et al., 2022),

and the environment (Sipponen and Osterberg, 2019), etc. However, spectra often contain

noise from instruments and operational errors. Instrumental noise mainly includes dark

noise caused by the thermal effect, photon noise caused by the photon hitting detector,

and electronic noise caused by the A/D converter and circuit board error. In addition,

non-standard experimental operations can also produce noise (Mishra et al., 2020). The

noise could obscure some useful information in the spectra, which results in low
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resolution and prediction accuracy. Therefore, it is essential to

remove noise from the spectra without unduly reducing the

underlying information (Chen et al., 2004).

The commonly used spectral signal denoising methods are

Savitzky–Golay (SG) smoothing (Savitzky and Golay, 1964) and

wavelet transformation (WT) (Shao et al., 2002). SG smoothing is

a filtering method based on local polynomial least square fitting

in the time domain, also known as convolution smoothing, which

has been developed from themoving averagemethod (Zhang et al.,

2019). The SG smoothing is a weighted average method that

emphasizes the role of the center point (Chu X. L. et al., 2022).

A symmetric window of i = 2ω+1 is used, where i and ω are the

points of the moving window (i.e., window size) and half window

width, respectively. The smoothed value at wavelength k is

xk,smooth � �xk � 1
H

∑
+ω

i�−ω
xk+ihi, (1)

where hi is the smoothing coefficient, which can be obtained by

polynomial fitting based on the least square. H is the normalized

factor H � ∑+ω
i�−ω hi. Most of the noise and interference of

abnormal points can be removed by SG smoothing. Moreover,

the peak shift of the spectrum is overcome without delays.

However, SG smoothing is only performed once for noise

removal, which cannot remove noise completely from the

spectrum with in-homogeneous frequency. Compared with SG

smoothing, WT is more refined and efficient because it

decomposes the original spectra into details and

approximations with different frequencies step by step (Shao

et al., 2019). Many wavelet functions such as Haar, Daubechies,

Symlets, and Coiflets have been developed for WT (Fan et al.,

2017). In recent decades, WT has become quite a useful tool for

signal processing in analytical chemistry (Bian et al., 2011).

However, abundant wavelet functions and decomposition

scales also make it difficult to select the parameters for WT

(Chen et al., 2011).

To overcome the drawbacks of WT, Huang et al. (1998)

introduced the Hilbert–Huang transform (HHT), which includes

empirical mode decomposition (EMD) and Hilbert transform

(HT). EMD can decompose any complex signal into a finite

number of intrinsic modal function components (IMFs) and a

residual (Bian et al., 2016). Compared with WT, the

decomposition of EMD does not require any predefined basis

function, which is adaptive and can be applied to any signal

(Wang et al., 2018; Yao et al., 2019). Then, HT is performed on

each IMF, and their corresponding instantaneous frequencies

can be obtained (Peng et al., 2005). HHT denoising has been

successfully used in fault diagnosis (Jin et al., 2015; Fan et al.,

2022), speech recognition (Krishna and Ramaswamy, 2017),

biomedical signal (Lin and Zhu, 2012; Chen et al., 2021),

geophysics (Tang et al., 2015; Chen et al., 2017), and so on.

However, spectral denoising by HHT is seldom used in analytical

chemistry. Moreover, previous studies have determined the cut-

off point between noise and useful signal by observing IMF

components. However, it is difficult to distinguish. Therefore, it is

crucial to determine the cut-off point between high and low

frequencies.

In this research, an effective method based on HHT and

F-test is proposed to eliminate the noise from the noisy spectral

signal. Initially, EMD is introduced to decompose the original

spectrum. A series of IMFs from high to low frequencies are

obtained. Then, HT is applied to each IMF to obtain

instantaneous frequencies. The mean instantaneous frequency

combined with the F-test is used to determine the cut-off point

between noise components and non-noise ones. Artificially

FIGURE 1
Sifting process of EMD.

FIGURE 2
Flowchart of the spectral denoising method based on
Hilbert–Huang transform combined with the F-test.
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chemical noised signal, X-ray diffraction (XRD) spectrum, and

X-ray photoelectron spectrum (XPS) were used to verify the

effectiveness and feasibility of the proposed method. The

performance of the method is evaluated by the SNR and

compared with SG smoothing.

Theory and algorithm

Empirical mode decomposition

EMD is a new adaptive spectral decomposition method.

Through a sifting process, EMD can decompose spectra into a

certain number of IMFs and a residual. With the increase in IMF

orders, the degree of oscillation becomes lower and lower (Bian

et al., 2017). The flow chart of the sifting process of EMD is

shown in Figure 1.

First, in the sifting process for the spectrum, all local

maxima and minima of the original spectrum x are

connected to form upper and lower envelopes by cubic

spline lines, respectively. Then, the mean values m of the

two envelopes are computed by the simple average.

Subsequently, component h is computed by which the

difference between the original spectrum x and mean values

m can be found. Whether h is an IMF by definition is

determined. It is worth noting that the IMFs satisfy two

conditions. One is that in the whole data set, the number of

extreme and zero-crossings must either be the same or different

at most by one. The other is that at any point, the mean value of

the upper and lower envelopes is zero (Sun et al., 2006). If h

does not meet the IMF definition, h, as a new cycle performs the

abovementioned operations until an IMF is obtained. After

determining an IMF component, the component h is subtracted

from the spectrum x to get the residual r, and whether the

residual r becomes a monotone function is judged. Finally, the

sifting process ends till the residue contains no more than one

extreme.

Instantaneous frequency calculation
based on Hilbert transform

Although the oscillations decrease with the increase of IMF

orders, it is difficult to know the frequency value of the IMF itself.

FIGURE 3
Artificially chemical noised signal (A) with its pure signal (B) and noise (C).

FIGURE 4
XRD spectrum of the Fe/SCN catalyst (A) and the XPS
spectrum of the FeNiOS-NS catalyst (B).
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HT is introduced to calculate the instantaneous frequency of each

IMF (Li et al., 2016).

For a signal x(τ), its Hilbert transform H(t) is defined as

H(t) � 1
π P ∫

+∞

−∞

x(τ)
t − τ

d(τ). (2)

Eq. 2 defines HT as the convolution of x(τ) with 1/t.

Therefore, HT emphasizes the local properties of x(τ). Then,

P indicates the Cauchy principal value of the singular integral to

avoid singularities at t � τ, t � ± ∞; this transform exists for all

functions of class LP (Le Van Quyen. et al., 2001).

With this definition, x(τ) and H(t) form the complex

conjugate pair, and an analytic signal, Z(t), is obtained,

Z(t) � x(t) + iH(t) � a(t)eiθ(t) (3)
in which,

a(t) � [x2(t) +H2(t)]1

/

2
, (4)

θ(t) � arctan(
H(t)
x(t)), (5)

where a(t) is the instantaneous amplitude of x(τ), which can

reflect the change of energy of x(τ) with t. θ(t) is the

instantaneous phase of x(τ), and the instantaneous frequency

ω(t) of signal x(τ) can be obtained as follows,

ω(t) � dθ(t)
d(t) . (6)

The proposed denoising method

A novel method is proposed for spectral denoising based on

EMD and HT. EMD is used to decompose the original spectrum

into mono-component IMFs with different frequencies. HT is

combined with F-test to determine the cut-off point of IMFs

between noise components and non-noise ones. The denoising

FIGURE 5
EMD decomposition results (A) and their corresponding instantaneous frequencies (B) for artificially chemical noised signal.
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process of the method is shown in Figure 2. The corresponding

MATLAB code and datasets can be downloaded from the website

https://github.com/bianxihui/chemometrics-matlab-HHT-with-

F-test. The details could be described as follows.

1) The original spectrum x is decomposed into a finite and often

small number of frequency components containing n IMFs

and a residue r by EMD. The low-order IMFs correspond to

the high-frequency components and vice versa.

2) HT is applied to each IMF component and r to calculate their

corresponding instantaneous frequency f1 f2 . . . fn fn+1 by

using Eqs 2 and 5, 6. Meanwhile, mean and standard

deviations of f1 f2 . . . fn fn+1 are obtained.

3) The cut-off point k is judged by Eq. 7,

Fk � (SDk)2
(SDk+1)2, (7)

where SDk and SDk+1 are the standard deviation of fn+1, fn . . . f2 f1,

and Fk is the ratio of (SDk)
2 to (SDk+1)

2. The significant difference of

Fk is determined by the F-test with a 99.95% confidence interval.

The degrees of freedom are set to 2 and 4, respectively.

Furthermore, the F-test is being applied to distinguish a

significant difference between the kth and (k+1)-th SD of fs.

When Fk has a significant difference, k is judged as the cut-off point.

4) IMF1, IMF2, and IMFk are the noising components that are

deleted. The denoising spectrum is reconstructed by

summing IMFk+1, IMFk+2, IMFn, and r.

Experimental

The artificially chemical noised signal, XRD spectrum, and

XPS spectrum are used to evaluate the performance of the

proposed method. The artificially chemical noised signal is

shown in Figure 3A, which is composed of 501 variables

recorded in the range of 1–501, with a digitization interval of

1. It contains an artificially chemical signal with random noise in

which the pure artificially chemical signal y1 is produced by the

Gaussian function represented by Eq. 8, as shown in Figure 3B.

y1 � 2exp[ − (
x − 2
2

+ 4)]|cos x − 1.2|. (8)

The noise signal y2 is added by Eq. 9.

y2 � 0.05 × randn(p), (9)

where p represents the number of variables of an artificially

chemical signal, that is, 501 values are generated. Moreover,

randn generates values from a normal distribution with mean

1 and standard deviation 1, as shown in Figure 3C. The artificially

chemical noised signal y = y1+y2.

The spectrum from the study by Wang et al. is measured on

an X-ray diffractometer (D/MAX-RB, Japan) for catalyst

materials (Fe/SCN) (Wang et al., 2021; Chu Y. Y et al., 2022).

The diffraction angle range is 20–80°, the interval is 0.02°, and

there are 3,001 variables.

The spectrum from the study by Chu et al. is measured on an

X-ray photoelectron spectrometer (PHI 5700) for catalyst

materials (FeNiOS-NS) (Chu Y. Y. et al., 2022). The binding

energy is 700.08–740.08 eV, the interval is 0.1 eV, and there are

400 variables.

Figure 4 shows the original spectrum of XRD and XPS. By

visual inspection, in Figure 4A, the spectral noise distribution is

FIGURE 6
Mean and standard deviation of instantaneous frequencies
for artificially chemical noised signal.

FIGURE 7
Original (blue line), SG smoothing (pink line), and HHT
denoising (red line) artificially chemical noised signal.
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uniform, and the peak appears at the diffraction angle of

40–50 degrees. In Figure 4B, the spectrum contains sharp

noise, which covers the peaks. Therefore, it is necessary to

remove the useless noise and retain the useful peaks.

Results and discussion

Denoising of the artificially chemical
noised signal

Based on the self-adaption and frequency decomposition

superiorities, EMD is introduced to decompose the original

artificially chemical noised signal. Figure 5A shows the

decomposition result of EMD for an artificially chemical

noised signal. The original spectrum is decomposed into eight

IMFs (IMF1–IMF8) and an r. It is clear that the oscillation

frequency decreases as the order of IMF becomes larger. By

visual inspection, IMF1–IMF4 are obvious noise components

with little information, while an r is the low-frequency

components, which are extremely slow. However, it is difficult

to determine whether IMF5 is a noise component or not.

Different IMF components have different frequencies, and HT

can be used to calculate their instantaneous frequencies. The HT

results for IMFs of artificially chemical noised signals are shown in

Figure 5B. The f1 contains a large number of peaks. With the

increase of the f order, the number of peaks gradually decreases.

Although the total variation range of the instantaneous frequency

FIGURE 8
EMD decomposition results (A) and their corresponding instantaneous frequencies (B) for the XRD spectrum.
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becomes smaller with the increase of the f order, the instantaneous

frequency value for each variable is different for the same f order.

Thus, the mean instantaneous frequencies of fn+1, fn, . . . f1 are

calculated to observe the trends in frequencies. Meanwhile, the

standard deviations of fn+1, fn, . . . f1 are further calculated for

evaluating the noising degree of IMFs. As shown in Figure 6, the

mean and standard deviation of f1–f4 are much higher than those

of f5–f9. Furthermore, the mean of f5–f9 tends to be flat, and the

FIGURE 9
EMD decomposition results (A) and their corresponding instantaneous frequencies (B) for XPS spectrum.

FIGURE 10
Mean and standard deviation of instantaneous frequencies
for the XRD spectrum (A) and XPS spectrum (B).

FIGURE 11
Original (blue line), SG smoothing (pink line) and HHT
denoising (red line) XRD spectrum (A) and XPS spectrum (B).
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standard deviation of f5–f9 is relatively low. Subsequently, IMF4 is

judged as the cut-off point by the F-test. Therefore IMF1–IMF4 are

deleted as noise, and IMF5–IMF8 and an r are reconstituted as

useful signals.

To better evaluate the performance of the proposed method, SG

smoothing applied to the artificially chemical noised signal denoising

is compared with that of the proposed method, and SG smoothing

window size is selected as 13. The comparison between the proposed

method and the SG smoothing denoising results are shown in

Figure 7. It is obvious from the figure that the spectrum is

smoother and the peaks are more obvious after denoising by the

proposed method. In order to illustrate quantitatively the superiority

of the proposed method, the SNR of the two methods is calculated,

where the SNR of the proposed method and SG smoothing is

22.59 and 21.60, respectively. It can be seen that compared with

SG smoothing denoising, the SNR of the proposed method of

denoising is improved and the denoising effect is more ideal.

Denoising of the experimental spectrum

To compare and verify the denoising effect of the proposed

denoising method on the actual spectrum, noisy XRD and XPS

spectra were selected for denoising. Figure 8A depicts the

decomposition result of EMD for an XRD spectrum. The

original spectrum is decomposed into eight IMFs (IMF1–IMF8)

and an r. It is difficult to determine whether IMF5 and IMF6 are

noise components or not by visual inspection. The instantaneous

frequency of each IMF is obtained by HT, as shown in Figure 8B.

With the increase of the f order, the number of peaks gradually

decreases. Figure 9A depicts the EMD results of an XPS spectrum

which is decomposed into six IMFs (IMF1–IMF6) and an r. The

corresponding frequencies fs are calculated in Figure 9B. Similarly,

whether IMF4 is a noise component or not, cannot be determined.

The mean and standard deviation of the f order for XRD and

XPS spectra are calculated. As shown in Figure 10A, for the XRD

spectrum, with the increase of IMF orders, the mean instantaneous

frequency of f first decreases and then approaches being flat. The

change in the standard deviation of f is directly proportional to the

mean instantaneous frequency. The IMF with a large mean

instantaneous frequency has a large standard deviation. Five is

determined as the cut-off point by the F-test for the XRD

spectrum. IMF6–IMF8 and an r are reconstructed as the

denoising XRD spectrum. As shown in Figure 10B, for the XPS

spectrum, the variation of the mean and standard deviation of fs is

similar to that of the XRD spectrum. Four is determined as the cut-

off point by the F-test for the XPS spectrum. IMF5, IMF6, and an r

are reconstructed as the denoising XPS spectra.

The SG smoothing is also applied to noisy XRD and XPS

spectra. 21 and 17 are selected as the window size for the two spectra.

Figures 11A,B show the denoising results of XRD and XPS spectra

by SG smoothing and the proposed method. It is clear from

Figure 11A that SG smoothing cannot remove the noise

completely, and some noise is still left in the spectrum. In

contrast to SG smoothing, the method proposed in this research

not only makes the spectrum exceedingly smooth after denoising,

but useful information is also retained. From Figure 11B, XPS

spectral noise is also not completely removed by SG smoothing,

especially at the three peaks. However, most of the noise is removed

by the proposed method while retaining useful information.

Conclusion

Anovel denoisingmethod is proposed based onHHT combined

with the F-test. EMD is applied to adaptively decompose the

spectrum without setting parameters. Then, HT is performed on

IMFs to calculate the instantaneous frequencies. In addition, mean

instantaneous frequencies are combined with the F-test as the

criterion for distinguishing noise components and non-noise ones.

It is concluded that the proposed denoising method is valid by noise

removal for the artificially chemical noised signal, XRD, and XPS

spectra. Moreover, compared with SG smoothing, the proposed

method shows superiority both in observation and the SNR.
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Electrodeposited Fe on Cu foam
as advanced fenton reagent for
catalytic mineralization of methyl
orange
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In many countries, the textile industry remains the major contributor to

environmental pollution. Untreated textile dyes discharged into water

negatively impact the performance of aquatic organisms and may cause a

variety of serious problems to their predators. Effective wastewater treatment is

a key to reducing environmental and human health risks. In this work, the Fe/Cu

catalysts were used in heterogeneous Fenton’s reaction for the degradation of

high concentrations ofmethyl orange (model azo dye) in aqueous solutions. For

the first time, the catalysts were prepared onto commercial copper foams by

potentiostatic electrodeposition of iron using an environmentally friendly

electrolyte. The influence of electrodeposition conditions, H2O2

concentration, dye concentration and temperature on the model dye

degradation was investigated. It was revealed that both the surface area and

the catalyst loading play the major role in the effective dye degradation. The

experimental results involving spectrophotometric measurements coupled

with total carbon and nitrogen quantification suggest that a solution

containing up to 100 mg/L of methyl orange can be successfully

decolorized within 90 s at 50°C using porous Fe/Cu catalyst in the presence

of hydrogen peroxide that largely surpasses the current state-of-the-art

performance. Already within the first 10°min, ~ 30% of total methyl orange

concentration is fully mineralized. The described process represents a cost-

efficient and environmentally friendly way to treat azo dyes in aqueous

solutions.

KEYWORDS

heterogeneous fenton reaction, electrodeposition, Fe/Cu catalyst, methyl orange,
enviromentally friendly
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Introduction

The production volume in the textile industry is increasing

each year, which generates huge amounts of effluent containing

dyes and other pollutants. Textile wastewater must be treated to

remove or decrease the concentration of pollutants to the

acceptable levels before its reuse or discharging into the

environment (Holkar et al., 2016). This is especially the case

of widely used azo dyes which contain one or more nitrogen-to-

nitrogen double bonds (-N=N-) (Li et al., 2015; Sha et al., 2016),

and 60–70% of dye groups and are fairly stable (Ananthashankar

et al., 2013). Over the years various physical (coagulation,

adsorption, reverse osmosis), chemical (ozonation and

chlorination), and anaerobic biodegradation techniques have

been developed to remove organic pollutants, including the

azo dyes (Vandevivere et al., 1998; Murali et al., 2013).

Usually, these techniques require expensive equipment, and

do not fully mineralize all the pollutants but rather convert

them into other organic compounds. In addition, the cleaning

process may cause undesirable effects, e.g., chlorine gas evolution

or precipitates, when chlorination is used as a water remediation

procedure (Dutta et al., 2001; Tak and Kumar, 2017).

In recent years, advanced oxidation processes (AOPs) as a

way to mineralize various organic dyes in waste water, and due to

their high efficiency AOPs have drawn considerable attention.

Also, decolorization dyes based on Fenton processes are of great

interest (Miklos et al., 2018). Generally, this process involves a

generation of the most reactive oxidizing agent in water

treatment, namely reactive hydroxyl radicals, which non-

selectively and rapidly react with numerous species. Since

hydroxyl radicals have a very short lifetime, they are only

produced in-situ through different chemical reactions

processes. Fe(II) is the most frequently used because it can

activate H2O2 and produce hydroxyl radicals in water (Deng

and Zhao, 2015). In the Fenton process, H2O2 reacts with Fe2+ to

generate strong reactive species.

The reactive species produced are traditionally recognized as

hydroxyl radicals, though other substances such as ferryl-ions (also

products of this reaction) (Deng and Zhao, 2015). In addition to Fe2+

ions, the oxidizing solution may contain other metal ions, e.g., Cu+,

Cr3+, Co2+, Ti3+, W6+, Mon+, etc., that can catalyze similar (Fenton-

like) reactions (Wang et al., 2016; Zhang et al., 2018; Séverin et al.,

2020). Remarkably, bimetallic Fenton reagents demonstrate a higher

catalytic efficiency compared to the homogeneous Fe(II)-based

catalysts. The activity of the catalyst can be greatly enhanced by

combiningCu and Fe, whereCu can strongly accelerate the reduction

cycle of Fe3+ to Fe2+ (Fe2+ has higher reaction rate when breaking

down hydrogen peroxide) through exposed metal active sites and

increase the accumulation of •OHoxidants in the system (Rossi et al.,

2014). Heterogeneous Fe/Cu catalysts demonstrated great activity at

various concentrations of organic matter as well as stability with

multiples uses (Rossi et al., 2014; Wang Y. et al., 2015; Zhang et al.,

2017).

Sludge management is an important factor that greatly affects

the total treatment costs. One of the ways to reduce the amount of

generated sludge is to use heterogeneous Fenton instead of

homogeneous reaction, because the heterogeneous reaction

has lower activation energy than the homogenous one

(Karthikeyan et al., 2011), and higher removal efficiency

(Fontecha-Cámara et al., 2011; Zárate-Guzmán et al., 2019).

The overview of main advantages and disadvantages of

different Fenton processes were discussed in details in (Xu

et al., 2020). Moreover, the efficiency of the Fenton process

can be manipulated by applying photo degradation and using

various iron oxidation states for active hydroxyl radical’s

generation (Devi et al., 2010).

Surface texturization is an energy-efficient approach to

achieve high degree of organics breakdown. Highly active

catalysts can be prepared by immobilizing (or depositing) iron

species into porous templates, e.g., zeolites, activated carbon, etc.,

or using various nanoparticles (Fontecha-Cámara et al., 2011;

Wang J. et al., 2015; Litter, 2017). However, these templates could

clump up in real wastewater forming larger clusters.

Metal foam as a substrate for catalyst looks attractive because

it has durability, ductility, light specific weight. In addition, such

3D porous materials have numerous applications in

electrochemical technologies. Therefore, in this work, we

fabricated an advanced Fe/Cu-foam catalyst for Fenton’s

reaction, where a thin Fe coating was electrodeposited onto

highly porous metallic copper foam. From the catalytic point

of view, the importance has an “effective area” of catalyst in the

reaction media, that in our case it is a solution. In order to

estimate this parameter in the solution, the capacity of double

electric layer (DEL) was chosen as an indicator of the effective

surface area. DEL is thin enough in the moderately concentrated

FIGURE 1
Preliminary evaluation of the catalytic activity of plane and 3D
surface catalysts for degradation of MO. The geometrical area was
1 cm2 on all used substrates. The catalysts were electrodeposited
at -1.5 V and q = 150 C. The test solution contained 100 mg/L
of MO, 20 g/L Na2SO4 and 25 µL of H2O2.
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solutions (tens of nanometers), and replicates all surface

irregularities that are higher than the thickness of DEL. The

peculiarities of mass-transport, charge transfer and charging of

DEL on the foam electrode were described in (Vainoris et al.,

2020). The fabricated Fe/Cu-foam catalyst seems an attractive

substrate for catalysts as the effective surface area of the foam is

from 7 to 14 times bigger than the geometrical area of the smooth

surface (Vainoris et al., 2020). Moreover, our preliminary results

on the evaluation of the catalytic activity of plane surface (copper

wire) vs. foam (Figure 1) confirm the effectiveness of the 3D

substrate (taken into account that the geometrical area was the

same). Therefore, in this paper we will be dealing with the foam

substrate only.

In addition, the environmental issues were taken into

account in this study, therefore for the electrodeposition

process, i.e., an Fe(III)-based citrate-glycolate electrolyte

(Mažeika et al., 2021) was used to ensure the stability of the

bath over long periods of time and a high deposition rate. The

activity of obtained catalysts was assessed using an aqueous

solution of model nitro-dye, i.e., methyl orange (MO),

investigating the rate of decolorization and degree of

mineralization. The effects of various parameters that may

influence the rate of Fenton-like heterogeneous reaction such

as operating temperature, concentrations of dye and hydrogen

peroxide were evaluated.

Materials and methods

Materials and sample preparation

All the chemicals were of analytical grade and were used

without further purification (Carl Roth, Karlsruhe, Germany).

Solutions have been prepared using deionized water (DI). Cu

foam electrodes served as working electrodes were purchased

from Alfa Aesar. The porosity of these electrodes is ~90–91%.

Electrochemical depositions have been performed and controlled

using programmable potentiostat/galvanostat AUTOLAB

PGSTAT 128N (Metrohm, Utrecht, Netherlands); the software

used for controlling the hardware was Nova 1.11.2. All

electrodepositions have been performed using a standard

three-electrode cell, where Cu foam acted as a working

electrode, circular platinized titanium mesh (Alfa Aesar, Ward

Hill, MA, United States) was used as a counter electrode, and Ag/

AgCl/KClsat (Sigma-Aldrich, St. Louis, MO, SA) was used as a

reference electrode. All values of potentials are indicated in the

text against this reference electrode. The distance between the

counter and working electrode was fixed at 2.5 cm, and the

distance between working and reference electrodes was fixed at

1.5 cm. The geometric size of working porous electrodes was

1 cm × 1 cm.

Prior measurements working electrodes have been washed

and degreased using acetone, ethanol, and water in the ultrasonic

bath. The native copper oxide layer has been removed by dipping

copper foam into 2 M H2SO4 solution for 10 s and afterward

rinsed with DI water. Electrodeposition of iron was carried out

using a Fe(III)-based solution to avoid bath stability issues: 0.1 M

Fe2(SO4)3, 0.3 M citric acid, and 1 M glycolic acid (Nicolenco

et al., 2018). The pH of solutions was adjusted to 6.5 by sodium

hydroxide and measured using a pH-meter ProLine Plus

(Prosence B.V, Oosterhout, Netherlands). The

electrodeposition was carried out at a constant temperature of

60°C (±0.5°C) and under constant stirring using a magnetic

stirring bar at 600 rpm. Three distinct potentials have been

chosen for electrodeposition: 1.5, −1.7, and −1.9 V with five

corresponding amounts of charge for each potential applied:

150, 300, 450, 900, and 1350 C. All the depositions were

replicated at least 8 times.

Catalytic activity

MO aqueous solution was used to evaluate the catalytic

activity of the modified foams. The test solution contained 40,

70, or 100 mg/L of MO and 20 g/L Na2SO4. The pH was adjusted

to pH 3 (±0.1) using 95%H2SO4 solution. The temperature of the

dye solution was kept at chosen value (30, 40, or 50°C) and

constant stirring was applied using a magnetic stirring bar at

600 rpm. All the experiments were carried out in 100 ml cell.

Hydrogen peroxide was added to the beaker with MO solution

1 min before the experiment, allowing the full distribution of it.

The modified copper foams were immersed into the dye

solution for 10 min unless stated otherwise. The decolorization of

the solution was tracked every minute by extracting 2 ml of

solution and measuring the light absorption in 320–620 nm

range (scan step 2 nm) using a spectrophotometer (T60 UV-

Visible Spectrophotometer, PG Instruments Limited,

United Kingdom). After the measurement, the aliquot was

poured back into the beaker. The current efficiency was

determined gravimetrically by tracking the weight of copper

before deposition and after deposition of Fe.

The total organic content (TOC) and total nitrogen (TN)

were determined using the TOC-VCSN Shimadzu analyzer (with

TNM-1 block for nitrogen determination). The analysis was

carried out after removing iron from the test solution by

increasing pH to 9.8 using a 7 M NaOH solution. The formed

iron oxides and hydroxides have been removed via centrifuge,

and the supernatant was used for TOC and TN analysis.

Characterization

The morphology of Fe-covered copper foams was

investigated using a scanning electron microscope (SEM,

Hitachi’s Tabletop Microscope TM-3000, Tokyo, Japan),

equipped with an EDX module.
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Results and discussion

Electrochemical iron deposition onto
copper foam

Electrodeposition onto 3D substrates is generally challenging due

to the complicated mass transport of charged species through the

channels of the substrate. To obtain a good quality, the

electrodeposition of Fe coating onto the Cu foam was performed

under strict control of temperature and stirring. Three specific

potential values were selected. For each one five distinct amounts

of coulombs were let through the electrochemical cell. Figure 1 shows

the surface morphology of obtained Fe/Cu catalysts.

With increasing the cathodic potential, Fe deposits become

dendritic (see Figures 2A–C). It is worth mentioning that due to

the complex shape of the copper foams all substrates exhibited a

certain degree of edge effect, i.e., quicker growth and formation of an

almost foam-like structure was observed at the edges of the foam

substrate. Remarkably, such unevenly structured Fe deposits could

provide more active sites for the Fenton reaction catalysis comparing

to the flat surfaces. With increase in deposition time (i.e., charge

passed, see Figures 2D–F), uneven bumps are developed on the

surface, which could increase the surface area and enhance the activity

of heterogeneous catalyst. Furthermore, the EDS map analysis

(Figures 2G–I) reveals open copper parts at short electrodeposition

time (60% of copper and 40% of iron), which are losing their visibility

under prolonged time (increased charged passed).

FIGURE 2
SEM images of electrochemically deposited copper under different conditions: top row q = 450 C (A) −1.5 V, (B) −1.7 V (C) −1.9 V; middle
row—E = −1.9 V (D) q = 150 C, (E) q = 900 C, (F) q = 1350 C; bottom row—SEM/EDSmap analysis, where the red color on the images indicates the Cu
distribution at (G) 150 C, (H) 300 C, (I) 450 (C).

FIGURE 3
The dependence of current efficiency for iron deposition on
the amount of charge passed through the electrochemical cell at
various applied potentials (marked on the graph).
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As it is seen in Figure 3, the current efficiency of the

deposition did not exceed 30% regardless the potential

applied. This is mainly caused by abundant hydrogen

evolution reaction that accompanies iron electrodeposition

and adsorption of organic matter on the working electrode

that blocks the active surface of the electrode. At lower

cathodic potentials, the current density is quite low, hence the

rate of iron electrodeposition is quite slow and the surface

coverage is not uniform probably due to electrocrystallization

limits. With the increase in applied cathodic potential, there is a

noticeable increase in the current efficiency, which is most likely

caused by the interplay of partial current of side reactions and

iron electrodeposition.

As the deposition time increases, the current efficiency drops

regardless of the applied potential (Figure 3) probably due to the

vigorous mixing that breaks apart the fragile dendrite-like

structure. Nevertheless, the drop is relatively small, i.e., ~3%.

However, the decrease of current efficiency under longer

deposition time becomes more significant at higher potentials.

The morphology of iron deposits at −1.9 V vs. Ag/AgCl becomes

foam-like (foam formation on the copper foam), and the moving

electrolyte solution inside of the copper foams pores destroys this

less mechanically stable structure. The drop in the current

efficiency, when comparing the shortest and longest

deposition times, becomes around 5% and is significant since

the overall deposition efficiency reaches its maximum at

approximately 25%.

The effect of Fe electrodeposition
potential on fenton reaction rate

To evaluate the effects of both the amount of deposited iron

and eventual changes in morphology on the heterogenous

Fenton reaction rate, the catalysts were electrochemically

deposited under three distinct potentials with five different

amounts of charge passed from 150 to 1300 C. The evaluation

of catalytic activity was performed at 30°C tracking the average

decolorization time in 70 mg/L MO solution in the presence of

90 µL of H2O2.

The mechanism of MO degradation involves the cleavage

of–N=N- bond with the formation of sulfanil ion and an

aromatic amine and causes the disappearance of a

characteristic color of the solution. The reaction process

further through several steps that lead to full degradation of

MO (Han et al., 2015). The obtained results are shown in

Figure 4.

When 150 or 300 C are passed for Fe electrodeposition

(thinner Fe film deposited and the smaller fraction of

coverage Cu substrate by Fe), the decolorization time depends

on both the potential and amount of passed charge. When Fe was

deposited at higher potentials, the obtained Fe surface has more

bumps and an almost foam-like structure (Figure 2), and in turn

has more active sites. When a certain amount of iron is deposited

on the copper foam, the Fenton reaction occurs at high enough

rate, because the iron coating corrodes quickly in acidic media in

the presence of H2O2 and forms enough Fe2+ ions, which later

catalytically breakdown hydrogen peroxide into hydroxyl

radicals, which in turn degrade organic dyes. The sequence of

reactions occurs that within the modified Fenton process in the

presence of Fe powder was proposed in (Gomathi Devi et al.,

2009).

Further increasing the deposition time and amount of

electrodeposited iron on the foam surface did not affect effect

on the discoloration rate. The thick iron layer also prevents Cu to

participate in a Fenton-like reaction, thus increasing the

efficiency of the reaction by replenishing Fe2+ ions. However,

increasing the amount of iron on the foam could reduce the

mineralization efficiency, because of possible side reactions,

which consume the ferrous ions and reduce the overall

oxidation capacity.

The effect of charge passed for Fe
electrodeposition (q) at various MO
concentrations

The effect of the amount of charge applied for Fe

electrodeposition onto Cu foam on MO decolorization time

was investigated at three concentrations of MO, i.e., 40, 70,

and 100 mg/L, because these concentrations are close enough

to those being found in the real wastewater (Yaseen and Scholz,

2019). The layers of Fe were electrodeposited at −1.9 V, because

the best performance even at small q was obtained (for

comparison see Figure 4). The other parameters were kept as

40°C and 90 μL of H2O2. The acquired dependences of

decolorization time on charge amount passed for catalyst

formation are shown in Figure 5.

FIGURE 4
Effect of electrodeposition conditions (potential applied and
charge passed) on decolorization time of 70 mg/L MO solution
at 30°C.
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The catalysts with a relatively low Fe load (less amount of q

used for electroforming) and therefore higher fraction of exposed

Cu substrate demonstrate a lower catalytic efficiency as

compared to a catalyst with a higher load of Fe (higher

amount of q used for electroforming). The same results were

obtained for the catalysts with high Fe loading, i.e., produced at

1350 C, where the Cu substrate is fully covered, and no exposed

regions are in contact with the solution.

Effect of hydrogen peroxide
concentration on fenton reaction rate

The mechanism of the Fenton reaction is quite complicated.

Both heterogeneous and homogeneous reactions can occur

simultaneously, and interdependencies exist between

concentrations of organic matter, iron ions, and hydrogen

peroxide. To determine the optimal H2O2 concentration, three

concentrations of MO were chosen, and the catalyst with an

excessive amount of iron (deposited at −1.9 V and q = 450 C) was

used. The experiments were conducted at 30 and 40°C.

Figure 6 shows the variation of decolorization time as a

function of the total H2O2 volume added to the MO solution. The

fastest discoloration rate at lowest added H2O2 volumes was

achieved for a solution containing the lowest concentration of

MO, i.e., 40 mg/L. The results imply that the solution became

transparent in less than 2 min after adding 50 µL of H2O2

(0.6 mm). Remarkably, when increasing MO concentration up

to 100 mg/L, the optimal ratio between MO and hydrogen

peroxide concentrations remains the same. Thus, for a 70 mg/

L MO solution the optimal concentration of peroxide is 90 µL

(1.1 mm), and for 100 mg/L MO—120 µL (or 1.2 mm of H2O2),

that gives a factor of f = 0.8. This coefficient has been applied in

all following experiments with variable concentration of MO in

the solution. Note, that using a too low concentration of peroxide

results either in a partial decolorization of the solution or a slower

decolorization and only a partial mineralization. A large surplus

of H2O2 does not increase the rate of discoloration. It is probably

due to the complexity of the Fenton reaction (Gomathi Devi

et al., 2009), where the initial concentration of organic

compounds is directly responsible for decolorization time, and

the rate-determining step of dye decolorization is the dye

reaction with •OH radicals (Eq. 1):

•OH + Dye → Oxidised dye +H2O (1)

It is surmised that under surplus of H2O2 the concentration

of •OH radicals in the solution are kept high enough, and does

not influence the decolorization rate of MO at relatively small

concentrations of one (40–70 mg/L), whereas at a higher

FIGURE 5
Dependence of decolorization time on MO concentration
and catalyst deposition conditions (charge passed), at 40°C, 90 µL
H2O2. Fe was electrodeposited at −1.9 V.

FIGURE 6
Effect of H2O2 concentration on decolorization time at various MO concentrations at 40°C. The catalyst was electrodeposited at −1.9 V, q =
450 C.
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concentration of MO (100 mg/L) the consumption rate of •OH
radicals became higher than the generation of one’s rate under

reactions (Eqs. 2–5) (Gomathi Devi et al., 2009):

Fe0 +H2O2 → Fe2+ads (2)
Fe2+ads +H2O2 → Fe3+ + 2•OH (3)
Fe0 +H2O2 → Fe2+ + 2OH− (4)

Fe2+ +H2O2 → Fe3+ + •OH + OH− (5)

In addition, under excess of H2O2, the occurring passivation

of iron results in the formation of thin passive layers (Namkung

et al., 2005). Therefore, the reactions (2–4) are impeded, and the

overall rate of dye oxidation reaction 1) decreases, i.e.

decolorization time increases.

Temperature effects on mineralization
efficiency

Usually, the temperature of effluents from the textile wet

processing is in the range of 30–60°C (Yaseen and Scholz, 2019).

In order to simulate real effluents and investigate the effect of

temperature on the degradations rate of MO, the catalysts were

tested at three temperatures: 30, 40, and 50°C. Decolorization

time was tracked at chosen temperatures in the 70 mg/L MO

solution, using Fe/Cu catalyst electrodeposited at −1.9 V and

90 µL of H2O2. Figure 7 shows that the decolorization time

difference between 30° and 50°C is almost 3 min and it is

almost independent of the amount of iron on the copper

foam. At 30°C the maximum efficiency is reached using

catalysts obtained when 450 C and −1.9 V was applied for Fe

layer electrodeposition. With further increase in temperature to

40 and 50°C, even a lower amount of iron on the copper foam is

enough to reach minimal values of decolorization time, and there

is no big change with the increase of charge passed. This further

proves that under such conditions the overall reaction rate is

being controlled by the iron corrosion rate. Since with the

increase in temperature the corrosion rate increases as well.

This implies that homogeneous Fenton’s reaction may occur

in the bulk of the solution.

The mineralization efficiency has been investigated to further

evaluate the efficiency of the catalyst. The total amount of carbon

in the solution has been determined by using catalysed oxidation

of all organic matter at high temperatures. From Figure 8, the

total MO degradation rate into carbon dioxide and water does

not follow the same tendencies as decolorization time

dependence on the temperature. Even though with increasing

FIGURE 7
Dependence of decolorization time of 70 mg/L of MO
solution (H2O2 conc.—90 µL) on temperature and amount of
electric charge applied for iron deposition conditions. FIGURE 8

The dependence of total carbon amount after 10 min of
degradation with immersed catalyst (obtained at −1.9 V) at various
temperatures and iron loadings (charge passed).

FIGURE 9
The dependence of total carbon amount in the solution on
the current charge passed for Fe deposition (at −1.9 V) at various
initial MO concentrations at 50°C. Immersion time 10 min.
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temperature the first degradation step, namely decolorization,

occurs faster and the side reactions rates increase as well.

However, the iron corrosion rate changes with the

temperature, which likely controls the overall MO

degradation rate.

Even though working at elevated temperatures may not be

desirable, in practice this allows to digest higher concentration of

pollutants. The results presented in Figure 9 demonstrate that

only after 10 min at 50°C up to 50% of all organic matter was fully

mineralized using Fe/Cu catalysts obtained at 150 and 300 C. At

higher amounts of deposited iron, the leaching rate is too quick,

and the H2O2 is likely used for water splitting and other side

reactions. In the solution containing 70 mg/L of MO, the

mineralization was quite weak at low catalysts loading, but

from 450 C and upwards was around 25–35%. This is likely

because the amount of iron on the Cu foam was not sufficient to

achieve the reaction at its highest rate when the Fe loading was

relatively low. The best results were obtained using 100 mg/L

concentrations of MO, where the mineralization achieved in

10 min was around 25–40% and almost did not depend on the

catalyst loading. This implies, that the iron ions were leached

almost at the optimal rate. It is also worth mentioning that after

all Fe layer is leached to the solution, the Cu foam substrate can

be reused by electrodepositing a fresh portion of the catalyst.

Furthermore, various heterogeneous Fenton catalysts were

compared, and the results are shown in Table 1. It can be noted

that the effectiveness of catalysts is greatly dependent on the

experimental conditions used, particularly the catalyst loading,

dye, and H2O2 concertation. The Fe/Cu catalyst prepared in this

work shows a relatively high efficiency compared with hollow Co.

nanoparticles (Sha et al., 2016). With simple synthesis and ease of

use, this catalyst shows great promise for upscaling and using it

on an industrial scale.

Conclusion

The effective heterogeneous catalytic system containing Fe0

electrodeposited onto Cu foam was investigated in the Fenton

process involving the methyl orange (MO) degradation. The

influence of iron deposition conditions, H2O2 concentration and

temperature on catalytic degradation of MO were investigated

using various concentrations of MO in the solution. The optimal

conditions for Fe layers deposition on Cu foamwhich provide the

catalyst with a highest activity in Fenton process are: deposition

potential −1.9 V vs Ag/AgCl at amount of charge >300 C and the

geometric size of electrode 1 cm × 1 cm. This procedure allowed

to achieve a full decolorization at a concentration of MO of

100 mg/L in up to 90 s depending on the temperature.

Moreover, the total mineralization efficiency is cca 30–40%

already within the first 10 min after the catalyst immersion into

the MO dye solution. The described catalytic process allows to

effectively mineralize large amounts of MO within several

minutes and represents an environmentally friendly and cost-

effective alternative to other Fenton catalysts described in the

literature.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

TABLE 1 Comparison of various Fenton catalysts for the degradation of MO.

Type
of catalyst

Catalyst
amount

Solution
volume
(ml)

MO
conc

Temperature H2O2

conc
pH Decolorization

time
Ref

Ultrasonically dispersed nano
metallic particles

50 mg/L 100 20 mg/L - 50 mM 2.5 5 min Singh et al.
(2017)

Iron powder dispersed in solution
along with UV illumination

10 mg 200 10 ppm 10 ppm 3.0 16 min Gomathi Devi
et al. (2009)

Homogeneous Fenton reaction Fe2+ 0.2 mm 540 µm Room
temperature

3 mM 2.9 15 min Youssef et al.
(2016)

Hollow Co. nanoparticles 0.5 g/L 10 100 mg/L Room
temperature

2.5 4min Sha et al. (2016)

Electro-Fenton-like process 2.14 mM Fe (II)
I—2.1 A

500 106 mg/L 3.0 30 min Taylor et al.
(2013)

Zeolites modified with Fe-Mn/
MCM41

1 g/L 100 mg/L Room
temperature

5 mmol/L 3.0 120 min Zhang et al.
(2018)

Tungsten oxide nanoparticles 50 mg 100 65 °C 2.5 ml 3.0 89.7% in 3h Séverin et al.
(2020)

Cu/Fe nanoribbons 14.5 mg 50 mg/L Room
temperature

0.1 g/L 3.0 20 min Zhang et al.
(2017)

Fe/Cu foam 100 100 mg/L 50°C 1.2 mm 3.0 1.5 min This work
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Suramin was the first urea-based drug to be approved in clinic, and in the

following century a number of milestone drugs based on this scaffold were

developed. Indeed, urea soon became a privileged scaffold in medicinal

chemistry for its capability to establish a peculiar network of drug−target

interactions, for its physicochemical properties that are useful for tuning the

druggability of the new chemical entities, and for its structural and synthetic

versatility that opened the door to numerous drug design possibilities. In this

review, we highlight the relevance of the ureamoiety in themedicinal chemistry

scenario of anticancer drugs with a special focus on the kinase inhibitors for

which this scaffold represented and still represents a pivotal pharmacophoric

feature. A general outlook on the approved drugs, recent patents, and current

research in this field is herein provided, and the role of the urea moiety in the

drug discovery process is discussed form a medicinal chemistry standpoint. We

believe that the present review can benefit both academia and pharmaceutical

companies’ medicinal chemists to prompt research towards new urea

derivatives as anticancer agents.

KEYWORDS

urea, anticancer drug, suramin, kinase inhibitors, patent survey, medicinal chemistry

Introduction

Suramin: The first urea-based drug. From trypanocidal to
putative anticancer drug

This year marks the 100th anniversary of the introduction of suramin–the first

chemotherapeutic agent developed in a medicinal chemistry project–to clinics (Wiedemar

et al., 2020). Paul Elrich was the first to report the activity of dye or dye derivatives (such as

trypan blue or trypan red) against tropical infections (Wainwright, 2010). To avoid skin

staining as a side effect, and therefore looking for colorless derivatives, Oskar Dressel,

Richard Kothe, and Bernhard Heymann at Bayer replaced the azo moieties present in

trypan dyes with amido and ureyl linkers. These structural modifications preserved the

conjugation between the aromatic rings but did not confer a peculiar coloration to the
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molecule. All urea derivatives showed higher

antitrypanosomatidic activities compared to the original dyes.

Particularly, suramin (molecule 205 in the original work) was the

best-in-class compound and in 1922 it entered in therapy for the

treatment of Human African Trypanosomiasis (HAT) (Figure 1)

(Wainwright, 2010).

Despite its poor bioavailability and its intrinsic toxicity,

suramin is still widely used to treat HAT (Steverding, 2010),

and through the years, its use has been extended to other

pathological conditions, including other parasitic infections

(such as leishmaniasis and malaria) and viral infections (such

as HIV, chikungunya, Ebola, dengue, Rift Valley fever and Zika),

although with limited effects (Henß et al., 2016; Kuo et al., 2016;

Tan et al., 2017). Starting from 1940s, suramin has been

evaluated as an anticancer agent. At first, the capability of

suramin in reducing the tumor mass in mice engrafted with

lymphosarcoma was studied. Later, its potential anticancer

activity was assessed in clinical trials against diverse neoplastic

diseases such as melanoma, breast, prostate, bladder, brain, and

lung tumors. None of these trials proved the efficacy of suramin

as an anticancer agent in monotherapy (Parveen et al., 2022).

Conversely, suramin was shown to be an effective

chemosensitizer in in vivo models by enhancing the efficacy of

other anticancer drugs such as cyclophosphamide, adriamycin,

mitomycin C, taxol and carboplatin in mice (Osswald and

Youssef, 1979). However, in a Phase I clinical study concluded

in 2003, the association of nontoxic doses of suramin with taxol

or carboplatin did not overcome drug resistance in patients with

drug-resistant non-small cell lung cancer (Villalona-Calero et al.,

2003). Several combination of suramin with anticancer agents

endowed with different mechanisms of action have been

proposed, namely protein kinases (Hensey et al., 1989),

nucleic acid polymerases, fibroblast growth factor receptors

(FGFR), heparanase (Nakajima et al., 1991), serine and

cysteine proteases (Cadène et al., 1997), caspase (Eichhorst

et al., 2004), telomerase histone- and sirtuin histone

deacetylases (Trapp et al., 2007), methyltransferases (Feng

et al., 2010), RNA-binding protein (i.e. HuR) (Kakuguchi

et al., 2018), and many others. The association of suramin

with estramustine and docetaxel showed promising results in

hormone-refractory prostate cancer patients, though additional

trials are necessary to warrant the clinical use of suramin in

combinatorial antineoplastic therapies.

Along the years, several suramin derivatives have been

developed to enhance its anticancer activity. Firsching et al.

(1995) were the first to investigate the antiproliferative and

angiostatic activity of a series of nineteen suramin derivatives

(1, Figure 2) against 5 different human cell lines (HT29, MCF7,

SW13, PC3, and T47D). The structure activity relationship

(SAR), mainly delineated on the HT29 activity, suggested that

the number and position of the sulfonic groups do not affect the

activity of the molecules (HT29 IC50 = 43–390 μM) indicating

the effect of other functional groups, and in particular of the urea

moiety, its antiproliferative activity. Indeed, the symmetry of the

molecule around the urea moiety seemed to be mandatory for the

anticancer activity, as the asymmetrical and truncated suramin

derivatives were ineffective against the tumor cell lines that were

investigated. Moreover, the replacement of the urea bridge with a

FIGURE 1
Chemical structures of suramin. The main structural modification that led to the discovery of suramin is highlighted in red.
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less stiffened linker—succinic acid diamide—produced the least

active of the suramin analogues (IC50 > 500 μMagainst almost all

the selected cell lines). This trend was almost maintained against

the other investigated cancer cell lines (T47D IC50 = 73–196 μM,

MCF7 IC50 = 31–300 μM, PC3 IC50 = 100–190 μM, and

SW13 IC50 = 135–180 μM). This evidence suggested the

importance of the urea central unit for antiproliferative action

(Firsching et al., 1995).

McCain et al. (2004) investigated the effect of suramin and

45 other congeners as inhibitors of protein-tyrosine phosphatases

(PTPs), including Cdc25A. Cdc25A is considered an oncogene

and it is overexpressed in breast, head and neck tumors. Several

suramin derivatives resulted potent (IC50 < 5 μM) and specific (at

least 20–30-fold specificity) Cdc25A inhibitors with respect to

the other human PTPs tested. SAR profiles revealed that it was

the core structure rather than the terminating functionality to

affect the inhibitory properties of the molecules. It also appears

that both halves of the symmetrical suramin core structure and

urea moiety are required for high affinity binding to all PTPs

studied. In 2020, Parveen et al. (2020) reported the

antiproliferative activity of NCTU-Alan-2026 (Figure 2), a

suramin analogue. The mechanism underlying NCTU-Alan-

2026’s anti-mitogenic activity is mediated by the capability of

the molecule to effectively interact with the heparan sulfate

binding site of FGF1, thus blocking the interaction between

FGF1 and FGF1R2 which ultimately results in anti-

proliferative activity. The same authors designed and

synthesized a new series of congeners and assessed the anti-

proliferative activity in breast cancer MCF7 cell lines, with

compound 2 (Figure 2) showing an IC50 of 193 μM. Although

they were slightly less active than suramin (MCF7 IC50 =

153 μM), these derivatives showed a better safety profile, thus

encouraging further in vivo investigation (Parveen et al., 2020).

The binding of these compounds at FGF1 was confirmed by

NMR spectroscopy.

Urea-based anticancer drugs

Suramin is the first ever drug containing a urea moiety to be

introduced to clinics. Since then, urea soon became a privileged

scaffold in medicinal chemistry, as proved by the presence of this

moiety in several drugs and bioactive compounds endowed with

a broad range of therapeutic and pharmacological properties.

Querying the ChemBL, over 90,000 synthetic compounds

possessing the urea scaffold in their structure were retrieved

(Gaulton et al., 2012). Over the last 20 years there has been an

increasing interest of the pharmaceutical community in the

FIGURE 2
Chemical structures and SAR highlights of the suramin’s derivatives with proved anticancer activity.
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design and development of novel urea-based anticancer

compounds as testified by the exponential growth in the

number of documents published per year from the years

2000–2022 (Figure 3).

Recently, several comprehensive reviews have been published

about the physicochemical properties of urea, the traditional and

breakthrough synthetic methodology of this functional group,

and the exploitation of this moiety in modern drug discovery and

medicinal chemistry (Ghosh and Brindisi, 2020; Catalano et al.,

2021; Liang et al., 2021; Siddig et al., 2021).

Herein, we will give a comprehensive overview on the urea

derivatives developed as anticancer agents, highlighting the

relevance of the urea functionality from a medicinal chemistry

standpoint, and providing the up-to-date information (according

to FDA’s and EMA’s websites and to AdisInsight repository, last

access on 16 August 2022) about their therapeutic use, and the

highest clinical phase reached. We will provide a dissertation

about urea-based anticancer drugs characterized by different

mechanisms of action (Figures 4, 5), followed by a special

focus on the kinase inhibitors approved for clinical use or

currently in clinical trials. Lastly, a patent survey as well as an

outlook on the future directions of the research in this field will

also be drawn.

Hydroxycarbamide

Hydroxycarbamide (HU, Figure 5) is an antimetabolite

discovered in 1928, but its effectiveness as an anticancer drug

was demonstrated in clinical trials in the 1960s by Bristol-Myers

Squibb. In 1967, HU was launched worldwide for the treatment

of diverse tumors such as primary brain cancer, renal cell

carcinoma, head and neck cancers, melanoma, and breast

cancer. Starting from 1980s, HU was further approved for the

treatment of chronic myeloproliferative disorders (MPDs) and

chronic myeloid leukemia (CML) (Spivak and Hasselbalch,

2011). HU is a selective and potent inhibitor of ribonucleotide

reductase (IC50 = 87 μM) by selectively quenching the tyrosyl free

radical. This induces the inhibition of DNA synthesis as HU

starves the DNA polymerase at the replication forks for dNTPs

(Koç et al., 2004). The non-specificity of its mechanism of action

makes HU to be an effective cytostatic anticancer drug in a wide

variety of cells with a high turnover. Moreover, the depletion of

the deoxyribonucleotide pool induced by HU, enhances the

anticancer activity of pyrimidine and purine antimetabolites.

Several studies demonstrated the potential of HU in

sensitizing tumors to other chemotherapeutic agents (Spivak

and Hasselbalch, 2011).

Alkylating agents

Nitrosoureas are an old class of alkylating anticancer drugs,

characterized by the N-nitroso-urea scaffold from which their

FIGURE 3
Number of publications (reviews and articles) and patents per
year (from 2000 to 2021) reported in literature about urea-based
compounds as anticancer agents. Source Scopus and Espacenet
(last web access on 14 July 2022).

FIGURE 4
The timeline reports the year of the first approval in clinics of the urea-based anticancer drugs from 1922 to date.
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peculiar mechanism of action arises (Gnewuch and Sosnovsky,

1997). The N-nitroso-urea undergoes spontaneous degradation

producing highly reactive alkylating species that generate DNA

crosslinking, thus blocking DNA replication and transcription

(Colvin et al., 1976; Kohn, 1977; Tong and Ludlum, 1978).

Moreover, the reactive species may react with the nucleophilic

residues of the DNA repairing enzymes causing their irreversible

inactivation. Carmustine, lomustine, fotemustine and

streptozocin are the main representative and still clinical used

nitrosoureas (Figure 5) (Avendaño and Menéndez, 2015).

Lomustine, was the first nitrosourea discovered and it was

subsequently launched in 1976. Thanks to its high

FIGURE 5
Chemical structure and main therapeutic use of the urea-based anticancer drugs (not active as kinase inhibitors) herein discussed.
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lipophilicity, it is able to cross the BBB by diffusion and for this

reason it is mainly used for the treatment of brain tumors or as a

second-line treatment for Hodgkin’s lymphoma. Lomustine

inhibits the growth of U87 and temozolamide-U87 cell lines

with an IC50 of 55 and 86 μM, respectively. Lomustine reduces

the level of expression of the DNA repair protein O6-

alkylguanine-DNA alkyltransferase (Yamamuro et al., 2021).

Despite its congeners, lomustine is the sole nitrosourea that is

administered orally. Lomustine is still approved in the EU but not

in the United States. Carmustine was launched the following

year (in 1977) and it is still used to treat several types of brain

cancer including glioma, glioblastoma multiforme (U87 IC50 =

18.2 μM), medulloblastoma and astrocytoma, multiple myeloma,

and lymphoma (Hodgkin’s and non-Hodgkin’s) (Avendaño and

Menéndez, 2015; Kumar et al., 2020). Streptozocin is a natural

anticancer antibiotic isolated from a strain of Streptomyces

achromogens. From a chemical standpoint it is a glycosylated

nitrosourea and it was approved by the United States FDA in

1982 (Vavra et al., 1960 Bhuyan, 1970). The presence of the

glucopyranoside sugar portion (in both anomeric forms) gives

the structure good solubility in water in comparison to other

lipophilic antineoplastic nitrosoureas. The sugar moiety makes

the molecule selective for Langerhans cells as it exploits the

glucose transporters to concentrate the compound in the β cells

of the pancreas (Hosokawa et al., 2001). For this reason, it is

mainly used for the treatment of metastatic cancer of pancreatic

islet cells (Brentjens and Saltz, 2001). Lastly, fotemustine was

developed by Servier and was launched for the first time in

France in 1989. It has since been made available to other

countries in the EU and worldwide, but not in the

United States. Fotemustine alkylates guanine by forming

chloroethyl adducts at the O6 of guanine, resulting in N1-

guanine and N3-cytosine cross linkages, inhibition of DNA

synthesis, cell cycle arrest, and finally apoptosis (Hayes et al.,

1997). This agent is high lipophilic and crosses the blood-brain

barrier and for this reason, it is employed for the treatment of

disseminated malignant melanoma (IC50 = 173.326 and 125 μM

against A375, MABe and RPMI-7591 cell lines, respectively),

including cerebral metastases (Moarbess et al., 2008; Menaa,

2013).

Gonadotropin-releasing hormone based
therapy

Degarelix (Figure 5) is an injectable gonadotropin-releasing

hormone (GnRH) receptor peptide antagonist launched in

Europe in 2009 by Ferring Pharmaceuticals for the treatment

of prostate cancer. Prostate cancer is known to be hormone-

sensitive and responds to anti-androgen treatments (Chuu et al.,

2011). Degarelix inhibits gonadal testosterone synthesis in men,

and estrogen synthesis in women. It was developed within a

medicinal chemistry program aimed at the amelioration of the

pharmacodynamic and pharmacokinetic properties of the

gonadotropin secretion antagonists cetrorelix (Bajusz et al.,

2009) and ganirelix (Nestor et al., 1992). Despite their

potency, these two peptides suffer from the stimulation of the

release of histamine and relative short acting activity. Moreover,

all the previously reported GnRH antagonists have poor water

solubility and form gels at low concentration thus preventing the

development of formulations that would last more than a month.

To improve the solubility and the receptor binding ability of

these peptides, functional groups that are able to form H-bonds

such as the urea moiety (or cyclic congeners) have been

introduced onto the side chain of specific amino acids.

Degarelix was the most potent (GnRH IC50 = 3 nM)

derivative, with very long-acting activity, higher solubility and

without propension to form hydrogels, thanks to the presence of

the urea moiety. It stabilizes a favorable peptide secondary

structure that is less amenable to forming gels. Lastly, the

chemistry of urea unlocked the synthesis of this peptide on

solid support (Jiang et al., 2001). The improved

pharmacodynamic and pharmacokinetic properties allowed for

once monthly administration of the drug. Degarelix has been

launched in the United States, EU, and other countries

worldwide, for the treatment of prostate cancer. A single dose

of degarelix, followed by a monthly maintenance dose, causes a

rapid decrease in LH and FSH concentrations and, consequently,

testosterone (Van Poppel, 2010). Serum concentrations of

dihydrotestosterone (DHT) decrease in the same way as those

of testosterone. The monthly maintenance dose allows for the

suppression of testosterone to be sustained in 97% of patients for

at least 1 year, well below medical castration levels (Persson et al.,

2009).

Goserelin (Figure 5) is a synthetic analogue of the

luteinizing hormone-releasing hormone (LHRH),

developed by AstraZeneca. It has been launched in over

100 countries for the treatment of prostate cancer, early

breast cancer, uterine hemorrhage, and endometriosis.

Goserelin was discovered in 1987 when Dutta et al.

synthesized a series of LHRH analogues containing an aza-

aminoacid in position 6, 9, or 10 of the endogenous peptides.

The introduction of an aza residue in the peptide was

beneficial for obtaining derivatives with a higher affinity

for the receptor site (GnRH IC50 = 2 nM) and for

enhancing the stability towards enzymatic degradation,

thus improving the pharmacokinetic profile (Dutta et al.,

1978). Unlike degarelix, LHRH agonists induce a prolonged

blockage of the production of androgen and estrogen

hormones thus inducing a drastic reduction in the level of

testosterone and estradiol after a month of therapy. An effect

comparable to chemical castration is achieved after 4 weeks.

As a side effect, such synthetic hormones may often stimulate

the growth of prostate cancer in men, and breast cancer in

women during the first 2 weeks of therapy, thus

compromising the efficacy of the treatment (Nasser, 2022).
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Relugolix (Figure 5) is a gonadotropin-releasing hormone

(GnRH) receptor antagonist that prevents the secretion of GnRH

(GnRH IC50 = 0.33 nM) (Huirne and Lambalk, 2001). This

results in a reduction of the gonadotropins luteinizing

hormone (LH) and follicle-stimulating hormone (FSH) levels,

leading to the suppression of estrogen production in women and

testosterone production in men. Low levels of estrogen and

testosterone can help control of the growth of sex hormone-

based tumors such as uterine leiomyoma in woman and prostate

cancer in men. The research in this field led to the development

of relugolix by Takeda. It was marketed in 2020 in the

United States for the treatment of advanced prostate cancer

(Shore et al., 2020). Relugolix was moreover registered also in

Japan, for uterine leiomyoma (2019) and it was also approved

this year in the European Union for the treatment of advanced

hormone-sensitive prostate cancer. In addition, Myovant

Sciences proved the beneficial effect of the co-administration

of estradiol, norethisterone and relugolix for the treatment of

heavy menstrual bleeding associated with uterine fibroids

(uterine leiomyoma) (Ali et al., 2022). This drug association

aims to optimize estradiol levels to achieve the long-term benefit

of relugolix, while mitigating the side effects from a low-estrogen

state. It is already available in the United States, and it has been

approved in the EU for uterine leiomyoma.

Hedgehog signal transduction inhibitors

Glasdegib (Figure 5), discovered by Pfizer, is the only drug

currently approved for the treatment of acute myeloid leukemia

(AML) and it represents the first and only Hedgehog pathway

inhibitor approved for human use (Goldsmith et al., 2019;

Thompson and Donald, 2020). This drug inhibits a

transmembrane protein involved in hedgehog signal

transduction (Fukushima et al., 2016). The Hedgehog

signaling pathway plays an essential role in embryogenesis

(Pak and Segal, 2016). Glasdegib was registered in 2018 by

FDA for the treatment of AML in adult patients who are

75 years or older or have comorbidities that preclude the use

of intensive induction chemotherapy (Goldsmith et al., 2019;

Thompson and Donald, 2020).

Prostate-specific membrane antigen
directed drugs

Prostate-specifc membrane antigen (PSMA) inhibitors have

been recently introduced in clinic as radiotracers or theragnostic

agents. PSMA, also known as folate hydrolase I (FOLH1) and

glutamate carboxypeptidase II (GCPII), is a 750-aminoacid type

II transmembrane glycoprotein which is 1000-fold overexpressed

on the surface of prostate cancer cells. This difference in

expression of PSMA between normal and cancerous cells

accounts for the high selectivity of these inhibitors (Evans

et al., 2016). The discovery of these high affinity PSMA

ligands, took place by Kozikowski et al. Starting from the

structure of the N-Acetyl-L-aspartyl-L-glutamate (NAAG)

peptide, which is one of the substrates of GCPII, the authors

developed a first series of 4,4′-phosphinicobis-butane-1,3-
dicarboxylic acids as potent GCPII inhibitor (IC50 = 21.7 nM).

With the aim to develop a chemically accessible second series of

congeners for a swift SAR study, the authors replaced the

phosphinic moiety present in the first generation of PSMA

ligands with the urea moiety (Figure 6). The urea was chosen

to mimic a planar peptide bond between the two amino acids and

to improve the resistance to enzymatic hydrolysis (Kozikowski

et al., 2001). According to the results achieved, the glu-ureido-glu

moiety first, and the glu-ureido-lys moiety then, began to become

a common scaffold in the design of the PSMA ligands and of the

corresponding radioactive-nuclide derivatives (Figure 6).

N-[N-[(S)-1,3-dicarboxypropyl] carbamoyl]-(S)-[11C]methyl-

L-cysteine ([11C]DCMC) was the first reported radiolabeled

inhibitor. However, the short half-life of carbon-11 forced the

medicinal chemist to consider a different radioisotope, such as

[125I] or [18F]. In particular, [18F] is a β+ emitting radionuclide

that enables positron emission tomography. [18F]DCFBC (N-[N-

[(S)-1,3- dicarboxypropyl]carbamoyl]-(S)-4-[18F]fluorobenzyl-

Lcysteine) was initially synthesized as a proof of concept for the

exploitation of fluorine-18 for clinical translation. Although [18F]

DCFBC was suitable for the visualization of PSMA positive

prostate cancer in mice, it is characterized by a long

blood residence, which reduces the tumor-to-background

ratio (Rowe et al., 2015). Conversely, the pyridyl derivative [18F]

DCFPyL (2-(3-{1-carboxy-5-[(6-[18F]fluoro-pyridine-3-

carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid) showed a

higher binding affinity for PSMA and tumor uptake, and lower

blood persistence than [18F]DCFBC, with an overall suitable profile

for use in humans (Chen et al., 2011). It was further developed by

Progenics Pharmaceuticals under the name of Piflufolastat F18

(Figure 5) and it is available in the United States for the

identification of suspected metastasis or recurrence of prostate

cancer. The candidate is under regulatory review in the EU. The

extensive SAR around the glu-ureido scaffold, supported by the

crystallographic structures resolved for four PSMA inhibitors,

validated the urea as a worthy surrogate of the peptide bond.

From X-ray structures, the glu-urea-lys moiety fits within the

GCPII S1’ pocket with the same orientation for all the four

derivatives, with the urea interacting with the active-site Zn1
2+

ion and the side chains of Tyr552 andHis553 (Barinka et al., 2008).

Banerjee et al. designed a series of PSMA inhibitors based on the

glu-urea-lys peptidomimetic that chelate 68Ga as radiotracers

(Banerjee et al., 2010). [68Ga]PSMA-11 (also known as

Gozetotide Ga-68, Figure 5) was the best-in-class derivative

and was further developed by RadioMedix as a tomographic

imaging enhancer radiopharmaceutical for the diagnosis of

prostate cancer, adenoid cystic carcinoma, renal cell carcinoma,
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solid tumours, thyroid cancer, liver cancer and ovarian cancer,

using positron emission tomography–computed tomography

(PET-CT). Gallium (68Ga) gozetotide is approved in the

United States for the diagnosis of prostate cancer and it is

undergoing registration in several countries worldwide.

However, Gallium (68Ga) gozetotide was not suitable for

radiolabeling with therapeutic radiometals. To fix this issue,

Benešová et al. reported the synthesis of 177Lu-PSMA-617,

where the chelator was conjugated to the Glu-urea-Lys by a

naphthalic spacer (Benešová et al., 2015). The naphthalic spacer

introduced to reach the accessory hydrophobic pocket in the

S1 pocket was detected through the analysis of the GCPII-

PSMA inhibitor crystallographic structures. The naphthyl

function improved the tumor-targeting and the

pharmacokinetics of this PSMA inhibitor. 177Lu-PSMA-617 is

characterized by a high binding affinity and internalization,

together with a prolonged tumor uptake and rapid kidney

clearance making it suitable for endoradiotherapy (ERT)

(Pastorino et al., 2020). At the target site, the decay of

Lutenium-177 releases a β-particle that causes the focused

death of the cancer cell. 177Lu-PSMA-617 was further

developed by Advanced Accelerator Applications (a subsidiary

of Novartis) with the name of lutetium (177Lu) vipivotide

tetraxetan (Figure 5). It is approved in the United States for

the treatment of (PSMA)-positive metastatic castration-resistant

prostate cancer. Preregistration is ongoing in EU.

Kinase inhibitors

In the late 1990s, the discovery of the key role of the kinase-

regulated biochemistry pathway in the genesis, sustainment and

proliferation of cancer was a breakthrough for new, effective, and

selective anticancer therapeutic strategies. Some kinases, such as

EGFR (Ayati et al., 2020; Sabbah et al., 2020), VEGFR (Shibuya,

2011; Modi and Kulkarni, 2019; Wang et al., 2020), RAF kinases

(Holderfield et al., 2014; Karoulia et al., 2017), PKC (Rui et al.,

2017; Linciano et al., 2022), and Aurora kinases (Bavetsias and

Linardopoulos, 2015; Yan et al., 2016), just to cite a few, are

amplified in various cancer types and their dysregulation is

associated with poor prognosis in cancers. Accordingly, the

development of drugs targeting several kinases resulted in the

winning pharmaceutical option (Kannaiyan and Mahadevan,

2018; Cohen et al., 2021). The approval of the first urea-based

oral multikinase inhibitor for the treatment of cancer in humans

(Sorafenib) in 2005 represented a milestone in this field. To

ameliorate the pharmacodynamic and pharmacokinetic

properties of sorafenib and to widen its activity against other

tumors, several medicinal chemistry campaigns have been

accomplished, leading to the discovery of over 60 kinase

inhibitor anticancer drugs (Ayala-Aguilera et al., 2022). From

a medicinal chemistry standpoint, the urea moiety played a

pivotal role in the design of these kinase inhibitors, and it is

present as a central scaffold in 10 kinase inhibitors over

66 approved drugs (Ayala-Aguilera et al., 2022). The urea-

based kinase inhibitors are reported in Figure 7 and will be

discussed in the following.

Sorafenib was discovered within a drug discovery

campaign targeting the Ras–Raf–MEK–ERK oncogenic

pathway (Wilhelm et al., 2006). The assessment of a library

of 200,000 compounds against Raf1 (or c-Raf) kinase led to the

identification of the 3-thienyl urea 3, which exhibited a c-Raf

IC50 of 17 μM and was therefore selected for further

improvement (Figure 8) (Riedl, 2001; Smith et al., 2001).

Nevertheless, the first SAR study around the 3-thienyl urea

did not result in a significant improvement in the potency of

the original hit compound. To quickly extend the SAR, both

Bayer and Onyx Pharmaceuticals synthesized a new library of

almost 1000 bis aryl ureas that were prepared using a parallel

synthesis approach. The 3-amino-isoxazole 4 exhibited a

c-Raf kinase IC50 of 1.1 μM (Figure 8) (Smith et al., 2001).

The subsequent replacement of the distal aromatic ring with

bioisosteres, while preserving the central urea moiety, led to 5.

It was selected as lead compound due to its druggability, its

activity in HCT116 proliferation assays and its ability to

decrease the phosphorylation of MEK and ERK. Further

FIGURE 6
Medicinal chemistry rationale that was leading to the development of piflufolastat F18, gozetotide Ga-68 and lutetium (177Lu) vipivotide
tetraxetan starting from NAAG.
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preclinical studies demonstrated the efficacy of 5 in inhibiting

the growth of HCT116 xenografts, thus providing the first

proof of concept for the inhibition of c-Raf kinase, a suitable

anticancer therapeutic strategy (Figure 8). Further lead

optimization studies confirmed the key role of the urea

moiety in the Raf1 kinase inhibition. The modification of

both the heterocyclic moiety and the distal pyridine ring of

compound 5 led to the identification of sorafenib (c-Raf

IC50 = 6 nM), which has been shown to be effective in both

preclinical and clinical studies against several forms of human

cancer (Lowinger et al., 2002). Further studies showed the

capability of sorafenib to inhibit other intracellular (c-Raf,

BRAF and mutant BRAF) and cell surface kinases (KIT, FLT-

3, VEGFR-2, VEGFR-3, and PDGFR-ß) (Wilhelm et al., 2004).

The importance of the urea moiety in sorafenib and its

congeners was rationalized in 2004, thanks to the X-ray

crystallographic structure of BRAF in complex with sorafenib

(Wan et al., 2004). As it can be observed in PDB ID: 1UWH, the

distal pyridyl ring of sorafenib binds within the ATP binding

pocket and interacts with Trp530, Phe582 and Phe594. The

FIGURE 7
Chemical structure of the kinase inhibitors based on aryl-urea moiety approved for clinical use in humans from 2005 to 2021.

FIGURE 8
Key steps in the optimization process of sorafenib starting from the first identify diarylurea.
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aliphatic side chains of Lys482, Leu513, and Thr528 contact the

central phenyl ring of the inhibitor, whereas the trifluoromethyl

phenyl ring is buried into a hydrophobic pocket delineated by

helices C and E and the N-terminal portion of the kinase. The

urea group that plays a pivotal role in c-Raf inhibition forms two

hydrogen bonds; the first is established between the nitrogens of

the urea and the carboxylate side chain of the catalytic Glu500,

whereas the second involves the carbonyl moiety and the peptidic

nitrogen of Asp593. These observations provided a clear

rationale for the importance of the urea moiety in the design

of effective c-Raf inhibitors (Wan et al., 2004).

Regorafenib is a fluorinated analogue of sorafenib (Wilhelm

et al., 2011) with a comparable pharmacodynamic profile and an

enhanced clinical performance, mainly related to the presence of

the fluorine atom at the central aromatic ring. In 2012, it was

approved the treatment of metastatic colorectal cancer (Dhillon,

2018) and in 2017 its use was extended to advanced

hepatocarcinoma (Heo and Syed, 2018).

Donafenib is a modified form of sorafenib with a

trideuterated N-methyl group at the distal pycolinamide

moiety. The introduction of the deuterium atoms was guided

by the necessity to potentially enhance the stability of sorafenib,

thus improving the pharmacokinetic profile. In vitro studies

demonstrated that donafenib and sorafenib have similar

antiproliferative potency in multiple human cancer cell lines.

Preclinical, Phase Ia and Ib studies have demonstrated good

efficacy and safety profiles for donafenib (Bi et al., 2017; Li et al.,

2020). Donafenib is approved in China for the treatment of

hepatocellular carcinoma. Other clinical investigations for biliary

cancer, acute myeloid leukaemia, thyroid cancer, gastric cancer,

gastrointestinal cancer, esophageal cancer, nasopharyngeal

cancer, colorectal cancer, cervical cancer and non-small cell

lung cancer are underway in China.

Lenvatinib is another oral multikinase inhibitor successor of

sorafenib. It is a type IIA inhibitor of VEGFR2 (IC50 = 4 nM),

although Okomoto et al. recently suggested a re-classification of

lenvatinib as a type V inhibitor (Okamoto et al., 2015).

Lenvatinib is also an inhibitor of VEGFR1 (IC50 = 22 nM)

and VEGFR3 (IC50 = 5.2 nM) and other pro-angiogenic and

pro-oncogenic receptor tyrosine kinases, including FGFR 1

(IC50 = 46 nM), PDGFR α and β (IC50 = 51 and 39 nM,

respectively), and KIT (IC50 = 100 nM). In 2015, it was

approved for the treatment of non-radioiodine responsive

thyroid cancer and in 2016 (Hamidi et al., 2022), for

advanced renal cell carcinoma in combination with

everolimus (Motzer et al., 2015, 2021). It is currently in

clinical trials for the treatment of hepatocellular carcinoma.

Lenvatinib differs from regorafenib and sorafenib as the

diaryl-urea core scaffold has been replaced with an N-aryl-N-

cyclopropyl urea. Notwithstanding this difference, the

crystallographic structure of lenvatinib with VEGFR-2

demonstrated an overall comparable binding mode to

sorafenib with BRAF (PDB ID: 3WZE) (Okamoto et al.,

2015). Both drugs bind at the ATP-binding site of the

receptor by exploiting the urea core scaffold which occupies a

nearly identical position. The urea is involved in a network of

H-bonds with the main-chain nitrogen of Asp1046 and the

carboxylate in the sidechain of Glu885 as already observed in

the binding mode of sorafenib at VEGFR-2. Notwithstanding the

binding mode interests the ATP-binding site on VEGFR2 as well

as the neighboring nonconservative allosteric region, the

VEGFR2 structure complexed with sorafenib is in a DFG-out

conformation, whereas VEGFR2 complexed with lenvatinib is in

a DFG-in conformation. This different behavior might justify the

longer residence time observed for lenvatinib than sorafenib

(Okamoto et al., 2015).

Tivozanib is a potent pan-VEGFR tyrosine kinase

inhibitor developed by Kirin Brewery, Co., Ltd. It showed

picomolar activity against all three VEGFR isoforms (VEGFR-

2 IC50 = 0.16 nM, VEGFR-l IC50 = 0.21 nM, and VEGFR-3

IC50 = 0.24 nM) (Nakamura et al., 2006). Additionally, it has

nanomolar activity for cKIT and PDGFR at 1.63 and 1.72 nM,

respectively. The sole information regarding the discovery of

tivozanib is only reported in patent no. US2003087907A1

(Kubo et al., 2002). The medicinal chemistry aspect of this

study is not available. Tivozanib was approved in 2017 by the

EMA and in 2021 by FDA as a first-line therapy for the

treatment of relapsed or refractory advanced renal cell

carcinoma (Salgia et al., 2020).

Ripretinib is a novel type II tyrosine switch control inhibitor

being developed by Deciphera Pharmaceuticals for the treatment

of KIT or platelet derived growth factor receptor A (PDGFRA)-

driven cancers, including gastrointestinal stromal tumor.

Ripretinib inhibits KIT and PDGFRA kinases, including other

kinases such as PDGFRB, TIE2, VEGFR2 and BRAF (Okamoto

et al., 2015). Ripretinib is a type II “switch-control” kinase inhibitor

that forces the activation loop (or activation “switch’’) into an

inactive conformation (Smith et al., 2019). This innovative

mechanism of action for ripretinib and congeners was

confirmed by the recently resolved X-ray crystal structure of

KIT1 kinase in complex with the ripretinib chloro analog DP-

2976 (PDB ID: 3WZE). The carbonyl of the pyrimidone ring and

the urea moiety in particular is involved in a dense network of

H-bonds with the key amino acids Lys623, Asp640, and Glu810.

These hydrogen bonds contribute to the switch of the kinase

activation loop into the inactive type II state. Moreover, the

pyridone ring forms additional hydrophobic interactions to

further maintain the activation loop in its inactive state. The

observed binding mode rationalized the peculiar mechanism of

action of ripretinib. The sole information regarding the discovery

of ripretinib is only reported in patent no. US8461179B1 (Flynn

et al., 2012). The medicinal chemistry aspect of this study is not

available. It was approved for medical use by the FDA in May

2020 and by the EMA in November 2021 for the treatment of

patients with advanced gastrointestinal stromal tumors after

previous therapy with kinase inhibitors.
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Infigratinib is a pan-fibroblast growth factor receptor

(FGFR) kinase 1-4 inhibitor, developed by Novartis. Aimed at

the identification of potent and selective FGFR inhibitors,

Guagnano et al. adopted a nonconventional strategy by

replacing the pyrido [2,3-d]pyrimidin-7- one core structure of

a well-known class of protein kinase inhibitors with a

N-pyrimidin-4- yl-urea motif able to form pseudo six-

membered rings by intramolecular hydrogen bonding, as

depicted in Figure 9 (Guagnano et al., 2011). The first

designed prototype compound 6 showed a submicromolar

activity against FGFR1 (IC50 = 570 nM) (Furet et al., 2008). In

a lead optimization process, the key structural motives of another

FGFR1 inhibitor (PD173074, (Barvian et al., 2000)) were

implemented in the chemical structure of 6. Indeed, as

depicted from the crystallographic structure of FGFR1 in

complex with 6, the two C (3) and C (5) methoxy groups on

the aromatic ring of PD173074 optimally fill the ATP

hydrophobic pocket of the kinase (Mohammadi, 1998). A

series of 3,5-dimethoxy-phenyl pyrimidinyl urea derivatives

were prepared, with Infigratinib being the most potent and

FIGURE 9
Key steps in the design of infigratinib, alpelisib and quizartinib.
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selective compound of these derivatives. It showed low/sub

nanomolar activity against FGFR1/2/3/4 and high selectivity

over a panel of 76 protein kinases. The achieved binary

FGFR1-infigratinib complex validated the rationale behind the

design of this new class of FGFR inhibitors. Infigratinib also

possessed a suitable pharmacokinetic profile in rodents to

support further in vivo investigation. It inhibited the

proliferation of bladder cancer cells overexpressing wild-type

FGFR3 and demonstrated significant anticancer activity in

RT112 bladder cancer xenografts (Guagnano et al., 2011). In

clinical trials, Infigratinib was assessed for the treatment of head

and neck cancer, breast cancer, urogenital cancer, bladder cancer,

glioblastoma, achondroplasia, gastric cancer, esophageal cancer,

and solid tumors. It is available for the treatment of

cholangiocarcinoma in the United States and is under

regulatory review for the treatment of previously treated

unresectable locally advanced or metastatic

cholangiocarcinoma with a fibroblast growth factor receptor 2

(FGFR2) fusion or other rearrangement in the EU.

Alpelisib is an orally bioavailable phosphatidylinositol 3-

kinase (PI3K) inhibitor that was developed by Novartis Oncology

and assessed for the treatment of diverse solid tumors such as

breast cancer, ovarian cancer, and head and neck cancer.

Alpelisib is a selective inhibitor of PIK3 in the PI3K/AKT

kinase signaling pathway (Yang et al., 2019). This signaling

pathway is associated with cancerogenesis and its

dysregulation may contribute to tumor resistance. Alpelisib

was developed by the same team of medicinal chemists that in

the same years discovered infigratinib. Furet et al., reported that

the 2-aminothiazole scaffold was a suitable template for the

design of selective PI3K inhibitors (Figure 9) (Furet et al.,

2013). The first selective PI3Kα prototype (7) was obtained by

appending a proline residue to the amino group in position 2 of

the thiazole using a ureidic linker (Bruce et al., 2012). Through a

structure-based approach, the molecule was properly modified to

maximize the binding at the ATP pocket of PI3Ka without

altering the ureido-thiazole core scaffold as the thiazole

nitrogen and the 2-NH group formed key bidentate H-bonds

with key amino acids of the kinase. All the designed derivatives

showed low nanomolar inhibitor activity against PI3Ka, with

compound 8 being the most interesting candidate.

Unfortunately, metabolic studies on rat hepatic microsomes

revealed a rapid metabolism of the compound, mainly at the

t-butyl side chain. To fix this issue, one methyl group of the

t-butyl radical was substituted with a CF3 which significantly

improved the metabolic stability and reduced in vivo clearance,

resulting in the identification of alpelisib. The crystallographic

structure of alpelisib in complex with PI3Ka supported the

medicinal chemistry rationale as the capability of the

compound to establish a couple of H-bonds between the

ureidic-thiazole and the side chain of Gln859 was

experimentally observed (Furet et al., 2013). Alpelisib

displayed a selectivity for p110a 50-fold higher than 442 other

kinases, no inhibition of the CYP450 cytochrome and an

excellent oral bioavailability in mice, rats and dogs. The

proved anticancer activity of alpelisib in PI3Ka driven tumors

in animal xenograft models and overall good tolerability

supported the further clinical investigation (Furet et al., 2013).

Interestingly, the combination of alpelisib and fulvestrant

demonstrated increased antitumour activity in comparison to

either treatment alone (André et al., 2021) and was registered in

Australia and the EU in 2020 and marketed in the United States,

Netherlands, Finland, UK and Canada in 2021.

Larotrectinib is a first-in-class, highly selective TRK

inhibitor (Federman and McDermott, 2019). It was developed

within a joint collaboration between Bayer and Loxo Oncology (a

subsidiary of Eli Lilly), for the treatment of adult and pediatric

patients with solid tumors (i.e., non-Hodgkin lymphoma,

histiocytic disorders and primary CNS cancers) harboring

neurotrophic receptor tyrosine kinase (NTRK) gene fusions

(Yang et al., 2022). The sole information regarding the

discovery of Larotrectinib is only reported in patent no.

US8461179B1 (Flynn et al., 2012). The medicinal chemistry

aspect of this study is not available. Larotrectinib binds at the

ATP binding site of the TRK kinase family resulting in a potent

inhibition of TRKA, TRKB and TRKC with IC50 values of 6.5,

8.1 and 10.6 nM, respectively, and in a highly selective manner

over a panel of kinase and non-receptors (Federman and

McDermott, 2019). TRK is mutated in a variety of cancer cell

types and these mutations play an important role in tumor cell

growth and survival and in drug resistance. Interestingly,

larotrectinib showed nanomolar inhibitor activity against the

most prevalent TRKA mutations (TRKAG595R IC50 = 109.4 nM,

TRKAG667C IC50 = 32.2 nM, and TRKAF589L IC50 = 43.1 nM).

Larotrectinib was launched in 2018 in the United States for the

treatment of NTRK gene fusions-based solid tumors and in the

following years it was registered in the EU and other countries

worldwide for the same therapeutic indication.

Quizartinib is an FLT3 kinase inhibitor developed by Daiichi

Sankyo Company (previously Ambit Biosciences) and Astellas

Pharma, for the treatment of acute myeloid leukaemia (AML)

and myelodysplastic syndromes. FLT3 kinase is mutated in

approximately one-third of patients with AML, and these

patients are less responsive to traditional therapies. From a

medicinal chemistry standpoint, quizartinib was developed

starting from a high-throughput screening (HTS) of small

libraries of compounds using the KinomeScan™ technology

(proprietary of Daiichi Sankyo Company). Patel et al. fished

out some urea derivatives with general structure 9 as potent

FLT3 inhibitors (Figure 9). The aim of the SAR study was to

explore the influence of diverse substituents on the aromatic ring

on the FLT3 inhibitory activity, leading to the development of a

series of derivatives with nanomolar IC50 values. Compounds 10

and 11 (Figure 9) were the most potent and selective

FLT3 inhibitors (FLT3 IC50 of 1.1 and 1.6 nM, respectively)

of the series with sub nanomolar IC50 in counteracting the MV4-
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11 cell lines proliferation and excellent pharmacokinetic

properties and efficacy in a human tumor xenograft model in

mice (Patel et al., 2009). Unfortunately, these two compounds

suffer from very low aqueous solubility, especially at higher

doses, which compromises the further development.

Attributing their improper physicochemical properties to the

presence of the amide moiety between the central aromatic ring

and the distal heterocycles, Chao et al., in a lead-optimization

program, removed the carboxamide and introduced diverse

groups known to improve water solubility on the distal ring.

FIGURE 10
General structures of the different patented compounds.
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The introduced substitutions on the main structure of 11 did not

affect its potency and selectivity against FLT3 or its

antiproliferative activity against MV4-11. Compound 12 was

outstanding due to its superior pharmacodynamic (both in vitro

and in vivo), pharmacokinetic and toxicological profile and was

advanced into Phase II clinical trials for the treatment of acute

myeloid leukemia, with the common name of quizartinib

(Figure 9) (Chao et al., 2009). Quizartinib was marketed in

Japan in 2019 and obtained pre-registration status in the

United States and EU. However, the FDA and EMA express

doubts on the approval of this drug due to the lack of a significant

benefit-to-risk ratio (Garcia-Horton and Yee, 2020).

The patent landscape

Urea-based compounds with potential anticancer

applications have increased in number, as clearly

demonstrated by the trend in the literature (Figure 3). A

similar trend was observed for patent applications,

highlighting the importance of this chemical scaffold in drug

development at both industrial and academic level. In the last

20 years, more than 30 thousand patents regarding new potential

anticancer agents have been published and among them,

890 patents are focused on urea derivatives as anticancer drugs.

In this section, patents filled in last 10 years are analyzed and

discussed.

All the general chemical structures of the urea-based

molecules protected are reported in Figure 10.

Companies from all over the world in countries such as the

UK, China, Japan, Denmark, Germany, and Australia are active

in this field. This includes bigger industries such as

GlaxoSmithKline and Merck as well as smaller companies

such as Mochida Pharmaceutical and Aucentra (Figure 11).

Of note, since the exploitation of kinases as worthy

anticancer targets is quite recent, and due to the discovery of

new kinases involved in cancerogenesis, it is not surprising that

the scientific world has focused its efforts on this hot topic. As a

result, sixteen of the twenty-two patents cover the discovery of

kinases inhibitors and ten are owned by Pharma companies.

In 2022, Carna Biosciences registered patent no.

WO2022059778A1 (Cyclic urea derivatives) regarding the

identification of selective dual-specificity tyrosine-regulated

kinases (DYRK) inhibitors (Sawa et al., 2022). DYRK is a type

of bispecific protein kinase that phosphorylates tyrosine, serine,

and threonine. Five isoforms, namely DYRK1A, DYRK1B,

DYRK2, DYRK3, and DYRK4, were identified to date (Boni

et al., 2020). Particularly, inhibitors of DYRK1A are of interest

for the treatment of EGFR-dependent cancer through the

suppression of the cancer cells growing in EGFR-dependent

tumors. The development of these derivatives is ongoing.

Scandion Oncology protected with patent no.

US2021251963A1 (Urea derivatives for use in the treatment of

subjects with elevated expression and/or activity of SRPK1) the

discovery of new urea-based Serine/arginine-rich protein-

specific kinase 1 (SRPK1) inhibitors as anticancer agents

(Brünner and Jan 2021). SRPK1 is involved in the regulation

of several mRNA processing pathways including alternative

splicing, and overexpression of SRPK1 has been reported in

multiple cancers including prostate, breast, lung, and glioma.

Endovion (or NS 3728, SCO-101) was shown to be the most

promising compound and is in Phase II clinical trials for

colorectal tumor and in Phase I clinical trials for pancreatic

and breast cancers.

FIGURE 11
The location of academia (green) and companies (blue) which patented urea-based anticancer drugs worldwide.

Frontiers in Chemistry frontiersin.org14

Listro et al. 10.3389/fchem.2022.995351

148

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.995351


Aucentra therapeutic registered patent no. US11325900B2

(5-(pyrimidin-4-yl)thiazol-2-yl urea derivatives as therapeutic

agents) this year, regarding the discovery of urea derivatives

as inhibitors of cyclin-dependent kinases (CDKs) (Wang et al.,

2018). Of interest for its peculiar involvement in the

physiopathology of cancer is isoform CDK8. CDK8 has

specifically been reported to be an oncogene connected to

colorectal cancer, activating β-catenin-mediated transcription

that drives colon tumorigenesis. AU2-85 was presented as the

most promising compound with proved anticancer efficacy and

safety profiles in animal models. Currently, AU2-85 (or being a

new chemical entity, it was renamed sunaciclib) is at the late stage

of preclinical studies with a Phase I study planned for 2023.

Mochida Pharmaceutical registered patent no.

WO2018199166A1 (Novel tetrahydronaphthyl urea

derivatives) in 2017 (Saitoh et al., 2018). The company

protected several urea derivatives represented by the general

formula in Figure 10 as Tropomyosin receptor kinase A

receptor (TrkA) inhibitors. TrkA is involved in several

conditions such as pain, neurodegeneration, infection and

particularly cancer. No information about clinical studies for

the molecules of the present patent are reported at the moment.

In 2017, Sunshine Lake Pharma registered patent no.

TW201706256A (Substituted urea derivatives and

pharmaceutical uses thereof which provides substituted urea

derivatives, and its stereoisomer, geometric isomer, tautomer,

nitroxide, hydrate, solvate, metabolism product, ester, and

pharmaceutically accepted salt or its prodrug), which was

subsequently extended in Europe with accession no.

US10065934B2 (Substituted urea derivatives and

pharmaceutical uses thereof). In these patents, a deep

investigation of the synthetic procedures for the preparation

of urea derivatives as FLT3 inhibitors is reported (Cheng

et al., 2017, 2018). FLT3 plays an important role in the

proliferation and differentiation of hematopoietic stem cells.

Overexpression of this receptor is found in AML (acute

myeloid leukemia). The anticancer activity against MV4-11

cell lines expressing FLT3/ITD mutation was proved. None of

the reported molecules are actually in clinical trials.

Three Pharmaceutical companies focused their efforts on the

modulation of VEGFR. Kala Pharmaceuticals, HNG Chembio

Pharmacy and Medolution Limited Corporation have patents

nos. US2015072986A1 (Urea derivatives and uses thereof) (Kim

et al., 2013), WO2014040243A1 (N-substituted phenyl-N′-
substituted heterocyclic urea compound and application

thereof as anticancer medicament) (Zhang et al., 2012), and

US2012077851A1 (Urea derivatives as kinase inhibitors) (Zhang,

2012). HNG Chembio Pharmacy registered the design and

synthesis of N-substituted heterocyclic urea derivatives with

VEGFR-2 kinase inhibitor activity and the medical application

as anticancer thereof. Medolution Limited Corporation protected

a series of deuterated derivatives of sorafenib and regorafenib as

multitarget kinase inhibitors for the treatment of VEGFR,

PDGFR and/or RAF mediated cancer diseases (Zhang, 2012).

Lastly, Kala Pharmaceuticals reported the synthesis of three

different series of urea with potent and selective inhibitory

activity against VEGFR. The most promising candidates are

under preclinical studies for the treatment of cancer and

ocular diseases (Kim et al., 2013).

In a public-private partnership, Cancer Research

Technologies and the Institute of Cancer Research registered

patent no. US2016355510A1 (1-(5-tert-butyl-2-aryl-pyrazol-3-

yl)-3-[2-fluoro-4-[(3-oxo-4h-pyrido [2,3-b]pyrazin-8-yl)oxy]

phenyl]urea derivatives as Raf inhibitors for the treatment of

cancer) in 2013 (Springer et al., 2013). The advantages of

targeting the inhibition of RAF as a cancer therapy were

reported. RAF is a key downstream target for the RAS

Guanine-nucleotide binding/GTPase proteins and also

mediates the activation of the MAP kinase cascade consisting

of RAF-MEK-ERK. RAF genes encode protein kinases that are

thought to play important regulatory roles in signal transduction

processes that regulate cell proliferation. The in vitro activity of

the protected molecules, in terms of RAF inhibition was

evaluated, along with the in vivo anticancer activity of the

most interesting compounds.

Besides pharmaceutical companies, academia is also active in

this field. In 2021, Modi S.J., Tiwari A and Kulkarni V.M.

registered patent no. AU2021103375A4 (A rational Drug

Design based identification of orally bioavailable 1,5-

disubstituted naphthalene compounds as potent VEGFR-2

inhibitors) where three urea derivatives originating from

different modification on sorafenib and regorafenib were

reported as VEGFR-2 inhibitors (Modi et al., 2021). The most

promising compound reduceed the cell viability of cancer cell

line MCF-7 (breast adenocarcinoma), MDA-MB-231 (breast

adenocarcinoma) and Hep G2 (hepatocellular carcinoma) and

also suppressed the binding of VEGFR-2 on the surface of VEGF.

The in vivo oral toxicity and pharmacokinetic properties were

also investigated using Wistar rats.

Three academic patents focus on the discovery of inhibitors

of a specific class of kinases named protein kinase enzyme

activated by mitogen (MAPK). MAPK plays a key role in the

signal transduction pathways of the p38 mitogen-activated

protein kinase (p38MAPK) enzyme (Koul et al., 2013).

Significant therapeutical results were attributed to p38MAPK

inhibitors for the treatment of cancer, neuropathic pain, and

periodontal diseases (Asih et al., 2020). The University of

Nanjing registered patent no. CN107118157A (Design and

synthesis of diphenyl urea derivative antitumor compounds

containing pyrazol frameworks) in 2017, where the synthetic

methods for the preparation of diphenyl urea derivatives with a

pyrazol moiety and their effectiveness as antitumor agents

against BRAFV600E associated cancers were broadly investigated

and protected (Zhu et al., 2017). Moreover, the abnormal

activation of the downstream MEK-ERK signaling pathway

which is crucial for tumor growth, proliferation, invasion, and
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metastasis was reported. With the same aim, the teams from the

University of Iowa registered patent no.WO2020263989A1 (JNK

inhibitors as anticancer agents) in 2020 (Salem and Elsaid, 2020).

Herein, a series of ureas, benzamides and benzylamides

derivatives were reported as c-Jun N-terminal kinase (JNK)

inhibitors. JNKs are involved in several physiopathological

processes, including inflammation, morphogenesis, and cell

proliferation, differentiation, survival, and death. Persistent

activation of JNKs is implicated in cancer development and

progression. One of the main pathways controlled by JNK

relies on the phosphorylation of the transcription factor p53.

JNK is also implicated in theMAPK signaling cascade involved in

cardiac hypertrophy. The urea derivatives were tested on A549

(lung carcinoma) cell lines using the MTS assay and showed

promising activity. Lastly, in patent no. WO2021133319A1 of

Erciyes University (Synthesis of urea derivatives which have

p38 mapk inhibition and anticancer efficacy), which was

registered in 2021, the inventors reported a series of urea-

based compounds as effective inhibitors of MAPK (Dogan

et al., 2021). Twenty-three urea derivatives were synthesized

and their anticancer activity was evaluated through in vitro

enzymatic inhibition assays. A real-time cell analyzer

(xCelligence) system was adopted and performed on the most

interesting compounds to monitor the cellular proliferation and

inhibition of p38MAPK. Three urea derivatives were shown to be

promising anticancer agents for further in vivo investigation.

Regarding the discovery of multi kinases inhibitors, of note is

patent no. CN109456280A (4-Phenylthiazole-2-amine derivative

containing urea structure, and preparation method and

application thereof) that was registered in 2019 by Jinzhou

Medical University. 4-phenylthiazole-2-amine ureas as

anticancer agents were identified and protected (Cai et al.,

2019). These compounds are multi kinase inhibitors that act

on VEGFR, PDGFR-β, Kit, RET, Raf and Aurora, and showed

promising antiproliferative activity against hepatic cancer cell

lines with a comparable effect to sorafenib. University of Sung

Kyunkwan registered patent no. KR101849775B1 in 2018

(N-N-aroylureas derivatives preparation method thereof and

pharmaceutical compositions for the prevention and treatment

of cancer containing the same as an active ingredient) (Kim and

Sik, 2018). The inventors protected the discovery of novel N-aryl

urea derivatives with anticancer activity against diverse human

cancer cell lines characterized by an overexpression of different

kinases, along with the development of a pharmaceutical

composition for preventing and treating prostate and breast

cancer. Lastly, in 2014, Guangxi Normal University registered

patent no. CN104292170A (Quinazolinyl-aryl urea derivatives

with antitumor function and application thereof) (JIANIAN

et al., 2014). The synthetic procedure for the preparation of a

series of congeners of sorafenib and gefitinib with quinazolinyl-

aryl urea was reported. The compounds were assessed for in vitro

kinase inhibitor activity and anticancer activity against several

human cell lines.

Besides the exploitation of the urea moiety for the design of

kinase inhibitors, this versatile scaffold inspired the development

of anticancer small molecules that act on diverse targets involved

in the physiopathology of cancer. In 2018, Artios Pharma

Company registered two patents regarding urea derivatives as

polymerase inhibitors. In patent no. WO2020030924A1

(Thiazoleureas as anticancer agents) the reported compounds

were directed against RoIQ polymerase. RoIQ is a

multifunctional enzyme that is comprised of an N-terminal

helicase domain and a C-terminal low-fidelity DNA

polymerase domain (Blencowe et al., 2020b). Both domains

showed mechanistic functions in Microhomology-mediated

end-joining (MMEJ). In general, RoIQ has been shown to be

essential for the survival of homologous recombination-defective

(HRD) cells and is up-regulated in HRD tumor cell lines.

Accordingly, RoIQ is a valuable target for preventing or

treating cancers such as breast cancer, ovarian cancer, prostate

cancer, and pancreatic tumor retaining BRCA1 deficiency. In

patent no. WO2020030925A1 (Heterocyclic substituted ureas,

for use against cancer), Polq polymerase was selected as the target

for a new series of heterocyclic urea derivatives (Blencowe et al.,

2020a). PolQ is involved in the MMEJ mechanism, such as with

the RoIQ enzyme. Inhibition of this enzyme might be exploited

for preventing and treating tumor diseases, such as BRCA1 and

BRCA2 deficient tumors, including breast, ovarian, prostate, and

pancreatic cancer. The most interesting candidates in both

patents are actually in Phase I or II for the treatment of

metastatic solid tumors.

ChongKunDang Pharmaceuticals registered patent no.

US2016083354A1 in 2013 (Novel compounds for selective

histone deacetylase inhibitors, and pharmaceutical

composition comprising the same) by which the identification

of new compounds with histone deacetylase (HDAC) inhibitory

activity was protected (Lee Changsik et al., 2013). Through the

targeting of HDAC, the histone (protein) acetylation and

chromatin structure were affected, inducing a complex

transcriptional reprogramming exemplified by reactivation of

tumor suppressor genes and repression of oncogenes. This target

is particularly involved in several pathologies such as malignant

tumors. Using Velcade as positive control, three compounds

showed promising activity against multiple myeloma as pan

HDAC inhibitors. Compound CKD-581 (or recently baptized

as Alteminostat) is under Phase I studies for the treatment of

lymphoma and multiple myeloma.

Lastly, among the others, the name of two important big

pharmaceutical companies stand out. Glaxosmithkline reported

in patent no. US10106515B2 (1-(cyclopent-2-en-1-yl)-3-(2-

hydroxy-3-(arylsulfonyl)phenyl)urea derivatives as

CXCR2 inhibitors) the exploitation of small molecule urea

derivatives as anticancer agents targeting CXCR2. Indeed,

chemokines regulate a broad spectrum of cellular functions

and exert their actions by binding to chemokine receptors

which are G protein-coupled receptors. CXCR2 is expressed
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on a variety of cells including neutrophils, keratinocytes, mast

cells, eosinophils, macrophages, endothelial cells, and neurons,

including sensory neurons. CXCR2 dysregulations are involved

in carcinogenesis (Korbecki et al., 2022). The development of a

medical system to improve drug-like properties was additionally

reported.

Merck, however, exploited tankyrases as innovative targets

for cancer diseases. In 2013, patent no. US2016184285A1

(Piperidine urea derivatives) was registered, which protected

the synthesis and anticancer activity of new urea derivatives

targeting Tankyrases 1 and 2 (TANKs) (Buchstaller and Dieter,

2013). The piperidine urea derivatives were assessed in an in vitro

assay, for autoparsylation, measurement of cellular inhibition of

Tankyrase through Axin 2 level, and ELISA Assay Biochemical

Activity Testing of TNSK 1 and 2 studies. Korea Research

Institute of Chemical Technology registered patent no.

KR101332830B1 in 2012 (A Cancer sensitizer comprising

phenylurea derivatives or salts thereof) which describes the

development of phenyl urea derivatives as modulators of the

tumor necrosis factor-related apoptosis (TRAIL) (Kim Seong,

2013). TRAIL belongs to the tumor necrosis factor (TNF) protein

family, whose activation selectively induces the death of cancer

cells by the formation of the death-inducing pathway complex,

DISC and the autocatalytic activation of caspase 3. The urea

derivatives reported in the patent have the capability to promote

the expression of death receptors (DRs) and to effectively

suppress the expression of anti-apoptotic proteins in a cancer

cell line with TRAIL resistance.

Lastly, in 2022 the University of Pavia and University of

Milano Bicocca filled the patent application no. EP21201359

(Substituted vinyl piperazine-piperidine urea derivatives as

anticancer agents) (Collina et al., 2022).

A summary of the analyzed patents is reported in Table 1.

All the innovations discussed so far represent remarkable

contributions to stimulate the development of new anticancer

treatments. The numerous examples retrieved from the recent

patent landscape prove the extensive exploitation of the urea

moiety as a privileged scaffold in the design and development of

new chemical anticancer entities by both pharmaceutical

companies and academic research groups.

Future perspective and outlook on
novel compounds

As extensively reviewed above, many important antitumor

agents contain a urea moiety, and the importance of this

structural motif is further demonstrated by the large number

of recent patents in this field. If we consider the unique properties

of ureas, it is not surprising that this scaffold is regarded as a

useful and versatile moiety from a medicinal chemistry

standpoint. As described by the many examples reported in

TABLE 1 Summary of cited patents.

Patent number Patent applicant Filing date Mechanism of action Development stage

KR101332830B1 Korea Research Institute 2012 TRAIL ligands Preclinical phase

US2012077851A1 Medolution Limited Corporation 2012 Multi Kinases Inhibitors Preclinical phase

WO2014040243A1 HNG Chembio Pharmacy 2012 VEGFR-2 Preclinical phase

US2016355510A1 Institute of Cancer Research 2013 RAF Inhibitors Preclinical phase

US2016083354A1 ChongKunDang Pharmaceuticals 2013 HDAC Inhibitors Phase 1

US2015072986A1 Kala Pharmaceuticals 2013 VEGFR Inhibitors Preclinical phase

CN104292170A Guangxi Normal University 2014 Multi Kinases Inhibitors Preclinical phase

US10106515B2 Glaxosmithkline 2014 CXCR2 Inhibitors Preclinical phase

CN107118157A University of Nanjing 2017 MEK-ERK Inhibitors Preclinical phase

W O 2018199166A1 Mochida Pharmaceutical 2017 TrkA Inhibitors Preclinical phase

TW201706256A Sunshine Lake Pharma 2017 FLT3 Inhibitors Preclinical phase

WO2020030924A1 Artios Pharma Company 2018 RoIQ polymerase Inhibitors Phase 1

WO2020030925A1 Artios Pharma Company 2018 PolQ polymerase Inhibitors Phase 2

US11325900B2 Aucentra therapeutic 2018 CDKs Inhibitors Phase 1

US2021251963A1 Scandion Oncology 2018 SRPK1 Inhibitors Phase 1 and 2

CN109456280A Jinzhou Medical University 2019 Multi Kinases Inhibitors Preclinical phase

WO2020263989A1 University of Iowa 2020 JNK Inhibitors Preclinical phase

WO2021133319A1 Erciyes University 2021 MAPK Inhibitors Preclinical phase

AU2021103375A4 Modi S.J. and coworkers 2021 VEGFR1 Inhibitors Preclinical phase

WO2022059778A1 Carna Biosciences 2022 DYRK Inhibitors Preclinical

EP21201359 University of Pavia and University of Milano Bicocca 2022 Undisclosed Preclinical
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this review, the urea group can serve both as hydrogen bond

acceptor and as hydrogen bond donor: the carbonyl group is a

nucleophile and a hydrogen bond acceptor endowed with the

possibility to engage two hydrogen bonds, whereas the two

nitrogens, depending on the degree of substitution, can donate

up to four hydrogens (in urea itself). Moreover, the three possible

resonance structures of the urea generate a stronger negative

dipole on the carbonyl and a positive dipole on the nitrogen than

other carbonyl derivatives (Figure 12). This partial separation of

charges contributes to the reinforcement of the H-bonds that this

functional group is able to entangle with the biological targets.

This also entails some conformational restriction which

affects the three-dimensional structure of urea derivatives. In

fact, several studies have been conducted in order to determine

their prevalent conformation in solution and solid state. Ganis P.

and co-workers examined the structure of N,N′-diphenyl-N, N′-
diethylurea through X-ray diffraction, demonstrating a non-

planar distortion of approximately 30° of amide groups and a

bond length of 1.37 Å for the C-N bonds (Ganis et al., 1970).

Furthermore, the N-substitution on the urea moiety plays a key

role in its conformation (Figure 12). Indeed, in the solid state,

N,N′-diphenylureas assume a trans, trans conformation, which

can be shifted to cis, cis by subsequent N-methylation (Figure 3).

This conformation is characterized by the stabilizing π-π stacking
interactions of the aromatic moieties. A dynamic state is shown

in solution, even though the trans, trans isomer remains

predominant. The possibility to switch the most populated

conformation by applying simple structural modifications

(e.g., N-methylation) is of great importance for tuning drug-

target interactions as it can be exploited to rationally design

conformationally constrained urea derivatives that better adapt,

for example, to the binding pocket of a target protein, enhancing

activity and/or selectivity (Lortie et al., 2003). The

physicochemical properties of the urea functionality are of

paramount importance in the drug design and development

process, since they determine key parameters such as

solubility, permeability, metabolism, and bioavailability.

Thanks to the hydrogen bond donor and acceptor features of

the urea group, this moiety improves aqueous solubility and

permeability. Urea derivatives were successfully employed as

hydrotropic agents, i.e. compounds used to improve a drug’s

solubility in pharmaceutical formulations (Cui, 2013; Herbig and

Evers, 2013).

However, it is possible that ureidic compounds are not

soluble in water and/or organic solvents. To overcome this

problem with a medicinal chemistry approach, different

strategies can be adopted: 1) modulation of hydrogen

bonds; 2) disruption of planarity; 3) formation of a

transient pseudo-ring structure. Regarding the modulation

of the hydrogen bond, the introduction of electron donating

and electron withdrawing groups on the nitrogen atoms

allows for the modification of the inter- and

intramolecular hydrogen bonds. Particularly, the nature of

aliphatic moieties as nitrogen substituents establishes self-

association of the molecules to promote the solubility in non-

polar solvents (Lortie et al., 2003). Disrupting the planarity

of the urea moiety reduces crystal packing energy and

enhances water solubility. This can be achieved by

introducing N-substituents to produce asymmetrical

compounds (Ishikawa and Hashimoto, 2011). An

additional method to disrupt planarity is the insertion of

ortho-substituents on the N-aryl group of aryl ureas. A

strategy that increases both solubility and permeability is

the development of a transient pseudo-ring structure that

FIGURE 12
Resonance structure for urea moiety (A); conformations of N,N′-diphenyl urea, N-methyl-N,N′- diphenyl urea, and N,N′-dimethyl-N,N′-
diphenyl urea (B).
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involves intramolecular hydrogen bonds. In fact, the

presence of a hydrogen bond acceptor near the urea

moiety may lead the molecule towards a balance between

closed (which increases permeability through lipophilic

membranes via the reduction of exposed HBD) and open

conformation (allowing the interaction of polar groups and

solvent) (Alex et al., 2011). An example of this strategy can be

found in the aforementioned FGFR inhibitor infigratinib, in

which the stable pseudo-ring conformation mimics the

pyrido [2,3-d]pyrimidin-7-one core of other known

tyrosine kinase inhibitors (Guagnano et al., 2011).

Furthermore, lipophilicity is of crucial importance for

drugs targeting the central nervous system, as these

should cross the blood-brain barrier by passive diffusion.

Therefore, the modulation of the lipophilicity/hydrophilicity

balance, exploiting the equilibrium between the open and

close conformation and/or through the modification of

N-substituents are other features accounting for the

versatility of urea derivatives in medicinal chemistry.

The urea moiety has also been used as a bioisostere of amides

(Kumari et al., 2020). For example, the ceramide analog 12,

which is endowed with potent cytotoxic activity against human

colon cancer cells, underwent structural modifications and

bioisosteric replacements to draw SAR considerations and

identify novel anticancer agents (Figure 13). By substituting

the amide group with a urea functionality, compound 13 was

obtained, which emerged for its superior efficacy and broader

activity toward other cancers (i.e., human renal, lung and

prostate cancers as well as human leukemia) (Lim et al., 2003).

The high potential of the urea group to tweak the

pharmacological profile of lead compounds encouraged

further research in this field, and nowadays several medicinal

chemistry research programs are taking advantage of this

functionality to design novel molecules with an enhanced

therapeutic effect. In the search for effective anticancer

agents, natural products (NPs) have always been a major

source of inspiration as privileged scaffolds endowed with

enriched biological relevance (Martino et al., 2017, 2018;

FIGURE 13
Development of new urea-containing ceramide analogs with anti-tumor activity (A); structure of the vinblastine ureidic derivative (B); design of
a highly potent anticancer agent by merging the pharmacophoric elements of sorafenib, imatinib, colchicine and etoposide (C).
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Khalifa et al., 2019; Malacrida et al., 2021; Varghese and Dalvi,

2021). Although the urea moiety is uncommon among

secondary metabolites–i.e., compounds that are produced by

living organisms to mediate ecological interactions–it can be

added as a decoration or bioisotere on NP scaffolds. The

vinblastine derivative 14 (Figure 13) represents a remarkable

example of how the urea motif can be exploited to design

semisynthetic NP derivatives with improved pharmacodynamic

and/or pharmacokinetic profile in respect to the parent natural

product. Vinblastine is a vinca alkaloid isolated from

Catharanthus roseus used for the treatment of Hodgkin’s

lymphoma, renal cell carcinoma, breast cancer, small cell

lung cancer and colon cancer. Its mechanism of action

involves the inhibition of microtubule assembly (Martino

et al., 2017, 2018; Khalifa et al., 2019; Malacrida et al., 2021;

Varghese and Dalvi, 2021). Leggans et al. reported a series of

C20′ urea-based vinblastine derivatives and congeners with

superior potency and activity against vinblastine-resistant

tumor cell lines (Leggans et al., 2013). An extensive SAR

revealed the importance of the urea moiety at C20′ over

bioisosteric replacement with a thiourea, carbamate or

amide. Interestingly, the introduction of a sterically

demanding substituent on the second ureic nitrogen

significatively contributed to the anticancer potency of these

derivatives. These results contradicted the previous

observation, i.e., that modification at C20′ of vinblastine

might result in detrimental activity, opening instead new

perspectives for the improvement of the anticancer activity

of vinblastine derivatives. In particular, compound 14 showed a

potency 10-times higher than vinblastine and promising cell

inhibitory activity against the HCT116 (human colon cancer)

and HCT116/VM46 (resistant human colon cancer) cancer cell

lines (Leggans et al., 2013).

The growing interest of academia in this field is confirmed by

the high number of very recent publications (i.e., within the last

2 years) concerning the discovery of novel antitumor agents

containing the urea moiety.

For example, Cherukumalli at al. recently reported a series of

new urea derivatives based on the pyrimidine-pyrazole core

scaffold. These compounds were designed by combining the

key pharmacophoric moieties of sorafenib, imatinib, colchicine

and etoposide, as reported in Figure 13. The ten compounds were

assessed for antiproliferative activity against several cancer cell

lines (MCF-7, A549, Colon-205 and A2780) with IC50 values in

the low/sub micromolar range. Compound 15 emerged for its

excellent cytotoxicity activity, especially in comparison with

etoposide. Molecular docking studies suggested that the

anticancer activity could be derived from the inhibition of

tubulin binding protein, human Abl tyrosine kinase and DNA

topoisomerase. However, no experimental IC50 against these

targets have been reported yet (Cherukumalli et al., 2022).

Comparison of computational data with experimental results

would allow for the development of an accurate SAR profile that

assesses the role of the urea moiety of 15 in the interaction with

the target(s).

Gömeç et al. have very recently reported the synthesis of five

diaryl urea-compounds with the aim to prove their anticancer

properties against colon adenocarcinoma (Figure 14).

Compound 16 showed promising anticancer activity against

HT-29 cell lines with an estimated IC50 of 20 μM, with no

cytotoxicity on healthy L929 fibroblast cell lines at the same

dose. With a second aim to identify the putative target of 16,

docking calculations were performed against 34 key targets

known to be involved in colon cancer. Briefly, 16 potentially

being able to bind to Hsp90 revealed the importance of the urea

moiety to effectively interact with the target. The urea forms three

H-bonds with Gly97 and Lys58 involving the NH and the

carbonyl, respectively (Gömeç et al., 2022). In a following

study, the same authors reported the anticancer investigation

of another set of diphenyl ureas. The designed compounds were

predicted to target the estrogen receptor and were assessed for

antiproliferative activity against the estrogen receptor (+) breast

cancer cell line MCF-7. 17 was the most potent compound of the

series with an estimated MCF-7 IC50 around 20 μM, but no

cytotoxicity in healthy fibroblast cells (Gömeç et al., 2022).

Ganapathi et al., by replacing the phthalimide moiety of

apremilast—which is considered a pharmacophore for

PDE4 activity - with the aryl urea moiety, reported the design

of a series of new sulfonylurea derivatives with anticancer

activity. These compounds were tested against human breast

(MCF-7), liver (HEPG2) and colon (HCT) cancer cell lines by

SRB assay, using doxorubicin as a positive control. Compounds

18 and 19 were the most promising derivatives (Ganapathi et al.,

2021).

Recent clinical evidence suggested the potential use of

chloroquine (CQ) for the treatment of hepatocellular

carcinoma (HCC) by exploiting the capability of this drug in

blocking the autophagy. This occurred with a combination of CQ

with sorafenib and only at high doses of CQ. Therefore, with the

aim to design a dual molecule that can efficiently inhibit

autophagy and induce cytotoxicity at the same time, Jin et al.

synthesized a series of cinchona alkaloid derivatives with amide,

squaramide, thiourea, and urea functional groups. Compound 20

was the most interesting derivative with sub-micromolar IC50

against diverse HCC cell lines (Figure 14). Moreover, it was

proven to down-regulate Akt activation, reduce the antiapoptotic

protein Bcl-xl expression and increase the activated caspase-3 in

HCC cells and the expression of LC3-II and p62. The inhibition

of autophagosome-lysosome fusion and suppression of the Akt/

mTOR/S6k pathway in HCC cells was evaluated (Jin et al., 2021).

Hence, this further supports the viability of the introduction of

the urea moiety on NP scaffolds to identify new anticancer

agents.

Li et al. (2020) synthesized a set of sorafenib derivatives by

replacing the pyridine distal ring with a quinoxaline scaffold. The

compounds were directly assessed for anticancer activity against
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six human tumor cell lines, namely MGC-80 (gastric mucinous

adenocarcinoma), HeLa (epithelioid cervix carcinoma),

NCI-H460 (cell lung cancer), SMMC-7721 (human

papillomavirus-related endocervical adenocarcinoma), HepG2

(hepatocellular carcinoma) and T-24 (transitional cell

carcinoma). Compounds 21 and 22 were the most interesting

candidates with anticancer activity higher than 5-fluorouracil,

cisplatin, and sorafenib against MGC-803 cell lines. Lower

cytotoxicity on healthy HL-7702 cell lines was observed at the

assessed doses. Although the molecules were designed as

sorafenib derivatives, no inhibitor activity against kinases was

reported.

Hou et al. reported another series of sorafenib derivatives

by combining the diaryl urea core scaffold with the pyridyl

moiety of proton pump inhibitors. Lansoprazole, indeed, was

revealed to exert modest anticancer activity (Hou et al., 2021).

The anticancer activity of the designed hybrid molecules was

evaluated against non-small cell lung cancer (A549), breast

cancer (MCF-7), colon cancer (HCT116) and prostate cancer

(PC-3) cell lines. The best antiproliferative activities (IC50 <
5 μM), and low toxicity against healthy human liver normal

HL7702 cell lines were observed for compounds 23 and 24.

Also in this case, no inhibitor activity against kinases was

reported.

FIGURE 14
Urea-containing anticancer agents discovered in medicinal chemistry research programs within the last 2 years.
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FIGURE 15
Urea-containing compounds currently under clinical evaluation as anticancer agents. For each drug candidate, the highest phase of clinical
trials that has been attained is indicated, along with the specific therapeutic indication.
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The above described glasdegib is an example of an already

approved drug based on urea and benzimidazole scaffold.

Looking for new promising anticancer compounds, Siddig

et al. (2021) synthesized and assessed a series of novel

thiourea-/urea-benzimidazole derivatives for cytotoxicity

against MCF-7 and MDA-MB-321 human breast cancer cell

lines. 25 was the most promising compound with IC50 of

48.3 and 89.5 μM against MCF-7 and MDA-MB-231 cells,

respectively.

Lastly, Özgeriş et al. reported the synthesis of the unsymmetrical

urea 26 and investigated its activity as an antibacterial, anticancer

and antioxidant agent. Whilst 26 did not show antimicrobial

activity, remarkable activity against SH-SY5Y (IC50 = 104 μM),

A549 (IC50 = 72 μM), and especially against the HeLa cells (IC50 =

50.6 μM), was observed (Özgeriş et al., 2022).

The examples reported above are evidence that urea is an

important and versatile moiety of the medicinal chemist’s

toolbox: it can be exploited to engage key drug-target interaction

(thus enhancing potency and/or selectivity) and to improve the

pharmacokinetic profile of a given molecule, modulating water

solubility, lipophilicity and metabolic stability. Moreover, it can

be used as a bioisostere and to structurally modify natural products.

The research in the field is expected to increase, not only

with the discovery of new hit compounds, but also by virtue of

the numerous urea derivatives currently under clinical trials

for the treatment of different types of cancer. New molecular

entities that have not already been presented throughout this

review, but are now under advanced evaluation are reported

in Figure 15, along with their clinical study phase and

therapeutic indication (source AdisInsight, last access on

14 July 2022).

Despite the significant advantages and the high versatility of

the urea functionality, it must be noted that in some cases, urea

derivatives can still present problematic or sub-optimal

TABLE 2 Clinical trial progression and therapeutic indication for the new chemical entities.

Type of cancers NCT number Candidate Phase 1 Phase 2 Phase 3

Breast cancer NCT03911973 and NCT04238715 Gedatolisib and Tasurgratinib

NCT02003092, NCT01173913 RX5902, Docetaxel/Ritonavir

Prostate cancer NCT04421222, NCT01173913 NCT04060394 EPI 7386, Docetaxel/Ritonavir and
LAE 001

Pancreatic cancer NCT03511222 and NCT00288925 Vorofonib and 1360

Solid Tumor NCT03900442 and NCT03511222 PTX 100 and Vorolanib

NCT04238715, NCT02325739, NCT02003092,
NCT01173913 and NCT02478320

Tasurgratinib, Roblitinib, RX5902,
Docetaxel/Ritonavir and
Ilorasertib

Liver cancer NCT02834780 H38 6527

NCT02325739 Roblitinib

Acute myeloid leukemia NCT03893682 Luxeptinib

Non-small cell lung cancer NCT03511222 Vorofanib

Chronic lymphocytic leukemia,
Myelodysplastic syndromes, Non-Hodgkin’s
lymphoma

NCT03893682 Luxeptinib

Cholangiocarcinoma NCT04238715 Tasurgratinib

Malignant melanoma, Small cell lung cancer,
Malignant thymoma

NCT03511222 Vorolanib

Renal cell carcinoma NCT03511222 Vorolanib

Cervical intraepithelial neoplasia NCT04276688 Lopinavir/Ritonavir

Neuroendocrine tumor NCT01298999 Netazepide
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pharmacokinetic properties which cannot be overcome by

structural modifications. In these cases, an approach based on

pharmaceutical technology can be adopted. Even old active

ingredients can have a new life thanks to innovative

formulations that enhance their bioavailability and/or safety.

For example, the aforementioned carmustine can lead to

severe side effects upon systemic administration, due to its high

reactivity. To overcome this issue, in 1997, 20 years after the

first approval, Arbor Pharmaceuticals developed and led the

carmustine polifeprosan 20 wafer to the market for the

treatment of glioma. The authorization was extended in

Europe in 2008. This pharmaceutical specialty is a sustained-

release biodegradable wafer implant that delivers the

chemotherapeutic drug directly to the site of a brain cancer

during the surgery, thus minimizing the drug-exposure to other

areas of the body (Della Puppa et al., 2011). Very recently, a

biosimilar of goserelin formulated as a monthly or trimonthly

subcutaneous implant has been developed by Alvogen for the

treatment of cancer, female infertility, uterine leiomyoma and

endometriosis. An extended-release (XR) microsphere

formulation of goserelin is being developed by Luye Pharma

Group, utilizing its long-acting and extended-release

technology platform for the development of the product.

This goserelin formulation was preregistered for prostate

cancer in China in 2021 and is in Phase III clinical trials for

breast cancer.

A summary of the compounds in clinical trials is reported in

Table 2.

Conclusion

In this review, we deeply discussed the key role played by

urea moiety in the development of anticancer agents, outlying

its presence in several approved antitumor drugs as well as in

novel hits and drug candidates. The specific physico-chemical

properties of urea moiety, and the possibility to modulate

different targets by properly selecting the nitrogen

substituents opens many possibilities in drug design. The

urea functionality may be fundamental not only for drug-

target interactions but also for improving the

pharmacokinetic profile of a drug candidate. The present

review is expected to provide useful insights in the design

of urea-based compounds and would inspire the medicinal

chemists for the development of clinically viable candidates.

as well as new formulations for old urea-based drugs.

Developing innovative pharmaceutical platforms is indeed

a winning strategy to improve the pharmacological profile of

already marketed drugs, also to bypass developability issues

related to the urea moiety, when it is essential for the

biological activity. Despite numerous advances, scientists

are still trying to develop novel drugs that are useful in

clinical oncology and able to overcome resistance to

chemotherapy, which is mainly due to protein mutations,

i.e., kinases or stress oxidation machinery dysregulation. As

extensively herein discussed, urea derivatives can be a

powerful tool for the discovery of new, effective

therapeutics and hopefully inspire future research toward

the development of viable strategies to fight cancer.
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G-quadruplexes formation
within the promoter of
TEAD4 oncogene and their
interaction with Vimentin
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G-quadruplexes (G4s) are nucleic acid secondary structures detected within

human chromosomes, that cluster at gene promoters and enhancers. This

suggests that G4s may play specific roles in the regulation of gene expression.

Within a distinct subgroup of G-rich domains, the formation of two or more

adjacent G4 units (G4-repeats) is feasible. Recently it was shown that Vimentin,

a protein highly expressed within mesenchymal cells, selectively recognizes

these arrangements. Putative G4-repeats have been searched within the

human gene proximal promoters by the bioinformatics tool QPARSE and

they resulted to be enriched at genes related to epithelial-to-mesenchymal

transition (EMT). This suggested that Vimentin binding at these sites might be

relevant for the maintenance of the mesenchymal phenotype. Among all the

identified sequences, in the present study we selected the one located within

the promoter of the TEAD4 oncogene. TEAD4 codifies for a transcriptional

enhancer factor, TEAD4, that actively promotes EMT, supporting, cell

proliferation and migration. Moreover, in colorectal cancer cells

TEAD4 directly enhances the expression of Vimentin. Thus, the possible

interaction of Vimentin with TEAD4 promoter could highlight a positive

feedback loop between these two factors, associated to important tumor

metastasis related events. Here, we exploited spectroscopic and

electrophoretic measurements under different conditions to address the

folding behavior of the selected sequence. This allowed us to validate the

folding of TEAD4 promoter into a G4-repeat able to interact with Vimentin.

KEYWORDS

G-quadruplex, TEAD4, Vimentin, G4-repeats, EMT

1 Introduction

Starting from 1953, when Watson and Crick identified the B-form of the DNA

(Watson et al., 1974), up to our days, it has been clarified that DNA is a very plastic

molecule, that can fold into a variety of secondary structures (Bochman et al., 2012).

G-quadruplex (G4) is a non-canonical DNA secondary structure, which corresponds to a
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tetrahelical arrangement that can form at guanine-rich tracts.

Here, four guanine residues interact through Hoogsteen

hydrogen bonds and give rise to planar arrays, called

G-tetrads, that interact with each other through π-π stacking.

This structural core is further stabilized by monovalent cations

that are coordinated in the center of the tetrads (Largy et al.,

2016). The four strands of the G4 may belong to just one

(monomolecular arrangement) or different (bi- or tetra-

molecular arrangements) DNA filaments. In both instances,

the strands can pair with variable relative orientations, based

on which G-quadruplexes can be classified into parallel,

antiparallel, or hybrid.

To fold into amonomeric G4 structure, a DNA filament must

contain four runs of at least two consecutive guanines, each of

them separated by no less than one nucleotide. Based on these

sequence requirements, several algorithms have been designed to

identify those regions potentially capable of forming

G4 structures within the genome (Todd 2005). These sites,

defined as PQS (potential G4 forming sequences) are enriched

mainly at telomeres, gene promoters, ribosomal DNA,

recombination sites and 5′-UTR regions (Rigo et al., 2017). In

living cells, the presence of G4s at these sites has been

experimentally confirmed thanks to the development of

antibodies and fluorescent probes capable of selectively

recognizing these structures (Schaffitzel et al., 2001). These

analyses associated multiple physiological roles of G4s to their

genomic location. In particular, the enrichment in PQS around

the TSS (transcription starting site) of various oncogenes

suggested an important role of G4 structures in the regulation

of their expression (Eddy and Maizels 2006). This was further

confirmed by the ability of G4 selective ligands to influence the

expression of their target genes (Balasubramanian 2011).

More recently, the interest was attracted by those sites where

multiple PQS are located in close positions along the genome

since this clustering was not the simple result of a statistical

enrichment of guanines at these sites (Berselli et al., 2019).

Noteworthy, this PQS distribution can support the folding of

multiple G-quadruplex units within a single short DNA

fragment, giving rise to the so-called G4-repeats. The first

in vitro structural studies of G4-repeats were based on the

human telomeric sequence and later on they were extended to

oncogene promoters such as hTERT, ILPR, KRAS, c-KIT and

c-MYC (Monsen et al., 2021), (Monsen et al., 2020), (Schonhoft

et al., 2009), (Marquevielle et al., 2020), (Rigo and Sissi 2017),

(Monsen et al., 2022).

Recently, it has been observed that Vimentin, an

intermediate filament (IF) protein, is able to interact

selectively with G4-repeats. This complex involves only the

tetrameric form of the protein that is found within the

nucleus as a soluble nuclear fraction (Ceschi et al., 2022).

Although an architectural role has long been considered the

main function of Vimentin, it is well recognized that it also

participates to various signaling cascades and it can act as a

transcriptional regulator within metastatic cancer cells (Mergui

et al., 2010), (Jang et al., 2021). In particular, Vimentin expression

is highly reactivated during epithelial to mesenchymal transition

(EMT), a process that occurs during both physiological tissue

development/regeneration and pathological cancer progression

towards metastasis. Noteworthy, a bioinformatic search for G4-

repeats at proximal gene promoters, followed by GO analysis,

highlighted an intriguing correlation between the functions of

Vimentin and those of the genes containing putative Vimentin

binding sites at their promoters (Ceschi et al., 2022).

Among all the genes identified as potentially able to

accommodate a G4-repeat at their proximal promoter, we

were interested in TEAD4. This gene, located at chromosome

12, codifies for a transcriptional enhancer factor (TEAD4) that

interacts with YAP/TAZ and other transcription factors to

regulate different cellular processes. Among them,

TEAD4 plays an important role in cancer, being actively

involved in the regulation of metastatic behavior and cancer

stem cell dynamics (Barry. 2021) (Chen et al., 2020). Remarkably,

it has been shown that in colorectal cancer cells TEAD4 promotes

EMT in a YAP independent manner, regulating the expression of

Vimentin (Liu et al., 2016).

In the present study, we evaluated the structural features of

the G4-repeat putatively occurring at the TEAD4 proximal

promoter and we addressed its interaction with Vimentin.

These data will help to clarify whether the recruitment of

Vimentin at G4-repeats might represent a mechanism through

which the regulation of different EMT-related genes such as

TEAD4 is achieved.

2 Materials and methods

2.1 Oligonucleotides

Oligonucleotides were purchased from Eurogentec (Liége,

Belgium) as RP-HPLC purified products. Oligonucleotides were

dissolved in milliQ H2O to prepare 100 µM stock solutions.

Before use, each sample was heated at 95°C for 7 min in the

required buffer and then slowly cooled down at room

temperature to equilibrate the system. The DNA sequences

used in this work are listed in Table 1.

The ability of tested oligonucleotides to form intramolecular

hairpins was predicted by the use of the IDT OligoAnalyzer tool

(https://eu.idtdna.com/calc/analyzer). Setting parameters were

150 mM Na+ and 2 µM oligo concentration.

2.2 Circular dichroism

Circular dichroism spectra were recorded on a Jasco J-810

spectropolarimeter equipped with a Peltier temperature

controller using 1 cm pathlength quartz cuvette. CD spectra
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were recorded from 230 to 330 nm. DNA samples were used at

2–4 μM final concentration in 5 mM Tris, pH 7.5. The salt

concentration and the temperature used for the experiments

varied according to the purpose of the assays.

For CD kinetic experiments, spectra were acquired

immediately after the manual addition of the selected cation

into the cuvette from a stock solution, with the following

parameters: scanning speed 200 nm/min; interval scan of 60 s,

bandwidth of 2 nm; data interval of 0.5 nm; response of 1 s.

For CD melting experiments, spectra were acquired between

95 and 25°C every 2°C. Each spectrum represents the average of

2 scans acquired with the following parameters: scanning speed

100 nm/min; band width of 2 nm; data interval of 0.5 nm;

response of 2 s. Spectra were reported as molar ellipticity

([θ]). To analyze the variation of signals at single wavelength

each data point was subtracted of the starting CD value

contribution and the difference was normalized between 0 and

1 (relative molar ellipticity).

2.3 Thermal differential spectra (TDS)

Thermal differential spectra were obtained by subtracting the

oligonucleotide UV-spectrum acquired at 25°C from the one

recorded at 95°C. Experiments were performed using 2–4 µM

oligonucleotide solution in 5 mM Tris pH 7.5, 150 mM KCl.

2.4 Expression and purification of vimentin

The genomic sequence that corresponds to full-length

human Vimentin (residues Met1-Glu466) was inserted into

the pET21a + vector by Genescript. The plasmid was used to

transform competent E. Coli BL21 (DE3) cells. Bacteria were

grown at 37°C in LB media until an OD600 of 0.7 was reached. At

this point, the expression of Vimentin was induced by adding

1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Vimentin

was purified as previously described (Herrmann et al., 2004).

Briefly, cells were collected by centrifugation at 7000 g for 20 min

at 4°C, resuspended in 10 mM Tris, 2 mM PMSF, 10 mMMgCl2,

pH 7.5. After resuspension, the cells were sonicated and up to

0.2% Triton X-100 and 50 g/ml DNase I were added. The

inclusion bodies were harvested by centrifugation, and then

resuspended in the corresponding washing buffer (10 mM

Tris, 1 mM EDTA, 1 mM DTT, 2 mM PMSF, 1.5 M KCl,

pH 7.5). After centrifugation, this procedure was repeated

with the same buffer without KCl. Finally, the pellets were

washed with 10 mM Tris, 0.1 mM EDTA, pH 7.5. After the

last washing step, inclusion bodies were resuspended in a

denaturing buffer (9.5 M urea in 10 mM Tris, pH 7.5). The

solubilized IF proteins were collected by centrifugation at

60,000 g for 1 h at 20°C. Vimentin was purified from the

supernatant by two steps of exchange chromatography, using

first an anionic (Q Sepharose FF, Cytiva) then a cationic (SP

Sepharose FF, Cytiva) column. The buffer used for the exchange

chromatography was 10 mM Tris, 500 mM NaCl, 1 mM DTT,

pH 7.5. Purified Vimentin was stored at −80°C.

2.5 Protein sample preparation

The day before use, Vimentin was renatured following the

protocol developed by Herrmann and others to avoid

polymerization into filaments (Herrmann et al., 2004). The

protein was dialyzed at room temperature against dialysis

buffer (5 mM Tris, 1 mM EDTA, 0.1 mM EGTA, 1 mM

dithiothreitol, pH 8.4) containing a progressively reduced urea

concentration (6, 4, 2, and 1 M urea). Dialysis against a large

volume of buffer with 1M urea proceeded overnight at 4°C. The

next day, dialysis was continued against tetramer buffer (5 mM

Tris, pH 8.4) for 1 h at room temperature. After dialysis, the

protein concentration was determined by measuring the

absorption at 280 nm with ε = 24,900 cm−1M−1.

2.6 Polyacrylamide gel electrophoresis

For each sample, a solution of oligonucleotide (2–4 μM

strand concentration) in 5 mM Tris, pH 7.5 was heated at

95°C for 7 min and allowed to cool down to room

TABLE 1 DNA sequences herein studied.

Sequence name Sequence reported in the 59-39 direction

TEAD4-full CGGGCGGGCGAGGGGCCGGGCCGCCGGGGCGGGGCGGGGCCGGGC

TEAD4-full-2TT CGGGCGGGCGAGGGGCCGGGTTGTTGGGGCGGGGCGGGGCCGGGC

TEAD4-far CGGGGCGGGGCGGGGCCGGGC

TEAD4-near CGGGCGGGCGAGGGGCCGGGC

Marker 22 nts GGATGTGAGTGTGAGTGTGAGG

Marker 44 nts GGATGTGAGTGTGAGTGTGAGGGGATGTGAGTGTGAGTGTGAGG
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temperature overnight. Afterwards, variable concentrations of

KCl (0, 10 and 150 mM) were added to the samples and they were

led to equilibrate overnight at room temperature. The samples

were then loaded on a native 15% polyacrylamide (19:

1 acrylamide: bis-acrylamide) gel in 1 × TBE (89 mM Tris,

89 mM boric acid, 0.02M EDTA) implemented with 20 mM

KCl. The gel was stained with Sybr Green II and the resolved

bands were visualized on an image acquisition system (Geliance

600 Imaging system, Perkin-Elmer).

2.7 Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSA) were

performed on 1.5% agarose gels in 1 × TBE buffer and

10 mM KCl. Each reaction sample contained 500 nM DNA

and 8 μM Vimentin, in 5 mM Tris, 150 mM KCl, pH 8.4.

Vimentin was added to oligonucleotide solutions and

incubation was performed for 1 h at room temperature.

Immediately before loading, 3 μl of gel loading buffer (50%

glycerol, 50% water) were added to the samples.

Electrophoresis proceeded for 2 h at 6 V/cm at 4°C. Gels were

stained with Sybr Green II to visualize nucleic acids and with

Coomassie Brilliant Blue G250 for protein detection. Gel images

were acquired with a Geliance 600 apparatus.

3 Results

3.1 Rational selection of a sequence that
potentially folds into a G4-repeat

In a previous study (Ceschi et al., 2022) the Q-PARSE

bioinformatics tool was used to search sequences containing

two contiguous G4-forming elements in the region covering

100 nucleotides upstream the transcription starting site of

human genes. The search was extended to both, the forward

and reverse strands. The searched pattern comprised islands of

3–4 guanines with connecting loops of maximum 5 nucleotides.

The software provided an output of 1477 genes that contain at

least one putative double G4-repeat. Among the retrieved

sequences, we chose to characterize a sequence, TEAD4-full

(Table 1), located 31 nucleotides upstream the TSS of the

TEAD4 oncogene.

Besides the functional roles of the protein encoded by this

gene, the selected sequence represented an attracting system

thanks to its guanines number and distribution. The study of

any G4-repeat systemmight be very complex due to the potential

coexistence of multiple structural equilibria (Monsen et al.,

2022). However, it was possible to subdivide TEAD4-full into

two shorter domains, each of them comprising 4 runs of at least

3 guanines (thus each of them putatively able to fold into a stable

G4), separated by a short linker (Figure 1). Thus, we took

advantage of this base composition of TEAD4-full and we

started its characterization by analyzing the conformational

features of the two short sequences located at the 5′- and 3′-
end, addressed as TEAD4-near and TEAD4-far, respectively.

3.2 TEAD4-near folds prevalently into an
antiparallel G-quadruplex structure

To address the conformational features of the selected

sequences, we performed CD spectroscopy that allows to

follow the folding process of oligonucleotides and provides

useful insights into the topology of the nucleic acid

arrangements in solution. Since it is known that G-quadruplex

formation is promoted by the presence of some cations, in

particular potassium, we started our analyses by monitoring

the modifications of the CD spectrum of TEAD4-near in

5 mM Tris, pH 7.5 upon addition of 10 and 150 mM KCl

(Largy et al., 2016). Under both conditions, we observed an

increase in molar ellipticity at 290 nm and a decrease at 260 nm

that occurred in the same time scale at the two tested KCl

concentrations (Figure 2).

The shape of the CD spectrum is known to be different for a

G4 of parallel or antiparallel topology (Balagurumoorthy et al.,

1992). Parallel G4s typically show a positive signal at 265 nm and

a negative one at 240 nm, whereas antiparallel quadruplexes

exhibit a positive signal at 290 nm and a negative one around

260 nm. Thus, the CD spectra of TEAD4-near suggested that the

addition of potassium drove the formation an antiparallel G4.

The presence of a G4 structure was further confirmed by the UV

thermal differential spectrum (TDS) (Supplementary Figure

S1A), that exhibited the characteristic pattern associated to

this non-canonical structure, with two positive peaks at

240 and 277 nm, a shoulder at 255 nm and a negative

minimum at 296 nm (Mergny 2005).

The melting and annealing profiles of TEAD4-near were

acquired at the physiologically relevant KCl concentration

(150 mM) and they were perfectly reversible (Figure 3). The

FIGURE 1
Schematic representation of TEAD4 studied sequences.
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melting profile showed a progressive reduction of the CD signal

at 290 nm. This decrease was paired with an increment of the

signal at 265 nm that reached themaximal intensity at about 70°C

and that was lost at higher temperatures (Figure 3A). This

transition can be attributed to an intermediate state occurring

along the folding/unfolding of the antiparallel G4 but which

presence was negligible at physiological temperature.

To verify whether some of the detected species might

correspond to intermolecular arrangements, native

polyacrylamide gel electrophoresis (PAGE) experiments were

performed. TEAD4-near samples were analyzed before and

after an annealing step carried out in the presence of KCl. All

of them run as a single band with an electrophoretic mobility

higher compared to the one of an unfolded 22-nts scrambled

oligonucleotide (Supplementary Figure S2A), thus confirming

that TEAD4-near folds only into intramolecular structures under

our experimental conditions.

3.3 The folding of TEAD4-far comprises
parallel and antiparallel G4 components

Consistently with the above described experimental approach,

we started the characterization of TEAD4-far structural equilibria by

monitoring in time the CD spectra modifications upon addition of

increasing KCl concentrations up to 150 mM (Figure 4A). At all

tested conditions, the CD spectra of TEAD4-far progressively

evolved towards the formation of two main positive peaks

located at 290 and 265 nm that, as supported by TDS, were

associated to its folding into G4 (Supplementary Figure S1B).

CD spectra with maxima at both 265 and 290 nm are typical of

G4 with hybrid topology (Balagurumoorthy et al., 1992).

Alternatively, they can be observed when a sequence in solution

distributes between parallel and antiparallel conformations. Here, by

comparing the molar ellipticity of the oligonucleotide solutions after

1 h of incubation, it emerged that their relative intensities were a

FIGURE 2
(A) Time dependent variation of CD spectra of 4 µM TEAD4-near in 5 mM Tris pH 7.5, upon addition of 150 mM KCl recorded at 25°C. Solid and
dashed lines correspond to the oligonucleotide in the absence of metal ion and after 1 h incubation, respectively. (B) Time dependent relative
variation of molar ellipticity at 290 nm of 4 µM TEAD4-near in 5 mM Tris pH 7.5, upon addition of 10 or 150 mM KCl.

FIGURE 3
(A) CD spectra of 4 µM TEAD4-near in 5 mM Tris pH 7.5, 150 mM KCl, acquired at increasing temperatures. The green, yellow and red lines
correspond to spectra acquired at 25, 70 and 95°C, respectively. (B) and (C) Variation of the relative molar ellipticity at 265 and 290 nm, respectively,
recorded during the annealing and the melting of 4 µM TEAD4-near in 5 mM Tris pH 7.5, 150 mM KCl.
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function of the metal ion concentration (Figure 4B). As far it

concerns the peak at 265 nm, it reached the maximum of molar

ellipticity at 100 mM KCl. Conversely, the intensity of the peak at

290 nm increased moving from 1 to 10 mM KCl while further

increments of the metal ion concentration reduced it to converge

towards a constant value of molar ellipticity. The differential

response at these two wavelengths was further highlighted by

comparing the folding kinetic of the oligonucleotide at these two

wavelengths, the variation of the signal at 265 nm being much

slower than the one occurring at 290 nm at all tested KCl

concentrations (Supplementary Figure S3). These data indicated a

competition between two distinct oligonucleotide arrangements that

leads to their different relative abundance as a function of KCl

concentration. At high KCl concentration parallel G4 arrangement

was favored. Interestingly, melting/annealing profiles acquired in

10 mM KCl nicely overlapped (Supplementary Figure S4).

Conversely, in 150 mM KCl, by heating of the solution up to

65°C, a modest but significant rearrangement occurred, which

corresponded to an increase of the molar ellipticity at 265 nm

associated to a reduction of the signal intensity at 290 nm

(Figures 4C,D). Noteworthy, this species was the one preserved

at r.t. after the annealing.

Overall, data suggested that TEAD4-far distributes between a

kinetically favored antiparallel structure and a thermodynamic

favored parallel conformation, the annealing shifting the system

towards the last one at physiologically relevant KCl

concentrations. PAGE experiments confirmed that none of

them is related to intermolecular folded structures

(Supplementary Figure S2B).

3.4 TEAD4-full folds into an extended
parallel G4

Based on the above presented results, it was unexpected to

observe that the addition of KCl up to 150 mM to TEAD4-full

produced only modest changes of the dichroic signal. They

comprised a fast increment at 290 nm that was paired with a

very slow rearrangement at lower wavelengths that occurred on

the time scale of hours (Figures 5A; Supplementary Figure S5).

This chiroptical profile markedly changed as a function of

potassium concentration when we analyzed the annealed

oligonucleotide solutions (Figure 5B) with a positive band

centered at 265 nm progressively emerging above 50 mM

FIGURE 4
(A) Time dependent variation of CD spectra of 4 µM TEAD4-far in 5 mMTris, pH 7.5 upon addition of 150 mMKCl at 25°C. Solid and dashed lines
correspond to the oligonucleotide in the absence of metal ion and after 1 h incubation, respectively. (B) CD spectra of 4 µM TEAD4-far in 5 mM Tris
pH 7.5 in the absence and presence of 1–150 mM KCl acquired after 1 h at 25°C. (C) and (D) CD spectra of 4 µM TEAD4-far in 5 mM Tris pH 7.5,
150 mM KCl, acquired during melting (C) or annealing (D) at 20°C/h. The green, yellow and red lines correspond to spectra acquired at 25,
65 and 95°C, respectively.
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KCl. In particular, at 150 mM KCl, this contribution was largely

dominant. UV thermal differential scans confirmed that it

corresponded to TEAD4-full preferentially folded into G4,

since the negative signal at 296 nm, characteristic of the

G4 structure, was remarkably more intense when compared

to the one acquired before the annealing step (Supplementary

Figure S1C–D). These data supported the preferential

formation of a parallel G4 at physiological KCl concentration.

FIGURE 5
(A)CD spectra of 2 µM TEAD4-full in 5 mMTris, pH 7.5, in the absence of KCl and 1min, 1 h and 24 h after the addition of 150 mMKCl at 25°C. (B)
CD spectra of 2 µM TEAD4-full in 5 mMTris after annealing in presence of 50, 100 or 150 mMKCl. (C) and (D) Relative variation of themolar ellipticity
recorded at 265 and 290 nm, respectively, during annealing and melting of 2 µM TEAD4-full in 5 mM Tris pH 7.5, 150 mM KCl at 20°C/h.

FIGURE 6
CD spectra of 2 µM TEAD4-full and TEAD4-full-2TT in 5 mM Tris, pH 7.5, 150 mM KCl acquired 24 h after addition of the salt at 25°C (A) or after
annealing (B).
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Worth of note, once annealed, at all tested salt concentrations

the system was at the thermodynamic equilibrium and, subsequent

melting/annealing cycles were fully reversible (Figure 6). Their

profiles further supported that at the lower tested KCl

concentration the presence of multiple components was

preserved (Supplementary Figure S6). Also for this sequence,

PAGE confirmed the conserved presence of only intramolecular

structures (Supplementary Figure S2C).

According to these data, it is possible to propose that the

addition of metal ion to TEAD4-full stabilized an intramolecular

arrangement that prevents the formation of the G4-repeat, the

thermal denaturation of this starting arrangement(s) allowing the

formation of the more thermodynamic stable parallel G4. Based

on the intensity of the signal, it appeared that at physiological

conditions it covered both the two G4 domains. This is

compatible with the formation of a G4-repeat.

3.5 The mutated TEAD4-full-2TT adopts a
parallel G4 conformation

The described structural folding landscape of TEAD4-full is

complex. To better describe it, we designed a sequence with a

reduced propensity to adopt G4-competing structures. By

analyzing the TEAD4-full sequence with the IDT

OligoAnalizer prediction tool, we retrieved several hairpin

structures, as expected for a sequence with such a remarkable

high GC content. Noteworthy, the most stable hairpins involved

constantly the central four cytosines paired with different

guanines that, based on our data on the short

TEAD4 domains, should be involved in G-tetrads formation

(Supplementary Figure S7). To validate the potential impact of

these secondary structures on the G4 formation, we considered to

reduce them by converting the central cytosines into thymines

FIGURE 7
EMSA of tested oligonucleotides (500 nM) incubated with 8 µM Vimentin in 5 mM Tris, pH 8.4, 150 mM KCl, stained with Sybr Green II (on the
left) and Coomassie Brilliant Blue G250 (on the right) Panel (A) TEAD4-near and TEAD4-far; Panel (B) TEAD4-full before and after annealing in
presence of KCl; Panel (C) TEAD4-full-2TT before and after annealing in presence of KCl.
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(Figure 1). Thus, we characterized the mutated sequence

TEAD4-full-2TT reported in Table 1.

The CD spectra of TEAD4-full-2TT after the addition of

150 mM KCl showed a weak peak at 290 nm similar to the one of

TEAD4-full. However, differently from the wild-type sequence, it

comprised also a weak shoulder at 265 nm, likely due to the

presence of a small fraction of parallel G4 (Figure 6A). The

annealing of this solution readily drove a strong increment of this

component, comparable to TEAD-full although slightly more

intense (Figure 6B). These data indicated that the introduced

mutations did not fully prevent the formation of potentially G4-

repeat competing structures, but they reduced them thus making

more efficient the structural rearrangement towards the

thermodynamically favored parallel G4-repeat.

3.6 The G4-repeats of TEAD4-full and
TEAD4-full-2TT are recognized by
Vimentin

To address the binding of Vimentin to TEAD4, we

performed electrophoretic mobility shift assays with the

purified recombinant human protein. Binding reactions were

carried out at pH 8.4 to avoid Vimentin polymerization into

filaments (Herrmann et al., 2004). Due to the complex folding

landscape of the herein tested sequences, oligonucleotides were

either equilibrated or annealed in 150 mM KCl to promote

G-quadruplex formation before protein addition.

As expected from the high selectivity of Vimentin for G4-

repeats, no protein-DNA complexes were observed when

Vimentin was incubated with the isolated TEAD4-near and

TEAD4-far (Figure 7A). Conversely, as shown in Figure 7B,

Vimentin interacted with TEAD4-full. Remarkably, the complex

formation occurred only when the oligonucleotide was

previously annealed in 150 mM KCl. This result further

confirmed that the parallel G4 arrangement induced in these

conditions actually corresponds to a G4-repeat.

It was interesting to observe that Vimentin did bind to

TEAD4-full-2TT either before and after the annealing. In the

first case, the interaction was weak, while no free DNA was

observed when Vimentin was added to the previously annealed

TEAD4-full-2TT (Figure 7C). The higher affinity of the protein

for this full-length mutated sequence further indicated that the

selected mutations efficiently reduced the formation of structural

motives that compete with the complete folding of TEAD4-full

into a G4-repeat.

4 Discussion

TEAD4 is an oncogene with important roles in cancer,

including epithelial-to-mesenchymal transition (EMT),

metastasis, chemotherapeutic drug resistance and, consistently,

it represents a valuable target for anticancer treatment (Chen

et al., 2020). The presence of a long G-rich domain within its

promoter is attractive since its potential conversion into non-

canonical DNA arrangements may lead to unique sites of

intervention to modulate its functions. This will potentially

drive towards a better description of TEAD4 functional roles

and eventually to novel therapeutic tools. As a starting point, it

was demanding to explore the conformational profile of this

G-reach domain.

The combined data obtained by CD and UV spectroscopic

analyses at physiologically relevant KCl concentration,

showed that at the identified long G-rich site, two short

DNA domains can individually fold into different

G4 structures. TEAD4-far folds into a combination of

parallel and antiparallel intramolecular G4s, the antiparallel

ones being kinetically favored, while the parallel ones being

more thermodynamically stable and, remarkably, being

largely dependent on KCl concentration. In principle,

TEAD4-near can be addressed as less polymorphic since in

solution it mainly folds into an intramolecular antiparallel G4.

However, along the folding pathway, a parallel contribution

was also detected. Although at physiological temperature its

presence is negligible in vitro, we cannot rule out its

occurrence to a significant extent in the complex nuclear

environment.

As supported by the interaction of TEAD4-full with

Vimentin, the full-length G-rich domain folds into a repeat

formed by two G4 modules. However, the folding behavior of

the full-length sequence TEAD4-full, did not correspond to the

sum of its two domains as clearly emerged by comparing their

chiroptical contributions (Figure 8). In particular, it appears that

TEAD4-near, being prevalently folded into an antiparallel G4,

FIGURE 8
CD spectra of TEAD4-full, TEAD4-far and TEAD4-near in
5 mM Tris, pH 7.5, after annealing in presence of 150 mM KCl.
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does not contribute to the relevant parallel G4 content (as derived

from the positive band at 265 nm) of the full length TEAD4-full.

This issue can be addressed based on literature data. Indeed,

conformational rearrangements occurring when multiple

G4 modules are arranged into a continuous array have been

already highlighted, first of all for the telomeres, that can

accommodate several nearby G4s with the same sequence

composition but with a combination of distinct topologies

(Monsen et al., 2021) (Carrino et al., 2021). More recent

evidences pointed that at gene promoters, contiguous G4s are

expected to evolve towards a conserved preferential parallel

conformation (Schonhoft et al., 2009) (Monsen et al., 2022). It

has been proposed that this can be the result of a favorable

contribution deriving from G4-G4 stacking interaction, easily

occurring between two parallel G4s but hindered with the

antiparallel ones. In our model, as above mentioned, TEAD4-

near can undergo an antiparallel to parallel transition, thus it is

not at odd to consider that the last is preferred when it is flanked

by the TEAD4-far.

The parallel G4-repeat of TEAD4-full is expected to be much

more stable in comparison to the two isolated G4 units. However,

we observed how its folding is impaired before the annealing at

high KCl concentration. Here, as supported by the

characterization of the mutated TEAD4-full-2TT sequence, we

related this to the possible competition between G4-repeats and

alternative intramolecular pairings. Again, this evidence does

not rule out the formation of the G4-repeat in the

intracellular environment where the complex composition

can influence the relative stabilities of the folded species.

Moreover, we should consider that in the cell, the herein

studied sequence is inserted within a long frame of dsDNA.

While as previously reported (Buglione et al., 2021) this

template well supports G4-repeat formation, it might elicit

alternative folding.

Finally, the herein reported interaction of our tested

sequences with Vimentin, is valuable not only from a

structural point of view. Indeed, in colorectal cancer cells,

TEAD4 binds the promoter of Vimentin to induce its

expression and the level of these two proteins are correlated

to drive EMT, ultimately increasing the migration of tumor cells

and the tumor metastasis (Liu et al., 2016). Our result, by

supporting a direct interaction of Vimentin with

TEAD4 promoter can foresee the occurrence of a positive

feedback between these two factors, that could be associated

to important tumor related pathways.

In conclusion, the herein described binding interaction

between Vimentin and TEAD4-full can be considered as a

new target: it paves the way to the identification of novel

mechanisms worth to be exploited to realize safer and more

efficient treatments for oncological patients.
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Bioinspired photocatalysis has resulted in efficient solutions for many areas of

science and technology spanning from solar cells to medicine. Here we show a

new bioinspired semiconductor nanocomposite (nanoTiO2-DOPA-luciferase,

TiDoL) capable of converting light energy within cancerous tissues into

chemical species that are highly disruptive to cell metabolism and lead to

cell death. This localized activity of semiconductor nanocomposites is triggered

by cancer-generated activators. Adenosine triphosphate (ATP) is produced in

excess in cancer tissues only and activates nearby immobilized TiDoL

composites, thereby eliminating its off-target toxicity. The interaction of

TiDoL with cancerous cells was probed in situ and in real-time to establish a

detailed mechanism of nanoparticle activation, triggering of the apoptotic

signaling cascade, and finally, cancer cell death. Activation of TiDoL with

non-cancerous cells did not result in cell toxicity. Exploring the activation of

antibody-targeted semiconductor conjugates using ATP is a step toward a

universal approach to single-cell-targeted medical therapies with more

precision, efficacy, and potentially fewer side effects.

KEYWORDS

TiO2, nanocomposites, luciferase, bioluminescence, extracellular ATP, cancer,
apoptosis, real-time confocal microscopy

1 Introduction

Recent progress in advanced medical therapies is focused on targeted therapies with a

single-cell level resolution. They hold the promise of reducing off-target drug effects by

directing therapeutic agents exclusively to localized diseased tissue (O’Brien et al., 2007;

Li, 2014; Petros and DeSimone, 2010; Yang et al., 2018; Schmidt et al., 2020; Jan et al.,

2021; Briolay et al., 2021). Several factors are important for cell-targeted therapies among

which prevention of the premature release of toxic remedies is one of the most important

ones. Several drug delivery systems activated by heat, magnetic fields, ultrasound, or light

are being explored (Mura et al., 2013; Briolay et al., 2021; Han and Choi, 2021). Another

attractive approach to localized therapies is the use of molecules that are produced by the

disease itself as triggers that activate the therapy (LaVan et al., 2003). So far, this approach

has been used indirectly for carriers that rely on pH change across the liposome bilayer
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(Maurer-Spurej et al., 1999; Lei et al., 2017) or pathophysiological

abnormalities of the vascular system in tumors (EPR effect)

(Allen and Cullis, 2004; Lei et al., 2017) that passively

accumulate and retain the drug at diseased targets. We take a

new approach that takes advantage of the active release of ATP in

the extracellular environment of tumors (Stagg and Smyth, 2010;

Vultaggio-Poma et al., 2020). One of the most prominent

metabolic alterations in cancer cells is the increase in aerobic

glycolysis and the dependency on the glycolytic pathway for ATP

generation, known as the Warburg effect (Pelicano et al., 2006).

Many cancers produce a significant amount of ATP through a

glycolic Warburg pathway and maintain high levels of ATP

through avid consumption of glucose even during the

execution of apoptosis (Oberdanner et al., 2002; Kim and

Dang, 2006; Vultaggio-Poma et al., 2020). This highly

energetic molecule is accumulated in the tumor interstitium,

while it is basically undetectable in healthy tissues (Pellegatti

et al., 2008). The excess ATP was previously used for imaging

cancers deep in the tissues or to induce luminescence of quantum

dots (Kim et al., 2015).

TiO2 nanoparticles exhibit exceptional photoreactivity (Rajh

et al., 2014) and can be functionalized to bind multiple

biomolecules to an individual particle (Endres et al., 2007)

and initiate photochemical reactions within the cell

environment (Paunesku et al., 2003). Their surface

modification with enediol molecules extends their light

absorption to the visible and near-infrared region of the light

spectrum, overcoming the biggest obstacle to the use of TiO2

nanoparticles for applications in phototherapy (Supplementary

Figure S1) (Rajh et al., 2002). It was shown that enediol-modified

TiO2 nanoparticles are highly active under visible light (Liu et al.,

2006; Tachan et al., 2014) and have the ability to create reactive

radical species upon illumination with visible light (Dimitrijevic

et al., 2009). However, the small penetration depth of light in the

body still limits the use of semiconductors in photodynamic

therapy, restricting the targets to the skin and the lining of a

lumen.

In this study, we describe a different approach; instead of

delivering the light to the tumor, we take advantage of the

presence of the highly energetic molecular source ATP in the

extracellular space of the cancerous tissue to create superoxide

radicals (O2
−·) capable of initiating the apoptotic signaling

cascade (Chauhan et al., 2003; Dimitrijevic et al., 2009). Just

like ATP activates luciferase-mediated luciferin emission of light

(Scheme 1A), a mechanism used by fireflies to create their own

light, ATP can power TiO2 nanocomposites and directly generate

electrons capable of a further generation of superoxide radicals

O2
−· (Scheme 1B). Superoxide is rather unreactive and its

diffusion distance ranges from 0.5 to a few μm, largely

controlled by the concentration of superoxide dismutase and

nitric oxide radicals (compared to <2 nm for OH· radicals

and <250 nm of singlet oxygen) (Panus et al., 1993; Mikkelsen

SCHEME 1
Silent features of firefly luciferase catalyzed excitation and luminescence of luciferin in the presence of ATP (A) and modification of the
excitation mechanism to power membrane-immobilized semiconductor particles in tumors in situ resulting in radical species such as superoxide
radicals (O2

−·) capable of initiating the apoptotic signaling cascade within a neighboring cancerous cell (B).
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and Wardman, 2003). As excess ATP is local to tumor regions,

photocatalytically produced superoxide radicals are formed

within the tumor microenvironment and can diffuse to

adjacent cell mitochondria and induce an apoptotic cell-

signaling cascade (Chauhan et al., 2003).

In this work, we show that the sensitization of TiO2 with

luciferase enables ATP activation of TiO2 nanoparticles and

mediates an apoptotic cascade within HCT 116 colon

cancerous cells. The elevated level of extracellular ATP within

the tumor microenvironment is responsible for the localization

of composite activity and formation of superoxide radicals within

the tumor regions. We demonstrate that nanocomposites do not

show any activity within noncancerous immortalized cells

YAMC (young adult mouse colonocytes). We explore the

strategy for enhancing nanocomposites’ retention within the

extracellular space, by coupling luciferase-TiO2

nanocomposites (TiDoL) to the C225 antibody capable of

recognizing and binding to receptors uniquely expressed on

the HCT 116 surface. Antibody-immobilized nanocomposites

confine the formation of radical species to the surface of HCT

116 cells and enhance the efficiency of interaction between

superoxide radicals O2
−· and nearby cancerous cells. In this

way, the release of superoxide radicals becomes doubly

regulated by 1) the level of ATP production in cancerous

cells, and 2) the positioning of TiO2 nanoparticles near

cancerous cells using cell-specific antibodies, limiting their

activity exclusively to cancerous tissues and therefore

mitigating non-systemic toxicity.

2 Materials and methods

2.1 TiO2 sample preparation

Five nm TiO2 nanoparticles in water were prepared by the

drop-wise addition of TiCl4 to cooled water under vigorous

steering as described previously (Rajh et al., 1996).

Nanoparticles were deposited on ITO-coated glass slides via

electrophoretic deposition (EPD) in aqueous solution at a

voltage of 20 V and ca. 5 µA current. After deposition, the

TiO2-coated electrodes were sintered at 400°C for 1 h.

Following the sintering process, a lead wire was attached to

the sample and conduction between the wire and ITO was

achieved by the addition of conductive silver paint. The

surface of the TiO2 nanoparticle films was modified by ~12 h

of immersion in 10 mg/ml DOPAC solution in 10 mM MES

buffer solution at pH 6.1 in the dark. Following functionalization,

the carboxyl group of the surface-tethered Dopac was activated

by reaction with 50 mM 1-Ethyl-3-[3-dimethylaminopropyl]

carbodiimide (EDC) and 44 mM N-hydroxysulfosuccinimide

(sulfo-NHS) in MES buffer at pH 6.1 for 2 h. Any remnant

EDC-sulfo-NHS was quenched by reaction with excess

mercaptoethanol and washed further with MES buffer. After

washing, varying amounts of a luciferase enzyme were added to a

vial containing the electrodes and MES buffer and allowed to

react overnight in a dark refrigerator at 4°C. TiO2 nanoparticles

in phosphate buffer (10 mM PBS, pH 7) were prepared by rapid

transition of positive particle charge at pH 3 to negative particle

charge at pH 9 by injection of 1M LiOH to TiO2 solution and

subsequent dialysis against 10 mM PBS.

2.2 Chemically induced electrochemical
testing

Current measurements were performed on the electrodes in a

solution of 10 mMMES buffer (pH 6.1) and 5 mMhydroquinone

purged with Ar. No bias voltage was applied, and the reference

electrode was Ag/AgCl. The current was allowed to stabilize for

30 s before the luciferin and ATP substrate were injected. For a

control film of TiO2modified with Dopac, only a nominal change

in current was detected when the luciferin-ATP substrate was

injected. Experiments were replicated two times.

2.3 Monitoring light emission from
functionalized TiO2 nanoparticles

Light emission from the functionalized TiO2 nanoparticles in

the solution and nanoparticle films was monitored using a

Horiba Nanolog Spectrofluorometer. No light emission was

observed for any control sample (TiO2 and TiO2-Dopac

nanoparticles) in the spectrofluorometer after treatment with

100 µl of luciferin/ATP substrate. However, when functionalized

TiO2-DOPAC-luciferase films were treated with 100 µl of

luciferin/ATP, an emitted light was observed. The decay

kinetics and the emission spectrum were both monitored.

Experiments were replicated two times.

2.4 Synthesis of self-illuminating
nanoconjugates

We synthesized self-illuminating semiconductor

nanoconjugates of titanium dioxide—Dopac—luciferase

(TiDoL) by covalent linking of luciferase (Photinus pyralis

(firefly)) with an equimolar particle concentration of 5 nm-

TiO2 nanoparticles through a conductive 3,4-

Dihydroxyphenylacetic acid (Dopac) linker. To link negatively

charged TiO2 nanoparticles (in 10 mM phosphate buffered

saline, PBS, pH 7) to luciferin that also has an overall

negative charge (formal negative charge of −7.0), a small

negatively charged linker Dopac (20 fold excess) was first

incubated with luciferin to position negatively the charged

carboxyl group in the positive pockets of luciferin

(Supplementary Figure S2, five large positive pockets, mainly
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composed of amino group terminated arginine and lysine)

followed by EDS/sulfo-NHS conjugation of Dopac to amino

groups of luciferase. TiO2 nanoparticles were then incubated

with (comprehensively washed) Dopac-modified luciferase. Due

to their high degree of surface curvature, bare TiO2 nanoparticles

have surface atoms in a distorted crystalline environment and

under-coordinated geometry (Rajh et al., 1999). These under-

coordinated sites at the surface of small TiO2 nanoparticles

exhibit high reactivity toward bidentate coordination with

oxygen-containing ligands enabling their seamless coupling to

small molecules such as Dopac. Bidentate binding of Dopac to

under-coordinated sites results in reconstruction of the surface

atoms of TiO2 nanoparticles to thermodynamically stable

octahedral geometry. This, in turn, introduces new electronic

states in the mid-gap region of TiO2 nanoparticles that originate

from Dopac HOMO and lead to enhanced optical properties of

the nanoconjugate in the visible region of the spectrum (Rajh

et al., 2002; Rego and Batista, 2003). As a result, only successful

coupling of bare TiO2 nanoparticles to DOPAC-modified

luciferase will result in the electronic interaction manifested

by the appearance of the visible absorption band (Paunesku

et al., 2003; Rajh et al., 2004) of the nanoconjugate

(TiO2–Dopac–Luciferase, TiDoL). The appearance of visible

absorption and the coupling were monitored by UV

absorption spectroscopy and the measurements of zeta

potential and electrophoretic mobility using laser Doppler

micro-electrophoresis (Supplementary Figure S1;

Supplementary Table S1). Detailed linking procedures are as

follows:

2.4.1 TiO2 functionalization/TiDoL
A total of 10 μl of 10 mg/ml Dopac (Sigma-Aldrich, St. Louis,

MO, United States) was added to the 250 µl of stock 8.33 µM

luciferase (Sigma-Aldrich, St. Louis, MO, United States) under

nitrogen and incubated for 30 min. Then 20 µl of already mixed

0.5 ml of 10 mg/ml 1-Ethyl-3-[3-dimethylaminopropyl]

carbodiimide hydrochloride (EDC) (Sigma-Aldrich, St. Louis,

MO, United States), and 0.5 ml of 10 mg/ml

N-Hydroxysuccinimide (NHS) (Sigma-Aldrich, St. Louis, MO,

United States) solution was added to the luciferase solution under

nitrogen and incubated for 2 h at room temperature under

nitrogen. Then, the solution was washed four times with

phosphate-buffered saline (PBS) (Sigma-Aldrich, St. Louis,

MO, United States) using a centrifuge purification system.

After the last wash, the solution was concentrated at 100 µL,

and 200 µl of 10 µ of 5 nm TiO2 was added. A faint yellow color

appeared upon the addition of TiO2 as a result of the formation of

a charge transfer complex between TiO2 and Dopac linked to

luciferase confirming a successful coupling reaction. When the

equimolar concentration of Dopac was used for modification of

luciferase, only partially conjugated TiDoL was obtained as

observed by UV/vis absorption spectroscopy. This preparation

leads to a final concentration of 6.2 µM TiDoL with an excess of

3.3 μM luciferase. This TiDoL solution was used both as

synthesized and with the addition of 25 µl of Dopac to

enhance the absorption of luciferase-mediated luciferin emission.

2.4.2 Functionalization of TiDoL with
C225 antibody/TiDoL-C225

TiDoL was further modified with an antibody such as C225.

For that purpose, 10 μl of 10 mg/ml Dopac (Sigma-Aldrich, St.

Louis, MO, United States) was added to 125 µl of 13.3 µM of an

anti-EGFR monoclonal antibody, C225 (2 mg/ml Cetuximab/

Erbitux, Eli Lilly, New York, NY, United States) under nitrogen.

Then 20 µl of already mixed 0.5 ml of 10 mg/ml EDC and 0.5 ml

of 10 mg/ml NHS solution was added under a nitrogen

atmosphere. The solution was incubated for 2 h at room

temperature under nitrogen. Then, the solution was washed

four times with PBS using centrifuge purification. After the

final wash, the final volume was adjusted to 125 and 300 µl of

6.2 µM TiDoL was added (or TiO2 for preparation of TiO2-

C225). This preparation makes a final TiDoL-C225 solution with

a concentration of 4.15 µM with a 0.28 µM concentration of free

C225, which is approximately 5% excess.

2.4.3 Functionalization of TiDoL and
TiDoLC225 with alizarin

TiDoL and TiDoL-C225 were modified with alizarine for

monitoring nanocomposite fluorescence. A total of 25 µl of

TiDoL (TiDoL-C225) was incubated with 372.5 µl of PBS and

2.5 µl of 6 mM alizarine. Pale pink color of the solution was

developed after sonication for 5 min.

2.5 Particle characterization

The Zetasizer (Malvern Zetasizer Nano-ZS, Malvern,

United Kingdom) was used to measure the size, zeta potential

(surface charge), and mobility of TiO2 and TiDoL samples

(Supplementary Table S1). Samples were placed in an optical

cell equipped with gold electrodes. Dynamic light scattering was

measured in the cell using a 633 nm light laser cell with an

applied potential and zeta potential, mobility, conductivity, and

the size of nanoconjugates were obtained.

2.6 Cell culture

The HCT116 human colon cancer cell line with an

overexpression of epidermal growth factor (EGF) receptors

(ATCC, 2013) was grown in McCoy’s 5a Medium Modified

(Gibco, Grand Island, NY, United States), with fetal bovine

serum (Gibco, Grand Island, NY, United States) added to a

final concentration of 10%, and penicillin–streptomycin (Sigma-

Aldrich, St. Louis, MO, United States) added to a final

concentration of 5% ay 37°C. The young adult mouse
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colonocyte (YAMC) cell line (provided by the University of

Chicago Medical Center, Chicago IL, United States, 2015) was

derived from the Immortomouse, a transgenic animal containing

a temperature-sensitive T Ag under the control of an IFN-γ-
dependent promoter. YAMC cells proliferate under permissive

conditions of 33°C in the presence of 5 U/ml IFN-γ (PeproTech).
YAMC cells were cultured in RPMI 1640 containing 5% FBS,

2 mM l-glutamine, penicillin/streptomycin, 5 U/ml IFN-γ, and
N-2 supplement (Invitrogen Life Technologies). CT 26 fibroblast

cells (ATCC, 2014) were grown in the same media with 10% FBS

at 37°C. Cells were cultured under nonpermissive conditions for

at least 24 h before experiments, and for the duration of

experimentation. The cells were subcultured when they are

grown at 70–90% confluence. An optical upright microscope

(VWR VistaVision, Radnor, PA, United States) equipped with a

camera (Carl Zeiss AxioCam CM1, Oberkochen, Germany) was

used to examine the cell cultures and monitor the progress daily.

A randomized block design is used for in vitro and in situ

experiments. The cells were divided into eight or four

identical blocks, and experimental procedures on each block

were assigned randomly.

2.6.1 Cell staining
Every cellular dye was applied with a specific staining

protocol described by the manufacturer. The cellular dyes

were added to the growth medium incubated and washed

with a growth medium and HBSS. Cell membranes of human

colorectal cancer cells, including the HCT116 cell line, express

multiple glycoprotein ligands (Tomlinson et al., 2000; Nagano

et al., 2011) allowing the use of WGA for sensitive imaging of

cytoplasmic membranes in HCT116 cell line (Chazotte, 2011;

Wang et al., 2012). In addition, fluorescentWGAwas also used to

stain the Golgi apparatus (Allen et al., 1989; Chazotte, 2011) as

cisternae at the trans face of Golgi membrane stacks participate in

glycosylation of proteins that also bind WGA (Elmouelhi et al.,

2008). Therefore, WGA (Invitrogen, Grand Island, NY,

United States) was used for staining the cell membrane and

Golgi apparatus in a fluorescent green color (Alexa 488).

Mitotracker red (Invitrogen, Grand Island, NY, United States),

a cationic red-fluorescent dye, binds negatively charged

mitochondria in live cells and was used for labeling

mitochondria with red fluorescence. It possesses a reactive

chloromethyl group that forms a covalent bond with free

thiols in proteins and peptides, retaining labeling thiol-

containing proteins even after mitochondrial depolarization.

Mitosox Red (Invitrogen, Grand Island, NY, United States)

was a cellular stain that was used to image the superoxide

radicals within the cell environment. The nucleus of the

cellular cultures was stained with Hoechst (Invitrogen, Grand

Island, NY, United States). Hoechst fluorescence is significantly

enhanced in condensed chromatin and is used for motoring

pyknotic nuclei. Alizarin was used to monitor TiO2 nanoparticles

within the cell environment. The Zeiss LSM 510 Meta confocal

microscope (Carl Zeiss, Oberkochen, Germany) was used to

image colocalization in stained cell cultures. All experiments

were replicated three times and 200 cells were examined for

statistics.

2.7 Real-time monitoring of the activity of
self-illuminating TiDoL nanoparticles
within the cell environment

HCT116 colon cancer cells were grown in 4-well or 8-well

plates. For 8-well plates, the final volume of the solution

containing all reactants and cell culture media, Hanks

Balanced Salts Solution (HBSS), or PBS were 300 µl, and for

4-well plates, the amounts were doubled to a final volume of

600 µl. TiDoL nanoconjugates and controls (luciferase,

TiO2—Dopac, and unconjugated TiO2—Dopac mixed with

luciferase, all in the same 600 nM concentration) were

incubated with cells in the presence of ATP (20 μM). The

Zeiss LSM 510 Meta confocal microscope (Carl Zeiss,

Oberkochen, Germany) was used to visualize cell culture

changes in real-time. After 20 min of incubation, an aliquot of

luciferin (15 μM final concentration) was injected into the well

and the response of the cells to the addition of luciferin was

monitored using the transmissionmode of a confocal microscope

with minimal light exposure that does not perturb the cells in the

absence of luciferin injection (Figure 2A, time 0 min). The

movement of the cells was recorded for 5 min before injection

and 1 h after injection. The injections were repeated until

budding of the cells was observed. The movies were made by

taking time series photographs with the confocal microscope and

enabled continuous monitoring of the effects of luciferin therapy

on the cellular level. For investigating the effects of the presence

of the antibody, TiDoL-C225 nanoconjugates and controls

(luciferase, C225-Dopac and C225-TiO2-Dopac, all in the

same 400 nM concentration) were incubated with cells in the

presence of ATP (20 μM). Experiments were replicated three

times and 200 cells were examined for statistics.

2.8 In vivo study of the TiDoL/TiDoL-
C225 xenograft model in nude mice

An in vivo study with nude mice was carried out in the

animal facility at the University of Chicago. All the studies were

conducted in compliance with the Institutional Animal Care and

Use Committee’s requirements for the care and use of laboratory

animals in research. A total of 16 nu/nu mice (6 weeks old, male)

were implanted with HCT116 cells [3 × 10 (Jan et al., 2021) cells

per flank] to induce xenograft tumors. TiDoL, TiDoL-C225, or

C225 alone were injected into the tumors at 4 weeks (1.75 μg/g

TiDoL, 50 μl injection and 1.25 μg/g TiDoL-C225, 50 μl

injection). Half the mice in each group (allocation of animals
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to the group was random) received IV luciferin × 2

(intraperitoneally, 15 mg/ml in PBS, 10 μl/g of body weight)

and the remainder received vehicle. The tumors were

measured every 2–3 days for 4 weeks. The tumor volume was

calculated using expression volume = (length × width) (Li, 2014)/

2 (mm3). All animals were included in the analysis. Tumor

volumes were plotted and fitted to an exponential function of

growth using OriginLab. The average values of tumor volumes

(Mean) and standard deviations (SD) were obtained using

OriginLab and computed by the following expressions:

Mean � ∑
n

i�0xi SD �
����������

∑
n

i�1
(xi−x�)2

d

√

where d � n − 1 .

FIGURE 1
(A) Synthesis of self-powering TiDoL nanoparticles. In the first step, 3,4 dihydroxyphenylacetic acid (Dopac) was incubated with luciferase and
subsequently reacted using EDC/NHS chemistry. Dopac-labeled luciferase (DoL) was then incubated with 5 nm TiO2 nanoparticles to result in
luciferase covalently linked to TiO2 nanoparticles via a conductive linker (TiDoL). (B) Emission of free luciferase activated by luciferin in solution (blue)
is quenched by TiDoL nanoparticles (red). (C) Kinetics of light emission of free luciferase (10 nM) and luciferin (40 μM) in solution (black); free
luciferase and luciferin in the presence of, but not conjugated to, an equimolar concentration of TiO2-Dopac (10 nM particles) (blue); and TiDoL
nanoparticles (10 nM) and luciferin (40 μM) in solution (red). (D) Schematics of experimental luciferin induced current measurement setup in
conjunction with (E) current generated by the luciferase-mediated conversion of luciferin in TiDoL films as a function of ATP concentration. Current
measurements were performed on the electrodes in a solution of 10 mM MES buffer (pH 6.1) and 5 mM hydroquinone purged with Ar. (F)
Bioluminescence emitted by the luciferase-mediated catalysis of luciferin at various concentrations of ATP. Minimal bioluminescence is emitted at
ATP concentrations found in healthy tissue (low micromolar levels) for both unconjugated luciferase (blue) and luciferase that has been conjugated
to TiO2-Dopac nanoparticles (red). Significant bioluminescence and bioluminescence quenching by TiDoL nanoparticles are detected at ATP
concentrations present in tumor tissue (low millimolar levels).
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In the graphs presented in Figure 5, the values were presented

as mean (average) values and error bars as standard deviations.

Standard deviation values were similar for each group. Histology

was performed on tumors surgically removed from sacrificed

mice 26 days after treatment, fixed in 3.7% formaldehyde, and

embedded in paraffin blocks. Slices were stained with H&E under

standard conditions and evaluated for pathological markers by

transmission optical and laser confocal microscopy using white

light and two color laser excitation (560 and 633 nm light),

respectively (Zeiss LSM 510 Meta confocal microscope).

2.9 Statistical analysis

In vivo experiments’ data were presented as the average of six

tumor measurements and each experiment was carried out at

least by duplicates. In vivo data were expressed as means ± S.D.

(standard deviation). Statistical analysis was performed by using

Student’s t-test employing six independent data points. The

criterion for statistical significance was p < 0.05. We used

Excel (T.TEST function) for the determination of the p-value.

3 Results and discussion

3.1 Preparation of adenosine
triphosphate-powered nanocomposites

We synthesized self-illuminated semiconductor

nanoconjugates (TiDoL) by covalent linking of Photinus

pyralis (firefly) luciferase with 5 nm TiO2 nanoparticles

through a conductive 3,4-Dihydroxyphenylacetic acid

(Dopac) linker (Figure 1A). To link negatively charged

TiO2 nanoparticles (formal negative charge of −7.0 mV,

Supplementary Table S1) to luciferase that has an overall

negative charge (−5.82 mV), small molecule linker Dopac

was first incubated with luciferase to position the negatively

charged carboxyl group within the positive pockets of the

protein (Supplementary Figure S2, five large positive pockets,

mainly composed of amino group-terminated arginine and

lysine). Following incubation, EDS/sulfo-NHS conjugation

was used to couple the Dopac carboxyl group to an amino

group of luciferase. TiO2 nanoparticles were then added and

incubated with Dopac-modified luciferase. Due to their high

degree of surface curvature, bare 5 nm TiO2 nanoparticles

have surface atoms in under-coordinated geometry (Rajh

et al., 1999). These under-coordinated sites at the surface

of small TiO2 nanoparticles exhibit high reactivity toward

bidentate coordination with oxygen-containing ligands

enabling their coupling to small molecules such as Dopac.

Bidentate binding of Dopac to under-coordinated sites results

in the reconstruction of the surface atoms of TiO2

nanoparticles to thermodynamically stable octahedral

geometry (Rajh et al., 2002; Rajh et al., 2014). This, in turn,

introduces new electronic states in the mid-gap region of TiO2

nanoparticles, creating a hybrid nanoparticle with Dopac

HOMO and TiO2 LUMO, leading to enhanced optical

properties of the nanoconjugate in the visible region of the

spectrum (Rajh et al., 2002; Rego and Batista, 2003). As a

result, only successful coupling of bare TiO2 nanoparticles to

Dopac-modified luciferase will result in the electronic

interaction manifested by the appearance of the visible

absorption band (Paunesku et al., 2003; Rajh et al., 2004)

of the nanoconjugate (TiO2–Dopac–Luciferase, TiDoL).

Therefore, nanocomposite coupling was monitored by the

appearance of visible absorption at 550 nm (Supplementary

Figures S1B,C) and the change in the zeta potential and

electrophoretic mobility by laser Doppler micro-

electrophoresis.

The formation of the TiDoL complex affected the intensity

and, to a smaller extent, the kinetics of luciferase

bioluminescence (Figures 1B,C). When the TiDoL

nanoparticles were activated with ATP and luciferin, the

luminescence was reduced to 60–65% compared to free

luciferase, independent of the ATP concentration

(Supplementary Figure S3). The decay kinetics of both

quenched and unquenched samples were similar; however,

somewhat faster kinetics of a sub-millisecond fraction of the

luminescence decay was observed, while subsecond decay was

unaffected. Interestingly, we did not observe luminescence

quenching of unconjugated free luciferase in the presence of

TiO2-Dopac nanoparticles, probably due to the low probability

of interaction between free luciferase and TiO2-Dopac

nanoparticles in diluted solutions (10 nM). This finding

suggests that the quenching is a result of a strongly

distance-dependent interaction, such as energy or electron

transfer, and occurs only when luciferase activation is

confined to the nanoparticle surface. Independent of the

quenching mechanism, both energy and electron transfer

results in a charge separation with holes localized on the

surface modifier and electrons in TiO2 nanoparticles (Rajh

et al., 2002). We investigated the charge separation by

monitoring electron formation in TiO2 nanoparticles. For

this purpose, we constructed an electrochemical cell with a

TiDoL working electrode and Pt counter electrode (Figure 1D).

We measured the current produced after injection of luciferin

and ATP solutions. Immediately after the injection, we

observed the rise of the current (Supplementary Figure S4),

with the current intensity dependent on ATP and luciferin

concentration in a dose-dependent manner (Figure 1E),

echoing the dependence of TiDoL photoluminescence on

ATP and luciferin concentrations (Figure 1F). The range of

ATP concentrations varied from low micro-molar levels (ATP

concentration in healthy tissues) to millimolar concentration

(ATP concentration in tumor tissues). Once ATP

concentration reached the ATP levels found in tumor

Frontiers in Chemistry frontiersin.org07

Rajh et al. 10.3389/fchem.2022.962161

180

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.962161


tissues, we observed a significant electric current which was

accompanied by a production of superoxide radicals O2
−· that

was detected by dihydrorhodamine (DHR) 123 fluorescence

(Dimitrijevic et al., 2009). The fluorescence of DHR 123 was

suppressed in the presence of a millimolar concentration of

p-benzo-quinone (an O2
−· scavenger), confirming that

superoxide radicals are the major reactive oxygen species

(ROS) formed upon luciferin activation of TiDoL. The

concentration of O2
−· was found to be 0.5–5 µM depending

on the luciferin and ATP concentration.

3.2 Real-time monitoring of the
interaction of TiDoL with HCT116 cells

The dynamic processes of self-illuminating TiDoL

nanoparticles within the cell environment in vitro were

monitored by in situ confocal microscopy. This technique is

particularly advantageous because it enables the direct

correlation of variations in the sample morphology with the

sample perturbation (same sample before and after stimuli).

Figure 2A and Supplementary Movie S1 show the evolution of

FIGURE 2
Time course of the morphological changes of the HCT116 colon cancer cell line treated with 150 nM TiDoL in the presence of ATP (20 μM).
After 20 min of incubation, an aliquot of luciferin (15 μM final concentration) was injected to the well and the response of the cells was monitored
using the transmission mode of a confocal microscope. Cells incubated (A) in the McCoy culture media (absorption ≤600 nm); three aliquots of
luciferin were added (45 μM final concentration) at 60 min intervals to induce cell shrinking (cell interspace shaded in gray) and budding (shaded
in pink). Magnification ×40. For clarity, cells were shaded in green and extracellular space in gray. Cells incubated (B) in Hanks’ Balanced Salt Solution
(absorption ≤300 nm); two aliquots of luciferin were sufficient to cause cell budding. Magnification ×126. (C) Time course of formation, growth, and
transfer of cell material to the apoptotic bodies after the second luciferin injection.
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the cell morphology upon injection of ATP and luciferin to

HCT116 colon cancer cells incubated with TiDoL in cell culture

media (light absorption λ ≤ 600 nm) at different times after

injection of luciferin. Shortly after the first injection (5 min), cell

rounding, shrinking, and the appearance of an enlarged

intercellular spacing are observed. Cell shrinking continues till

it was 85% of the initial surface coverage 50 min after injection

(15% intercellular spacing shaded in gray), and after that time, no

additional changes were visible. Cell shrinking accompanied by

slow detachment from the well support (manifested as a change

of the focus plane) is indicative of cell death (Mills et al., 1999).

Cells, however, remain with an intact plasma membrane,

indicative of the typical morphology of apoptosis. Injection of

the second aliquot of luciferin again accelerates changes in cell

morphology. Cells shrink further to 60% of their initial surface

coverage 85 min after injection of the second dose of luciferin

(40% intercellular spacing shaded in gray) and blebbing of the

cells is observed throughout the well (Supplementary Movie S1).

Despite the decrease in volume, cells remain contained within an

intact membrane and are interconnected with stretched actin

across large empty intercellular spacing. It is important to note

that the addition of supplemental ATP did not induce further

changes in cell morphology. Injection of the third aliquot of

luciferin rapidly causes even more drastic changes, and after

injection, the nuclear membrane starts darkening and nuclear

chromatin starts condensing, enhancing the contrast of the

image. Concomitantly, cells start forming apoptotic bodies or

apoptosomes. The formation of these membrane-enclosed

apoptotic bodies is a critical aspect of TiDoL-induced cell

death as apoptotic bodies are phagocyted and digested by

nearby resident cells (Mills et al., 1999).

This sequence of events was even faster and more clearly

observed when cells are exposed to TiDoL/ATP/luciferin in a

buffer solution that does not attenuate 560 nm light, suggesting

that the energy transfer from luciferase-activated luciferin is a

primary mechanism of TiDoL activation (Figure 2B). Subsequent

injection of an aliquot of luciferin leads to quick appearance

(3 min) of apoptotic bodies, enhanced contrasting of the cell

features, and reorganization of the cell chromatin. We observe

FIGURE 3
(A) Morphological changes in HCT116 cells upon treatment
with TiDoL/ATP/luciferin observed staining of the membrane and
trans-Golgi with WGA labeled with green Alexa Fluor

®
488 and

mitochondria staining using MitoTracker Red 12 h after
treatment. The left panel depicts viable cells imaged in HBSS after
treatment with 150 nM TiDoL, and the right panel depicts cells

(Continued )

FIGURE 3 (Continued)
treated with 150 nM TiDoL in the presence of 20 μM ATP and
two aliquots of 15 μM luciferin added in the intervals of 30 min.
Top panels were observed under ×20 magnification, while the
bottom panels were observed under ×100 magnification. (B)
Top left: HCT116 cells after treatment with TiDoL/ATP/luciferin
observed by staining the membrane with WGA (green), thiol-
containing peptides with MitoTracker (red), and ds DNA with
Hoechst 33,342 (blue) 12 h after treatment. Top right: Annexin-
FITC and propidium iodide staining before and after treatmentwith
luciferin. Bottom: 3D images of treated cells stained with MitoSox
Red for obtaining the distribution of superoxide radicals within
treated cells. For comparison, superoxide was below the detection
limit in the viable cells.
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packaging of cellular contents into membrane-enclosed

apoptotic bodies (Lynch et al., 2017) (Figure 2C). These

apoptotic bodies encapsulate the cell material and can be

recognized, engulfed, and ingested by macrophages in vivo,

enabling the clearance of apoptotic cells in the early stage of

phagocytosis (Park et al., 2009; Akers et al., 2013). It is important

to note that apoptotic processes were not limited to the imaging

area. Post-treatment imaging of the cells in the distant areas that

were not exposed to imaging light showed the same signs of

apoptosis at near 100% efficiency (Supplementary Figure S5),

confirming that the radicals formed in the entire sample as a

result of the interaction of luciferin and ATP-powered TiDoL are

responsible for inducing cell apoptosis.

3.3 Ex situ study of the interaction of TiDoL
with HCT116 cells using staining

To further understand the process of cell death in colorectal

cancerous HCT116 cells in vitro induced by the TiDoL/ATP/

luciferin system, we investigated their activity ex situ using cell

staining methods. The HCT116 cells were incubated with TiDoL

(or controls with concentrations used for in situ measurements,

Supplementary Table S2 and Supplementary Figure S6) and

activated by two sequential aliquots of luciferin 30 min apart

in the CO2 incubator. Subsequently, live cells were washed and

stained using fluorescent wheat germ agglutinin (WGA, labeled

with green Alexa Fluor® 488) and MitoTracker® Red. WGA is a

lectin that binds glycopeptides, and profuse binding of WGA to

the membrane of HCT116 cells demonstrates strong

glycosylation of their surface receptors. MitoTracker® is a

positively charged dye that labels mitochondria within live

cells utilizing their membrane potential.

However, it is chemically reactive, linking to thiol groups in

the mitochondria. The dye becomes permanently bound to the

thiol-containing proteins in the mitochondria.

Figure 3A shows stained HCT116 cells incubated with TiDoL

before (left) and after treatment with luciferin (right). Two

images show significant morphological changes after luciferin

treatment. All the cells incubated with TiDoL only (left) remain

unchanged and have well-defined cytoplasmic membranes

(green), Golgi apparatus (yellow), and polarized mitochondria

(red). The 3D images also show that cells are spread and adhered

to the support (Supplementary Figure S7). After treatment with

luciferin, the cells lose their morphological features, shrink

laterally, and thicken. However, they still retain strong and

intact cytoplasmic membranes (right). The Golgi apparatus

disappears, the nuclear membrane becomes permeable, and

thiol-containing proteins from mitochondria labeled with

MitoTracker become uniformly distributed throughout the

cytoplasmic and nuclear regions. There is, however, an

indication of the existence of the nuclear membrane of

enlarged nuclei (Supplementary Figure S8, faint WGA circle

inside the cell membrane outline). Importantly, similar to our

findings by in situ imaging, new enclosed pressurized membrane

vesicles suggestive of apoptotic bodies are also observed, with

cells exchanging their content with apoptotic bodies, including

thiol-containing peptides and proteins.

Further study of the apoptotic pathway was investigated by

imaging the nuclei using Hoechst 33,342 stain, a dye often used to

distinguish condensed pyknotic nuclei in apoptotic cells

(Manchukonda et al., 2013; Rajh et al., 2014). Figure 3B

shows images of the cells by laser excitation using 488 and

561 nm and two-photon excitation using 720 nm light. The

image obtained using WGA and MitoTracker depicts the

intact membrane and depolarized mitochondria with protein

contents throughout both the cytoplasmic and nuclear regions,

while two-photon imaging using Hoechst shows pyknotic nuclei,

typical of apoptotic cell death. Nuclear chromatin condensation

and chromosomal DNA fragmentation are well-described as key

features in apoptosis (Manchukonda et al., 2013; Pawłowska

et al., 2020). Chromatin condensation is microscopically visible

after staining with blue-fluorescent Hoechst 33,342 dye and

dense chromatin aggregates typically near the nuclear

membrane are observed. Condensed chromatin is the result of

a specific DNA fragmentation in the nuclei via cleavage by

endogenous endonucleases and appears as pyknotic nuclei.

The large nuclei and scant cytoplasm observed in two-photon

measurements are also indicative of apoptosis (Elmore, 2007).

The presence of DNA can also be observed in apoptotic bodies

colocalized with thiol-containing proteins outside the cell

compartment. MitoSox red staining also indicates enhanced

oxidative stress (superoxide was below the detection limit in

the viable cells) (Oropesa-Avila et al., 2014). High fluorescence of

oxidized MitoSox dye was detected in the nuclear region of

TiDoL/luciferin-treated cells and in apoptotic bodies which can

be attributed to the higher intensity of the Mitosox red

fluorescence when bound to double-stranded DNA rather

than to the higher concentrations of superoxide radicals in

these cell regions. The detected concentration of O2
−· in these

regions was 60% larger than the one in non-treated control cells.

Considering that O2
−· steady-state concentrations are estimated

to be on the nanomolar level in control cells (Radi, 2018), the

O2
−·levels in TiDoL-luciferin-treated cells exceed µM levels.

The apoptotic mechanism of cell death was also confirmed

using Annexin/propidium iodide apoptosis assay (Figure 3B).

Annexin V is a cell protein that binds phosphatidylserines,

membrane phospholipids that are held on the inner layer of

the cell membrane, and Annexin V does not attach to viable cells.

During the early stage of apoptosis, the phosphatidylserines

become exposed on the outer layer of the cell membrane, and

Annexin V labels phosphatidylserine sites on the membrane

surface. At this stage, the cell membrane remains intact and

propidium iodide cannot enter to cell interior. At later stages of

apoptosis, the membrane becomes somewhat permeable and in

addition to annexin binding (green luminescence) propidium
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iodide penetrates the cell interior and shows red luminescence of

the cell interior. In ATP and luciferin-treated cells containing

TiDoL, we observe cells in both early and later stages of apoptosis

and pressurized apoptotic bodies with phosphatidylserines

exposed on their outer membrane surface (green circles).

Some of the apoptotic bodies detach from the treated cells

and become apo-extracellular vesicles with phosphatidylserines

exposed on their outer membrane surface.

Morphological changes confirm the apoptotic pathway of cell

death upon ATP initiated in vitro treatment of the cancer cells

using TiDoL nanoparticles. This is a critical finding, as

programmed cell death is characterized by the degradation of

cell components within apoptotic cells while their plasma

membrane remains intact. It is reported that apoptosis is a

physiologically advantageous way of cell death because

apoptotic cells can be removed by phagocytosis and digested

by nearby resident cells before they lose their outer permeability

barrier, thus preventing the induction of inflammatory responses

to dying cells and potentially harmful secondary effects

(Oropesa-Avila et al., 2014).

3.4 Functionalization of TiDoL with anti-
EGFR antibody C225

Selectivity of TiDoL nanoparticles toward cancer cells and

their efficiency toward programmed cell death were further

enhanced by the functionalization of TiDoL nanoparticles with

monoclonal antibody C225 that increases retention of the

nanocomposites in tumor regions (Scott et al., 2012). C225

FIGURE 4
(A) Adsorption of nanoconjugates w/o the C225 antibody on HCT116 cells and EGFR(-) immortalized young adult mouse colon (YAMC) cells.
Nanocomposites are visualized by imaging fluorescence of alizarin bound to TiO2 nanoparticles (red) using laser excitation 560 nm and cells (gray)
are imaged in the transmission mode. Magnification ×40. (B) Time course of the morphological changes of the YAMC colon cell line treated with
150 nM TiDoL-C225. Magnification ×126. (C) Time course of the morphological changes of the HCT116 colon cancer cell line treated with
150 nM TiDoL-C225All conditions are the same as in Figure 2B and budding of the cells starts 30 s after first luciferin injections. Magnification ×126.
(D) Time course of formation, growth, and transfer of cell material to the apoptotic bodies after the first luciferin injection.
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(or Cetuximab®) is a chimeric monoclonal antibody directed

against the epidermal growth factor (EGFR) and binds to the

extracellular domain of the EGFR. It prevents dimerization of

the receptor, resulting in anti-proliferative effects and hinders

EGFR-dependent primary tumor growth and metastasis (Liao

and Carpenter, 2009). The EGFR is overexpressed on the cell

membranes of various solid tumors and is highly expressed on

the surface of the HCT116 cell line (EGFR+). C225 have been

used successfully as a therapeutic agent in treating metastatic

colorectal and head and neck cancers by targeting specific

EGFR + cells (Scott et al., 2012). Combining this antibody

therapy with photocatalytic nanoparticles can induce correlated

activities of photoinduced and antibody therapies of

photocatalytic nanoparticles, enhancing the rate and

efficiency of targeted therapy (Xu et al., 2007; Rozhkova

et al., 2009; Elvira et al., 2012). To visualize antibody-

facilitated adsorption (retention) of TiDoL-C225 composites

within the cells that express EGFR, we modified nanoconjugates

with alizarin, an enediol dye that changes the absorption and

fluorescence of TiO2 nanoparticles (Supplementary Figure S1)

(Rajh et al., 2002). Figure 4A clearly shows enhanced retention

of TiDoL-C225 nanocomposites on the surface of EGFR +

colorectal cancerous HCT116 cells (center) while their

retention (adsorption) in conditionally immortalized young

adult mouse colonocyte (YAMC) cells that do not express

EGFR (EGFR(−)) is negligible under the same conditions

(right). Likewise, retention of TiDoL nanoconjugates in the

absence of the C225 antibody on HC116 cells (EGFR(+)) was

negligible as shown by the faint red fluorescence of alizarin-

TiDoL (left). Similar poor adherence of TiDoL-C225 was

observed for EGFR(−) non-transformed fibroblast CT26 cells

(Supplementary Figure S11). These results suggest weak

retention and poor activation of TiDoL-C225 within the

healthy tissue compared to the one when TiDoL-C225 is

integrated with cancerous EGFR(+) cells. Indeed, Figure 4B

shows the time sequence of morphological changes associated

with the activation of TiDoL-C225 within immortalized YAMC

cells (EGFR(−)) that show minor changes even 60 min after

activation with luciferin. The composite does not induce

morphological changes in YAMC cells even after 3 doses of

luciferin. Similar results were obtained for CT26 EGFR-non-

transformed fibroblast cells (Supplementary Figures S10).

Indeed, the activation of TiDoL-C225 within

HCT116 cells (EGFR+) resulted in the rapid development

of the signs of the final stages of apoptotic death (Figure 4C;

Supplementary Movie S2). Cell budding was accompanied by

darkening of the nuclear membrane and enhancement of the

image contrast as a result of chromatin rearrangement. Due

to this rapid budding, the cells do not have time to go through

the significant shrinking phase; however, they still show

strong and intact cytoplasmic membranes that extend to

apoptotic bodies (Figure 4D). Cells start to transfer their

content to the apoptotic bodies much later compared to the

same process in treatment with TiDoL conjugate in the

absence of C225 (Figure 2C). Importantly, TiDoL-C225

nanocomposites induced cell death at a concentration as

low as 5 nM (0.5 μg/ml TiO2) compared to 20 nM TiDoL

under the same conditions. Antibodies provide specificity to

the nanoparticles, increasing their retention within targeted

cells that express cognate antigens on the membrane surface.

Hence, composites are activated in close proximity to

biological targets of interest, enhancing the efficiency of

nanocomposites during therapy.

3.5 In vivo study of the interaction of TiDoL
and TiDoL-C225 with tumors

To demonstrate the applicability of our approach in vivo,

we administrated a single dose of 50 μl TiDoL (6 μM),

TiDoL-C225 (4 μM), and appropriate controls into nude

mice bearing the aggressive HCT116 xenograft tumor

model. Luciferin was administrated intraperitoneally, one

dose 1 h and the other 48 h after TiDoL treatment. We

observed significant differences in cancer growth between

the tumors with and without luciferin administration in

TiDoL-treated nude mice (Figure 5). While those tumors

that did not receive luciferin continued exponential growth

(Elmouelhi et al., 2008), the progress of luciferin-treated

tumors slows down, and 26 days after the treatment,

becomes three times smaller on average compared to those

that did not receive luciferin. Each point shown in Figure 5A,

left is an average of six tumor measurements, and their

statistical significance was determined using Student’s

t-test. For the data obtained for the 26th day after TiDoL

injection, statistical significance was p = 0.0068. Cell growth

of all tumors was fitted with a polynomial (parabolic)

function and it was found that cell growth in control

tumors is dominated by a fast quadratic term, while those

administered with luciferin and nanoconjugates show slow

linear growth. These findings suggest that upon activation of

TiDoL in the tumors with luciferin, a process that competes

with cell growth is initiated, limiting the exponential

proliferation rate of the tumor.

Administration of targeted TiDoL nanoconjugates

modified with the C225 antibody also resulted in limiting

the growth of the tumor when treated with luciferin. It was

observed that 26 days after treatment, the tumors show three

times smaller size on average compared to those treated with

antibody C225 only. Each point shown in Figure 5B is an

average of six tumor measurements and their statistical

significance for data obtained 26 days after injection was

p = 0.0083. The treatment of the tumor with TiDoL-C225

nanoconjugates only, without administration of luciferin, also

slows down the growth rate of the tumor on average in

agreement with a previously observed enhanced toxicity of
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FIGURE 5
In vivo study of tumor growth in nude mice (HCT116 xenografts). (A) Evolution of tumors treated with TiDoL (left) and TiDoLC225 (right) w/o
activation with luciferin. Each point is an average of six measurements. Statistical significancewas determined using Student’s t-test as p < 0.0068 for
TiDoL and p < 0.0083 for TiDoL-C225. Data are fitted with quadratic polynomial dependence as an approximation of exponential growth. (B) Color-
coded histogram of tumor sizes 26 days after the treatment of nude mice in conjunction with the histogram of the linear (blue) and quadratic
(red) coefficient of tumor growth obtained from data fitting. (C) Transmission optical (TR-optical) and laser confocal fluorescence (FL-confocal) and
optical (TR-confocal) images of H&E-stained tumor slices obtained by sectioning the tumors 26 days after the treatment at different magnifications.
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C225 when conjugated to nanoparticles (Qian et al., 2014).

However, the addition of luciferin further slows down the

growth rate mechanism fostering linear growth of tumors, and

luciferin-treated tumors grow to 30% of the size measured in

the controls (Figure 5A, right). Histologic analysis of non-

activated control H&E-stained tumors 26 days after the

treatment shows that tumors have large areas of growing

viable cells and smaller necrosis areas confined to the

center of the tumor (Figure 5C), typically attributed to fast-

growing tumors outgrowing their blood supply (Lotze and

Demarco, 2004). H&E-stained tumors treated by TiDoL and

TiDoL-C225 activated with luciferin, however, show large

dead cells and denuded areas. Large, denuded areas in

TiDoL-C225/luciferin-activated tumors suggest

macrophage-assisted clearance of dead cells. These areas

are surrounded by a thin belt of viable growing cancerous

cells. High magnification (×315) shows faint hematoxylin-

stained DNA/RNA in growing cells distributed throughout

the nuclei and condensed in a highly stained nucleolus. Dead

tumor areas, however, show much smaller pyknotic nuclei in

condensed cells. These cells exhibit large denuded areas that in

the case of TiDoL-treated tumors are very clean, while in

TiDoL-C225-treated tumors show residual debris adjacent to

denuded tumor areas. Some of the debris contains DNA/RNA,

while others contain mainly proteins stained by eosin. These

results suggest that while large tumors in the control group

continue to grow, the tumors treated and activated with

luciferin show reduced tumor size with cancer cell removal

competing with new tumor growth, suggesting the need for

tuning of nanoconjugate pharmacology for obtaining optimal

efficiency.

4 Conclusion

To summarize, we have developed a composite that takes

advantage of the high ATP levels in a tumor

microenvironment and uses photodynamic therapy for

cancer treatment without using an external light source.

The self-illuminating nanoparticle technology enhances

existing antibody platforms to an on-demand targeted

therapy confined to the regions of tumor activity. The

employment of ATP-powered self-illuminating

nanoparticles provides a new universal approach that uses

the product of disease to target diseased tissues solely. We

show that, although not optimized pharmacologically, this

technology kills close to 100% of cancerous cells in vitro and

shows a significant decrease in the tumor size in vivo to 30% of

their original size in experimental colon cancer models.

Herein, we deployed this technology against a colon cancer

cell line; however, our additional work shows that the same

approach is valid for a very different A172 glioblastoma brain

tumor cell line when an anti-IL13 was used as an anchoring

antibody instead of C225. This method minimizes the

probability of the off-target release of radical species in a

double lock-in approach (Augulis and Zigmantas, 2011) and

enhances the potency of cell-locked in situ nanoparticle

delivery of reactive species produced in close proximity to

biological targets.
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SUPPLEMENTARY MOVIE S1
TiDoL within HCT116 cell culture.

SUPPLEMENTARY MOVIE S2
TiDoLC225 within HCT116 cell culture.

SUPPLEMENTARY VIDEO S1
Self-illuminating TiDoL nanocomposites within HCT116 colorectal
carcinoma cells. Video spanning 30 min before and 180 min after
activation of TiDoL with luciferin (three aliquots) injected into the
TiDoL–McCoy media solution, depicting morphological changes of
HCT116 cells upon activation of TiDoL. Morphological changes were
recorded 60 min after each luciferin injection, one frame every 20 s.
Cell shrinking, detachment from the support, and cell blebbing are
observed after the first luciferin injection. Injection of the second aliquot

of luciferin again accelerates changes in cell morphology. Cells shrink
to 60% of their initial surface coverage 85 min after injection of the
second dose of luciferin. Blebbing of the cells is observed throughout
the well (Supplementary Video S1). Despite the decrease in the cell
volume, cells remain contained within an intact membrane and are
interconnected with stretched actin across large empty intercellular
spacing. The movie also shows that the addition of supplemental ATP
did not induce further changes in the cell morphology. Injection of the
third aliquot rapidly causes even more drastic changes, and 7 min after
injection, cells start forming apoptotic bodies with concomitant
reorganization and condensing of nuclear chromatin, enhancing the
contrast of the image. Magnification ×40. The last section of the video
depicts magnified cell budding (×126) of the cells in HBSS after the
second luciferin injection.

SUPPLEMENTARY VIDEO S2
Self-illuminating TiDoL linked to Cetuximab (TiDoL-C225) within
colorectal carcinoma HCT116 cells and conditionally immortalized
young adult mouse coloncytes (YAMC). HCT116: Video spanning
30 min before and 180 min after activation of TiDoL-C225 with
luciferin (three aliquots) injected into the TiDoL-C225-HBSS solution,
depicting morphological changes of HCT116 cells upon activation of
TiDoL-C225 immobilized on the cell surface (Figure 4C). Morphological
changes were recorded 60 min after each luciferin injection, one
frame every 20 s. As soon as 20 s after luciferin injection, the cells
show the final stages of apoptotic death. Cell budding is accompanied
by the darkening of the nuclear membrane and enhancement of the
image contrast as a result of chromatin rearrangement. Due to this
rapid budding, the cells do not have time to go through the significant
shrinking phase; however, they still show strong and intact
cytoplasmic membranes that extend to apoptotic bodies. Cells start
transferring their content into the apoptotic bodies 20 min after cell
budding, which is a much longer timeframe compared to the same
process in treatment with TiDoL conjugate in the absence of C225
(that occurred 5 min after cell budding, Supplementary Video S1). This
difference indicates the decoupling of signaling cascades involved in
the budding and transferring of cell material to the apoptotic bodies.
Magnification ×126. YAMC: Video spanning 30 min before and 180 min
after activation of TiDoL-C225 with luciferin (three aliquots) injected
into the TiDoL-C225-HBSS solution, depicting morphological
changes of YAMC cells upon activation of TiDoL-C225. TiDoL-C225 is
only nonspecifically weakly adsorbed on the YAMC cell surface
(Figure 4B) as they do not express EGFR. Morphological changes were
recorded 60 min after each luciferin injection, one frame every 20 s. No
significant changes were observed upon all three luciferin injections.
Magnification ×126.
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Hydrogel biomaterials in combination with living cells are applied in cell biology,

tissue engineering and regenerative medicine. In particular, poly(acrylamide)

(PAM) hydrogels are frequently used in cell biology laboratories as soft

substrates for 2D cell culture. These biomaterials present advantages such as

the straightforward synthesis, regulable mechanical properties within

physiological range of native soft tissues, the possibility to be

biofunctionalized with ligands to support the culture of living cells, and their

optical transparency that makes them compatible with microscopy methods.

Due to the chemical inertness and protein repellant properties of PAM

hydrogels, these materials alone do not support the adhesion of cells.

Therefore, biofunctionalization of PAM gels is necessary to confer them

bioactivity and to promote cell-material interactions. Herein, the current

chemical strategies for the bioconjugation of ligands to PAM gels are

reviewed. Different aspects of the existing bioconjugation methods such as

chemo-selectivity and site-specificity of attachment, preservation of ligand’s

functionality after binding, user-friendliness and cost are presented and

compared. This work aims at guiding users in the choice of a strategy to

biofunctionalize PAM gels with desired biochemical properties.
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1 Introduction

Hydrogels are crosslinked polymeric networks that can

uptake and retain large amounts of aqueous fluids. This high

water swelling ratio, their softness, and the possibility to regulate

their biophysical and biochemical properties have made

hydrogels the preferred biomaterials to mimic the extracellular

matrix (ECM) that supports living cells in their native

microenvironment. Therefore, hydrogels with regulated

properties are extensively used as supporting materials in cell

biology, tissue engineering and regenerative medicine

applications.

Poly(acrylamide) (PAM) hydrogels are synthetic matrices

widely used as substrates for 2D cell culture. These

reductionistic in vitro models allow to investigate how cells

sense and respond to variations in this synthetic

microenvironment. For instance, the effects of hydrogel’s

elasticity and/or biochemical cues on cell adhesion,

spreading, migration, differentiation and protein expression

have been reported. (Pelham and Wang, 1997; Heras-Bautista

FIGURE 1
Most used chemical strategies for PAM gels biofunctionalization. (A) General scheme depicting the synthesis of PAM gels via FRP. (B) Chemical
strategies based on the direct activation of the side chains of PAM after FRP, which is followed by ligand bioconjugation. (C) Chemical strategies
whereby reactive comonomers are incorporated during FRP, followed by a bioconjugation step. (D) Overall qualitative comparison of the different
chemical strategies in view of their experimental difficulty and cost vs. control of bioconjugation process and chemo-selectivity.
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et al., 2019) PAM hydrogels present important advantages that

explain their extended use in cell biology laboratories in the

last 25 years. PAM is simple to synthesize and cost-effective,

its mechanical properties (e.g., elasticity) can be easily

regulated within the physiological range of native soft

tissues, and its optical transparency makes it compatible

with microscopy methods.

PAM hydrogels are typically synthesized by the acrylic-

based free radical polymerization (FRP) of acrylamide (AM)

and the crosslinker bis-acrylamide (bis-AM), using persulfate

and TEMED as redox initiators (Figure 1A). For comfortable

handling during cell culture and imaging, PAM is frequently

prepared as thin film (thickness < 100 µm) and covalently

attached to conventional microscopy glass coverslips,

(Pelham and Wang, 1997), although attachment of thicker

film gels to plastic multiwell culture plates is gaining

momentum towards high-throughput studies. (Díaz-Bello

et al., 2019).

For robust experimentation and reproducible outcome

during culture of adherent cells on PAM gels, precise

tailoring of mechanical and biochemical features of PAM

substrates is desirable. Mechanically tunable PAM gels (for

example, with regulable elasticity characterized by the Young’s

modulus E in the range of 0.1–100 kPa) can be obtained by

adjusting the bis-AM crosslinker concentration and/or the

total content of acrylamide monomers in the precursor

solution, (Denisin and Pruitt, 2016), and numerous

standard protocols can be found in the literature. (Tse and

Engler, 2010; Paez et al., 2018) In contrast, precise modulation

of the biochemical properties (e.g., cell-adhesiveness to

promote cell-material interactions) remains challenging

because biofunctionalization of these materials is not

straightforward. The reason is that PAM hydrogels are

intrinsically protein repellent and chemically inert, with the

lateral amide groups being poorly reactive under mild

aqueous conditions. Mild conditions are required to

preserve the integrity and bioactivity of bound ligands post-

functionalization. Thus, various chemical strategies to

enable the controlled bioconjugation of ligands to PAM

gels have been developed. These strategies can be

summarized in two main groups: those that

target the direct “activation” of the side chains of

PAM after FRP, followed by ligand bioconjugation

(Figure 1B); and those based on the incorporation of

reactive monomers during FRP followed by bioconjugation

Figure 1C).

In this mini review, the most used chemical strategies

developed for controlled biofunctionalization of PAM gels for

cell culture are presented and compared. Commercial PAM

hydrogels have become available; thus they are also

introduced. Advantages and limitations of the diverse

approaches are discussed, especially in terms of chemo-

selectivity and site-specificity of binding, preservation of

ligand’s functionality after conjugation, user-friendliness

and cost (wherever known).1 The aim of this work is to

guide users in the choice of a strategy to fabricate

PAM gels with tailored biochemical properties for 2D cell

culture.

2 Chemical strategies for
poly(acrylamide) gels
biofunctionalization

2.1 Direct activation of poly(acrylamide)
side chains

After gel fabrication, PAM chains are (photo)chemically

activated, generally under harsh conditions, to introduce

reactive groups that are later used as anchoring groups for

biofunctionalization. In a second step, the bioligand is

covalently coupled to activated PAM gels (Figure 1B).

2.1.1 Short-wavelength UV irradiation
PAM hydrogels are photochemically activated by short

wavelength UV light irradiation (λ = 180 nm, 2–4 min) that

forms ozone as well as peroxides and other reactive species on the

PAM chains. (Tseng et al., 2011) The substrates are then

incubated in EDC/NHS solution for chemical activation (in

10 mM MES buffer, pH 5.5, 15 min, r. t.), followed by

incubation with biomolecules that present amine groups, such

as fibronectin or fibrinogen (in 10 mM HEPES, pH 8.5, 1 h, r. t.)

(Figure 1.B1). (Tseng et al., 2012) A photomask can be used to

create ligand micropatterns with good spatial resolution.

This method is simple and has been reported to enable

biofunctionalization of PAM hydrogels in a reproducible and

homogeneous fashion. However, this procedure uses harsh

photoirradiation conditions that might alter the mechanical

strength of modified vs. bare PAM gels. Finally, the lack of

chemo-selectivity might lead to poor control of the ligand

loading and functionality.

2.1.2 Long-wavelength UV irradiation and sulfo-
SANPAH

This is one of the most used strategies for PAM hydrogel

bioconjugation with amine-bearing ligands. It is mediated by

the commercial reagent sulfo-SANPAH, a photoactivatable

heterobifunctional molecule. (Pelham and Wang, 1997) The

PAM gel is incubated in a solution of sulfo-SANPAH and

exposed to longer-wavelength UV light (λ = 330–365 nm, r. t.,

at variable exposure times and intensity) (Figure 1.B2). Upon

1 The listed reagents’ prices correspond to the cheapest alternative that
is offered by an European provider, to the best of the author’s
knowledge at the time of writing.
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light illumination, sulfo-SANPAH forms highly reactive

nitrene groups that bind nonspecifically to the PAM chains

and introduce sulfo-succinimidyl groups. Typically, after two

rounds of the activation step, the resulting hydrogel is

immediately incubated in a solution of ligand (r.t.,

incubation times from 2 to 16 h). Note that the bioligand

FIGURE 2
Examples of cells cultured on PAM hydrogels that were biofunctionalized through diverse chemical strategies. (A) Bright field images of C3H
fibroblasts on PAM gels patterned with collagen I using hydrazinolysis strategy on 15 µm stripes (i) and bottom half part of the image (ii). Cells kept
viable after 3 days of seeding. Traction map of C3H fibroblast while moving along a 25 µm wide stripe of collagen I (full and dashed arrows indicate
original and reversed direction, respectively) (iii). Reproduced with permission from Ref. (Damljanovic et al., 2005). Copyright 2005 Future
Science Ltd. (B) Reflection interference contrast microscopy image showing adhered HUVECs after 30 min seeding (i) on PAM gels functionalized
with TAMRA-fibronectin (ii) via PEMA strategy. (Pompe et al., 2011) Scale bar: 30 μm. In situ analysis of fibronectin fibrillogenesis shows growing
fibronectin fibers over time, indicated by white arrows (iii). Scale bar: 5 μm. Reprinted from Ref. (Pompe et al., 2011). Copyright 2011, with permission
from Elsevier Ltd. (C)Confocal fluorescence images showing Hela cells after seeding for 6 and 24 h on PAM gels functionalized with RGD peptide via
MS-acrylamide (left panel) vs. sulfo-SANPAH (right panel) strategies (i). Cell spreading area on PAM-MS gels was significantly larger than on sulfo-
SANPAH gels, demonstrating effective and chemo-specific ligand immobilization (ii). Reproduced with permission from Ref. (Farrukh et al., 2016).
Copyright 2016 John Wiley and Sons, Inc.
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immobilization must be performed immediately after the

sulfo-SANPAH step to avoid the inactivation of sulfo-

succinimidyl groups via hydrolysis. Using this strategy,

different ECM proteins such as collagen I were bound to

PAM gels to mediate cell adhesion, for example, to study

the traction forces generated during cell migration (Dembo

and Wang, 1999) or to assess the relationship between energy

expenditure during cell spreading and cellular

mechanoresponse. (Xie et al., 2021)

In comparison to the short-wavelength irradiation strategy

shown above, sulfo-SANPAH strategy is milder and renders

higher efficiency of bioconjugation, while it keeps the

simplicity of NHS ester/amine coupling. However, sulfo-

SANPAH is very pricy (~350 € per 50 mg) and has short shelf

life. There is a lack of consensus on the experimental conditions

for the photo-illumination step, e.g., in terms of light intensity

and irradiation time. Consequently, highly variable irradiation

doses can be found in the literature, which is reflected in high

variability in the efficiency of bioconjugation. Additionally, poor

site-selectivity of the NHS ester/amine binding has been

suggested to cause poor binding efficiency and impaired

ligand’s bioactivity, leading to inconsistent results in cell

response. (Farrukh et al., 2016)

2.1.3 Hydrazinolysis
The amide groups of PAM chains are chemically converted

to hydrazide groups by reaction with hydrazine (2 h, r. t.),

followed by treatment of the gel with acetic acid (1 h, r. t.).

The formed hydrazide groups are subsequently coupled to

aldehyde or ketone groups located in biomolecules, forming

hydrazone bonds. (Timofeev et al., 1996) Aldehyde or ketone

bearing biomolecules can be prepared by reaction with an

oxidizing agent such as sodium periodate, and then covalently

bound to PAM-hydrazide gels (1 h, r. t.) (Lee et al., 2016)

(Figure 1.B3). Following this procedure, various ECM proteins

including collagen I, collagen IV, fibronectin and laminin were

efficiently conjugated to PAM-hydrazide gels and enabled

micropatterning for mechano-transduction assays (see

Figure 2A). (Damljanovic et al., 2005) Furthermore,

fibronectin-coated gels were used to study the influence of

interfacial geometry on cancer stem cell tumorigenicity. (Lee

et al., 2016)

This simple procedure has been reported to facilitate

uniform, reproducible and efficient protein conjugation on

PAM surface using inexpensive commercial chemicals.

Additionally, the PAM-hydrazide hydrogels can be produced

in big batches and are stable for 2 months. (Timofeev et al., 1996)

However, some limitations can be mentioned. The oxidation of

biomolecules prior to conjugation typically generates multiple

aldehyde or ketone groups in the structure. Low control of site-

selectivity might decrease ligand’s functionality and hamper

precise control over loading. Moreover, hydrazone bonds are

reversible and prone to hydrolysis under physiological

conditions, therefore, biofunctionalized gels are only stable for

about 2 days (Timofeev et al., 1996). This is inconvenient for

longer-term cell cultures.

2.1.4 Poly(maleic anhydride) copolymers
PAM hydrogels are spin-coated with a thin layer of

commercially available poly (maleic anhydride) copolymers,

such as poly (ethylene-alt-maleic anhydride) (PEMA), and

incubated overnight (in PBS, pH 7.4). The anhydride groups

of PEMA react chemically with amide groups of PAM hydrogel

via covalent imide bond formation that leads to the attachment of

a PEMA monolayer onto PAM. (Müller et al., 2018)

Subsequently, PAM-PEMA gels are incubated in ligand

solution, such as fibronectin (in PBS, pH 7.4., r. t., 1 h) and

rinsed (Figure 1.B4). The PEMA layer promotes the binding of

biomolecules via physical adsorption. (Müller et al., 2018)

(Pompe et al., 2011) Through this approach, PAM gels

biofunctionalized with fibronectin have been used to study the

mechano-transduction mechanisms of HUVECs. (Müller et al.,

2019) Similar gels were used to evaluate cellular traction force

and fibronectin reorganization on adhered HUVECs. (Pompe

et al., 2011) It was found that the cellular traction force correlated

with the mobility of fibronectin during cell-driven fibronectin

fibrillogenesis (Figure 2B).

An advantage of this approach is that a stable PEMA layer on

PAM surface can be achieved using the inexpensive PEMA (~70

€ per 100 g) in a relatively simple procedure. Spin-coating

ensures a thin and uniform layer but could also be a

limitation in scaling up production. The lack of specificity and

the instability of the ligand binding to the PEMA layer could be a

disadvantage for those applications requiring fine control of

ligand loading. However, reversible physical interaction

between the bioligands and the PEMA layer is advantageous

for mechano-transduction studies that require mobility of the

adhesive ligands on top of PAM substrates. (Pompe et al., 2011)

2.2 Copolymerization with functionalized
acrylic comonomers

Acrylic comonomers that present an additional functional

group are copolymerized with AM and bis-AM to synthesize

hydrogels with pendant functional groups. After polymerization,

such groups are used to immobilize bioligands through covalent

or non-covalent interactions (Figure 1C). In principle, by

designing the right comonomer, any bioconjugation chemistry

could be adapted to the synthesis of functional PAM copolymer

hydrogels. Ideally, the comonomer should present decent water

solubility and chemical compatibility with FRP conditions

(i.e., not inhibiting PAM polymerization), be available from

commercial sources or easy to synthesize, as well as cost-

effective. Additionally, the introduction of this comonomer

should not impair desirable PAM hydrogel properties for cell
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culture (i.e., transparency, controlled mechanical and swelling

properties).

2.2.1 Streptavidin acrylamide
Streptavidin-acrylamide (streptavidin-AM) is commercially

available (~370 € per 1 mg). After copolymerization, the PAM-

streptavidin gels are functionalized with biotinylated ligands via

non-covalent, strong supramolecular interactions between

streptavidin and biotin (Figure 1.C5). Conveniently, this

reaction occurs in aqueous media and at r. t. By this means,

ligands such as laminin, fibronectin, and laminin-mimetic

peptide IKVAV have been attached and micropatterned onto

gels surface to allow cell attachment. (Hynd et al., 2007) Neural

cells showed successful adhesion and a long-term viability on

laminin and fibronectin-functionalized substrates.

The advantages of this approach are its simplicity, the use of

well-established and user-friendly supramolecular chemistry to

bind the ligands, and the compatibility with microcontact

printing. Diverse biotinylated ligands can be attached, for

which there is good availability of commercial options. In

addition, the formed hydrogels are highly hydrophilic and

nondegradable. However, the streptavidin-AM comonomer

and the biotinylated ligands are expensive, and other PAM

functionalization alternatives may be more suitable when

micropatterning is not needed. In addition, the (to our

knowledge) lack of material characterization on PAM-

streptavidin hydrogels may restrain its utilization towards

further cell studies.

2.2.2 Acrylic acid
Acrylic acid (AA) is commercially available and cost-effective

(~40 € per 1 L). After copolymerization, carboxylic acids of

PAM-AA gels are activated with EDC/NHS to form NHS

esters, followed by covalent coupling with amine-ligands

(Figure 1.C6). The bioconjugation step carries out under mild

reaction conditions (1 h, r. t., near-neutral pH) in high yields and

the formed amide bond is very stable. Since many biomolecules

have free primary amine groups, this strategy offers wide

versatility in the type of ligands to immobilize. For example,

RGD peptide (Farrukh et al., 2017a), poly-D-lysine (Farrukh

et al., 2017b), and laminin mimetic IKVAV peptides (Farrukh

et al., 2018) have been successfully bioconjugated to PAM-AA

hydrogels. Commercial availability, excellent water solubility and

low cost are the most important advantages of this strategy, while

potential limitations are the poor site-selectivity of coupling and

alteration of various gel’s properties, as explained below.

First, the site-selectivity of the NHS ester/amine cannot be

controlled, thus any amine group that is sufficiently exposed in

the ligand might bind. Many biomolecules have multiple amine

groups, and some can play a structural role in their bioactivity.

Therefore, their immobilization through NHS ester/amine

coupling can lead to impaired functionality when the amine

group locates in the active sequence, such as Lys in IKVAV

(Farrukh et al., 2018). A possibility to ameliorate this limitation is

to add more conjugation steps mediated by biotin/streptavidin

supramolecular interactions. For example, after PAM-AA

synthesis and functionalization with biotin-PEG-amine via

NHS ester/amine coupling, the biotin groups can mediate

supramolecular binding of streptavidin followed by

attachment of site-controlled biotinylated ligands (e.g.,

produced recombinantly). Using this strategy, hydrogels

micropatterned with biotinylated anti-CD3 antibodies by

microcontact printing, at tunable ligand density and variable

gel stiffness were used to study the interplay of receptors and

forces in T cell activation. (Zhang et al., 2021) Although it

involves more coupling steps and the use of biotinylated

ligands that need to be specially synthesized, this strategy can

increase the site-specificity control of the bound molecule.

Second, the carboxylic groups in PAM-AA gels are negatively

charged under physiological conditions. This effect increases the

water swelling ratio that in turn can significantly modify several

hydrogel’s properties such as stiffness, zeta-potential, and pore

size; consequently impacting cell behavior. For example, 18 mol

% content of AA duplicates the swelling capacity of the gels in

comparison to bare PAM, which increases the stress relaxation of

the material and affects adhesion and differentiation of cultured

hMSCs. (Prouvé et al., 2021) A possible way to control excessive

swelling is the use of longer-chain carboxylic acid-functionalized

comonomers. (Heras-Bautista et al., 2019; Norris et al., 2021)

2.2.3 NHS-acrylate
Acrylic acid N-hydroxysuccinimide ester (NHS-AE) (~40 €

per 1 g) is commercially available and used to prepared PAM-

NHS gels for immobilization of amine-ligands. In relation to

PAM-AA gels, PAM-NHS gels skip the AA activation step and

can be directly used for NHS ester/amine bioconjugation

(Figure 1.C7). On the flipside, NHS-AE presents low water

solubility and also inhibits PAM polymerization at

concentration >16 mol %, which affects the mechanical

strength of resulting gels. (Kumai et al., 2021) Due to

solubility issues, NHS-AE is typically dissolved in toluene and

incorporated to the AM and bis-AM aqueous mixture before

polymerization. Different reported protocols have either

localized NHS groups at the surface (Schnaar et al., 1978) or

promoted homogeneous incorporation of the monomer along

the PAM-NHS gel. (Kumai et al., 2021) Presumably, a

differentiated localization of NHS monomers along the gel

alters its properties, as well as functionalization efficiency and

cell-behavior. MCF7 andMCF10A epithelial cells were seeded on

PAM-NHS gels coated with collagen-I and compared with PAM

gels functionalized via sulfo-SANPAH strategy. No noticeable

differences in cell adhesion or morphology were observed

between both gels. (Kumai et al., 2021)

Despite the relative simplicity of this approach, NHS groups

can hydrolyze over time, thus the ligands must be bioconjugated

immediately after copolymerization. Furthermore, the hydrolysis
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of NHS groups results in charged carboxylic groups that can

change hydrogel properties as explained above.

2.2.4 Hydroxyethyl acrylate
Hydroxylated comonomers endow PAM gels with -OH

moieties that are used to immobilize ligands by hydrogen

bonding interactions (Figure 1.C8). Diverse ligands can be

attached since most biomolecules can participate in hydrogen

bonding. However, the immobilization is not chemo-selective

and generally is chemically weak, offering little control over

ligand loading and stability. Note that hydrogen bonding

interactions can be unstable to washing steps, or to changes in

temperature or ionic strength. These aspects might be important

for studies that require control over ligand density.

Furthermore, hydroxyethyl acrylate (HEA) is inexpensive

(~60 € per 1 L). PAM-HEA hydrogels have been modified with

fibronectin and laminin (Grevesse et al., 2014) and used to study

how substrate area confinement affects collective migration of

cells (Mohammed et al., 2019).

2.2.5 Methylsulfonyl acrylamides
Comonomers bearing a methylsulfonyl (MS) group enable

the chemo-specific covalent coupling of thiol-containing

bioligands under physiological conditions (1 h, PBS, r. t.)

(Figure 1.C9). In general, bioconjugating ligands through

thiols renders higher site-selectivity compared to amine

coupling since free thiols are much less naturally abundant in

biomolecules. MS monomers were copolymerized at 2 mol%

with AM and bis-AM by usual protocols. The swelling,

porosity, and low protein adsorption of PAM-MS gels were

comparable to that of PAM gels. (Farrukh et al., 2016)

Biofunctionalization with thiol-containing bioligands was

quantitative, reproducible and stable; and retention of ligand’s

bioactivity allowed specific recognition by cells.

The performance of PAM-MS gels for bioconjugation has

been compared with that of sulfo-SANPAH gels. (Farrukh

et al., 2016) When both substrates were incubated in a

bioligand solution of equal concentration, the immobilized

ligand density on PAM-MS gels was three times higher

compared to sulfo-SANPAH gels. Furthermore, PAM-MS

gels only reacted with thiol-containing ligands while sulfo-

SANPAH gels reacted with amino and thiol containing ligands

demonstrating lower chemo-selectivity of the latter.

Compared with PAM-MS gels, sulfo-SANPAH gels showed

decreased concentration of bound RGD peptide, which

impacted cell behavior by slowing down spreading kinetics

and by decreasing final spreading area (Figure 2C). This

evidences that selective ligand coupling is an important

factor to achieve conclusive studies over cell-materials

interactions.

Selective dual functionalization of PAM gels has been

reported combining methylsulfonyl/thiol coupling with NHS

ester/amine coupling (Farrukh et al., 2017a; Paez et al., 2018).

PAM gels were copolymerized with AA and MS comonomers.

PAM-AA-MS gels enabled the orthogonal immobilization of

polylysine and IKVAV peptide. Neuronal cells cultured on

gels via sequential bifunctionalization exhibited higher

maturation at comparable culture times than when both

ligands were incubated simultaneously (Farrukh et al., 2017a).

These reports have shown that functionalization of PAM gels

with chemo-selective and quantitative coupling chemistries can

impact retention of ligand biofunctionality and cell behavior.

However, MS acrylamides are not commercially available, and

their synthesis requires 4-5 steps, which reduces the user-

friendliness of this approach for biology laboratories without

synthetic capability.

2.3 Commercial poly(acrylamide)
hydrogels

Commercial PAM hydrogels have become available. PAM

gels with different biochemical and biophysical properties and

in diverse culture plate configurations are commercialized

under the brand Softwell® by Matrigen. (Matrigen, 2022)

Collagen-modified and “easy coat” gels with controlled

stiffness from E = 0.1–100 kPa are available. “Easy coat”

gels contain quinone groups that can be used for covalent

biofunctionalization by reacting with amine, thiols or other

strong nucleophiles present in a ligand. Therefore, this

approach presents poor chemo-selectivity and low control

on site-specificity of binding.

The advantage of this strategy is the fast and user-friendly

functionalization of the gels with biomolecules; thus, these

substrates might be convenient for certain cell studies.

However, as frequently occurring with commercial systems,

the exact chemical composition of the gels, ligand density, or

the chemistry applied for ligand immobilization (e.g., collagen)

are undisclosed. The lack of information in composition, poor

control over bioligand density and unsure retention of ligand’s

functionality may lead to inconclusive results on cell culture

results. Another limitation is the high cost of these substrates

(typically >50 € per culture plate).

3 Discussion and perspectives

In this mini review, diverse strategies for

biofunctionalization of PAM hydrogels were introduced in

the context of these biomaterials’ usage for 2D cell culture.

New users should select a convenient strategy after

consideration of the advantages and disadvantages of each

strategy, the existing capabilities in the laboratory and, most

importantly, specific user’s needs in view of the biological

question under investigation. The showcased methodologies

present various levels of complexity, costs and requirement for
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especial equipment. Additionally, these strategies enable

different degree of control over the loading density on the

gels, as well as over stability and preserved bioactivity of the

attached ligand. An overall qualitative comparison is

presented in Figure 1D.

Two main approaches were distinguished: those based on the

direct activation of the side chains of PAM after FRP, and those

where reactive comonomers are incorporated during FRP. In

general, PAM direct activation strategies are based on the use of

commercial reagents, use relatively simple (although often harsh)

modification conditions without the need of highly specialized

equipment (being thus more user-friendly). Unfortunately, they

often offer limited control on the ligand loading, lower

preservation of bioactivity and variable stability of the coating

over time.

Within strategies mediated by introduction of comonomers

during FRP, the use of AA and MS-acrylamide comonomers are

generally more chemically controlled, the latter being more

chemo-specific and site-selective, ensuring good control of

ligand loading and good preservation of ligand’s activity.

However, MS-acrylamide strategy is more labour intensive

and prohibitive for cell culture laboratories without organic

synthesis infrastructure and expertise. Interestingly, we noticed

that copolymerization strategies often do not report how the

mechanical properties of the resulting functional PAM gels

compare to pristine PAM gels. This could be a point of

attention for future developments, to demonstrate to which

extent a new methodology offers the possibility to

independently tune mechanical from biochemical properties.

Although out of the scope of this article, specific needs such

as patterning of PAM or high throughput handling could be

other aspects to consider. Several methodologies allow ligand

patterning using various chemical strategies as shown in previous

sections. (Daliri et al., 2021) Noteworthy, the introduction of

photolabile comonomers into PAM has recently been exploited

to dynamically and locally tune the mechanical (Norris et al.,

2021) and cell-adhesive (Missirlis et al., 2022) properties of light-

responsive PAM gels. In contrast, the realization of truly high

throughput PAM systems is still in its infancy. Commercially

available PAM gels might provide an answer to this need in the

long term; unfortunately, they are currently limited in their

ligand options and are expensive. It is expected that more

synthetic and fabrication efforts in the future will result in

more robust, reproducible and high throughput solutions for

biofunctionalized PAM hydrogels.
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Even though petroleum-based plastics are advantageous in complying with the

performance requirements in many applications, these are related, throughout

their life cycle, to several environmental problems, including greenhouse gas

emissions and persistence in marine and terrestrial environments. Therefore,

the preservation of natural resources and climate change is considered

worldwide, the main reason for which is necessary to reduce consumption

and dependence on fossil-based materials. Biopolymers (PLA, PHAs, etc.) are

examples of plastics whose use is grown exponentially over the years because

of the improvements of their physical andmechanical properties using additives

of various nature and depending on the scope of application. This review aims

to discuss various ways of biopolymer degradation, to evaluate if they represent

a new Frontier in eco-sustainability or rather a re-proposal of old problems.

Related to this topic, we also have focussed our attention on the different

methods for the quantitative analysis of bioplastics, or their degradation by-

products, comparing and evaluating the advantages and disadvantages of each

technique.
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GRAPHICAL ABSTRACT

1 Introduction

Plastics are light, strong durable, and inexpensive

synthetic or semi-synthetic organic polymers. Their

characteristics justify the very large exploitation in a wide

spectrum of human activities explaining why plastics

represent an essential element in modern life. About 99%

of plastics are made starting from non-renewable resources

such as charcoal, petroleum, and natural gas. Accordingly,

about 20% of the overall petroleum consumption could be

related to the plastics industry (Kasavan 2021). In Europe,

plastics are mainly exploited in the packaging (~40%),

construction field (~20%), textile industry (~15%),

automotive (~10%), and goods (~10%). Considering all

these applications, the use of plastics could grow in the

next future (World Economic Forum 2016; Gu 2017).

Even if the use of plastics has several benefits, their

environmental occurrence is currently a very dangerous

issue (Millican 2021) due to the progressive abrasion until

the particulate formation. This is usually classified according

to dimensions as nano-plastics (ø < 10–4 mm), microplastics

(ø < 5 mm), mesoplastics (5 < ø < 25 mm) and macroplastics

(ø > 25 mm). Proper management of plastic wastes would be

hoped since the abrasion of these solids provides large

amounts of plastic particles dangerous for organisms and

humans (Filho 2019; Zhao 2021). This mainly occurs in

marine systems where plastic wastes are accumulated at the

end of their environmental path. Here, the characteristics of

durability and resistance of plastics become a great problem in

non-correct plastic disposal (Rosenboom 2022; Filho 2021).

For these reasons, the critical review work was carried out by

selecting data and information mainly related to the

degradation process of biopolymers and their potential

environmental impact. The knowledge of these materials in

the production phase has now reached very good levels of

completeness, as evidenced by the huge of information already

present in the literature. The analytical-environmental

challenge remains open, as highlighted by the insufficient

information available for the assessment of the

sustainability of biopolymers and their degradation products.

2 Bioplastics

As often reported in the literature, the term “bioplastics” define

materials produced from biomass sources (vegetable fats and oils,

corn starch, straw, woodchips, sawdust, etc.) and recycled food

waste, which can be divided into biodegradable, bio-based, or both.

Biodegradable bioplastics are degraded in aqueous fluids under the

effects of bacterial activity. These processes lead, as the last step, to

CO2 and H2O formation in aerobic degradation and CO2 and CH4

formation in anaerobic degradation. Bio-based bioplastics in whole

or in part result from biomass-based syntheses (Di Bartolo 2021;

Naser 2021). Some examples of bioplastics are poly (3-

hydroxybutyrate) (PHB), poly (ε-caprolactone) (PCL), poly

(butylene succinate) (PBS), poly (lactic acid) (PLA), and poly

(ethylene succinate) (PES) (Atiwesh 2021, Roohi 2018).

According to their versatility and their capacity to satisfy

international standards of certification of composting (Naser

2021) and marine biodegradation (Meereboer 2020), respectively,

poly-hydroxy-alkenoates (PHAs) and poly (lactic acid) (PLA) are

among the most widespread biopolymers and together with
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polypropylene show the highest relative growth rate in their

industrial production (Naser 2021).

Poly-hydroxy-alkanoates (PHAs) are non-toxic

biocompatible aliphatic bio-polyesters, from microbial

fermentation of renewable sources (Venkatachalam 2020;

Suzuki 2021). PHAs can be produced from raw materials in

wastewater treatment plants, landfills, composting facilities, and

farms (Atiwesh 2021). PHAs can also come from wood chips,

grass, and green wastes rather than from the more expensive

edible crop biomass. PHAs are flexible and crystalline with

similar thermoplastic and mechanical properties to synthetic

plastics (Akinmulewo 2019). PHAs’ properties can change

according to the arrangement of different monomers forming

the polymer structure, or working on bacterial colonies,

fermentation, or substratum. In this way, differing PHA well

suited for packaging, fibers, and medical implants were

developed differently combining polyesters groups and radical

chains.

PHAs can be classified according to the polymer length: long

(more than 14 C atoms), medium (between 6 and 14 C atoms),

and short chain (between 3 and 5 C atoms) (Albuquerque 2018;

Muniyandi 2020).

Poly (3-hydroxybutyrate) (PHB) is the most studied

among PHA. It represents the C stock of several bacterial

colonies produced through bacterial fermentation from CH4,

which is first oxidized to methanol, via the methane

monooxygenase enzyme catalytic pathway, in the second

step methanol is transformed into formaldehyde by

methanol dehydrogenase (Atiwesh 2021). PHB shows a

linear structure as a sequence of CH3 and CH2, followed by

an ester -COOR group that results in physical-chemical

(thermoplasticity, hydrophobicity) and mechanic properties

(crystallinity grade and fragility). Commercial PHB shows

similar properties to polypropylene (PP) coming from fossil

fuels, showing significant stiffness, fragility, a crystallinity

grade between 60 and 80%, a fusion temperature close to

180°C, and both an amorphous and a crystalline phase (Suzuki

2021). PHB can be a virgin polymer or with copolymers and

additives in blends with better thermoplastic properties, such

as the poly (3-hydroxybutyrate-co-3-hydroxyvalerate) [P

(3HB-co-HV)] (McAdam 2020). Poly (lactic acid) (PLA) is

both a bio-based and biodegradable thermoplastic polymer

belonging to the aliphatic poly-esters class resulting from α-

hydroxy acids. It is synthesized from lactic acid through

bacterial fermentation of renewable plant-based sources or

polymerizing the cyclic lactide dimer after a ring-opening

reaction (Ring-Opening Polymerization, ROP) (Masutani

2014). PLA, for commercial purposes, is among the most

promising bioplastics due to its mechanical properties,

processability, renewability, and non-toxicity (Atiwesh

2021). PLA has larger durability than most biodegradable

polymers, with larger transparency and mechanical

strength. These properties and their widespread

exploitation in several fields make ever-growing worldwide

PLA production (Jiménez 2019).

2.1 Physico-chemical characterization

The structural and physicochemical properties of the

bioplastics both in solid and solution phases have been

extensively studied employing varying analytical approaches

intended to characterize their chemical-physical features from

several points of view. Thermal techniques such as

Thermogravimetric analysis - TGA, and Differential

Scanning Calorimetry–DSC, have been used to determine

the material properties temperature-dependent in the bulk

(Vahabi 2019). Spectroscopic techniques such as FT-IR, UV-

Vis, and Fluorescence, are mostly used to highlight variations

in the building blocks of the polymer structure (Han 2016).

Spectrometric approaches such as NMR and mass-

spectrometry are widely used for the qualitative and

quantitative determination of several classes of substances

including low molecular weight pollutants, high molecular

weight polymers up to supramolecular aggregates (Banerjee

2012; Indelicato 2016; Biale 2021; Krawczyk-Walach 2021)

Therefore, all these analytical approaches can be very

informative in synergy when it comes to evaluating a

material undergoing various stresses or degradative

processes (Kumar 2017; Akdoğan 2018; Falkenstain 2021;

Ghasemlou 2022).

2.2 Benefits and drawbacks

The main benefit of bioplastic exploitation comes from its

production from renewable sources. However, biomass

production requires suitable spaces, large water

consumption, and intensive farming finalized to increase

production. Accordingly, bioplastic production can involve

the use of pesticides in crops and chemicals during the

transformation processes that could be avoided by resorting

to eco-friendly syntheses (Arikan 2015). On the other hand,

bioplastics are biodegradable without any filler addition,

which is often used for increasing their mechanical

properties (Iwata 2015; Abe 2021; Van Roijen 2022).

Despite the growing request for bioplastics, some handicaps

to their larger exploitation come from their expensive

production and recycling (Chen 2014; Coppola 2021;

Nandakumar 2021; Shah 2021). A cost reduction could be

provided from the PHA extraction from cells through

halogenated solvents such as CHCl3 and CH2Cl2. But these

are toxic chemicals that would be largely used for avoiding too

viscous polymeric solutions. Further industrial methods for

PHA recovery were attempted but a limited PHA yield was

obtained (Yang 2015).
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3 Degradation process

The study of the degradation process is useful for assessing

the environmental impact of bioplastic waste and finding an

appropriate measure for implementing waste legislation and

policies (Nandakumar 2021; Ghasemlou 2022).

Biodegradation is the process by which materials can be

decomposed by microorganisms and used as a food source. The

final products of the biodegradation process are CO2 and H2O, as

also biomass and methane. However, although the material is

biodegradable, it may not be in all circumstances or conditions.

Several factors influence the biodegradation process, which adds

up to microbial density and environmental conditions

(i.e., temperature, humidity). These factors are polymer

composition, molecular weight, crystallinity, pH, chemical

structure, morphology, hydrophilicity, and breakdown

products, but the relative extent of their effects is unclear

(Meereboer 2020).

The first stage involves the enzymatic or chemical hydrolysis

of the polymer chain and the consequent formation of

degradation products whose size allows for microorganisms’

encapsulation. It follows the decomposition and bio

assimilation of the fragmented polymers up to their

conversion into carbon dioxide, nitrogen oxide, methane, and

water. For this reason, several international methods for assessing

the biodegradability of plastics are based on the quantification of

carbon dioxide production or the biochemical oxygen demand

during the decomposition process (Suzuki 2021).

The abiotic or chemical degradation of bioplastics involves

various techniques: pyrolysis, hydrolysis, alcoholysis, and

glycolysis. Pyrolysis is a process of thermal cracking, in which

the polymer, by heating in an inert environment, is converted

into organic vapors, carbons, and gases. In the second stage, these

by-products are converted into oil through a condensation

process.

The processes of hydrolysis, alcoholysis, and glycolysis are

techniques of depolymerization in which the polymer chain is

broken down by the action of the water, alcohol, or glycol

respectively (Lamberti 2020). The material is hydrolyzed

through mechanisms of mass or surface erosion. Surface

erosion occurs when the rate of hydrolysis exceeds the rate

of diffusion of water in the mass (Piemonte 2013). This

mechanism represents the main degradation process for

hydrophobic and semi-crystalline polymers and for

polymers that exhibit a very rapid hydrolysis rate

(Meereboer 2020). The hydrolysis mechanism can change

from surface to mass erosion when the material reaches a

threshold thickness. Conversely, if the diffusion of water is fast

to the rate of hydrolysis, degradation occurs through the entire

mass of the polymer leading to a homogeneous erosion. The

rate of hydrolysis is affected by several external factors, for

example, an increase in temperature promotes the rate of

hydrolysis, and therefore a change in the pH value.

Alcoholisys occurs when there is a transesterification

reaction in which the alcohol group cleaves the external

bonds, and the polymer chain splits into its monomers or

oligomers. The glycolysis of polyesters involves the insertion

of glycol in the polymer chains, breaking the external bonds

and replacing them with hydroxyl terminals (Lamberti 2020).

The reason for the large commercial spread of biodegradable

bioplastics lies in their easy degradation, which would allow,

under natural conditions, in soil, water, and sediment, to rapidly

reduce the amount of plastic waste eventually improperly

disposed of. The factor limiting the degree of degradation of

most bioplastics is the surface of the polymer both in the case of

chemical or enzymatic degradation. As already mentioned, the

polymer surface is a fundamental aspect in the study of the

degradation processes. Biotic (enzymatic) degradation occurs on

the surface due to the enzymes’ large size which prevents their

permeation in the inner polymer structure. Enzymatic hydrolysis

of biopolymers is a two-step process: degradation begins with the

adsorption of enzymes on the polymer’s surface-active sites. The

second step is a hydrolytic cleavage of polymer chain bonds,

which is induced by the binding site of the hydrophobic portion

and the catalytic site respectively (Meereboer 2020). Accelerated

by enzymes, surface degradation is much faster, especially in soil,

and over time causes an increase in surface and roughness of the

biopolymer and consequently higher hydrophilicity (Meereboer

2020, Muthukumar 2015).

4 Analytical investigation

As bioplastics continue to enter the environment,

understanding their qualitative and quantitative impact is vital

to addressing their potential environmental pollution. Bioplastics

can enter the environment as small particles, which can lead to a

significant biological and toxicological impact (González-Pleiter

2019). In this regard, the ability to quantify and identify the

nature of particles smaller than 10 μm has become a challenge.

The following step, in the possible environmental pollution of

bioplastics, is the production, due to the degradation process, of

both solid microparticles and soluble compounds. These two

ways are in the field of analytical sciences very complex

challenges in the identification and quantification of bioplastic

degradation products. For this reason, we will discuss in this

paragraph the last analytical techniques used in the quali-

quantitative analysis of bioplastic degradation products.

4.1 Qualitative studies

Qualitative analysis of building blocks in bioplastics is

possible by spectroscopic methods such as fluorescence,

nuclear magnetic resonance (NMR), Fourier-transform

infrared spectroscopy (FTIR), or UV-VIS spectrophotometric
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techniques (Kumar 2017; Akdoğan 2018). Qualitative aspects of

bioplastic degradation are of critical importance to planning,

when possible, the following quantitative studies. Microparticles

can be determined analytically either by analyzing them as they

are or by analyzing them after dissolution in solvents. FT-IR

micro imaging, gas chromatography with mass spectrometry

detector, and thermal analysis represent the most used

analytical techniques for the analysis of the solid debris of

microparticles, while liquid chromatography, always with mass

spectrometry detection, is currently the most widely used

technique in the analysis of the dissolved microplastics or of

their fractions (Sikorska 2020; Ye 2022; Yusuf 2022).

Microparticles can be determined in their native status, or

after dissolution in solvents. FT-IR micro imaging, gas

chromatography coupled with mass spectrometry (GC-MS),

and thermal analysis represent the most used analytical

techniques for the investigation of solid microparticles. Liquid

chromatography, coupled with mass spectrometry (LC-MS)

detection, is currently widely used for dissolved microplastic

fractions, (Sikorska 2020; Ye 2022; Yusuf 2022).

4.1.1 Fourier transform infrared spectroscopy
FT-IR analysis has the advantage of being a non-destructive

and rapid technique, with minimal sample preparation. The

PHAs analysis is based on the study of the variation of the

intensity of the stretching band of the carbonyl of PHAs as a

function of concentration, in the range of 1728–1740 cm−1 of

wave numbers (Godbole 2016; Isak 2016). However, in the last

years, to investigate particles up to 10 μm, the more helpful

instrument is the FT-IR micro imaging system, (μFT-IR

Imaging). μFT-IR is an instrument with a state-of-the-art

infrared detector that simultaneously generates a high number

of spatially resolved spectra and analyses large sets of

microplastic data showing a “visible” image of the sample.

Through appropriate software, it compares the spectra of the

microparticles present in environmental matrices with a database

of the reference spectra, allowing a very good identification of the

microplastic by size, volume, and mass (Karami 2018, Liebezeit

2014).

4.1.2 UV-vis spectrophotometry
This classical and easy technique finds an interesting use in

the determination of PHB by exploiting the degradation of the

molecule of P (3HB) to crotonic acid by heating in concentrated

sulphuric acid and determining its content by studying the

absorbance mass of the crotonic acid band at 235 nm

(Duvigneau 2021). This technique nowadays, for its easiness,

is still used, though do not allow us to determine PHB

copolymers.

4.1.3 Fluorescence spectroscopy
The application of this technique in PHAs analysis is based

on the fluorescence of Nile-Red, a lipid fluorochrome, that easily

penetrates the suspended cells making fluorescent the polymer

portion contained in them. The concentration of polymer in the

cells can be determined from the analysis of the fluorescence

intensity. The intensity of the fluorescence emission of red-

stained cells with Nile-Red increases with the biopolymer

concentration. This method for the determination of the

biopolymer concentration has several advantages: it is fast and

reproducible, measurements can be made immediately after

sampling, sample preparation time is shorter than traditional

methods and sample volumes for analytical determination are

very small (Godbole 2016; Rajankar 2018).

SCHEME 1
Experimental techniques for the study of (bio) plastic materials.
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However, Nile Red can stain not only biopolymers (PHAs or

PLA) but also other lipophilic compounds (Arikawa 2017) and

for this reason, fluorescence spectroscopy can be classified as a

qualitative rather than quantitative technique.

4.1.4 Qualitative thermal analysis
Among the different techniques available, thermal

techniques are widely used in the design, preparation, and

characterization of polymeric materials.

Thermal analysis (Differential Scanning Calorimetry and

Thermogravimetric Analysis) offers, in addition to high

precision in measurement, smart execution, allowing to obtain

with a very limited amount of material valuable information

regarding the property-structure correlation (Blanco 2021).

4.2 Quantitative studies

4.2.1 Gas chromatography
Gas chromatography has the advantage of providing very

detailed, accurate, reproducible, and precise measurements, but

conversely uses solvents harmful to the environment and

requests long sample pre-treatment and large quantities of the

sample (Khok 2020).

The most commonmethod used to determine the PHA content

in cells is gas chromatography with a flame ionization detector (GC-

FID). This method is quite laborious, but it has high accuracy and

provides extensive information on the composition of the monomer

of PHAs (Isak 2016).

GC-MS allows the determination of PHB content in cell

biomass after an initial stage of methanolysis (Khok 2020), P

(3HB) content after acidic or basic digestion, and PHA content

from freeze-dried bacteria or natural sample extracts after acidic

digestion (Godbole 2016).

The GC-MS drawback is the use of not eco-friendly solvents. To

overcome this side effect, it is better to use the pyrolysis technique

directly coupled with gas chromatography (Py-GC), which is a valid

method in the direct analysis of the content of PHB and its

copolymers in prokaryotes (Baidurah 2016; Khang 2021).

4.2.2 Quantitative thermal analyses
Thermogravimetric analysis associated with mass spectrometry

(TGA-MS) is a direct method for the quantitative determination of

PHB and PLA in soil. This technique is based on the analysis of the

masses of the products developed during gaseous pyrolysis in an

inert atmosphere. A portion of gas degradation products is

transferred to a quadrupole mass spectrometer via a heated

capillary. The loss of mass at a specific temperature may be

related to the mass signal of the gaseous pyrolysis products.

These pyrolysis products’ formation can be related to their

specific degradation temperatures determined by the TGA. The

advantages of the method are the absence of sample pre-treatment

and the use of an internal standard but the sample to be measured is

often of some micrograms giving problems of homogeneity and

significance in sampling (dslu).

4.2.3 High-performance liquid
chromatography-HPLC

HPLC is a valid method in the analysis of the soluble fraction of

biopolymer degradation products. In the case of PHB analysis the

degradation products such as crotonic acid and 2-pentenoic acid, are

easily separable and can be quantified. The analytical results are

comparable to those obtainedwithGC-MS, but with shorter analysis

times (Duvigneau 2021) and easier sample treatment.

5 Remarks

A wide variety of bioplastics such as PHA, PHB, and PLA have

been introduced to address the environmental challenges associated

with conventional petroleum-derived plastics. However, also

bioplastics have some shortcomings. The information shows that

even bio-based plastics cannot be easily recycled. Therefore,

bioplastics are also collected in landfills, wherein gradually

undergo degradation, leading to CO2 and methane formation.

Nevertheless, it is important to assess the environmental impact

of bioplastics compared to the damage caused by conventional

plastics. It is clear that, now, the side effects associated with

bioplastics are less serious than that associated with conventional

plastics. A critical point concerns the lack of analytical

methodologies to determine in aquatic ecosystems the

concentrations of soluble fractions resulting from the degradation

of biopolymers. According to the literature (Scheme 1) the available

quantitative analytical techniques, i.e., HPLC, can measure the

concentration of some degradation products under controlled

laboratory test conditions, far from the environmental conditions

of aquatic ecosystems.

So, it becomes increasingly necessary to develop analytical

methods and procedures capable of monitoring these substances

in real environments. Since bioplastics are a subject of current

interest and scientific study, it is also plausible that their

disadvantages can be overcome in the future. Kim et al., 2009.
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Property-governed performance
of platinum-modified titania
photocatalysts

Kunlei Wang and Ewa Kowalska*

Institute for Catalysis (ICAT), Hokkaido University, Sapporo, Japan

Titania is probably the most widely investigated semiconductor photocatalyst

because of various advantages, such as high activity, thermal and chemical

stability, low price, abundance, and negligible toxicity. However, pristine titania

is also characterized by charge carriers’ recombination, and thus lower

quantum yields of photocatalytic reactions than theoretical 100%. Moreover,

its wide bandgap, despite being recommended for excellent redox properties,

means also inactivity under visible part of solar radiation. Accordingly, titania has

been surface modified, doped and coupled with various elements/compounds.

For example, platinum deposited on the surface of titania has shown to improve

both UV activity and the performance under vis. Although the studies on titania

modification with platinum started almost half a century ago, and huge number

of papers have been published up to now, it is unclear which properties are the

most crucial and recommended to obtain highly efficient photocatalyst. In the

literature, the opposite findings could be found on the property-governed

activities that could result from huge differences in the reaction systems, and

also examined photocatalysts. Considering the platinum properties, its content,

the size of nanoparticles and the oxidation state, must be examined. Obviously,

the characteristics of titania also influence the resultant properties of deposited

platinum, and thus the overall photocatalytic performance. Although so many

reports on Pt/TiO2 have been published, it is hardly possible to give

indispensable advice on the recommended properties. However, it might be

concluded that usually fine platinum NPs uniformly deposited on the titania

surface result in high photocatalytic activity, and thus in the low optimal content

of necessary platinum. Moreover, the aggregation of titania particles might also

help in the lowering the necessary platinum amount (even to 0.2 wt%) due to

the interparticle electron transfer mechanism between titania particles in one

aggregate. In respect of platinum state, it is thought that it is highly substrate-

specific case, and thus either positively charged or zero valent platinum is the

most recommended. It might be concluded that despite huge number of

papers published on platinum-modified titania, there is still a lack of

comprehensive study showing the direct correlation between only one

property and the resultant photocatalytic activity.
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Introduction

In 1839, Becquerel reported that a silver chloride (AgCl)

electrode in acidic solution exposed to sunlight could be a source

of electricity, i.e., the photovoltaic effect − also known as the

“Becquerel effect” (Becquerel, 1839). Almost a century later

(1921), the first report on “photocatalysis” was published by

Renz, which presented the pigment fading, i.e., showing that

irradiated oxides could decompose organic dyes and binders of

paints (Renz, 1921). Although, these were the first reports on the

light-activated reactions, the real interest in this topic has started

with the famous paper by Fujishima and Honda on UV-initiated

evolution of oxygen and hydrogen (water splitting) on titania and

platinum electrodes, respectively (Fujishima and Honda, 1972).

Since then, many reports have been published on the activity

enhancement, mechanism clarifications (for various reactions),

property-governed performance, and possible applications,

including several crucial review papers and even books (Fox

and Dulay, 1993; Hoffmann et al., 1995; Abe, 2010; Ohtani, 2010;

Ibhadon and Fitzpatrick, 2013; Pichat, 2013; Marci et al., 2019;

Garcia Lopez et al., 2021; Strunk, 2021).

Considering the basic mechanism of heterogeneous

photocatalysis, the “photocatalyst” (usually oxide

semiconductor) is excited under irradiation with light of

energy equal or larger than its bandgap, i.e., photo-

generated electrons are transferred from the valence band

(VB) to the conduction band (CB), as shown in Figure 1A.

The electrons and positive holes (simultaneously formed in

VB) initiate reactions that cannot proceed spontaneously

without photocatalyst (and without irradiation). Moreover,

same as in the case of catalytic (“dark”) reactions,

photocatalysts (like catalysts) should not be changed during

reactions. Although photocatalytic and catalytic reactions are

similar, considering the necessary stability of (photo)catalysts,

the main difference lies in the fundamental mechanism,

i.e., the “dark reactions” can proceed in the absence of

catalysts (being just accelerated after catalyst addition),

whereas in the case of photocatalysis, usually there is no

reaction in the absence of photocatalyst or light.

Regarding the semiconductor photocatalysts, the width of

bandgap determines the photoabsorption properties (Klein,

1968; Wilson, 1981; Hamberg et al., 1985; Horan and Blau,

1987; Madhusudan Reddy et al., 2003). Of course, various

semiconductors are characterized by different electronic

properties, such as bandgap energy and localization of CB and

VB. More positive VB and more negative CB mean the higher

ability of oxidation and reduction, respectively. Therefore, the

wide bandgap results in the efficient redox properties, e.g.,

simultaneous reduction and oxidation of water. However, the

wide bandgap also means the inactivity under visible part of solar

spectrum. For example, the most famous semiconductor

photocatalyst − titania (titanium(IV) oxide) with wide

bandgap of ca. 3.0–3.2 eV (depending on the polymorphic

form) is well known from high photocatalytic activity under

UV, but also inactivity under visible light (vis). Accordingly,

many studies have been performed to modify the structure of

titania (and other wide-bandgap semiconductors) via doping,

surface modification and coupling with other materials (Khalil

et al., 1998; Wu et al., 1998; Zang et al., 2000; Asahi et al., 2001;

Ohno et al., 2003; Mitoraj et al., 2007; Zaleska, 2008; Dai et al.,

2009; Etacheri et al., 2015; Janczarek et al., 2015; Wang et al.,

2016; Babu et al., 2017; Khan et al., 2017; Salehi-Abar and

Kazempour, 2017; Sun et al., 2017).

Moreover, in the case of semiconductor photocatalysts, the

quantum yields of photocatalytic reactions (even under UV

irradiation) do not reach the theoretical value of 100%

because of the charge carriers’ recombination (surface or bulk

(Herrmann, 1999)). Therefore, numerous studies on the

performance improvements have been carried out, focusing

on the following aspects: (i) controlled synthesis conditions to

improve the properties of photocatalysts (e.g., high crystallinity, a

lack of defects, large specific surface area, pure polymorphic

forms or fixed ratio of different polymorphs), (ii) morphology

architecture, such as the preparation of photocatalysts with

exposed facets, different dimensions, advanced morphologies

(e.g., inverse opals, nanotubes, nanowires), and (iii)

preparation of composite photocatalysts, e.g., by using the

metallic or/and nonmetallic elements, and different

FIGURE 1
The schematic drawings of simplified mechanisms for photocatalytic reactions on titania-based photocatalyst: (A) pristine titania under UV
excitation, (B) Pt-modified titania under UV excitation, (C) Pt-modified titania under vis excitation (considering an electron transfer mechanism);
EA—electron acceptor, ED-electron donor, HA—hole acceptor.
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compounds, to modify the surface or/and the structure of

photocatalysts (Bakar and Ribeiro, 2016; Cai et al., 2016;

Cheng et al., 2016; Lee et al., 2021; Wang T. M. et al., 2022;

Dey et al., 2022; Korosi et al., 2022; Shehab et al., 2022; Shukla

and Angappane, 2022). It should be mentioned that for both

purposes, i.e., an appearance of vis response and activity

enhancement under UV, similar methods have been used for

the modifications of wide-bandgap semiconductors, i.e., doping,

surface modification, coupling, and nanoarchitecture design (Sun

et al., 2019; Huang et al., 2020; Yoshimura et al., 2020; Luo et al.,

2021).

Among various strategies, the surface modification of wide-

bandgap semiconductors with noble metals (NMs), such as gold,

silver, platinum, has probably been the most popular. Kraeutler

and Bard were first who found that platinum could scavenge

photogenerated electrons (Figure 1B), and thus hinder the charge

carriers’ recombination (Kraeutler and Bard, 1978), as illustrated

by Disdier et al., in 1983, and presented here in Figure 2 (Disdier

et al., 1983). Since then, huge number of papers have been

published on UV-activity enhancement by NMs (Pichat et al.,

1981; Pichat et al., 1982; Nishimoto et al., 1985; Jakob et al., 2003;

Subramanian et al., 2003; Kowalska et al., 2008; Azri et al., 2014).

For example, Hu et al. proved that platinum hinders charge

carriers’ recombination by photoluminescence and transient

fluorescence spectroscopy, resulting in longer lifetime of

photogenerated charge carriers (Hu et al., 2019). Similarly,

time-resolved microwave conductivity (TRMC) method was

used to show the scavenging of photogenerated electrons by

platinum (both originated from inorganic salts and Chini

clusters) deposited on the titania surface, which correlates well

with the enhanced photocatalytic activity for oxidative

decomposition of phenol and rhodamine B (Kowalska et al.,

2008), as exemplary presented in Figure 3. Here, improved

performance for Pt-modified titania was shown under both

UV and vis irradiation. The vis response was explained as

originating from the light absorption by Pt-based compounds

(sensitization mechanism), i.e., salts, complexes or/and clusters

(Macyk et al., 2003; Kisch et al., 2004; Kowalska et al., 2008;

Macyk et al., 2010).

In contrast to many reports, Benz et al. have proposed that

platinum could work also as a recombination center under

anaerobic conditions (Benz et al., 2020). The deposited

platinum (0.04–3 wt%) on titania P25 was tested for UV

degradation of acid blue nine and rhodamine B in the

presence or absence of oxygen in the system. Although, the

function of platinum as an electron scavenger has been proven by

TRMCmethod (Figure 4), the decreased activity under anaerobic

conditions could suggest that these electrons migrate back to

titania. In contrast, under aerobic conditions, superoxide radicals

could be efficiently formed on the surface of platinum (electron

transfer from titania via platinum to oxygen), as commonly

reported. However, it should be mentioned that usually

degradation of organic compounds proceeds via oxidative

pathways, and thus experiments are performed under aerobic

conditions (the participation of reactive oxygen species (ROS);

oxygen or air is even continuously bubbled into the reaction

system (Gorska et al., 2008; Kowalska et al., 2008)). Additionally,

for the reduction pathways, e.g., alcohol dehydrogenation and

water splitting, photogenerated electrons are efficiently

scavenged by a proton (H+). Therefore, obviously, the lack of

an electron acceptor (oxygen/proton) should result in charge

carriers’ recombination. Moreover, it should be pointed out that

platinum could also work as a shield, causing less efficient photon

absorption by titania, and thus resulting in lower efficiency, as

discussed latter.

In 2005, another property of NMs has been used for the

activation of wide-bandgap semiconductors towards vis

response, i.e., plasmon resonance, as exemplary shown in

Figure 1C. Tian and Tatsuma proposed the electron transfer

from photoexcited gold NPs (due to plasmon resonance) to CB of

titania, with simultaneous transfer of compensative electrons

from the solution to gold NPs (Tian and Tatsuma, 2005). Since

then, many reports showed vis activity of NM modified wide-

bandgap semiconductors, resulting from plasmonic activation,

known as “plasmonic photocatalysis” (Furube et al., 2007;

Kowalska et al., 2009; Mukherjee et al., 2013; Panayotov et al.,

2013; Sugawa et al., 2015; Verbruggen, 2015; Verma et al., 2018;

Endo-Kimura and Kowalska, 2020; Raja-Mogan et al., 2020; Wei

et al., 2020).

Moreover, another function of NMs should also be pointed

out, i.e., co-catalytic. In the case of some reactions, pristine

photocatalysts might be almost inactive, e.g., alcohol

dehydrogenation and water splitting. Titania and other wide-

bandgap semiconductors are hardly active due to high

FIGURE 2
Energy band diagram under UV: before (A) and after (B)
contact between Pt and TiO2: X and EG are the electron affinity (ca.
4 eV) and energy bandgap (ca. 3 eV), respectively;ΦTiO2 is thework
function of illuminated TiO2, estimated to be close to the
reduced state (ca. 4.6 eV); ΦPt is the work function of Pt (ca.
5.36 eV); ΔEF =ΦPt -Φ’Pt is the increase in the Fermi level of Pt after
contact with illuminated TiO2; drawn based on the report by
Disdier et al., 1983.

Frontiers in Chemistry frontiersin.org03

Wang and Kowalska 10.3389/fchem.2022.972494

209

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.972494


overvoltage for both hydrogen and oxygen evolution (Bandara

et al., 2005; Abe et al., 2008; Kowalska et al., 2015; Takanabe,

2017; Yoshiiri et al., 2022). Accordingly, it has been found that

NM co-catalysts, deposited on the surface of wide-bandgap

semiconductors, are highly efficient for hydrogen evolution

reactions. For example, Pt-deposition on P25 titania

(commercial sample with one of the highest photocatalytic

activities) results in activity enhancement by more than one

order in magnitude (Wang et al., 2018; Wang K. et al., 2022;

Paszkiewicz et al., 2022). Obviously, the properties of these

deposits as well as the interface between NMs and

semiconductor are decisive for the overall performance.

However, the contrary results might be found in the literature.

Additionally, the oxidation state of platinum could also play

important impact on the photocatalytic activity. Accordingly,

this review aims to revised various studies on the most active

NM-modified semiconductors, i.e., platinum-modified titania, to

clarify the key factors of photocatalytic activity, and to

propose what properties are the most recommended for

specific reactions.

Considering platinum-modified titania samples, more than

5000 papers could be found in Web of Science (2022/06/

16 search for: (i) Pt/TiO2, (ii) platinum and titania, and (iii)

platinum and titanium dioxide). Most of the studies discuss

titania samples modified with nanoparticles (NPs) of platinum

for various photocatalytic reactions. However, many reports deal

FIGURE 3
Experimental evidence for electrons’ scavenging by deposited platinumon the titania surface (platinum originated fromplatinum salts and Chini
clusters): (A) TRMC results, and (B) photocatalytic activity data for oxidative decomposition of rhodamine B. Adapted from (Kowalska et al., 2008) with
permission from ACS.

FIGURE 4
(A) DRS spectra for P25 titania loaded with different content of platinum; (B) Half time (τ1/2) of the mobile charge carriers measured by TRMC.
Inset: transient decay of the mobile charge carrier. Adapted from (Benz et al., 2020), CC-BY-NC-ND license.
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with “dark” activity of platinum (not photocatalytic) where

titania is only the support − inert or participating slightly in

the overall mechanism, e.g., Pt/TiO2 has been used as catalyst,

electrocatalyst, sonocatalyst, sensor and for resistive switching

memory (RSM) devices (Makouangou et al., 1994; Fukuoka et al.,

1999; Lee et al., 2009; Song et al., 2011; Takakusagi et al., 2014;

Dhanasekaran et al., 2016; Komanoya et al., 2016; Touchy et al.,

2016; Ammal and Heyden, 2017; Kon et al., 2017; Nakajima et al.,

2021). Additionally, there are some reports suggesting the doping

of titania with platinum (Ambrozova et al., 2018; Zener et al.,

2018; Ihnatiuk et al., 2020), and photocatalytic activity of titania

modified with platinum single atoms (Qin et al., 2022).

Moreover, the surface modification of titania with other forms

of platinum (not NPs), such as compounds, complexes and

clusters, have also been proposed for both UV and vis activity

(Macyk and Kisch, 2001; Kisch et al., 2004; Mitoraj et al., 2007;

Kowalska et al., 2008; Kisch, 2011; Khnayzer et al.,

2012). However, because of huge number of various

papers on Pt/TiO2, and thus impossibility to comprehensively

present them in one review paper, only titania

photocatalysts modified with platinum NPs are discussed in

detail in this review.

Synthesis of platinum-modified
titania photocatalysts

The large number of scientific papers on Pt/TiO2

photocatalysts corresponds obviously to various synthesis

procedures of their preparation. Considering the titania

aspect, both commercial and self-synthesized samples are

used. Here, the most typical methods/samples are titania P25

(from Evonik/Degussa; composed of anatase (78%), rutile (14%)

and non-crystalline phase (8%); with specific surface area of ca.

52 m2 g−1, and one of the highest photocatalytic activities in

various reaction systems (Ohtani et al., 2010; Wang et al.,

2018)) and hydrolysis of titania precursor (titanium alkoxides:

isopropoxide and butoxide), respectively (Hufschmidt et al.,

2002; Zhao et al., 2002; Coleman et al., 2005; Kowalska et al.,

2008; Rosario and Pereira, 2014; Zielinska-Jurek et al., 2015;

Haselmann and Eder, 2017; Yurdakal et al., 2017). Of course,

other synthesis methods were also proposed, such as, gas-phase

reaction (e.g., titanium(IV) chloride with oxygen), hydrothermal

reaction (e.g., from titanate nanowires), and anodization of

titanium (Nam and Han, 2007; Khan et al., 2008; Amano

et al., 2010; Wei et al., 2014; Janczarek et al., 2016; Zielinska-

Jurek et al., 2019; Momeni and Jalili, 2022). Then, either pre-

synthesized Pt colloid/NPs or its precursor (usually

chloroplatinic acid hexahydrate − H2PtCl6 · 6H2O) was used

for the modification of the titania surface by various methods,

including photodeposition (the most popular), impregnation,

microemulsion, chemical and thermal reduction, electrostatic

adsorption, ion exchange, incipient wetness, atomic layer

deposition (ALD), complete decomposition of surface-

anchored platinum complexes (Pt (dcbpy)Cl2; dcbpy = 4,4′-
dicarboxy-2,2′-bipyridine), and sputtering (Herrmann et al.,

1986; Li et al., 2006; Nam and Han, 2007; Li et al., 2013; Bear

et al., 2015; Samad et al., 2015; Shahgaldi and Hamelin, 2015;

Zielinska-Jurek et al., 2015; Zielinska-Jurek et al., 2019; Benz

et al., 2020). In some cases, titania was pre-treated by heating,

sonication or irradiation. Heating was used to: (i) change the

properties, e.g., crystallinity, crystal composition, specific surface

area, (ii) stabilize the titania surface, and (iii) allow better

adsorption of platinum (Li et al., 2006; Bear et al., 2015).

Whereas, ultrasonication and UV irradiation were proposed

for the generation of oxygen vacancies in the bulk and on the

surface, respectively (Haselmann and Eder, 2017). It has also

been shown that the kind of platinum salt might influence the

resultant properties. For example, chloroplatinate ions in the

solution reach the reduction sites via diffusion (photodeposition

method), causing Pt enlargement of islets, whereas platinum

compounds that strongly adsorbs onto titania (e.g., PtI2
−6) cause

that [Pt] in solution phase is minimal (Senevirathna et al., 2006).

In contrast, different method of deposition even for the same

platinum salt (chloroplatinate acid) might result in either

uniform distribution of fine Pt NPs or their aggregation, as

shown for impregnation ([PtCl6]2− adsorbs on the positively

charged titania surface quite uniformly due to the high acidity

of the solution.) and photodeposition, respectively (Kozlova

et al., 2011). Additionally, some reports suggest also the post-

treatment operations (annealing, sonication, H2 reduction) for:

(i) stabilization and/or better connection between platinum and

titania, (ii) increasing specific surface area, (iii) strong metal-

support interaction (SMSI) effect (e.g., electron migration from

titania to platinum), (iv) uniform distribution, and (v) the change

of the oxidation state of platinum, e.g., from zero-valent to

divalent, resulting from the diffusion of platinum from its

NPs into the lattice of titania grains and substitution for Ti4+

(Colmenares et al., 2006; Li et al., 2006; Khan et al., 2008;

Colmenares et al., 2011; Dessal et al., 2019).

Photodeposition of platinum on the titania surface is

probably the most common (examples shown in Table 1) due

to many advantages, such as:

- short time (for platinum ca. 5–10 min of induction time −

complete deposition (Wei et al., 2017a)),

- a good contact between titania and platinum (Since metal

cations are reduced by photogenerated electrons directly on

the titania surface.),

- complete deposition of all platinum cations (from platinum

salt),

- low cost and simple procedure (Only irradiation source is

necessary—daylight could also be applied.),

- the ability to monitor in-situ the photocatalytic activity

during platinum deposition, e.g., by hydrogen evolution

(Senevirathna et al., 2006).
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Photodeposition method is based on the main feature of

photocatalysis, that is the formation of charge carriers under

irradiation, i.e., the photogenerated electrons reduce platinum

cations. Usually, photodeposition is performed in the absence

of oxygen (to avoid electron scavenging) and in the presence of

a hole scavenger, here, methanol is the most popular (to limit

hole-electron recombination). After the reaction completion,

Pt/TiO2 is washed (usually first with methanol to remove all

adsorbed organic products from the hole scavenger oxidation,

and then with water), dried (Common drying in the presence

of air is used as both components are not easily oxidized, in the

contrast to silver- or copper-modified samples when freeze

drying is recommended (Janczarek et al., 2017)), and ground.

Since in the case of platinum, the photodeposition is very fast

(completed within few minutes), which might result in

platinum aggregation, the modified photodeposition method

has also been proposed. For example, photodeposition

performed in the initial presence of oxygen or air in the

system (aerobic system) might be used, i.e., the samples

containing titania, platinum salt and methanol are sealed

but the pre-bubbling with inert gas (e.g., argon or nitrogen)

is not applied. Accordingly, during irradiation the

photogenerated electrons are simultaneously scavenged

by oxygen and also used to reduce platinum cations,

which causes the formation of smaller and more uniformly

distributed platinum NPs (Wei et al., 2017a; Paszkiewicz et al.,

2022). However, it might also mean the change in the surface

oxidation state of platinum. Indeed, samples prepared in the

initial presence of oxygen contain larger content of positively

charged platinum than those prepared under anaerobic

conditions (Wei et al., 2017a; Paszkiewicz et al., 2022).

The method of synthesis obviously governs the resultant

properties of Pt/TiO2 photocatalysts. For example, smaller and

more uniformly distributed Pt NPs have been deposited on the

titania by: (i) decomposition of surface-anchored platinum

complexes than photodeposition method (Li et al., 2013), (ii)

ion exchange (2 nm) than impregnation (12 nm) method

(Khan et al., 2008), (iii) photodeposition in the initial

presence of oxygen than under anaerobic conditions (Wei

et al., 2017a; Paszkiewicz et al., 2022), (iv) thermal reduction

(2, 5 and 9 nm) than chemical reduction (3, 6 and 17 nm,

respectively, on different titania samples: ST01-fine anatase,

P25 and decahedral anatase particles (DAP)) (Zielinska-Jurek

et al., 2019).

TABLE 1 The examples of Pt/TiO2 photocatalysts’ preparation by photodeposition method.

Platinum Titania Photodeposition
Condition

References

Content
(%)

Size
(nm)

Distribu-
tion

BET
(m2/g)

Size (nm) Type

PPA PPA SPA

0.2 nd nd 71–131 2–10 nd A, AR, (pH depending)
homemade

UV, 7 h Huang et al. (2018)

0–0.3 nd nd nd nd nd A/R, P25 UV, anaerobic, 1 h Senevirathna et al.
(2006)

0.50 4 nd 49 20 nd A/R, P25 UV, 12 h Cubillos-Lobo et al.
(2017)

1 4 nd nd nd 10 A, homemade RGO-TiO2 UV, 3 h Shinde et al. (2018)

0.2–3.0 <2 nd nd nd nd A, homemade UV, 8 h Zheng et al. (2009a)

2.1 2–3 nd 17.9 45 for
homemade

nd A/R P25, A Hombikat
UV100, A homemade

UV, anaerobic, 6 h López et al. (2015)

0.08–1.8 nd nd 54 ND nd A/R, P25 solar simulator Chowdhury et al. (2013)

0.5–2.0 3–12 nd 64 14.8 nd A, homemade UV, 3 h Selvam and
Swaminathan, (2011)

0.50 nd nd ca.70 ND nd A, homemade UV, 2 h Vaiano et al. (2018)

0.5 and 2 3–5, 10 agg ca.50 ND nd A, homemade UV, 15–240 min Murcia et al. (2014)

0.5 and 1 1.5 uniform 300 8 nd A, Hombikat UV100 UV Al-Madanat et al. (2021)

0.1–1.0 0.5–0.7 agg — — — A/R, modified P25 455 nm, 70 min Vasilchenko et al. (2020)

— — 56 5–10 nd A, zeolite-TiO2 (P25) 365 nm, 2 h López-Tenllado et al.
(2022)

0.9 1–5 Nd nd nd nd P25 UV, 0.5–1 h Bamwenda et al. (1997)

A—anatase, agg.—aggregated, nd-not determined, R-rutile, RGO—reduced graphene oxide.
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Similarly, the procedure of platinum deposition obviously

influences the surface oxidation state of platinum. For

example, it has been shown that chemical reduction and

photodeposition methods result in the preparation of

samples with mainly zero-valent and positively charged

platinum NPs, respectively (Kozlova et al., 2011). However,

other reports show that photodeposition causes the formation

of mainly zero-valent platinum (Wei et al., 2018). Therefore, it

is though that the slight change in the photodeposition

conditions (irradiation source, light intensity and the

absence/presence of oxygen) might result in significant

change in the properties, and thus in the resultant

activities. Other studies indicate that more positively

charged platinum is obtained when photodeposition is

performed in the initial presence of oxygen in the system

than that performed under anaerobic conditions (Wei et al.,

2017a; Paszkiewicz et al., 2022). Moreover, post-treatment

operations, such as thermal treatment, might cause the

change of oxidation state of platinum, e.g., from Pt0 to Pt2+,

due to titania doping with diffused platinum from its NPs (Li

et al., 2006).

Property-governed activity of
platinum-modified titania
photocatalysts

Like pristine titania, platinum-modified titania

photocatalysts have been applied for plenty different reactions,

including environmental purification (water/air purification,

wastewater treatment, self-cleaning surfaces), energy

conversion (water splitting, photocurrent generation), and

organic synthesis, as shown in Table 2. For example, Avila

et al. found in 1998 that Pt/TiO2 was efficient for the

destruction of traces of organic pollutants present in gaseous

emissions (Avila et al., 1998). Then, various studies have been

performed under UV irradiation. However, considering the high

cost of artificial sources of irradiation, the recent study has

mainly focused on the activity tests performed under natural

solar light (or solar simulator) and the sole vis irradiation.

Indeed, many reports have already proven that titania

modification with platinum results in vis response (Kowalska

et al., 2008; Zielinska-Jurek et al., 2015; Zielinska-Jurek et al.,

2019). Moreover, considering high costs of platinum, the

TABLE 2 The examples of enhanced photocatalytic activity after platinum deposition on titania.

Pt/TiO2 Tested reaction Main findings References

Content
(%)

Type UV Vis

0.20 A, A/R dye decolorization — low charge recombination rate Huang et al. (2018)

0–0.3 A/R CH3OH dehydrog — increased quantum efficiency from 12.5 to 42.5% Senevirathna et al.
(2006)

0.50 A/R phenol and methyl orange degr phenol and methyl orange
photodegradation

Pt on sulphated TiO2 - vis response Cubillos-Lobo et al.
(2017)

1 A CH3OH dehydrog., propranolol
degr

— 94% under solar Shinde et al. (2018)

0.2–3.0 A H2 generation from HAc — optimized Pt amount Zheng et al. (2009a)

2.1 A H2 generation — methanol > ethanol > ethyleneglycol > glycerol López et al. (2015)

0.08–1.8 A/R H2 generation from
formaldehyde (40–4600 ppm)

H2 generation from
formaldehyde (40–4600 ppm)

Langmuir-type model; platinum (wt%), catalyst
dose, light intensity, and initial concentration

Chowdhury et al.
(2013)

0.5–2.0 A synthesis of 2-methylquinolines — improved activity Selvam and
Swaminathan, (2011)

0.5 A H2 generation from glycerol — improved activity Vaiano et al. (2018)

0.5 and 2 A phenol degr — small Pt NPs - phenolates formation; large Pt
NPs - surface interaction

Murcia et al. (2014)

0.5 and 1.0 A photocatalytic reforming of
naphthalene and methanol

— strong interaction between Pt NPs and TiO2

surface
Al-Madanat et al.
(2021)

0.1–1.9 A/R CH3OH dehydrog — the low Pt content—high activity Vasilchenko et al.
(2020)

A glycerol degr — increased activity Lopez-Tenllado et al.
(2022)

1 A — HCHO degr increased activity Zhu and Wu, (2015)

1% A/R hydrogenation of
phenylacetylene to styrene

high selectivity and conversion Lian et al. (2020)

A—anatase, degr—degradation, dehydrog.—dehydrogenation, R-rutile.
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experiments with low its content (below 1 wt%) have been

prioritized. In most cases, the application of platinum has

significantly improved the photocatalytic activity of titania.

For example, the reaction rate of toluene conversion has

increased by ca. four times after platinum deposition on

titania (Avila et al., 1998). The most significant activity

enhancement is obviously observed for gas evolution reactions

and activity under vis since pristine titania is practically inactive

(as discussed in Introduction).

The most important question is: What parameters and

properties should be considered to design efficient

photocatalysts, based on platinum-modified titania? Of course,

methods of preparation are crucial since they govern the

resultant properties. Considering the properties, it seems that

three are the most important: the platinum content, the platinum

size (and its distribution) and its surface oxidation state. All these

aspects are shortly presented and discussed below.

In the case of platinum content, the contrary reports have

been published, suggesting that smaller or larger amount is better

(Hufschmidt et al., 2002). However, usually the optimal amount

(Table 3) has been suggested, ranging from 0.06 to 2 wt%, e.g., (i)

1.5 wt% for methyl orange degradation under UV/vis (Hu et al.,

2012); (ii) 0.025 wt% for degradation of dichloromethane under

UV (Ma et al., 2011), (iii) 0.5 wt% for UV methanol

dehydrogenation (Ahmed et al., 2014), (iv) 0.2 wt%, 1 wt% or

2 wt% for methanol dehydrogenation, depending on the titania

type (Wang et al., 2018), (v) 0.1 wt% for phenol degradation

under UV and vis irradiation (Zielinska-Jurek et al., 2019), (vi)

0.057 wt%, 0.3 wt% and 2 wt% for methanol dehydrogenation,

depending on the method of Pt deposition (Senevirathna et al.,

2006), (viii) 0.1 wt% for hydrogen generation from acetic acid

under UV (Zheng et al., 2009), (ix) 0.5 wt% for hydrogen

evolution under simulated solar radiation (Hu et al., 2019),

(x) 1 wt% for selective hydrogenation of phenylacetylene to

styrene under UV (Lian et al., 2020), and (xi) 0.2 wt% for UV

synthesis of benzimidazoles (Shiraishi et al., 2010). Interestingly,

it has been found that the reaction conditions (pH value),

irradiation intensity, the type of titania, kind of tested

compounds and their concentration are also decisive,

influencing the optimal content of platinum (Hufschmidt

et al., 2002; Ma et al., 2011). The type of titania relates to the

surface properties, such as specific surface area and crystallinity,

and thus obviously different number of platinum NPs should be

optimal for titania with different properties.

In the case of organic synthesis, it has been proposed that

the amount of deposited platinum is a decisive factor for both

high conversion and selectivity. For example, Lian et al. found

that 1 wt% of Pt deposited on titania was the most efficient for

the photocatalytic conversion of phenylacetylene (PLE) to

styrene (STE) under monochromatic light (385 nm)

irradiation (Lian et al., 2020), reaching 92.4% (conversion)

and 91.3% (selectivity). It has been proposed that

photogenerated electrons (from titania) migrate to Pt NPs,

whereas methanol as both hydrogenation source and electron

donor (holes’ scavenger) dissociates (H+). Then, active

hydrogen species, formed on the surface of platinum,

hydrogenate PLE (H-Pt), and thus formed STE detaches

from the photocatalyst surface, as shown in Figure 5. It has

been proposed that the selectivity towards STE is caused by the

increased electron density of photocatalyst (electron

cumulation on platinum), decreasing the adsorption

strength of intermediate STE.

TABLE 3 Exemplary results for the optimization of platinum content.

Tested Content of Pt Optimal
Pt amount (wt%)

Tested Compound Irradiation References

0.2–1.0 wt% 1.0 Acetic acid UV/vis Zheng et al. (2009a)

0–1.8 wt% 0.25 Formaldehyde simulated solar and vis Chowdhury et al. (2013)

0.005–2 wt% 0.2, 1.0, 2.0 methanol UV/vis Wang et al. (2018)

2–30 mg L−1 0.057, 0.3 and 2.0 methanol UV Senevirathna et al. (2006)

0.5%, 2.0 wt% 0.5 phenol/methyl orange UV Murcia et al. (2014)

FIGURE 5
Proposed photocatalytic reaction mechanism for semi-
hydrogenation of PLE over Pt/TiO2; drawn based on the report by
(Lian et al., 2020).
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It should be pointed out that usually only several different

photocatalysts have been tested, and thus with only two to four

different contents of platinum. Therefore, it is hardly possible to

classify these studies as “optimization”. Fortunately, there are

also comprehensive reports showing the influence of platinum

content in the wide range of concentrations. For example, Zheng

et al. investigated nine different contents of platinum (0.2, 0.4,

0.6, 0.8, 1.0, 1.2, 1.4, 2.0 and 3.0 wt%) deposited on self-

synthesized titania, with 1.0 wt% being the most active for

hydrogen evolution from acetic acid solution (Zheng et al.,

2009). Similarly, nine different concentrations of platinum salt

have been investigated by Senevirathna et al. to find that

4.5 mg L−1 is the most recommended for methanol

dehydrogenation under UV (Senevirathna et al., 2006).

Table 3 presents exemplary results for the optimization of

platinum content on the titania surface.

In respect of this, it is thought that our previous report on

platinum-modified titania, in which 36 samples have been tested,

might be also very meaningful (Wang et al., 2018). In this study,

nine different amounts of platinum (0.05, 0.01, 0.02, 0.05, 0.1, 0.2,

0.5, 1.0 and 2.0 wt%) and four titania samples, originated from

the famous P25 titania, i.e., homogenized P25 (HomoP25),

homogenized P25 thermally treated at 200 °C (HomoP25-200),

anatase isolated from HomoP25 and purified by annealing at

200 °C (ANA) and rutile isolated from HomoP25 and purified by

NaOH washing and annealing at 200 °C (RUT), were tested. It

has been found that optimal content of platinum (tested during

methanol dehydrogenation) depends on the titania feature,

reaching 0.2 wt% for ANA and RUT, 1 wt% for HomoP25-

200 and 2 wt% for HomoP25, as shown in Figure 6A. It

should be pointed out that here, ANA and RUT have been

obtained from HomoP25, and thus these samples are

characterized by similar properties that those in P25. It has

been concluded that much different activities and optimal

properties come from the aggregation of titania, caused by

thermal treatment (used for samples’ purification). It should

be remembered that in the case of methanol dehydrogenation

one platinum deposit on one titania particle (e.g., aggregate) is

sufficient for efficient hydrogen evolution (Ohtani et al., 1997),

whereas an increase in platinum NPs’ number might cause the

“shielding effect”, i.e., the competition between titania and

platinum for photons (also known as “light-shading effect”

(Lian et al., 2020)). Accordingly, it has been concluded that

interparticle electron transfer (IPET; photogenerated electrons

within one aggregate moving to one platinum deposit) is also

possible within the same polymorph (anatase-anatase, rutile-

rutile), and it has been named as Homo-IPET, as illustrated in

Figure 6B.

Interesting study has been presented by Senevirathna et al.

for P25 titania modified with platinum by three methods:

photodeposition from hexaiodoplatinic acid, photodeposition

from chloroplatinic acid and impregnation (chloroplatinic

acid) with thermal treatment (Senevirathna et al., 2006). It has

been shown that optimal content of platinum depends on both

the method of preparation and the platinum salt, reaching

0.057 wt%, 0.3 wt% and 2 wt%, respectively. It has been

proposed that the uniform distribution of fine Pt NPs, allowed

by strong adsorption of PtI2
−6 on the titania surface, results in the

highest photocatalytic activity.

Similar to platinum content, the contrary reports on the best

size of platinum deposits have been reported, i.e., showing that

smaller, larger or optimal size is the most recommended. It

should be pointed out that the opposite results could be

caused by different application, i.e., photocatalytic reactions

under UV or vis irradiation, where better distribution (fine

NPs uniformly deposited on titania) or aggregates of more

efficient light harvesting ability, respectively, are

recommended (Villani et al., 2006; Ting et al., 2015; Wei

et al., 2017a; Wei et al., 2017b; Zielinska-Jurek et al., 2019).

For example, Li et al. have shown that smaller and highly

FIGURE 6
(A) The influence of platinum content on the photocatalytic activity during methanol dehydrogenation; (B) the schematic image showing the
IPET in aggregated single-phase titania particles. Adapted from (Wang et al., 2018) with permission from Elsevier.
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dispersed platinum NPs on titania result in higher activity for

hydrogen evolution both under UV and vis irradiation (vis

activity due to co-adsorbed ruthenium complex) (Li et al.,

2013). Zielinska-Jurek et al. investigated simultaneously the

influence of various factors on the resultant activity, i.e., the

properties of titania (morphology, specific surface area, crystal

size, etc.), the preparation method (commercial and self-

synthesized titania by different methods for both titania

synthesis and platinum deposition: hydrolysis, gas-phase,

micoremulsion, impregnation, thermal and chemical

reduction), platinum properties (size and shape: spherical or

cubic) and the contact between titania and platinum (Zielinska-

Jurek et al., 2019). In contrast to other reports, suggesting that

under vis irradiation the larger and polydisperse NM particles are

important for efficient light harvesting, i.e., broad plasmon peak

(Kowalska et al., 2009; Kowalska et al., 2010; Wei et al., 2017a;

Wei et al., 2017b), higher activity with a decrase in Pt size was

shown, as presented in Figure 7. However, it should be

remembered that titania properties (and even its type) have

also been changed, and thus the least active sample under vis

is characterized by largest Pt NPs deposited on faceted anatase

particles with decahedral shape (DAP). In another study, it has

been proven that this morphology, despite being highly active

under UV (one of the most active titania photocatalysts (Amano

et al., 2009; Tachikawa et al., 2011; Janczarek et al., 2016)), is

detrimental for vis activity of plasmonic photocatalysts, because

of the fast back “hot” electron transfer (Au→TiO2→Au) (Wei

et al., 2019). Therefore, it is thought that for fruitful discussion it

is recommended to change only one factor, e.g., platinum size/

amount or titania type/properties, and thus direct correlation

between only one specific property and activity could be drawn.

Interestingly, it has also been proposed that smaller Pt NPs

(ca. 2 nm) on titania nanotubes obtained by ion exchange

method than those prepared by impregnation (ca. 12 nm)

result in bandgap narrowing, and thus vis

response—stoichiometric generation of hydrogen and oxygen

(water splitting) (Khan et al., 2008).

Next, the oxidation state of platinum should also be

discussed. Of course, the platinum NP means that it is

composed of zero-valent platinum, but at the same the charge

on its surface could vary. Here, similarly to the influence of

platinum content and Pt NPs’ size, the contrary reports could be

found, suggesting that zero-valent or positively charged platinum

is better. For example, Li et al. have shown that the formation of

positively charged platinum (e.g., by the thermally initiated

diffusion of platinum from its NPs inside the titania lattice)

results in higher photocatalytic activity for CO oxidation due to a

decrease in the contacted resistance on the interface, being

FIGURE 7
(A,B) Photocatalytic activity of Pt-TiO2 samples obtained by: (A) wet-impregnation method, (B) microemulsion method; (C) Correlation
between Pt NPs’ size and photocatalytic activity of TIP (self-synthesized titania from titanium isopropoxide), ST01 (commercial samples of fine
anatase) and DAP, (D) Comparison of UV-vis and visible-light photocatalytic activity for Pt-modified titania samples. Adapted from (Zielinska-Jurek
et al., 2019), under Creative Common CC BY license.
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beneficial for the transfer of the photo-generated electron (Li

et al., 2006). Similarly, positively charged platinum NPs (Pt2+ and

Pt4+) deposited on P25 titania exhibit higher antimicrobial

activity against Gram-negative bacteria in rotating magnetic

field (instead of UV irradiation), possibly due to electrostatic

attractions (Paszkiewicz et al., 2022). In contrast, Gram-positive

bacteria are more sensitive to the photocatalyst with larger

content of zero-valent platinum. Furthermore, in the case of

gas-phase UV photocatalytic oxidation of dimethyl

methylphosphonate (Kozlova et al., 2011) and methanol

dehydrogenation (Wei et al., 2017a), samples with the larger

content of zero-valent platinum show to be more efficient.

However, in the case of oxidative decomposition of acetic

acid, the samples with larger content of positively charged

platinum show higher photocatalytic activity under UV (Wei

et al., 2017a; Paszkiewicz et al., 2022). Similarly, in the case of

organic synthesis, the selectivity towards organic products, e.g.,

during conversion of phenylacetylene to styrene, is

preferable when oxidized form of platinum is applied (Lian

et al., 2020).

Very interesting study was performed by Lee and Choi on

different Pt/TiO2 photocatalysts for photocatalytic degradation

of chlorinated organic compounds (trichloroethylene (TCE),

perchloroethylene (PCE), dichloroacetate (DC)) under UV

irradiation (Lee and Choi, 2005). They found that among

various properties, the oxidation state of platinum was the

most decisive, and thus samples with larger content of zero-

valent platinum were the most active for all tested compounds.

Positively charged platinum (PtOx) strongly inhibited the

oxidation of TCE and PCE, but it was still more reactive than

pristine titania for PCD. It was proposed, based on the

photoelectrochemical studies (lower photocurrents for an

electrode with positively charged platinum), that PtOx species

worked as a recombination center. The mediated charge

recombination on PtOx through the redox cycle of TCE was

proposed, as shown in Figure 8. Accordingly, it has been

concluded that the effect of platinum in photocatalysis is

highly substrate specific, and both the properties of platinum

and the interactions between platinum and substrate influence

the overall activity.

Conclusion

Many attempts have been performed to find the property-

governed activity for Pt/TiO2 photocatalysts. In those studies,

different factors have been considered, such as platinum content,

platinum properties (size, aggregation/uniform distribution,

oxidation state), titania properties (size, crystallinity, specific

surface area, polymorphic form, defect density, morphology,

surface characteristics) and the contact between platinum and

titania. Unfortunately, usually only few factors have been varied

at the same time. The most common studies have been

performed for only several different samples, e.g., (i) pristine

titania and titania modified with two/three different contents of

platinum, (ii) two-four different titania samples modified with

the same content of platinum, (iii) pristine titania and titania

modified with platinum by two/three different methods.

Additionally, though the properties of Pt/TiO2 samples have

been well characterized in many cases by various advanced

methods, usually these properties have neither been controlled

nor designed. Moreover, the photocatalytic activities have been

tested for quite different reactions and in different systems

(photoreactors, light intensity, spectrum range). It should be

pointed out that even studies showing quantum yields are

difficult for comparison when performed in different

laboratories since only apparent quantum yields are usually

estimated (emitted but not absorbed photons). Accordingly,

even after so many years and huge number of published

reports in the field, it is still hardly possible to draw the

general conclusions on the property-governed activity of

platinum-modified titania.

However, it might be proposed that in many cases, fine

platinum NPs uniformly distributed on the titania support

results in high photocatalytic activity. Moreover, the

FIGURE 8
The schematic drawing showing the proposed photoinduced
electron transfer paths on platinum-modified titania (Ptox-
oxidized form of platinum; Pt0—zero-valent platinum) in the
presence of TCE; The numbers indicate major electronic
pathways: (1) band gap excitation; (2) electron trapping in the Pt0

phase; (3) electron trapping in the Ptox phase; (4) trapped electron
transfer to O2; (5) Ptox-mediated recombination; (6) trapped
electron transfer to TCE; (7) TCE-mediated recombination; (8)
reductively initiated degradation of TCE. Adapted with permission
from (Lee and Choi, 2005) with permission from ACS.
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preparation of this kind of photocatalyst might cause that

optimal content of platinum is really low (below 1 wt%), and

thus the photocatalyst even containing platinum could be

reasonably cheap. Additionally, the aggregation of titania

particles might also be recommended to decrease the

necessary amount of platinum (e.g., 0.2 wt%), since IPET

between same titania NPs (in one aggregate) allows an

efficient electron transfer to platinum deposits. In the case of

oxidation state of platinum, it is though that very important is the

reagent, and thus its easy adsorption on the photocatalyst surface.

Therefore, either positively charged or zero-valent platinum

could be beneficial for the specific reaction.

Finally, it might be concluded that platinum is probably the

most efficient modifier of titania, resulting in significant

enhancement of quantum yields of photocatalytic reactions.

Additionally, platinum-modified titania has also shown

activity under visible range of solar spectrum, and thus being

highly efficient under natural solar radiation. However, the price

of platinum and its possible negative influence on the

environment (e.g., in the case of the leakage from the

photocatalyst surface) are the main shortcomings of its

application. Accordingly, a decrease in its content and strong

adsorption to titania must be achieved for possible commercial

application. Additionally, there is a lack of comprehensive

studies, in which only one property could be controlled and

analyzed in detail for various photocatalytic reactions.

Accordingly, our research is focused on this aspect now, and

it is thought that the final conclusions on the property-governed

activity of platinum-modified titania could be drawn in the

nearest future.
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A macrocyclic molecule with
multiple antioxidative activities
protects the lens from oxidative
damage
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Growing evidence links oxidative stress to the development of a cataract and

other diseases of the eye. Treatments for lens-derived diseases are still elusive

outside of the standard surgical interventions, which still carry risks today.

Therefore, a potential drug molecule OHPy2N2 was explored for the ability to

target multiple components of oxidative stress in the lens to prevent cataract

formation. Several pathways were identified. Here we show that the OHPy2N2

molecule activates innate catalytic mechanisms in primary lens epithelial cells

to prevent damage induced by oxidative stress. This protectionwas linked to the

upregulation of Nuclear factor erythroid-2-related factor 2 and downstream

antioxidant enzyme for glutathione-dependent glutaredoxins, based on

Western Blot methods. The anti-ferroptotic potential was established by

showing that OHPy2N2 increases levels of glutathione peroxidase, decreases

lipid peroxidation, and readily binds iron (II) and (III). The bioenergetics pathway,

which has been shown to be negatively impacted in many diseases involving

oxidative stress, was also enhanced as evidence by increased levels of

Adenosine triphosphate product when the lens epithelial cells were co-

incubated with OHPy2N2. Lastly,
OHPy2N2 was also found to prevent oxidative

stress-induced lens opacity in an ex vivo organ culture model. Overall, these

results show that there are multiple pathways that the OHPy2N2 has the ability to

impact to promote natural mechanisms within cells to protect against chronic

oxidative stress in the eye.

KEYWORDS

OHPy2N2, lens, oxidative stress, Nrf2, glutaredoxin, ferroptosis

Introduction

Cataracts are the most common cause of vision loss in individuals over the age of 60 as

well as the leading cause of blindness in the world. According to the latest assessment from

the World Health Organization, more than half of the cases of blindness worldwide are

attributed to cataracts (Organization, 2019). Moreover, the trend toward an increased
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aging population has built global attention to reducing the

prevalence of cataract. Currently, the only treatment option to

correct a cataract patient’s vision is surgery. Though cataract

surgery is a well-established procedure, complications may still

arise, especially in patients of advanced age. Surgery-related

complications such as posterior capsular opacity, intraocular

lens dislocation, eye inflammation, photopsia, ocular

hypertension, and macular edema may cause irreversible

blindness (Chan et al., 2010). Therefore, there is still a great

need to identify non-surgical therapeutic options with benefits

outweighing the risks of surgery.

Oxidative stress encompasses a range of deficiencies in the

balance between pro-oxidant and antioxidant regulatory

pathways and the related damage to biological structures

(Naik et al., 2014; Czerska et al., 2015). The eye is a

prominent target of oxidative stress. It is continuously

exposed to various oxidative conditions, such as photo-

oxidation, ultraviolet (UV) radiation, smoke, and various

forms of pollutants. Thus, oxidative stress has been associated

with many ocular disorders, notably age-related macular

degeneration (AMD) and cataracts (Spector, 1995; Beatty

et al., 2000; Lou, 2003; Yildirim et al., 2011). Chronic

exposure to light from the Sun, the largest source of UV

radiation in our environment, can significantly increase the

risk of a cataract, particularly if the recipient is over 40 years

of age (Wolff, 1994). Solar UV that penetrates the atmosphere is

mainly composed of UVA (320–400 nm) and UVB

(290–320 nm) radiation (Zigman, 1995). This strong UV

energy induces overproduction of reactive oxygen species

(ROS) that damage lens epithelial cells (LECs), disturb the

energy metabolism pathways, promote insoluble protein

aggregation, and eventually lead to lens opacity (Lofgren,

2017). Therefore, the need to rebalance ROS to prevent

chronic disease like this in the eye continues to be a driving

force for the development of new, targeting molecules and studies

to understand the mechanisms of their action(s).

Creating interventions for uncontrolled ROS is challenging,

but there is strong evidence that antioxidant approaches to

prevent or curb disease have positive impacts and show this

is a feasible approach (Pisoschi et al., 2021; Woo et al., 2014;

Bosco et al., 2011; DeCensi et al., 2010; Goodson et al., 2009;

Zhang, 2019; D’Souza et al., 2020; Nechuta et al., 2011; Sotgia

et al., 2011; Giem et al., 1993; Fraser, 2009; Singh et al., 2003;

Cooper et al., 2009; Zhang et al., 2014a; Farrawell et al., 2018;

Rowe et al., 2020; Ikawa et al., 2015; Williams et al., 2016). For

example, the Age Related Eye Disease Study sponsored by the

National Eye Institute strongly support that high levels of

antioxidant vitamins and zinc can reduce the risk of

advanced AMD and its associated vision loss (Age-Related

Eye Disease Study Research Group, 2001; Chew et al., 2013).

Nevertheless, there remains a gap between the current

understanding of oxidative stress in disease pathologies and

the development of new therapeutic molecules that successfully

target this etiology (Lannfelt et al., 2008; Alzheimer’s Disease

Facts, 2016; Jarvis, 2015; Ratner, 2015; Niedzielska et al., 2016;

Doig et al., 2017; Kingwell, 2017; Crielaard et al., 2017; Patel,

2016). During drug design for a disease, therapeutics are

typically targeted toward one causative agent ex: cholesterol,

an enzyme, or gene. However, such an approach is complicated

for diseases involving oxidative stress because the etiology of

oxidative stress is multifactorial. Identification of a therapeutic

agent that can target multiple antioxidant pathways or induce

defense mechanisms innate to the cell could prove powerful in

fighting these diseases.

FIGURE 1
Structure of the (A) OHPy2N2 molecule along with the connectivity of the (B) iron (II) and (III) complex and (C) orientation of the iron in the
OHPy2N2 ligand based on UV-vis studies.
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As a result of the current challenges for diseases that involve

oxidative stress, we designed the OHPy2N2 multimodal small

molecule (Figure 1) with direct targeting reactivity against

ROS (Johnston et al., 2019). Several benchtop assays validated

our initial hypothesis that the water soluble molecule could

function as a direct antioxidant molecule. Integration of a

hydroxyl substituted pyridine group within a tetra-aza

macrocyclic ring generates the OHPy2N2 small molecule that

can readily scavenge free radicals as well as bind mis-

regulated transition metal ions, halting toxic metal redox

processes (Green et al., 2019; Johnston et al., 2019).

Interestingly and not part of our initial design, which focused

on direct reactivity with ROS, OHPy2N2 showed the potential to

activate cellular antioxidant defense capacity via activation of the

Nrf2 (Nuclear factor erythroid 2-related factor 2) signaling

pathway in neuronal cell culture along with low toxicity, high

metabolic stability, and proving to be highly water soluble

(Johnston et al., 2019). Nrf2 is a transcription factor that

plays key roles in antioxidant and detoxification responses,

particularly in the eye. Nrf2 activates more than

250 antioxidant enzymes and pro-survival genes (Ma, 2013).

It is commonly referred to as the gatekeeper to coordinated

induction of cytoprotective and antioxidant genes or master

antioxidant transcriptional regulator (Kaspar et al., 2009).

Increased Nrf2 activity correlates with cellular survival and

protection from oxidative injury to RPE cells and pathogenic

processes (Johnson et al., 2009; Zhang et al., 2014b; Cuadrado

et al., 2018; Tang et al., 2018; Bahn et al., 2019; Han et al., 2019;

Kitaoka et al., 2019; Sotolongo et al., 2020). Likewise, lower

Nrf2 expression is associated with an increased risk or early

onset of diseases of the eye (Zhao et al., 2011; von Otter et al.,

2010). Therefore, activation of Nrf2 pathways has garnered

significant interest as a potential target for therapeutic design.

The ability for OHPy2N2 to activate this pathway piqued our

interest to further explore the catalytic (enzyme based) and

cellular pathways that this molecule might unlock to provide

protection against oxidative stress.

The recently established understanding of the direct

antioxidant activity of OHPy2N2 through radical and transition

metal scavenging, along with preliminary results suggesting

catalytic protection via the Nrf2 pathway prompted the

present studies focused on the therapeutic potential and

activation of defensive antioxidant mechanisms induced by
OHPy2N2 to protect against oxidative stress in the eye

(Johnston et al., 2019). To explore this potential, human lens

epithelial cells were exposed to conditions that model oxidative

stress and showed excellent cell viability when treated with
OHPy2N2. The levels of Nrf2 and downstream antioxidant

enzyme GSH-dependent glutaredoxins (Grx1 and Grx2),

important components that protect protein thiols from

oxidation, increased ATP expression, and antiferroptotic

potential were then measured to elucidate the catalytic

protective mechanisms initiated by OHPy2N2 treatment. Lastly,

OHPy2N2 was also found to prevent oxidative stress-induced lens

opacity in an ex vivo organ culture model.

Materials and methods

General methods and materials

Ligand OHPy2N2 was produced as the trihydrochloride salt

using previously published methods (Johnston et al., 2019).

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine

serum (FBS), gentamicin, penicillin, and 0.05% trypsin were

all purchased from Thermo Fisher Scientific (Waltham, MA,

United States). Hydrogen peroxide and all chemicals were

obtained from Sigma Chemical Co. (St. Louis, MO,

United States) unless otherwise stated. Antibodies against

Grx1 (ab45953) and Grx2 (ab45953) were purchased from

Abcam (Waltham, MA, United States). Nrf2 (#12721) and

GPX4 (#52455) antibodies were purchased from Cell Signaling

(Denver, CO, United States). CellROX Deep Red was purchased

from Thermo Fisher Scientific (Waltham, MA, United States).

Colorimetric cell viability kit I (WST-8) was purchased from

PromoKine (Heidelberg, Baden-Württemberg, Germany).

Potentiometric methods

The concentration of the OHPy2N2 ligand, as well as an

estimation of the stability constant of the iron (II) complex,

were determined via pH-potentiometric titrations. Challenges

with solubility prevented a high level of accuracy in the models. A

Metrohm 888 Titrando equipped with a Metrohm

6.0234.100 combined electrode was used to measure the pH in

the titration experiments. For the calibration of the electrode,

KH-phthalate (pH 4.008) and borax (pH 9.177) buffers were used

(Manov et al., 1945; Manov et al., 1946). The calculation of [H+]

from the measured pH values was performed with the use of the

method proposed by Irving et al. by titrating a 0.02 M HCl

solution with a standardized NaOH solution (0.2 M) (Irving

et al., 1967). The differences between the measured and

calculated pH values were used to obtain the [H+]

concentrations from the pH-data collected in the titrations.

The ion product of water was determined from the same

experiment in the pH range 11.40–12.00. The ionic strength

in the titrated and thermostat controlled (at 25°C) samples of

6.00 ml was kept constant and set to 0.15 M NaCl. The samples

were stirred by a magnetic stir bar and kept under inert gas

atmosphere (N2) to avoid the effect of CO2. The protonation

constants of the ligands were obtained from previously reported

data (Johnston et al., 2019). Validation of the formation of the

metal complex was determined using the direct pH-

potentiometric method by titrating samples with 1:1 metal-to-

ligand ratios (the number of data pairs were between 100 and
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250), allowing 1 min for sample equilibration to occur. Models of

the formation were obtained from the titration data with the

PSEQUAD program (Bush, 2011). The protonation and metal

complex stability pH titration were plotted against the first

derivative of the slope to emphasis the formation of the iron

(II) complex of the OHPy2N2.

Primary mouse lens epithelial cell (LEC)
culture

Primary LEC cultures were isolated from C57BL/6J mice.

Mouse lens capsules were cut into small pieces and treated with

0.05% trypsin at 37°C for 10–20 min. The cells loosened from the

capsule were placed into a 24-well plate containing 1 ml DMEM

with 20% FBS and 50 μg/ml gentamicin per well. The cultures

were incubated for 1 week in a humid atmosphere with 5% CO2

at 37°C. Medium was changed every 2 days. After the primary

cultures achieved confluence, the cells were subcultured by using

0.05% trypsin.

Lens organ culture

All experiments using mice were in accordance with the

ARVO Statement for the Use of Animals in Ophthalmic and

Vision Research and an approved institutional animal care and

use committee protocol at the University of North Texas Health

Science Center (Protocol Number: IACUC-2019-0003 and

IACUC-2022-0008). The mouse lenses from C57BL/6J mice

were carefully dissected out of the eye using a posterior

approach to avoid the surgical tools damaging the lens. The

lenses were cultured in modified TC-199 media by following

previously published method (Cui and Lou, 1993). Briefly, the

lenses were placed in a 24-well plate of TC-199 media with an

osmolarity ranging from 300–320 mOsm. The medium was pre-

incubated in an organ culture incubator at 37°C with 5% CO2 for

2 h prior to the addition of the lenses. The lenses were then

incubated in the medium for 24 h. Those lenses became opaque,

an indication of potential damage due to dissection, were

excluded from the following experiments. Cultured lenses

were incubated with 10–100 μL OHPy2N2 for 24 h and then

exposed to 200 μm H2O2 for another 6 h. The lens

morphological changes were recorded under a dissecting

microscope (Nikon) using darkfield illuminations. Lenses

incubated with media alone served as the control.

Cell viability assay

Cell viability was measured by a colorimetric cell viability kit

(Promokine, Heidelberg, Germany) with the tetrazolium salt

WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-

(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), which

can be bioreduced to a water-soluble orange formazan dye by

dehydrogenases present in the viable cells. The amount of

formazan produced is directly proportional to the number of

living cells. Cells were seeded at a density of 5000 cells/well

(100 μL total volume/well) in a 96-well assay. Cells were

incubated with or without OHPy2N2 (10 and 100 μm) for 24 h

and then treated with 200 µm of H2O2 for 6 h. After treatment,

10 µL of WST-8 solution was added to each well of the culture

plate and incubated for 2 h in the incubator. The absorption was

evaluated at 450 nm using a microplate reader (BioTek,

Winooski, VT). The cell morphology was observed under

phase-contrast microscopy.

Cellular ROS assay

Intracellular ROS levels were determined using the

fluorescent probe CellROX Orange Reagent. After

pretreatment with OHPy2N2 for 24 h, LECs were exposed to

200 μm H2O2 for another 30 min. After treatment, the cells

were loaded with 5 mm CellROX Orange Reagent for 30 min

at 37°C, washed with DPBS and immediately imaged on a

fluorescence microscope (Olympus, Center Valley, PA). The

cellular fluorescence was quantified using the ImageJ software,

after background subtraction for each image.

Western blot analysis

Protein concentration was determined with a BCA assay kit

(Thermo Scientific, Rockford, IL). Equal amounts of protein were

boiled in Laemmli buffer (Bio-Rad, Bio-Rad, Richmond, CA,

United States) and loaded onto 12% SDS-PAGE gel and

transferred to a 0.2 µm polyvinylidene difluoride membrane

(GE Healthcare, Boulder, CO). The membranes were

incubated with appropriate primary antibodies for overnight

at 4°C and were then incubated with the appropriate

secondary antibodies for 1 h. Detection was performed using

the ECL Western blotting detection system (Thermo Scientific,

Rockford, IL). The immunoblot was analyzed with a Bio-Rad

imaging system (Versadoc 5000 MP Imaging System, Bio-Rad,

Richmond, CA, United States).

Glutaredoxin activity

The enzyme activities of Grx1 and Grx2 were examined using

2-Hydroxyethyl disulfide (HEDS) as the substrate according to

the method described in Raghavachari and Lou (Gladyshev et al.,

2001). In brief, the cell lysate was mixed with potassium

phosphate buffer (200 mm, pH7.5) containing 0.5 mm

glutathione (GSH), 0.4 U/mL glutathione reductase (GR),
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0.2 mm β-nicotinamide adenine dinucleotide phosphate,

reduced tetra (cyclohexylammonium) salt (NADPH), and

2 mm hydroxyethyl disulfide (HED). The reaction was carried

out at 30°C, and the decrease in absorbance at 340 nm was

monitored for 5 min and used to determine the activity.

ATP Quantification

ATP level was measured with an ATP bioluminescence assay

kit CLS II (Roche Applied Science, Penzberg, Germany)

according to the manufacturer’s recommendation (Wu et al.,

2014). Briefly, lens homogenates were mixed with nine volumes

of boiling solution (PBS containing 100 mm Tris and 4 mm

EDTA) and incubated for 2 min at 100°C. The sample mix

was then centrifuged at 1000 × g for 1 min, and 50 μL of the

supernatant was mixed with 50 μL of luciferase reagent by

automated injection. The luminescence intensity was detected

by a Fluostar Optima microplate reader (BMG Labtech,

Offenburg, Germany), and integrated for 1–10 s.

Malondialdehyde (MDA) measurement

Cells were seeded at a density of 10,000 cells/well in a 96-

well assay. Cells were incubated with or without OHPy2N2 (1,

10 and 100 µm) for 24 h and then treated with 200 µm of H2O2

for 6 h. MDA was measured by using the MDA assay

kit (Abcam, Cambridge, MA, United States, ab118970)

based on the thiobarbituric acid (TBA) reaction. The

intensity of the resulting MDA-TBA adduct was read at

RFU at Ex/Em = 532/553 nm and the data were expressed

as nmol/mg protein.

Statistics

Each experiment was performed at least three times and

statistical analyses were performed using Student’s t-test when

comparing between two groups and one-way ANOVA followed

by Bonferroni’s test as a post hoc test when comparing among three

or more groups with the Prism software (GraphPad, La Jolla, CA).

The number of experimental samples used in each group is

presented in the figure legends. All data are expressed as

means ± SD and differences were considered significant at p < 0.05.

Results and discussion

Previous work has shown that pyridinophane type molecules

are low molecular weight entities that display potent antioxidant

ability, low toxicity, and high metabolic stability in neuronal cell

culture models, suggesting they could serve as potential agents to

treat Alzheimer’s and other neurodegenerative diseases (Lincoln

et al., 2013; Green et al., 2019; Johnston et al., 2019). Among these

molecules, the OHPy2N2 pyridinophane (Figure 1) showed higher

pharmacological efficacy and increased biological compatibility

compared to the parent systems (Johnston et al., 2019). As a

result of this success, disorders of the eye were next explored to

understand the extent to which the protective nature of OHPy2N2

could be utilized and as models to understand the mechanisms of

this protective reactivity.

FIGURE 2
Cytoprotective effects of OHPy2N2 in primary LEC against treatment with H2O2. Cells were incubated with or without OHPy2N2 (10 and 100 µM)
for 24 h and then treated with 200 µM of H2O2 for 6 h. After treatment, 10 µL of WST-8 solution was added to each well of the culture plate and
incubated for 2 h in the incubator. (A) Images of cells (Scale bar = 50 µm), (B) Cell viability. n = 6, **p < 0.01.
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OHPy2N2 prevents LECs from H2O2-
induced damage

To test the cytoprotective effects in the lens, primary LECs

were treated with OHPy2N2 for 24 h followed by a 200 µm

H2O2 challenge for 6 h H2O2 treatment alone caused

approximately 60% cell viability loss in mLECs (Figure 2).

In contrast, treatments of OHPy2N2 at concentrations of both

10 μm and 100 μm OHPy2N2 protected cells from oxidative

stress-induced cell damage, with the later showing the largest

(90%) improvement. The cell morphology was then observed

under phase-contrast microscopy. Following exposure to

200 μm H2O2 for 6 h, LECs showed a marked decrease in

number concomitant to shrinkage in size and loss of adhesion.

Pretreatment with different doses of OHPy2N2 (10 and 100 µm)

attenuated H2O2-induced cell morphological changes. These

results suggest that the OHPy2N2 molecule can prevent cell

death induced by oxidative stress in multiple models, making

its translation to multiple disease states arising from oxidative

stress promising.

FIGURE 3
OHPy2N2 reduces ROS production in H2O2-treated LECs. (A) LECs as a control with no treatment, (B) 200 μM H2O2 treatment for 30 min, and (C,D)
pretreatment with 10 or 100 μM OHPy2N2 for 24 h followed by 200 μM H2O2 treatment for 30 min. (E) Fluorescence was detected using the probe
CellROX orange reagent for all groups; fluorescence intensity quantified and represented as the mean mean ± SEM of three independent
experiments, **p < 0.01, ***p < 0.01 compared with the H2O2-only group (n = 3). Scale bar = 50 μm.

FIGURE 4
OHPy2N2 upregulates Nrf2, Grx1, and Grx2 in LECs.(A) Western blot analysis showing the increased expression of antioxidant transcription factor Nrf2
along with enzymes Grx1, and Grx2. (B) The relative pixel density of Nrf2, Grx1, and Grx2 over loading control. (C) Grx1 and Grx2 enzymatic activity
increased as a result of exposure to OHPy2N2. (*p < 0.05; **p < 0.01; ***p < 0.001) (n = 3).
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OHPy2N2 prevents ROS production

Intracellular ROS levels were measured to determine if the

protection demonstrated by OHPy2N2 against H2O2 (Figure 2)

induced cell death as a result of lowering the oxidative stress in

the LECs. For this study, cells were preloaded with CellROX

Orange followed by stimulation with H2O2 to monitor the

resulting ROS sensitive fluorescent product (Figure 3).

Separately, LECs were pretreated with OHPy2N2 for 24 h and

subsequently treated with H2O2 at 200 µm for another 30 min. As

compared with non-treated control cells (Figure 3A), H2O2

treatment significantly increased the fluorescence intensity of

ROS (Figure 3B). OHPy2N2 treatment dose-dependently

decreased the production of ROS (Figures 3C,D). Quantitative

fluorescence intensities of CellROX Orange in the various groups

are shown in Figure 3E to support the visual results and validate

that the OHPy2N2 molecule protects against ROS induced cell

death by H2O2 by decreasing the oxidative stress in the LECs.

FIGURE 5
Anti-ferroptotic effects of OHPy2N2 in LECs. (A) OHPy2N2 upregulates GPX4 expression. LECs were treated with (1–100 µM) OHPy2N2 for 24 h.
Control cells were treated identically but without additional of OHPy2N2. (B) The relative pixel density of GPX4 over loading control. Data presented
are a typical representation of triplicate experiments. (**p < 0.01; ***p < 0.001). (C) OHPy2N2 inhibits H2O2-induced MDA formation. Cells were
incubated with or without OHPy2N2 (1, 10 and 100 µM) for 24 h and then treated with 200 µm of H2O2 for 6 h. MDA level in each group was
measured. (*p < 0.05; **p < 0.01; ***p < 0.001) (n = 3).
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OHPy2N2 activates Nrf2 and increases
glutaredoxin (Grx) expression

Nrf2 is the central regulator of a comprehensive and

protective biological antioxidant response. Activation of

Nrf2 leads to the transcriptional activation of a broad range of

antioxidant enzymes including NADPH dehydrogenase, heme

oxygenase-1, superoxide dismutase, catalase, glutathione

peroxidase (GPX), thioredoxin, and more. Our previous study

has shown that OHPy2N2 could dose-dependently upregulate

Nrf2 in neuronal cell culture (Johnston et al., 2019).

Therefore, LECs were treated with OHPy2N2 at 1, 10, and

100 µm for 24 h to further investigate the effect on the

Nrf2 pathway in this particular model. Western blot analysis

showed a dose-dependent increase of Nrf2 protein expression

(Figure 4A). This result indicates that the mode of antioxidant

action (Nrf2 expression) is translated between neuronal and lens

cell culture showing the portability of this molecule toward

treating conditions rising from oxidative stress. As a result of

this success, we next explored what mechanisms could be

activated as a result of Nrf2 expression upon treatment with
OHPy2N2 resulting in the protective effects observed to date.

To maintain intracellular redox homeostasis, mammalian

tissues including the lens have well-designed repair systems to

protect protein thiols from oxidation (Holmgren, 1989; Lillig

et al., 2008). The first is the GSH-dependent glutaredoxin (Grx)

system, which are a group oxidoreductases that catalyze the

reduction of glutathione-protein mixed disulfides. The Grx

system has two major isozymes: glutaredoxin 1 (Grx1, also

known as thioltransferease or TTase) and the recently

discovered glutaredoxin 2 (Grx2) (Holmgren, 1976; Gladyshev

et al., 2001; Lundberg et al., 2001). Previous studies suggest that

enhancing Grx systemmay be a potential therapeutic strategy for

delaying or slowing down the age-related cataracts (Xing and

Lou, 2010; Kronschläger et al., 2012; Wu et al., 2014; Fan et al.,

2022). In our study, we found OHPy2N2 could boost activity of the

Grx system. The enzymatic activity of Grx1 and Grx2 were

observed to increase in cell lysates treated with OHPy2N2

(1–100 μm) in a dose-dependently manner (Figure 4B) along

with the protein levels of Grx1 and Grx2 (Figure 4A). From this

series of studies, it can be concluded that the addition of OHPy2N2

to LECs activates the translocation of Nrf2 and the expression of

antioxidant enzymes, including Grx1 and Grx2 as a mechanism

that results in the catalytic protection of LECs against ROS

assaults. To our knowledge this is the first example of a such

a low molecular weight, macrocyclic small molecule of this type,

FIGURE 6
(A) First derivative of the potentiometric titration of OHPy2N2

and the iron (II) complex. Inset shows original titration data. (B)UV-
vis spectra of an aqueous solution of OHPy2N2 (red) and (B) the iron
(III) complex of OHPy2N2.

FIGURE 7
ATP production is increased with the addition of OHPy2N2.
LECs were treated with (1–100 µm) OHPy2N2 for 24 h. Control cells
were treated identically but without additional of OHPy2N2. Whole
cell homogenates were used for ATP measurement with an
ATP assay kit (n = 6, **p < 0.01, ***p < 0.001).
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particularly a pyridinophane, that can activate cellular

mechanisms of protection against oxidative stress.

OHPy2N2 demonstrates anti-ferroptotic
effects and iron binding

Ferroptosis is a newly identified form of non-apoptotic

regulated cell death that is initiated by excessive iron-

dependent lipid peroxidation (Jiang et al., 2021). Glutathione

peroxidase (GPX4) is the key regulator of this form of cell death

(Lei et al., 2022). Compounds that up-regulate GPX4 have been

proposed as ferroptosis inhibitors (Chen et al., 2020; Li et al.,

2020; Lei et al., 2022). In fact, inhibiting ferroptosis has the

potential to be a useful therapeutic method for age-related

diseases, including cataract (Wei et al., 2021). In our study,

we found OHPy2N2 dose-dependently upregulate GPX4 in

LECs (Figures 5A,B), indicating OHPy2N2, thus enhancing a

natural defense mechanism against ferroptosis.

Ferroptosis is associated with two major biochemical

hallmarks, lipid peroxidation and iron accumulation (Tang

et al., 2021). Malondialdehyde (MDA), the final product of

polyunsaturated fatty acid peroxidation, is one of the most

important biomarkers of lipid peroxidation. Previous studies

have shown that MDA accumulation plays a pivotal role in

senile cataractogenesis (Bhuyan et al., 1986). As shown in

Figure 5C, as compared with the control group, the MDA

level was significantly increased after H2O2 treatment (control:

0.14 ± 0.021 vs. H2O2 alone: 0.27 ± 0.0172 nmol/mg protein, p <
0.001). Conversely, OHPy2N2 prevented H2O2-induced MDA

accumulation in a dose-dependent manner (1 µM OHPy2N2:

0.24 ± 0.022 nmol/mg protein p < 0.05 vs. 10 µm OHPy2N2:

0.21 ± 0.035 nmol/mg protein p < 0.01 vs. 100 µM OHPy2N2:

0.17 ± 0.023 nmol/mg protein p < 0.001). Our data indicate that
OHPy2N2 effectively prevented oxidative stress-induced lipid

peroxidation.

Additionally, iron-chelating capacity is also strongly linked

with anti-ferroptotic effects (Chen et al., 2020; Lei et al., 2022).

FIGURE 8
OHPy2N2 prevented H2O2-induced opacity in culturemouse lenses. Cultured lenses were incubatedwith 10–100 μmOHPy2N2 for 24 h and then exposed
to 200 μm H2O2 for another 6 h (n = 3).

FIGURE 9
Multiple pathways are activated upon exposure to OHPy2N2 that can result in protection against oxidative stress and cataract formation.
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The metal binding halts the Fenton reaction that leads to

ferroptotic lipid peroxidation. Molecule OHPy2N2 has

previously been shown to bind copper (II) effectively and

molecules within this pyridinophane family are well-known to

interact strongly with a range of transition metal-ions including

iron (II) and (III) (Brewer et al., 2018; Johnston et al., 2019;

Mekhail et al., 2020; Brewer et al., 2021). Potentiometric

titrations of OHPy2N2 and iron (II) in aqueous solution

(Figure 6) validate complexation based on the shift in the

titration curve compared to the chelate molecule alone. This

curve is very similar to our previous studies of similar iron (II)

titrations showing complex formation around a pH of four and is

consistent with a log β in the range of 12–13, which is in range or

higher than metal-binding agents explored to date (Chen et al.,

2020; Mekhail et al., 2020). Furthermore, addition of iron (III) to

an aqueous solution of OHPy2N2 resulted in a color change from

pale yellow to dark yellow. UV-vis analysis of the resulting

solution showed ligand to metal charge transfer bands at

313 and 390 nm (Figure 6) and a ligand based π to π*
transition at 290 nm. This spectroscopy is consistent with an

Fe(III) (OHPy2N2)Cl2 complex of the geometry shown in Figure 1

(Mekhail et al., 2020; Brewer et al., 2021). Together, these results

serve as evidence that the OHPy2N2 scaffold is a good agent for

binding iron (II) and (III) and could be a contributing

mechanism for antiferroptotic activity to explore in depth in

the future.

OHPy2N2 treatment promotes ATP
production

Adenosine triphosphate (ATP) is often referred to as the

“energy currency” because it is used to fill any energy needs of the

cell. Reduced energy levels threaten cellular homeostasis and may

trigger cataract formation (Greiner and Glonek, 2020). As a

result of these foundations, the ability for OHPy2N2 to elevate ATP

production as a means of preventing oxidative stress induced

cataract formation was explored using an established luciferase

based bioluminescence assay method (Wu et al., 2014). The
OHPy2N2 molecule promoted a dose-dependently ATP

production, suggesting that OHPy2N2 may enhance

mitochondrial function and improve bioenergetic function to

help LECs to fight against oxidative stress (Figure 7).

OHPy2N2 protects the lens from H2O2-
induced opacity

Encouraged by the above positive results, we further tested if
OHPy2N2 treatments could prevent H2O2-induced lens opacity.

Cultured lenses extracted from C57BL/6J mice were incubated

with OHPy2N2 (10–100 μm) for 24 h and then exposed to 200 μm

H2O2 for another 6 h. As shown in Figure 8, pretreatment with

10 and 100 μm OHPy2N2, followed by H2O2 induction, resulted in

reduced opacities compared to cataract induction alone.

Conclusion

The studies show that the ability for OHPy2N2 to induce

protection against peroxide induced cell death over to LECs

(Figure 9). Although OHPy2N2 was designed to serve as a direct

antioxidant that functions through radical scavenging and metal-

binding, the studies described herein show that themolecule activates

multiple biological pathways innate to cells that promote the cells to

protect against oxidative stress. The ability for OHPy2N2 to turn-on

Nrf2 expression as well as Grx1 and Grx2 catalytic pathways

impacted by the small molecule. The molecule also upregulates

GPX4 and binds iron (II) and (III) ions, which suggests that it

should be explored further for the details regarding its anti-ferroptotic

abilities in more detail. The bioenergetic pathway is also upregulated

by treatment with OHPy2N2 as evidenced by increased levels of ATP.

Lastly, cultured lenses were protected from H2O2-induced lens

opacity by this multimodal small molecule, showing the ultimate

potential of this water-soluble small molecule. Altogether, this work

opens up several new fields of exploration that marry the organic and

inorganic design of small molecules with studies that function to

elucidate an understanding of their potential to impact diseases in the

eye. Moreover, understanding what structural components of the
OHPy2N2 molecule are responsible for activating these pathways is of

urgent interest. This work also leads to the need to understand at

what point(s) in the immune response pathway for protecting against

oxidative stress the OHPy2N2 interacts, leading to the responses

described herein.
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Supramolecular association
studied by Fluorescence
correlation spectroscopy
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A comprehensive description of a supramolecular system involves a full

understanding of its thermodynamic and dynamic properties, as well as

detailed knowledge of its structure. Fluorescence Correlation Spectroscopy

(FCS) constitutes a powerful technique to acquire this information.

Fluorescence correlation curves show a characteristic diffusion term that is

related to the binding equilibrium constant or other thermodynamic properties

of the supramolecular system. The association and dissociation rate constants

of the binding process can be determined in FCSwhen the relaxation time of the

binding is faster than the observation time—a regime called fast-exchange

dynamics - in opposition to the slow-exchange regime. In all cases, structural

information can be inferred from the diffusional properties of the

supramolecular complexes. A short overview of the use of FCS for the study

of supramolecular systems is given with examples which belong to the fast and

slow regime.

KEYWORDS

Fluorescence Correlation Spectroscopy, supramolecular association, slow exchange,
fast exchange, binding constant, association dynamics

1 Introduction

Supramolecular systems are assemblies of molecules maintained by non-covalent,

weak interactions. They resemble biological systems regarding important aspects such as

molecular recognition, self-assembly or host-guest binding. A key feature of these systems

is their reversibility, which is a consequence of the weak intermolecular interactions

between molecules and determines their function.

Structure, thermodynamics, and dynamics are needed to obtain a full picture of a

supramolecular system (Bohne, 2011). Structure is defined by the stoichiometry of the

building blocks and their spatial arrangement, whereas thermodynamics gives the stability

and the specificity of the association. Dynamics is important to characterize the reactivity

of these systems and understand their reversibility.

In contrast to molecules, supramolecular systems are highly dynamic with a high-

order organization, which is often polydisperse and which determines their function

(Bohne, 2014). Therefore, traditional chemical characterization methods in ensemble

average are frequently insufficient and single-molecule approaches are needed to fully

understand their behavior (Selvin and Ha, 2008). Single-molecule techniques have
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demonstrated to reveal individual behaviors typical of complex

local environments and to give dynamic information of these

systems while staying at the equilibrium, both in solution and in

cell culture (Zander et al., 2002; Yanagida and Ishii, 2009).

Among them, Fluorescence Correlation Spectroscopy (FCS) is

a powerful technique that allows for the investigation of

structure, thermodynamics and dynamics of supramolecular

systems (Al-Soufi et al., 2005).

2 Supramolecular association studied
by Fluorescence Correlation
Spectroscopy

2.1 Fluorescence Correlation
Spectroscopy

FCS is a free diffusion single-molecule technique monitoring

the intensity fluctuations of a small number of fluorescent

molecules (N = 1–10) as they diffuse through an open sample

volume. The fluorescence probe has typically nanomolar

concentration and the very small observation volume of

femtoliters is defined by the focus of a collimated laser beam

in a confocal microscope with a high aperture objective. A

fluorescent molecule which diffuses into this sample volume is

excited by the laser light and generates a burst of fluorescence

photons which are collected and monitored as a function of time.

Then the autocorrelation function of the intensity trace is

calculated in order to extract the physicochemical information

of the system under study (Elson, 2011; Wohland et al., 2020).

The observed fluctuations of the fluorescence intensity can be

due to diffusion, chemical reactions, photophysical processes,

structural changes or any other processes which modulate the

fluorescence signal of the probe around the equilibrium value.

Each of these processes appears in the autocorrelation function as

a “term” at a typical correlation time. In all cases, the random

diffusion of the probe through the solution leads to a term at the

diffusion correlation time τD, which is related to its translational

diffusion coefficientD and hence to the size and shape of the diffusing

particle. Therefore, the diffusion time yields direct information about

the supramolecular systems, both regarding structure and

thermodynamics of the species involved (Novo et al., 2011).

Typical processes in supramolecular systems such as host-

guest interactions or self-assembly may also generate an

additional correlation term, characterized by the reaction

correlation time τR, which is the relaxation time of the

process. This reaction time yields dynamic information of the

system at equilibrium with no need of an external

synchronization.

In the following sections we will analyze these two terms in

more detail, taking into account the type of dynamics of the

supramolecular system.

2.2 Slow versus fast-exchange dynamics

The stability of supramolecular systems is characterized by

the binding equilibrium constant K (note that often the

reciprocal value, i.e. the dissociation constant KD, is used). A

large value of K (or small KD) indicates high affinity between the

building blocks. Thermodynamic studies also give information

about the association stoichiometry and the number of binding

sites, as well as the specificity of a certain ligand to different

receptors.

However, no dynamic information can be inferred from the

binding equilibrium constant (Bohne, 2014). For a certain value

of K, a wide range of association and dissociation rate constants

are possible (Novo et al., 2011). For example, for an intermediate

1:1 binding constant of 103 M−1, the association rate constant k+
may vary within many orders of magnitude, with only a higher

limit imposed by the diffusion controlled rate of about

1010 M−1 s−1. Given the relationship K � k+/k−, it follows that

the corresponding dissociation rate constant, k-, ranges from 107

s−1 to values as low as 1 s−1 or even lower. Knowledge about these

rate constants is crucial for the understanding of a

supramolecular system, being k+ mainly related to the

geometric and steric requirements for the binding and k- to

the strength of the interactions between the building blocks (Al-

Soufi et al., 2005; Novo et al., 2007; Al-Soufi et al., 2008; Bordello

et al., 2010; Bordello et al., 2012; Bordello et al., 2015).

The broad dynamic range of supramolecular association

yields relaxation times as short as a few nanoseconds or as

long as seconds. Diffusion correlation times are usually in the

range from tenth to several thousands of microseconds, whereas

the reaction correlation time can vary from a few microseconds

to hundreds of microseconds. For a given experimental

observation time in a FCS experiment two limiting time

regimes have to be distinguished: “slow-exchange”, with long

relaxation times with respect to the observation time, and “fast-

exchange” where the binding dynamics is much faster than the

observation time, with the reaction time at least one order of

magnitude shorter than the diffusion time. Only in the second

case dynamic information can be inferred from FCS, providing

that the observed physical property changes during the binding

process.

Figure 1 illustrates these two limiting regimes for host-guest

supramolecular systems, slow-exchange dynamics on the left and

fast-exchange on the right. The panel on the left, illustrates that

the labelled guest passes through the observation volume either

free or bound to the host, being the diffusion faster for the free

guest. The rates of association and dissociation are too slow for

these processes to occur during the time that the guest is

observed. Therefore, two species are detected, the free guest

and the host-guest complex, with different diffusional

properties and contributions proportional to their equilibrium

concentrations.
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On the contrary, in the fast exchange regime (Figure 1, panel

on the right), the labelled guest binds to hosts and separates

several times during its diffusion through the observation

volume. This leads to the detection of a single diffusing

species, with a mean diffusion time which is a weighted

average between that of free and bound guest. If, additionally,

the fluorescence intensity of the labelled guest changes upon

binding, also faster fluorescence fluctuations are observed that

are directly related to the exchange dynamics.

In the following sections we will show the FCS curves typical

of these limiting regimes and discuss the information that can be

obtained from them. Then, different examples of supramolecular

systems with these two dynamic regimes will be shown.

2.3 Slow-exchange dynamics

Slow-exchange dynamics is typical of highly stable

supramolecular systems, with large values of the binding

equilibrium constant and long relaxation times. In FCS

experiments, this kind of systems show two diffusion

correlation times, a shorter one related to the free labelled

molecule and a longer one due to the bound labelled

molecule, with a higher mass and slower diffusion. The

contributions of these two correlation terms to the correlation

curve depend on the concentrations of the two species and on

their brightness (often the fluorescence properties of the dye

change upon binding). No reaction term is observed in this case,

since the relaxation time is longer than the diffusion time and no

exchange takes place during the observation time.

Figure 2, left panel, shows typical FCS curves of

supramolecular binding with slow-exchange dynamics. Two

diffusion times are observed, a shorter correlation time τD1 for

the free labelled molecule and a second, longer time τD2 for the

supramolecular complex. The amplitude of the correlation curve

is inversely proportional to the total number of diffusing species

N. The contributions of each species to the correlation curve,

giving by parameters r and 1-r for τD1 and τD2, respectively, and

depend on the concentrations and on the brightnesses of the

corresponding species. The analysis of all these parameters yields

thermodynamic information of the supramolecular system, such

as the binding equilibrium constant and the stoichiometry of the

supramolecular complex. However, small size differences

between the building blocks of the supramolecular system

may hinder the discrimination of high stoichiometry

complexes, due to the limitation of FCS to differentiate two

diffusion times which are close to each other.

Usually self-assembly systems present such slow-exchange

dynamics, with intermolecular cooperative forces that lead to

stable aggregates above a critical concentration of monomers. An

example of this kind of systems is the early aggregation of the

peptide Amyloid-β(1–42) (Aβ42), which is thought to initiate the

FIGURE 1
The two limiting regimes for the study of the association dynamics of host-guest supramolecular systems by FCS. The dashed grey line indicates
the observation volume. Left panel: “Slow exchange”—the association dynamics are much slower than the diffusion time across the observation
volume. The probability of an association or dissociation event during the observation is very low and the free guest, G, and the host-guest, H:G, are
detected as separate species, each with its own diffusion time, τD,G and τD,H:G, respectively. Right panel: “Fast exchange”—the association
dynamics are fast enough to occur many times during the transit and, therefore, only one mean diffusion time, �τD, is observed. Its value depends on
the fraction of time the fluorescent species is free or bound during the transit, which, on the other hand, depends on the equilibrium constant and the
concentration of the host.
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neurodegeneration process in Alzheimer’s disease (Hardy et al.,

2014). FCS titrations using a labelled peptide (Aβ42*) as probe
were used to determine the concentrations and the diffusional

properties of the species involved in the aggregation process

(Novo et al., 2018). The results demonstrate that monomeric

Aβ42 undergoes aggregation when its concentration exceeds a

critical aggregation concentration (cac) of about 90 nM.

Moreover, the aggregates formed are micelle-like oligomers,

whose size and shape is independent of the incubation time

or the peptide concentration.

2.4 Fast-exchange dynamics

As illustrated in Figure 1, right panel, in systems with fast

binding dynamics, the association and dissociation processes

take place during the time that the species diffuse through the

observation volume. If, additionally, the fluorescent probe

changes its brightness upon binding, both thermodynamic

and kinetic information can be obtained in one and the same

experiment.

The first effect of fast-exchange dynamics on the FCS curves

is the observation of a single diffusion correlation term with a

mean diffusion time, �τD, which is a weighted average of the

diffusion times of the species forming the supramolecular system

(Al-Soufi et al., 2005; Novo et al., 2011). The value of this mean

diffusion time is related to the binding equilibrium constant and

increases with the concentration of the supramolecular complex.

As for the slow-exchange dynamics, the amplitude of the

diffusion term is the inverse of the total number of diffusing

particles,N. Figure 2, right panel, shows simulated FCS curves for

a host-guest system with fast-exchange dynamics. The diffusion

term moves towards longer times as the concentration of the

unlabelled host is increased. From the variation of the mean

diffusion time with the host concentration the binding

equilibrium constant K can be obtained, as well as the

diffusion coefficients of the free guest and the host-guest

complex.

We showed how FCS can be used to determine high binding

equilibrium constants in non-fluorescent host-guest systems

(Granadero et al., 2010). A suitable labelling of the guest,

usually the smaller molecule, allows for the determination of

the binding constant from the change of the mean diffusion time

with the host concentration. The very low concentration of the

fluorophore which is needed in FCS makes it possible to have an

excess of host even for systems with very high binding affinities.

Stoichiometry of the host-guest complexes can also be

inferred from the profile of the variation of the mean

FIGURE 2
Simulated fluorescence correlation curves obtained in the slow and fast exchange regimes. Left panel: “Slow exchange”—the correlation curve
shows two diffusion terms, one for each diffusing species, a fast onewith τD1, and another slower onewith τD2. In host-guest systems as that depicted
in Figure 1, these species correspond to the guest with or τD,G, and the complex with τD,H:G, respectively. The different correlation curves in the panel
correspond to different contributions of the two species to the curve as given by the parameter r. The blue curve with r = 1 and the red one with
r = 0 would be obtained for solutions of only fast or slow species, respectively. The grey and orange intermediate curves correspond to mixtures of
fast and slow species with r-values as indicated in the figure. Right panel: “Fast exchange”—the correlation curve shifts towards longer correlation
times as the concentration of host is increased. The blue curve corresponds to that of free guest alone and the grey, orange, and red curves to
increasing concentrations of host. The inserts show the dependence on the total host concentration, [H]0, of the mean diffusion time, �τD , the
relaxation time, τR, and the amplitude, AR, of the reaction term. In both regimes, the amplitude of the diffusion term is given by the inverse of the total
number of diffusing species, N.
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diffusion time with the host concentration and the diffusional

properties of the complex as compared to those of the free

molecules. The sensibility of the FCS curves to different

stoichiometries is especially high when a labelled guest is used

and the size difference between guest and host is large.

The second effect in the FCS curves is the emergence of an

additional term at shorter correlation times than the diffusion

term (Figure 2, right panel). This “reaction” term is characterized

by a reaction correlation time, τR, which is given by the relaxation

time of the binding process, defined by the association and

dissociation rate constants, k+ and k-, respectively, For a host-

guest system, with a fluorescent-labelled guest, the reaction time

is given by τR � (k+[H] + k−)−1, with [H] being the total

concentration of the unlabeled host. The amplitude of the

reaction term, AR, depends strongly on the brightness ratio

between the free and the bound labelled molecule and shows

a complex dependency with the binding equilibrium constant K

(inset in the right panel of Figure 2). Both the reaction time and

its amplitude vary with the concentration of host as shown in

Figure 2, right panel, allowing for the determination of the

different physicochemical parameters involved from FCS

titrations.

Moreover, from the translational diffusion coefficients of the

species determined form the FCS data, the limiting diffusion-

controlled collisional rate constant of the association process can

be estimated, making it possible to compare the observed

association rate constant with this upper limit (Al-Soufi et al.,

2005). This provides very useful information for the proposition

of the corresponding kinetic mechanism of the binding process.

Our research group has pioneered the application of FCS to

the study of fast supramolecular dynamics in host-guest systems

(Al-Soufi et al., 2005). Fluorescent probes or fluorescent-labelled

molecules suitable for FCS were used as guests to study different

types of hosts, going from rigid cages such as cyclodextrins,

which form inclusion complexes, to flexible micelles of

surfactants and to biopolymers with binding capability.

Our FCS studies on the binding dynamics of pyronines with

cyclodextrins explained the great differences in the stability of the

formed inclusion complexes (Al-Soufi et al., 2005; Al-Soufi et al.,

2008). The stability is dictated by the dissociation rate constants

and not by the rate of the association process, as it may be

expected. The association rate constants have the same order of

magnitude for all systems under study, being among the highest

reported for this kind of systems, but are significantly lower than

the diffusion-controlled collision rate constant. From this

information a two-step model is proposed. Firstly, an

encounter complex is formed followed by an unimolecular

inclusion reaction as the rate-limiting step. The rate of this

second step seems to be controlled by geometrical and

orientational requirements.

Comparing these binding dynamics of the relatively rigid

cyclodextrins with those of the much more flexible micelles, one

finds great differences in the association process. The association

rate constants of dyes to micelles are much higher, and of the

same order of magnitude as the estimated diffusion-controlled

collision rate constants (Al-Soufi et al., 2008; Novo et al. 2011).

The rate-limiting step is not the inclusion into the micelles, but

the diffusion of dye and micelle to form the encounter complex.

Based on this different behavior, we called micelles “soft cages”,

with no geometrical or orientational requirements for the

formation of the supramolecular complex, whereas

cyclodextrins behave as “hard cages”, imposing geometric

restrictions during the inclusion step.

We also used FCS to study the binding dynamics of small

molecules to the minor groove of double stranded DNA

(Bordello et al., 2012; Bordello et al., 2015). Again, the

stabilities of the complexes formed were determined by the

dissociation rate constants, quite high for the minor-groove

binders under study due to the influence of the negatively

charged fluorescent label. The association rate constants were

at least two orders of magnitude smaller than the diffusion-

controlled limit and were mainly responsible for the high

specificity of the binders to AT sequences. The effect of salt

concentration and the potential gliding mechanisms were

analyzed with the help of a two-step mechanism with two

types of encounter complexes (Bordello et al., 2012).

2.5 Structural studies of supramolecular
systems by FCS

Beside thermodynamic and kinetic parameters, FCS studies

yield also useful structural and geometric information. The

diffusion correlation time τD is inversely proportional to the

translational diffusion coefficient D and therefore related to the

size and the shape of the diffusing species (Novo et al., 2011).

Using the relationship between the diffusion coefficient and the

mass, the size of the supramolecular complex can be obtained.

This is especially useful for self-assembly systems, where the

aggregation number of the aggregates can be estimated (Novo

et al., 2018). From the dependency of the diffusion coefficient

with the mass, information about the shape and conformation of

the supramolecular complex or aggregate can be inferred (Al-

Soufi et al., 2008; Bordello et al., 2009; Novo et al., 2018).

Moreover, using the Stokes-Einstein relation the

hydrodynamic radii of the supramolecular complexes can be

estimated from the diffusion coefficients.

Our FCS study on the early aggregation of the Aβ42 allowed
us to determine the conformational parameter ], exponent of the
diffusion coefficient versus molar mass dependency (D ~ M–]),

both for the monomeric species and for the aggregates (Novo

et al., 2018). The value of ] = 0.44 for Aβ42 monomers indicates a

random coil conformation with some structured regions of the

peptide. For the oligomers a value of ] = 0.75 suggests an

elongated conformation in agreement with the reported

cylindrical geometry of the aggregates of a similar peptide
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(Yong et al., 2002). Furthermore, the size statistical distribution

and the mean aggregation number of about 50 Aβ42 monomers

per aggregate were obtained from the analysis of the

experimental diffusion correlation times of the aggregates.

From these parameters, also the hydrodynamic radii of the

monomers and the oligomers could be estimated using

Stokes-Einstein equation.

Similar studies of host-guest systems formed by a small

fluorescent molecule and cyclodextrins yielded a power law

for the diffusion coefficients of the complexes of D ~ M −0.4, a

mass dependency in between the conformational parameter ] =
0.33 expected for compact spherical particles and the value ] =

0.5 which characterizes random coil conformation (Al-Soufi

et al., 2005; Al-Soufi et al., 2008). This dependency was also

found for micelles as hosts (Al-Soufi et al., 2008), allowing for the

mean aggregation number determination.

3 Discussion

FCS is a very powerful technique for the study of

supramolecular systems. Thermodynamic, dynamic, and

structural information about these systems can be obtained

from the same measurement or titration series. FCS is

especially useful for the determination of association and

dissociation rate constants in host-guest systems, where few

other techniques are available. Nevertheless, to extract

dynamic information from FCS measurements the system

must fulfill two conditions: i) to be in the fast-exchange

regime and ii) to show a significant change in the

fluorescence intensity upon binding.

To comply with the first requirement the reaction time, τR,

must be much shorter than the diffusion time �τD, differing in at

least one order of magnitude. Both, the reaction time, and the

mean diffusion time, can be slightly tuned varying the host

concentration (see Figure 2, right panel). More effectively, a

significantly larger shift of the diffusion term can be achieved by

changing the size of the observation volume, using different focus

diameters. An increase of about one order of magnitude of the

mean diffusion time can be obtained in this way. When, in spite

of this, the reaction term and the diffusion term overlap, other

single-molecule techniques with immobilized molecules may be

used, such as smTIRF (Selvin and Ha, 2008). The second

condition can be satisfied selecting a suitable fluorescent dye

and the proper labelling site.

Author contributions

Equal contribution and last authorship: These authors

contributed equally to this work and share last authorship.

Funding

We acknowledge funding by the Spanish Government

(Ministerio de Ciencia e Innovación, grant PID 2020-

120378RB-I00) and the Galician Government (Xunta de

Galicia, grant ED431B 2019/18).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Al-Soufi, W., Reija, B., Felekyan, S., Seidel, C. A., and Novo, M. (2008).
Dynamics of supramolecular association monitored by fluorescence
correlation spectroscopy. ChemPhysChem 9, 1819–1827. doi:10.1002/cphc.
200800330

Al-Soufi, W., Reija, B., Novo, M., Felekyan, S., Kühnemuth, R., and Seidel, C. A.
M. (2005). Fluorescence correlation spectroscopy, a tool to investigate
supramolecular dynamics: Inclusion complexes of pyronines with cyclodextrin.
J. Am. Chem. Soc. 127, 8775–8784. doi:10.1021/ja0508976

Bohne, C. (2011). Dynamics of guest binding to supramolecular assemblies. New
Jersey, United States: Wiley Online Library, 1–51. doi:10.1002/9781118095300.ch1

Bohne, C. (2014). Supramolecular dynamics. Chem. Soc. Rev. 43, 4037–4050.
doi:10.1039/c3cs60352k

Bordello, J., Granadero, D., Novo, M., and Al-Soufi, W. The influence of
hydrophobic fluorescent probes on surfactant premicellization studied by
fluorescence correlation spectroscopy, (2009)

Bordello, J., Novo, M., and Al-Soufi, W. (2010). Exchange-dynamics of a
neutral hydrophobic dye in micellar solutions studied by fluorescence
correlation spectroscopy. J. Colloid Interface Sci. 345, 369–376. doi:10.
1016/j.jcis.2010.01.064

Bordello, J., Sánchez, M. I., Vázquez, M. E., Mascareñas, J. L., Al-Soufi, W., and
Novo, M. (2015). Fluorescence-labeled bis-benzamidines as fluorogenic DNA
minor-groove binders: Photophysics and binding dynamics. Chem. Eur. J. 21,
1609–1619. doi:10.1002/chem.201404926

Bordello, J., Sánchez, M. I., Vázquez, M. E., Mascareñas, J. L., Al-Soufi, W., and
Novo, M. (2012). Single-molecule approach to DNA minor-groove association
dynamics. Angew. Chem. Int. Ed. 51, 7541–7544. doi:10.1002/anie.201201099

Elson, E. (2011). Fluorescence correlation spectroscopy: Past, present, future.
Biophys. J. 101, 2855–2870. doi:10.1016/j.bpj.2011.11.012

Granadero, D., Bordello, J., Pérez-Alvite, M. J., Novo, M., and Al-Soufi, W. (2010).
Host-guest complexation studied by fluorescence correlation spectroscopy:

Frontiers in Chemistry frontiersin.org06

Novo and Al-Soufi 10.3389/fchem.2022.1042658

241

https://doi.org/10.1002/cphc.200800330
https://doi.org/10.1002/cphc.200800330
https://doi.org/10.1021/ja0508976
https://doi.org/10.1002/9781118095300.ch1
https://doi.org/10.1039/c3cs60352k
https://doi.org/10.1016/j.jcis.2010.01.064
https://doi.org/10.1016/j.jcis.2010.01.064
https://doi.org/10.1002/chem.201404926
https://doi.org/10.1002/anie.201201099
https://doi.org/10.1016/j.bpj.2011.11.012
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1042658


Adamantane–cyclodextrin inclusion. Int. J. Mol. Sci. 11, 173–188. doi:10.3390/
ijms11010173

Hardy, J., Bogdanovic, N., Winblad, B., Portelius, E., Andreasen, N., Cedazo-
Minguez, A., et al. (2014). Pathways to Alzheimer’s disease. J. Intern. Med. 275,
296–303. doi:10.1111/joim.12192

Novo, M., Felekyan, S., Seidel, C. A. M., and Al-Soufi, W. (2007). Dye-exchange
dynamics in micellar solutions studied by fluorescence correlation spectroscopy.
J. Phys. Chem. B 111, 3614–3624. doi:10.1021/jp0657639

Novo,M.,Granadero,D., Bordello, J., andAl-Soufi,W. (2011).Host-guest association studied
by fluorescence correlation spectroscopy. J. Inclusion. Phenom. Macrocyclic. Chem., 1–10.

Novo, M., Freire, S., and Al-Soufi, W. (2018). Critical aggregation concentration
for the formation of early Amyloid-β (1-42) oligomers. Sci. Rep. 8, 1783. doi:10.
1038/s41598-018-19961-3

Selvin, P. R., and Ha, T. (2008). Single-molecule techniques: A laboratory
manual. Cold spring harbor. New York: Cold Spring Harbor Laboratory Press,
c2008.

Wohland, T., Maiti, S., and Macháň, R. (2020). An introduction to fluorescence
correlation spectroscopy. Bristol, UK: Institute of Physics Publishing.

Yanagida, T., and Ishii, Y. (2009). Single molecule dynamics in life science. New
Jersey, United States: Wiley Online Library.

Yong,W., Lomakin, A., Kirkitadze,M.D., Teplow,D. B., Chen, S.H., andBenedek,G. B.
(2002). Structure determination ofmicelle-like intermediates in amyloid beta -proteinfibril
assembly by using small angle neutron scattering. Proc. Natl. Acad. Sci. U. S. A. 99,
150–154. doi:10.1073/pnas.012584899

Zander, C., Enderlein, J., and Keller, R. A. (2002). Single-molecule detection
in solution - methods and applications. Berlin/New York: VCH-Wiley.

Frontiers in Chemistry frontiersin.org07

Novo and Al-Soufi 10.3389/fchem.2022.1042658

242

https://doi.org/10.3390/ijms11010173
https://doi.org/10.3390/ijms11010173
https://doi.org/10.1111/joim.12192
https://doi.org/10.1021/jp0657639
https://doi.org/10.1038/s41598-018-19961-3
https://doi.org/10.1038/s41598-018-19961-3
https://doi.org/10.1073/pnas.012584899
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1042658


Identification and
characterization of alternative
sites and molecular probes for
SARS-CoV-2 target proteins

Suhasini M. Iyengar, Kelly K. Barnsley, Hoang Yen Vu,
Ian Jef A. Bongalonta, Alyssa S. Herrod, Jasmine A. Scott and
Mary Jo Ondrechen*

Department of Chemistry and Chemical Biology, Northeastern University, Boston, MA, United States

Three protein targets from SARS-CoV-2, the viral pathogen that causes COVID-

19, are studied: the main protease, the 2′-O-RNA methyltransferase, and the

nucleocapsid (N) protein. For the main protease, the nucleophilicity of the

catalytic cysteine C145 is enabled by coupling to three histidine residues,

H163 and H164 and catalytic dyad partner H41. These electrostatic

couplings enable significant population of the deprotonated state of C145.

For the RNA methyltransferase, the catalytic lysine K6968 that serves as a

Brønsted base has significant population of its deprotonated state via strong

coupling with K6844 and Y6845. For the main protease, Partial Order Optimum

Likelihood (POOL) predicts two clusters of biochemically active residues; one

includes the catalytic H41 and C145 and neighboring residues. The other

surrounds a second pocket adjacent to the catalytic site and includes

S1 residues F140, L141, H163, E166, and H172 and also S2 residue D187. This

secondary recognition site could serve as an alternative target for the design of

molecular probes. From in silico screening of library compounds, ligands with

predicted affinity for the secondary site are reported. For the NSP16-NSP10

complex that comprises the RNA methyltransferase, three different sites are

predicted. One is the catalytic core at the conserved K-D-K-E motif that

includes catalytic residues D6928, K6968, and E7001 plus K6844. The

second site surrounds the catalytic core and consists of Y6845, C6849,

I6866, H6867, F6868, V6894, D6895, D6897, I6926, S6927, Y6930, and

K6935. The third is located at the heterodimer interface. Ligands predicted

to have high affinity for the first or second sites are reported. Three sites are also

predicted for the nucleocapsid protein. This work uncovers key interactions that

contribute to the function of the three viral proteins and also suggests

alternative sites for ligand design.

KEYWORDS

SARS-CoV-2, main protease, RNA methyltransferase, Nucleocapsid, POOL, coupled
amino acids, secondary sites
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), the pathogen that causes the COVID-19 global

pandemic (Wu F. et al, 2020; Zhou et al., 2020), has currently

led to more than 620 million confirmed cases and more than six

million deaths in over 200 countries according to the World

Health Organization (https://covid19.who.int/). Oral antiviral

drugs that act directly on the target of interest are a

foundation for the treatment of viral diseases and two oral

antiviral medications, Paxlovid and Lagevrio, have received

emergency use authorization from the United States Food and

Drug Administration (FDA) for the treatment of COVID-19.

Given the heavy toll that COVID-19 has taken on human lives

and health, as well as the serious social and economic impacts, we

must learn as much as possible to characterize the viral

components and how they function. Because a wider array of

treatments is desired, further characterization of individual viral

protein targets is required to develop future chemical probes and

high-affinity ligands for COVID-19 and other potential related

coronavirus infections.

The SARS-CoV-2 virus is a beta-coronavirus closely

related to SARS-CoV and MERS-CoV. SARS-CoV-2 is a

positive-strand RNA virus with a single-stranded RNA

genome that consists of ~29800 bases which encodes up to

14 open reading frames (ORFs) (Wu A. et al, 2020). The viral

genome encodes four structural proteins, Spike (S), envelope

(E), membrane (M) and nucleocapsid (N), and 16 non-

structural (NSP1-NSP16), proteins that are essential for the

life cycle of the virus (Snijder et al., 2016; Wu A. et al, 2020). It

is critical to understand how the viral proteins function and

how their function may be modulated. The current drug

discovery efforts primarily target the main protease, also

called the 3CL-protease (MPro, NSP5, 3CL-Pro), the RNA-

dependent RNA polymerase, and the Spike protein

(Ramajayam et al., 2011; Wrapp et al., 2020). In this study,

the targets of interest are the main protease (MPro), the RNA

methyltransferase (MTase, NSP16) and the nucleocapsid

protein (N protein). A greater understanding of the

function of viral proteins can add to the knowledge of the

viral life cycle at the atomic and molecular level. The results of

this study can help to understand the function of these viral

proteins and to guide strategies for the accelerated

development of interventions to mitigate COVID-19.

MPro is one of two internally encoded proteases that

hydrolyze the polyproteins at specific locations. Because

MPro is essential for viral replication it is a validated drug

target for SARS-CoV-2 (Gao et al., 2021; Cao et al., 2022; Huff

et al., 2022). The MPro is made up of three domains: domains I

(residues 10–99) and II (residues 100–182) have an

antiparallel β-barrel structure. Domain III (residues

198–303) has a cluster of helices (Jin et al., 2020; Zhang

et al., 2020). During the first step of the hydrolysis

reaction, C145 acts as a nucleophile, assisted by H41 that

acts as a base catalyst. There are also several binding sites in

the catalytic machinery, with the S1 site defining the enzyme’s

affinity for glutamine at the P1 position of the peptide

substrate. Domain III is involved in MPro dimerization,

with the homodimer being proposed to be the active form

of the enzyme (Hilgenfeld, 2014). Serial truncation

experiments have also demonstrated that the last

C-terminal helix in domain III is critical for dimerization

(Hsu et al., 2005).

Capping of the viral RNA is critical for the survival and

further replication of the virus in cells. For SARS-CoV-2, the 2′-
O-methyltransferase (NSP16), with its partner protein NSP10,

catalyzes a key step in the capping process. Thus it has been

identified as a therapeutic target (Ahmed-Belkacem et al., 2022;

Rowaiye et al., 2022; Sulimov et al., 2022). SARS-CoV-

2 NSP16 has twelve strands, seven helices, and five 310 helices,

whereas NSP10 has a central antiparallel pair of strands and a

helical domain with two zinc fingers. The NSP10 zinc

coordinating residues are highly conserved across beta-

coronaviruses, underlining the necessity for zinc coordination.

The X-ray crystal structures highlight the S-adenosyl-L-

methionine (SAM) and RNA cap substrate-binding pockets,

together with the NSP10/NSP16 interface, as potential

therapeutic targets. The NSP16 protein catalyzes the transfer

of the methyl group from SAM to Cap-0, resulting in the reaction

products S-adenosyl homocysteine (SAH) and Cap-1. The

catalytic site of NSP16 is a highly conserved motif among

class I MTases (K-D-K-E) and contains the residues K6839,

D6928, K6968, and E7001 (Bollati et al., 2009; Chen et al., 2011;

Decroly et al., 2011). Nsp10-derived peptide inhibitors have been

identified as attractive therapeutic targets because they inhibit 2′-
O-methyltransferase activity and impair viral replication (Ke

et al., 2012; Wang et al., 2015; Ahmed-Belkacem et al., 2022;

Sulimov et al., 2022). This 2′-O methyltransferase (MTase) has

been shown to be required for coronavirus replication in cell

cultures (Decroly et al., 2008; Daffis et al., 2010). NSP10 is an

important cofactor for NSP16 and significantly increases

NSP16 activity (Sawicki et al., 2005; Minskaia et al., 2006;

Decroly et al., 2008; Daffis et al., 2010; Ma et al., 2015; Wang

et al., 2015).

The nucleocapsid protein (N protein) is a key component of

the viral envelope. The SARS-CoV-2 N protein is a

multifunctional RNA-binding protein that is required by the

virus for RNA transcription and replication. It plays important

roles in the formation of helical ribonucleoproteins during the

packaging of the viral RNA genome, controlling viral RNA

synthesis in replication/transcription, and modulating infected

cell metabolism (Stohlman et al., 1988; Nelson et al., 2000; Cong

et al., 2020). Because of its essential roles in the viral lifecycle, the

N protein is regarded as a therapeutic target (Wang et al., 2022).

A conserved architecture with a β-sheet core of five antiparallel β-
sheets, an extended β3-4 hairpin, and an acidic loop with a 310
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helix is revealed in the structures of the SARS-CoV-2 N protein

RNA binding domain. The primary functions of N protein are to

bind to the viral RNA genome and pack it into a long helical

nucleocapsid structure or ribonucleoprotein (RNP) complex

(Masters & Sturman, 1990; McBride et al., 2014). The

conservation of the N protein sequence across coronaviruses

and its high immunogenicity make the N Protein an attractive

therapeutic target for testing in silico (Luo et al., 2006; Yu et al.,

2006; Peng et al., 2008; Tatar et al., 2021).

We report herein on the computationally predicted binding

sites, on interactions between these sites, and on library

compounds that possibly bind to these sites, for three SARS-

CoV-2 protein targets: the main protease (MPro, NSP5, 3CL-

Pro), the 2′-O-methyltransferase (MTase, NSP16), and the

nucleocapsid protein (N protein).

Materials and methods

Protein structure retrieval and preparation

Protein preparation steps for structures
retrieved from the PDB

Recently deposited structures of the SARS-CoV-2MPro, MTase

and N protein were obtained from the protein data bank (PDB)

(Table 1). A Protein Reliability Report using Maestro was created

with a structure analysis panel to compare the reliability of the

structures (Supplementary Figure S1). Before running POOL (Tong

et al., 2009; Somarowthu et al., 2011; Somarowthu & Ondrechen,

2012) on these structures, they were prepared and analyzed in

YASARA (Krieger&Vriend, 2014). Each structure was loaded into a

new YASARA workspace from the PDB, then cleaned to add any

missing atoms.Watermolecules, cofactors, and ligandswere deleted.

A simulation cell extending 5.0 Å around all atoms was created,

solvated with a 0.999% solution of NaCl at pH = 7.0, and then pKa

prediction and energy minimization were performed using the

YAMBER3 force field. The resulting cleaned structures were used

as the input structures for POOL. The Protein Preparation Wizard

(Sastry et al., 2013) in Maestro was used to further prepare them

before docking with Glide (Halgren et al., 2004). The final step is

restricted minimization, which provides controls for optimizing the

corrected structure, easing any strain, and fine-tuning the placement

of functional groups.

Protein preparation steps for homology models
The N Protein N-terminal RNA binding domain model

structure was built with the homology model module in

YASARA (Krieger et al., 2009) using a series of templates from

the PDB. These structures were obtained from aBLAST search of the

N Protein sequence (UniProtKB accession #P59595) (https://covid-

19.uniprot.org/uniprotkb/P59595#Names%20&%20Taxonomy) on

the PDB sequence database. The model was built from selected

template structures with sequence homology to N Protein: SARS-

CoV-2 nucleocapsid protein N-terminal binding domain (PDB ID:

6M3M) (Kang et al., 2020); RNA binding domain of nucleocapsid

phosphoprotein from SARS-CoV-2 (PDB ID: 6VYO) (https://www.

rcsb.org/structure/6VYO); C-terminal dimerization domain of

Nucleocapsid Phosphoprotein from SARS-CoV-2 (PDBID: 6WJI)

(https://www.rcsb.org/structure/6WJI); and the N-Terminal binding

domain of the SARS-CoV-2 nucleocapsid phosphoprotein (PDBID:

6YI3) (Dinesh et al., 2020). Using these four structures as templates,

a hybrid model for the N-terminal RNA binding domain of N

protein was built in YASARA. Figure 1A shows the hybrid model

generated for SARS-CoV-2 N Protein. In addition, a full-length

model consisting of the entire N Protein structure was also built

using the I-TASSER Server (Yang et al., 2015). Figure 1B shows the

full-length model generated for SARS-CoV-2 N Protein. Both these

N Protein models were further validated using structure evaluation

servers, including ERRAT (Colovos & Yeates, 1993), VERIFY-3D

(Eisenberg et al., 1997), the servers in the Structural Analysis and

Verification Server (SAVES) (Lüthy et al., 1992), and QMean

(Benkert et al., 2011) (Supplementary Figure S2). Then, the

model structures were prepared as described above before

running POOL (Tong et al., 2009; Somarowthu et al., 2011;

Somarowthu & Ondrechen, 2012) and docking.

Ligand database retrieval and preparation

The ligandswere obtained from the following databases: a) ZINC

FDA library (https://zinc15.docking.org/substances/subsets/fda/) b)

CAS Antiviral set (https://www.cas.org/covid-19-antiviral-

compounds-dataset) c) Enamine FDA library (https://enamine.

net/hit-finding/compound-collections/bioreference-compounds/fda-

approved-drugs-collection) and d) Antiviral library consisting of

compounds from: Selleck Chemicals Antiviral Library, Enamine

Antiviral Library, and Asinex Antiviral Library. The ligands were

TABLE 1 Selected SARS-COV-2 protein structures retrieved from the PDB.

PDB Code Structure Resolution (Å) Reference

6LU7 MPro in complex with an inhibitor N3 2.16 Jin et al. (2020)

6W4H NSP16-NSP10 Complex 1.80 Rosas-Lemus et al. (2020)

7DE1 Nucleocapsid protein C-terminal RNA binding domain 2.00 Yang et al. (2020)
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prepared using the LigPrep (Schrödinger Release 2020–2: LigPrep,

Schrödinger, LLC, New York, NY, 2021) tool.

Binding Site detection

For the binding site prediction, Partial Order Optimum

Likelihood (POOL) (Tong et al., 2009; Somarowthu et al.,

2011; Somarowthu and Ondrechen, 2012) was used

(Figure 2A). POOL is a machine learning method that

predicts biochemically active sites, including catalytic sites,

allosteric sites, and exosites, some of which may not be

detected by other predictive methods, from the 3D structure.

POOL generates a rank-ordered list of all the amino acids in the

protein structure in the order of likelihood of biochemical activity

and the top 10% of the rank-ordered list are further visualized to

predict the binding site pockets. The input features for POOL

consist of electrostatic properties of the local environment (Ko

et al., 2005; Wei et al., 2007; Tong et al., 2009; Somarowthu et al.,

2011) and surface topological metrics from the structure-only

version of ConCavity (Capra et al., 2009).

Virtual screening and analysis

Molecular Docking was performed using Schrödinger Glide

(Friesner et al., 2004). For docking in Schrödinger Glide, the

protein was minimized and optimized using the Protein

FIGURE 1
(A) Homology model built on YASARA for N-terminal domain of the Nucleocapsid protein shown in cyan. (B) Homology model built on
I-TASSER for the full length Nucleocapsid protein with domains colored as: N-terminal domain—cyan; C-terminal domain—blue; linker
region—lavender; other regions—gray.

FIGURE 2
(A) A schematic representation of Partial Order Optimum Likelihood (POOL), ourmachine learningmethod to predict biochemically active sites.
(B) Virtual screening workflow adopted in this project in conjunction with POOL.
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Preparation Wizard and the grid for docking was prepared using

Receptor Grid Generation using clusters of residues from the top

10% of the POOL predicted residues as the centroid for ligand

placement in Schrödinger 2020–3. Molecular Docking was

performed on the Discovery Cluster at the Massachusetts

Green High-Performance Computing Center using Glide.

Glide Standard Precision (SP) (Halgren et al., 2004) was used

as an initial screen and top predicted ligands with docking score

of <=-7 kcal/mol were then docked with Glide Extra Precision

(XP) (Friesner et al., 2006). The top hits from Glide XP were

further used as input for the Induced Fit Docking (Sherman et al.,

2006a; Sherman et al., 2006b; Farid et al., 2006) method in some

cases on Schrödinger to account for the conformational flexibility

of the protein and the ligand at the docking site. The top hits from

each XP simulation were used to perform postprocessing using

Schrodinger’s Virtual Screening Workflow and Prime molecular

mechanics/generalized Born surface area (MM- GBSA)

calculations using the default settings. The protein-ligand

complexes were then ranked on the basis of their binding free

energy calculations. The workflow of our strategic modeling and

in-silico screening is shown in detail in Figure 2B.

Residue interaction analysis

Pairwise Coulomb potential energies of interaction between

amino acid side chains, and the free energies of desolvation of the

amino acid side chains, were calculated by a linear Poisson-

Boltzmann method (Antosiewicz et al., 1994; Baker et al., 2001;

Shen et al., 2003; Dolinsky et al., 2004). The intrinsic pKas were

calculated from the desolvation energy as (Ullmann, 2003;

Coulther et al., 2021; Iyengar et al., 2022):

pKa(intrinsic) � pKa(model) − γ · ΔΔG/[ln(10)RT] (1)

where the intrinsic pKa is the pKa of an amino acid side chain in

the hypothetical protein structure where all other ionizable

groups are in their electrically neutral state. The model pKa is

the pKa of the side chain of the free amino acid in solution. For

cation-forming side chains, γ = +1; γ = -1 for anion-forming side

chains. ΔΔG is the Gibbs free energy of desolvation of the side

chain in the hypothetical neutral protein structure, relative to the

free amino acid in aqueous solution.

Results and discussion

Main protease (MPro, 3CL-Pro or NSP5)

POOL predicts a secondary recognition site for
the main protease

The SARS-CoV-2 MPro structure consists of three domains:

domain I has residues 10–99; domain II residues 100–182, and

domain III residues 198–303. The active site is located on a cleft

between domains I and II and includes a H41- C145 catalytic

dyad. The major subsites in the MPro active site, where the

substrate binds, have been identified (Jin et al., 2020). F140, L141,

N142, H163, E166, and H172 make up the S1 subsite. A small

portion of S1 subsite is further separated by N142 making up the

S1’ subsite, which consists of Y25, Y26, and L27, whereas H41,

M49, Y54, M165, and D187 make up the hydrophobic S2 subsite.

M165, L167, F185, Q189, and Q192 amino acids make up the S4

binding subsite.

The POOL-predicted residues for the Main Protease

monomer (PDB ID: 6LU7, Figure 3) form two clusters near

the site of proteolysis. One surrounds a pocket containing the

catalytic site and consists of: L27, C38, P39, H41, V42, N142,

G143, C145, M165, F181, R188, and Q189, including the two

catalytic residues H41 and C145. This cluster also includes N142,

L27, and M165, previously labeled as S1, S2, and S4, respectively.

POOL predicts a second cluster that surrounds a pocket adjacent

to the catalytic site and consists of: R40, Y54, C85, R105, Q110,

C128, F140, L141, S144, C160, Y161, H163, H164, E166, H172,

A173, Y182, and D187. This secondary recognition site includes

S1 residues from Domain II, F140, L141, H163, E166, and H172.

It also includes D187, previously identified as a member of S2.

Recognition peptide sequence docked on the
main protease interacts with the POOL
predicted residues

The main protease recognition sequence is LQ↓SAG. To
understand the how the polypeptide sequence interacts with the

residues around the active site of the main protease, a peptide

fragment, capped on the N- and C- terminal sides with two

glycine residues, GG-LQSAG-GG was docked into the protease

dimer structure using the Schrodinger Peptide Docking

algorithm. The peptide was docked at the catalytic site to

identify its interactions with the amino acids surrounding the

active site pocket. The docking scores of the complex with the

MPro receptor are represented in Table 2. The peptide GG-

LQSAG-GG binds to the catalytic pocket with the recognition

sequence approaching the two catalytic residues H41-C145, as

seen in Figure 4. It has a good docking score and interactions with

some of the residues within the S1, S1’, S2, and S4 subsites

including the active site residues H41 and C145. The peptide GG-

LQSAG-GG (Figures 4A,B) gives a docking score of -9.15 kcal/

mol and MM-GBSA Binding energy of -31.04 kcal/mol. The GG-

LQSAG-GG peptide lies in a pocket (A chain) formed by F140,

L141, N142, H163 and E166 which belong to the S1 subsite, T25,

T26, and L27 which belong to the S1’ subsite, H41, M49 and

D187 from the hydrophobic S2 subsite and M165, and

Q189 belonging to the hydrophobic S4 subsite. Some other

residues forming a pocket around the peptide are C44, T45,

S46, H164, G143, S144, C145, and R188 from the A Chain and

Ser1 from the B Chain. Four hydrogen bonds are found between

the peptide and T26, S46, N142, and E166, from the A Chain

(Figures 4A,B).

Frontiers in Chemistry frontiersin.org05

Iyengar et al. 10.3389/fchem.2022.1017394

247

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1017394


Key interactions with the catalytic residues for
MPro

Key interactions that facilitate the catalytic activity of

H41 and C145 were analyzed. C145, in order to serve as a

nucleophile, must have significant population of the

deprotonated state of its side chain. This is achieved through

coupling to three nearby histidine residues, the dyad partner

H41, the S1 residue H163, and H164, as shown in Table 3. The

strong electrostatic coupling between C145 and these three

histidines, with the intrinsic pKa of the anion-forming residue

higher than that of each of the cation-forming residues, leads to

an expanded buffer range and significant populations of both

FIGURE 3
(A) The different POOL-predicted pockets for the SARS-CoV-2 Main Protease (PDB ID: 6LU7). The POOL predicted residues in pocket one
shown in yellow include the catalytic dyad H41-C145, shown in red. (B) The POOL-predicted secondary recognition pocket, shown in magenta, are
the residues surrounding the catalytic dyad.

TABLE 2 Peptide Docking scores with the SARS-CoV-2 Main Protease.

Peptide name Sequence Docking score (kcal/mol) MM-GBSA score (kcal/mol)

GG-LSQAG-GG GGLQSAGGG -9.15 -31.0

FIGURE 4
(A) Docking pose of the recognition peptide LQ↓SAG with two glycine caps (GG-LQSAG-GG) docked at the active site (in yellow) of the SARS-
CoV-2 MPro with chain A in green and chain B in cyan. The peptide GG-LQSAG-GG is shown as red balls and sticks with the cleavage sequence Q↓S
shown in blue. The H-bond interactions are shown in yellow and the interacting residues in teal. (B) The ligand interaction diagram showing the
docked pose of GG-LQSAG-GG and the residues forming a pocket around it.
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protonation states that is necessary for catalysis (Koumanov

et al., 2002; Ringe et al., 2004; Coulther et al., 2021; Iyengar

et al., 2022). Indeed, significant population of the deprotonated

state of C145 has been implied in a recent report suggesting

covalent binding of selected ligands by C145 (Mohapatra et al.,

2021). Similarly, the catalytic H41 must have significant

population of both protonation states to exchange a proton

with the thioester intermediate. This is achieved through the

coupling to C145, and also to H164, wherein the two like-charged

histidine side chains are strongly coupled to each other and have

matched (<1 pH unit difference) intrinsic pKas (Table 3)

(Koumanov et al., 2002; Coulther et al., 2021; Iyengar et al.,

2022).

Potential SARS-CoV-2 main protease inhibitors
that bind to the secondary recognition MPro
POOL predicted site

Docking reveals potential ligand candidates that bind to the

MPro secondary recognition site predicted by POOL; the top five

are: 989–51–5 (Epigallocatechin gallate); ZINC000085540219

(Ioxilan); Z1563146136 (Acarbose); ZINC000003914596

(Saquinavir) and ZINC000003830947 (Iopamidol)

(Supplementary Table S1). Supplementary Table S1 shows the

Glide docking method, docking scores and details of the ligand-

protein interactions. The list includes antidiabetic agents and

protease inhibitors. The docking score ranges for Induced fit

docking on Glide were between -14 and -11 kcal/mol. The

interactions between the ligand-protein complex are shown in

Supplementary Figure S3 and listed in Supplementary Table S4.

All the compounds bind at the POOL predicted secondary site

and some of the important H-bond interactions are observed

with the residues N142, H164, E166, and Q189; these are similar

to the interactions observed with the recognition peptide

sequences. Some of the important π- π interactions are

observed with H41 and H164.

Epigallocatechin gallate (Figures 5A,B), the top hit, binds to

the MPro secondary recognition site with an IFD-XP Score of

-14.12 kcal/mol. It forms 11 H-bond interactions with the

residues T26, H41, Y54, N142, H163, H164, E166, and

Q189 and a π- π interaction is observed with H41. The

residues forming a pocket around the binding pose of

Epigallocatechin gallate are T25, T26, L27, H41, C44, M49,

P52, Y54, F140, L141, N142, G143, S144, C145, H163, H164,

M165, E166, D187, R188 and Q189.

Methyltransferase (MTase, NSP16/
NSP10 complex)

POOL predicts multiple sites for the
methyltransferase

The NSP16 crystal structure (PDB ID: 6W4H) is made up of

the polyprotein pp1ab residues 6,799 to 7,096. The catalytic core

of the NSP16 forms a Rossmann-like beta-sheet fold with seven

β-strands and one antiparallel β-strand (β7) which is sandwiched
between 11 α-helices and 20 loops. There are three β-strands (β′1,
β′2, and β′3) in the NSP10 protein, which have pp1a residues

4,272–4,392, that form a central antiparallel β-sheet at its core.
On one side of the β -sheet is a large loop that directly interacts

with NSP16 and stabilizes the heterodimer complex. On the

other side of this β-sheet, six helices and loops form two zinc

finger motifs. It has been reported that coronaviruses use zinc

fingers to non-specifically bind RNA (Matthes et al., 2006; Chen

et al., 2011). There are two Zn2+-binding sites; the first one is

coordinated by C4327, C4330, H4336, and C4343 and the second

one is coordinated by C4370, C4373, C4381, and C4383. The

NSP16 protein catalyzes the transfer of the methyl group from

SAM to Cap-0, resulting in the reaction products S-adenosyl

homocysteine (SAH) and Cap-1 (Nencka et al., 2022). The

adenosine moiety is stabilized by residues F6947, D6912,

L6898, C6913, and M6929. The sugar moiety is stabilized by

G6871 and D6897 residues, as well as two molecules of water

which interact with N6899. The methionine moiety interacts

with the residues D6928, Y6845, N6841, and G6871.

The POOL-predicted residues for the methyltransferase

form three clusters, as shown in Figure 6. The first one is

TABLE 3 Computed pairwise energies of electrostatic interaction (kcal/mol) between the two catalytic residues C145 and H41 and their strongest
coupling partners in the SARS-CoV-2 main protease. Intrinsic pKas for each residue are also listed.

Top couplers to C145: pKa (intrinsic) = 8.9 Top couplers to H41: pKa (intrinsic) = 5.6

Residue |E|(kcal/mol) pKa (intrinsic) Residue |E|(kcal/mol) pKa (intrinsic)

H41 1.3 5.6 Y54 1.7 11.7

H163 1.0 5.0 H164 1.7 5.1

H164 0.94 5.1 C145 1.3 8.9

Y54 0.58 11.7 D187 1.2 5.2

Y161 0.56 11.9 C44 1.0 9.7
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located at the conserved catalytic K-D-K-E motif found in

methyltransferases, and includes the catalytic D6928, K6968,

and E7001, with an additional K6844 residue (colored in red).

The second cluster surrounds the catalytic pocket and includes

Y6845, C6849, I6866, H6867, F6868, V6894, D6895, D6897,

I6926, S6927, Y6930, and K6935 (shown in magenta). The third

POOL-predicted site for the NSP16-NSP10 complex lies at the

heterodimer interface and consists of C4294, A4324, S4325,

C4327, C4330, R4331, D4335, H4336, C4343, D4344, K4346,

and C4383 of the NSP10 chain and V6902, D6904 of the

NSP16 chain (shown in blue).

Key interactions with the catalytic residues for
the methyltransferase

For each of the catalytic residues in the K-D-K-E motif, the

top five couplers with the highest pairwise potential energies of

FIGURE 5
(A) Epigallocatechin gallate bound to the monomer of the SARS-CoV-2 MPro at the POOL predicted secondary site. The protein backbone is
shown in green cartoon representation, ligand in red with the residues in gray. The hydrogen bonds are shown as yellow dashes and π- π stacking
interactions as orange dashes. (B) Ligand interaction diagram of Epigallocatechin gallate at the secondary site. The hydrogen bonds are shown as
pink arrows and π- π stacking interactions are shown as green lines.

FIGURE 6
The different POOL predicted sites for the SARS-CoV-2 RNA methyltransferase (NSP16/NSP10 complex) (A) The POOL-predicted residues in
site 1, which contains the D-K-E part of the K-D-K-E conserved catalytic motif (D6928, K6968, and E7001) with an additional K6844, are shown in red
(B) POOL-predicted site 2, containing residues surrounding the catalytic motif, is shown in magenta. (C) Site 3, and the POOL-predicted residues at
the dimer interface, in blue.
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interaction are shown in Table 4. Lysine-6968 serves as the base

that enables the 2’ oxygen atom of the RNA to attack the methyl

group of SAM (Nencka et al., 2022). The deprotonated state of

K6968 is significantly populated, first by the strong electrostatic

coupling to K6844, wherein the two lysine residues have closely

matched intrinsic pKas (Table 4), and second by strong coupling

to Y6845 (and to a lesser extent to Y6930), wherein the anion-

forming tyrosine has an intrinsic pKa higher than that of the

lysine (Koumanov et al., 2002; Coulther et al., 2021; Iyengar et al.,

2022). Strong coupling to the two anion-forming residues,

D6928 and E7001, strengthens the basicity of K6968.

Potential SARS-CoV-2 Methyltransferase
(NSP16/NSP10 Complex) inhibitors that bind to
the MTase POOL-predicted site containing the
conserved catalytic motif

To verify the docking method, the known ligand sinefungin

was docked into the catalytic site, resulting in a pose similar to

that of the reported complex structure (PDB ID 6WKQ) (Rosas-

Lemus et al., 2020) with a docking score of -8.2 kcal/mole.

Docking studies and analysis yield potential ligand candidates

that bind to the MTase conserved catalytic motif. Examples are

mostly from the Chemical Abstracts Service (CAS) Antiviral

Database and include: CAS ID# 435297–57–7 (1H-1,2,4-

Triazole-3-carboxamide, 1-β-D-ribofuranosyl-, 5′-[6-hydrogen
(2R)-2-aminohexanedioate); 435297-58-8 (1H-1,2,4-Triazole-

3-carboxamide, 1-β-D-ribofuranosyl-, 5′-[6-hydrogen (2S)-2-

aminohexanedioate); 1312805-81-4 (Adenosine, 1′-[3-

(aminocarbonyl)-1H-1,2,4-triazol-1-yl]-1′-de (6-amino-9H-

purin-9-yl)adenylyl-(2′→5′)-1′-[3-(aminocarbonyl)-1H-1,2,4-

triazol-1-yl]-1′-de (6-amino-9H-purin-9-yl)adenylyl-(2′→5′)-
1′-[3-(aminocarbonyl)-1H-1,2,4-triazol-1-yl]-1′-de (6-amino-

9H-purin-9-yl)-(Acl))); 1002334-92-0 (1H-1,2,4-Triazole-3-

carboxamide, 1-[5-O-[5-(β-D-galactopyranosyloxy)-1-
oxopentyl]-β-D-ribofuranosyl]-(Acl)); and 435297-32-8

(L-Arginine, 5′-ester with 1-β-D-ribofuranosyl-1H-1,2,4-

triazole-3-carboxamide- (9Cl)) (Supplementary Table S2).

Supplementary Table S2 shows the Glide docking method,

docking scores, and MM-GBSA scores, along with the specific

ligand-protein interactions. The docking score ranges for Extra

Precision (XP) Gscore fromGlide were between -14 and -13 kcal/

mol. The interactions in the ligand-protein complex are shown in

Supplementary Figure S4 and listed in Supplementary Table S2.

All the compounds bind at the POOL-predicted site containing

the conserved catalytic motif and important H-bond interactions

are observed with the residues K6844, G6911, C6913, D6928, and

K6968.

435297-57-7 (1H-1,2,4-Triazole-3-carboxamide, 1-β-D-
ribofuranosyl-, 5′-[6-hydrogen (2R)-2-aminohexanedioate)

(Figures 7A,B), the top hit, binds to the MTase conserved

catalytic pocket with an XP Gscore of-14.88 kcal/mol. It forms

seven H-bonds and interactions with the residues S6896, D6897,

G6869, G6911, C6913, Y6930 and K6968. The residues forming a

pocket around the binding pose of 435297-57-7 are N6841,

K6844, A6870, G6869, F6868, S6872, G6871, G6911, D6912,

C6913, V6916, D6928, M6929, Y6930, D6931, F6947, K6968.

TABLE 4 Computed pairwise energies of electrostatic interaction (kcal/mol) between three of the members of the catalytic tetrad D-K-E, D6928,
K6968, and K7001, plus the coupled K6844, and their five strongest coupling partners for each, in the SARS-CoV-2 RNA methyltransferase.
Intrinsic pKas for each residue are also listed.

Top couplers to D6928: pKa (intrinsic) = 4.6 Top couplers to E7001: pKa (intrinsic) = 5.0

Residue |E|(kcal/mol) pKa (intrinsic) Residue |E|(kcal/mol) pKa (intrinsic)

K6968 2.6 9.8 K6844 2.4 9.4

Y6845 2.4 10.7 K6968 2.0 9.8

K6844 1.5 9.4 D6928 1.2 4.6

E7001 1.2 5.0 Y7026 0.90 12.5

H6867 1.0 3.1 Y6845 0.78 10.7

Top couplers to K6844: pKa(intrinsic) = 9.4 Top couplers to K6968: pKa(intrinsic) = 9.8

Residue |E|(kcal/mol) pKa(intrinsic) Residue |E|(kcal/mol) pKa(intrinsic)

E7001 2.4 5.0 D6928 2.6 4.6

K6968 1.8 9.8 E7001 2.0 5.0

D6928 1.5 4.6 K6844 1.8 9.4

Y6845 0.91 10.7 Y6845 0.91 10.7

Y6930 0.53 10.2 Y6930 0.77 10.2
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Potential SARS-CoV-2 Methyltransferase
(NSP16/NSP10 Complex) inhibitors that bind to
the MTase second POOL-predicted pocket
surrounding the conserved catalytic motif

Docking studies and analysis yield potential ligand

candidates that bind to the second POOL-predicted

NSP16 pocket surrounding the catalytic motif. Examples

include: CAS ID# 926902-14-9 (Adenosine, 5′→P-ester with

thiotetraphosphoric acid ([(HO) (HS)P(O)OP(O) (SH)]2O),

P‴→5′-ester with uridine); 162754-90-7 (β-D-arabino-
Adenosine, 5′-O-phosphonoadenylyl-(2′→5′)-adenylyl-
(2′→5′)- (9Cl)); 188560-02-3 (Inosine 5′-(pentahydrogen
tetraphosphate), P′→5′-ester with inosine); 217807-08-4

(Adenosine, 5′-O-[hydroxy [[hydroxy (phosphonooxy)

phosphinyl]oxy] phosphinyl]adenylyl-(2′→5′)-adenylyl-
(2′→5′)-1′-[3-(aminocarbonyl)-1H-1,2,4-triazol-1-yl]-1′-de (6-

amino-9H-purin-9-yl)- (9Cl)); and 217807-10-8 (Adenosine,

5′-O-[hydroxy (phosphonooxy)phosphinyl]adenylyl-(2′→5′)-
1′-[3-(aminocarbonyl)-1H-1,2,4-triazol-1-yl]-1′-de (6-amino-

9H-purin-9-yl)adenylyl-(2′→5′)- (9Cl)), (Supplementary Table

S3). Supplementary Table S3 shows the Glide docking method,

docking scores, MM-GBSA scores and the specific interactions

with amino acids. The list consists mainly of antiviral ligands

from the Chemical Abstract Service (CAS) Antiviral Database.

The docking score ranges for Extra Precision (XP) docking on

Glide were between -14 and -13 kcal/mol. The interactions

between the ligand-protein complex are shown in

Supplementary Figure S5 and listed in Supplementary Table

S3. All the compounds bind at the POOL predicted

NSP16 pocket surrounding the catalytic motif and some of

the important H-Bond interactions are observed with the

residues K6844, D6897, D6912, C6913, D6928, Y6930, and

K6935. Some of the important π- π interactions are observed

with Y6828 and F6947 of the NSP16 chain.

926902-14-9 (Adenosine, 5′→P-ester with

thiotetraphosphoric acid ([(HO) (HS)P(O)OP(O) (SH)]2O),

P‴→5′-ester with uridine) (Figures 8A,B), the top hit, binds

to the MTase POOL predicted NSP16 pocket surrounding the

catalytic motif with an XP Gscore of -14.41 kcal/mol. It forms

nine H-bonds and interactions with the residues G6829, L6898,

D6897, N6899, D6912, C6913, Y6930, F6947, K6968, and N6996.

It also forms two π- π interactions with Y6828 and F6947. The

residues forming a pocket around the binding pose of 926902-

14-9 are Y6828, G6829, D6830, M6840, N6841, K6844, G6869,

G6871, S6872 D6897, L6898, N6899, D6912, C6913, A6914,

D6928, M6929, Y6930, D6931, P6932, K6935, F6947, N6996,

S6998, S6999, S7000, and E7001.

Nucleocapsid protein (N-Cap)

POOL predicts multiple sites for the
nucleocapsid protein

The SARS-CoV-2 N protein is divided into five domains: a

predicted intrinsically disordered N-terminal domain (N-NTD); an

RNA-binding domain; a predicted disordered central linker (LKR)

within a Ser/Arg rich (S/R) domain; a dimerization domain; and a

predicted disordered C-terminal domain (N-CTD). SARS-CoV has

been shown to bind viral RNA via the N-NTD, N-CTD, and C-tail

domains (Huang et al., 2004; Chen et al., 2007; Takeda et al., 2008). It

has been reported that the LKR’s SR-rich region regulates N protein

oligomerization upon phosphorylation (Peng et al., 2008) and the

N-protein self-association is required for viral RNP assembly (Luo

et al., 2006). The N-CTD has been shown to play a direct role in N

FIGURE 7
(A) CAS#435297–57–7 bound to the SARS-CoV-2 NSP16/NSP10 complex (MTase) at the POOL-predicted site including the conserved
catalytic motif. The protein backbone is shown in cartoon representation in green, ligand in red with the residue side chains in gray. The hydrogen
bonds are shown as yellow dashes. (B) Ligand interaction diagram of CAS#435297–57–7 at the POOL-predicted site containing the conserved
catalytic motif. The hydrogen bonds are shown as pink arrows and salt bridges in a bluish-red line.
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protein dimerization and oligomerization (Luo et al., 2006; Yu et al.,

2006; Chen et al., 2007; Takeda et al., 2008). Some important residues

that interact with antiviral compounds from the RNA Binding

domain are F66, R68, G69, Y123, I131, W132, V133, and A134

(Tatar et al., 2021).

For the full-length nucleocapsid protein model POOL

predicted three distinct clusters of residues in surface

pockets. Site 1 (Figure 9A) consists of residues A12, P13,

R14, K249, K257, Q260, K261, and R262, Site 2 (Figure 9B)

consists of T54, R92, R107, Y109, Y111, R149, P151, A155,

I157, V158, E174, G175, R177, G178, G179 and A311, while

Site 3 (Figure 9C) consists of R259, R277, G287, E290, T296,

Y298, K299, H300, W301, I304, A305, L353, K355, H356, and

D399. For the N-terminus model of Nucleocapsid protein,

POOL predicts the following residues (Figure 10): T49, A50,

S51, V72, P73, Y86, Y87, R88, R92, R107, Y109, F110, Y111,

Y112, and R149. For the C-terminus Nucleocapsid protein

structure (PDB ID: 7DE1), the POOL predicted residues are

(Figure 10): R259, R262, R277, D288, Y298, K299, H300,

W301, I304, A305, K355, and H356.

For the SARS-CoV-2 N-terminal domain of the

nucleocapsid protein, it has been reported that residues

R92, R107, Y109 and R149 interact with the RNA (Dinesh

et al., 2020); these residues are included in the POOL

predictions for both the full-length N protein (Site 2) and

the N-terminus model structure. We note that the POOL

FIGURE 8
(A) CAS# 926902–14–9 bound to SARS-CoV-2 NSP16/NSP10 complex (MTase) at the POOL-predicted residues surrounding the conserved
catalytic motif, Site 2. The protein backbone is shown in cartoon representation in green, ligand in red with the residue side chains in gray. The
hydrogen bonds are shown as yellow dashes. (B) Ligand interaction diagram of CAS# 926902–14–9 and the POOL-predicted residues surrounding
the conserved catalytic motif, Site 2. The hydrogen bonds are shown as pink arrows and salt bridges in a bluish-red line.

FIGURE 9
The different POOL-predicted sites for the SARS-CoV-2 Nucleocapsid protein. POOL-predicted sites for the full-length SARS-CoV-2
Nucleocapsid protein built on I-TASSER. (A) Site 1 shown in blue, (B) Site 2 in green and (C) Site 3 in red.
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predictions for Site three for the full-length nucleocapsid

model and for the C-terminal Nucleocapsid structure (PDB:

7DE1) are in good agreement.

Potential SARS-CoV-2 full length nucleocapsid
protein inhibitors that bind to the NCap POOL-
predicted site 1

Based on our docking studies and analysis, the potential

ligand candidates that bind to full length Nucleocapsid

protein POOL-predicted site one are ligands from

the Enamine Covid library, Life Chemicals SARS-CoV-

2 library and ZINC Database with ID#

ZINC000085537017 (Cangrelor); Z1455181379 ((3-(1-(2,4-

difluorophenyl)-2,5-dioxoimidazolidin-4-yl)propanoyl)

proline); Z57170530 (4-hydroxy-3-((5-hydroxy-7-oxo-7,8-

dihydro-1l3-chromen-6-yl))-2H-chromen-2-one); F0916-

5053 (N (3chlorobenzyl)-4 [4-oxo-2 [(2-oxo-2{[3

(trifluoromethyl)phenyl]amino}ethyl)thio]quinazolin-3(4H)

yl]butanamide); and Z1444935835 (3-{[2-(6-fluoro-1H-indol-

3-yl)acetamido]methyl}benzoic acid), (Supplementary Table

S4). Supplementary Table S4 shows the Glide docking

method, docking scores, MM-GBSA scores along with the

details about ligand-protein interactions. The list consists of

mainly ligands from the Enamine Covid library, Life Chemicals

SARS-CoV-2 library and ZINC Database. The docking score

ranges for Extra Precision (XP) docking on Glide were -15 to

-9 kcal/mol. The interactions between the ligand-protein

complex are shown in the Supplementary Figure S6 and

listed in Supplementary Table S4. All the compounds bind

to the Ncap POOL-predicted sites and important H-bond

interactions are observed with the residues R177, Q260,

K261 and W301. Important π- π interactions are observed

with W301.

ZINC000085537017 (Cangrelor), the top hit, is an ATP mimic

and ubiquitous binder to multiple sites and targets. The second-best

scoring hit, Z1455181379 (3-(1-(2,4-difluorophenyl)-2,5-

dioxoimidazolidin-4-yl)propanoyl)proline) (Supplementary Figure

S9), binds to full lengthNucleocapsid protein at the POOL-predicted

site 1 with an XP GScore of -11.05. It forms three hydrogen bonds

with R177, T263, and A264. The residues forming a pocket around

the binding pose of Z1455181379 are G175, R177, Q260, K261,

R262, T263, A264, V270, F274, R277, F286, G287, L291, G295,

T296, and W301.

Potential SARS-CoV-2 full length nucleocapsid
protein inhibitors that bind to the NCap POOL-
predicted site 2

Based on our docking studies and analysis, the potential

ligand candidates that bind to full length Nucleocapsid protein

POOL predicted site two are ligands from the ZINC Database

with ID# ZINC000028467879 (Ceftriaxone),

ZINC000004468778 (Cefixime), ZINC000003989268

(Ceftaroline Fosamil), ZINC000001540998 (Pemetrexed), and

ZINC000004468778_2 (Cefixime), (Supplementary Table S5).

Supplementary Table S5 shows the Glide docking method,

docking scores, and MM-GBSA scores, along with the details

about ligand-protein interactions. The docking score ranges for

Extra Precision (XP) docking on Glide were between −15 and

FIGURE 10
(A) The POOL-predicted residues for the SARS-CoV-2 Nucleocapsid protein N-terminal model built in YASARA (B) The POOL-predicted
residues for the SARS-CoV-2 Nucleocapsid protein C-terminal structure from the PDB (PDB ID: 7DE1).
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−9 kcal/mol. The interactions between the ligand-protein

complex are shown in Supplementary Figure S7 and listed in

Supplementary Table S5. All the compounds bind to the Ncap

POOL predicted site two and important H-bond interactions

are observed with the residues G175, R177, Q260, K261 and

W301. Important π- π and π-cation interactions were observed

with W301, R177, and K261.

ZINC000028467879 (Ceftriaxone), (Supplementary Figure S9)

the top hit, binds to full length Nucleocapsid protein at the POOL

predicted site 2 with an XP GScore of −11.53 kcal/mol. It forms five

H-bond interactions with the residues S176, R177, Q260, T263 and

A264. The residues forming a pocket around the binding pose of

ZINC000028467879 are T54, A155, A156, V158, G175, S176, R177,

Q260, K261, R262, T263, A264, V270, F274, R277, L291, G295,

T296, TW301, A305, A308, P309, S310, and A311.

Potential SARS-CoV-2 full length nucleocapsid
protein inhibitors that bind to the NCap POOL
predicted site 3

Based on our docking studies and analysis, the potential

ligand candidates that bind to full length Nucleocapsid protein

POOL-predicted site three are ligands from the DrugBank and

ZINC Database with ID# DB02738 (Adenosine-5′-
Pentaphosphate), ZINC000085537017 (Cangrelor), DB03732

(Etheno-Nadp), DB04158 (6-(adenosine tetraphosphate-

methyl)-7,8-dihydropterin), and DB02355 (Adenosine-5′-Rp-
Alpha-Thio-Triphosphate), (Supplementary Table S6).

Supplementary Table S6 shows the Glide docking method,

docking scores, MM-GBSA scores, along with the details

about ligand-protein interactions. The docking score ranges

for Extra Precision (XP) docking on Glide were between -19

and -14 kcal/mol. The interactions between the ligand-protein

complex are shown in Supplementary Figure S8 and listed in

Supplementary Table S6. All the compounds bind to the Ncap

POOL predicted site three and important H-bond interactions

are observed with the residues G175, R177, Q260, K261 and

W301. Important π- π and π-cation interactions were observed

with W301, and R177. These compounds, as might be

anticipated, are nucleotide-like.

Conclusion

Some new insights into the functioning of three viral proteins

have emerged. The nucleophilic C145 of the main protease is

assisted by strong electrostatic coupling to H41, H163, and H164,

so that it can be deprotonated and available to affect nucleophilic

attack at neutral pH. H41, which exchanges a proton with the

thioester intermediate, is assisted by strong coupling to C145 and

H164. K6968, the catalytic base of the RNAmethyltransferase, has a

significant population of its deprotonated state at neutral pH, and

therefore is able to act as a Brønsted base, through strong coupling to

K6844 and Y6845. Its strength of basicity is enhanced by strong

coupling to two acidic residues, D6928 and E7001. These two

catalytic acidic residues of the RNA methyltransferase are

strongly coupled to each other; the buffer range of D6928 is also

expanded through strong coupling to H6867.

Multiple sites of likely biochemical significance are predicted

for each of the three proteins, with multiple examples of ligands

that may bind and interact with these sites. These sites represent

alternative targets for the design of ligands to serve as chemical

probes or inhibitors for these viral proteins.
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Protein-mimetic peptides (PMPs) are shorter sequences of self-assembling

proteins, that represent remarkable building blocks for the generation of

bioinspired functional supramolecular structures with multiple applications.

The identification of novel aminoacidic sequences that permit the access to

valuable biocompatiblematerials is an attractive area of research. In this work, in

silico analysis of the Pseudomonas aeruginosa YeaZ protein (PaYeaZ) led to the

identification of a tetradecapeptide that represents the shortest sequence

responsible for the YeaZ-YeaZ dimer formation. Based on its sequence, an

innovative 20-meric peptide, called PMP-2, was designed, synthesized, and

characterized in terms of secondary structure and self-assembly properties.

PMP-2 conserves a helical character and self-assembles into helical nanofibers

in non-polar solvents (DMSO and trifluoroethanol), as well as in dilute (0.5 mM)

aqueous solutions. In contrast, at higher concentrations (>2 mM) in water, a

conformational transition from α-helix to β-sheet occurs, which is

accompanied by the Protein-mimetic peptide aggregation into 2D-sheets

and formation supramolecular gel in aqueous environment. Our findings

reveal a newly identified Protein-mimetic peptide that could turn as a

promising candidate for future material applications.

KEYWORDS

protein-mimetic peptide, self-assembly, peptide material, motif design,
supramolecular gel, YeaZ protein
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1 Introduction

The supramolecular self-assembly of proteins plays a

fundamental role in generating highly complex hierarchical

macrostructures with specific biological functions in living

organisms (Bai et al., 2016). Protein folding (Kim et al., 2022),

the reversible assembly of tubulin (Fletcher and Mullins, 2010)

and collagen fibers (Pins et al., 1997), and the interaction of

proteins to form complexes with a wide range of bio-

functionalities (Bai et al., 2016) are just a few of the

numerous examples that nature offers. The discovery that

protein-mimetic peptides (PMPs), i.e., shorter sequences of

self-assembling proteins, can lead to sophisticated

supramolecular structures like nanofibers, micelles, ribbons, or

spheres, paved the way to the generation of peptide-based

functional bioinspired nanomaterials (Zhang et al., 1993;

Goerbitz, 2006; Levin et al., 2020; Locarno et al., 2020; La

Manna et al., 2021). These peptide materials are characterized

by high biocompatibility and biodegradability, as well as facile

synthesis, thus finding several applications in the development of

biomaterials for tissue engineering (Gomes et al., 2011; Xu et al.,

2015; Berns et al., 2016; Shen et al., 2022), drug delivery (Abbas

et al., 2010; Zou et al., 2020), and bioinspired technology (Fu

et al., 2009; Assal et al., 2013; Matsuura et al., 2020). In this

context, the elucidation of novel protein sequences that permit

the access to valuable biocompatible materials is an attractive

area of research (Castelletto and Hamly, 2022). Among the

identified PMPs (Zhang et al., 2018), sequences deriving from

α-helical domains have been less explored due to the intrinsic

thermodynamical instability of the helix when it is extracted from

the native protein.

On the other hand, α−helices are the most common motif in

globular proteins (Mondal and Gazit, 2016), and they are often

involved in biological relevant protein-protein interactions

(PPIs) (Araghi and Keating., 2016; Zanella et al., 2019). The

assembly of two or more α-helices forms coiled-coils, that are a

structural element identified in several proteins, and are

considered the most stable and regular protein folding known

so far (Lupas, 1996; Wolf et al., 1997; Apostolovic et al., 2010;

Lupas and Bassler, 2017). For these reasons, self-assembling

α−helices provide a promising starting point for the design of

novel functional materials with nature-like mechanical features

(Lupas and Bassler, 2017).

In this work we present the design of a novel promising PMP,

called PMP-2, starting from the recently solved X-ray crystal

structure of Pseudomonas aeruginosa YeaZ (PaYeaZ, PDB:

4Y0W; Vecchietti et al., 2016). In bacteria, the homodimeric

protein YeaZ participates to the formation of protein networks

thar are involved in the biosynthesis of an essential tRNA

modification, and for this reason YeaZ is receiving growing

interest as potential novel target for antibacterial development

(Swinehart et al., 2020). Interestingly, the YeaZ homodimers

mainly bind through the interaction of the two α2 α-helices to

form a coiled-coil-like structure. Based on this evidence, the

assembling mode of YeaZ protein was here investigated for the

first time through computational studies, and we identified the

sequence primarily responsible for the dimer formation within a

shorter fragment of the α2 helix. The remarkable self-assembling

properties of this new PMP, conveniently functionalized, were

studied by a combination of Circular Dichroism Analysis,

Electron Microscopy techniques, Dynamic Light Scattering

and Infrared Spectroscopy. The results indicated that PMP-2

self-assembles into supramolecular nanofilaments with defined

diameter. By modulating the experimental conditions, these

nanofibers can transform to 2D-sheets and form gels in

aqueous environment, and this transformation is accompanied

by a conformational switch of PMP-2 from α-helix to β-sheet
secondary structure. Our finding led to the discovery a new PMP

deriving from a α-helix domain of a bacterial protein that shows

the potential to be used as a building block for generating

functional materials (Meng et al., 2014; Mondal and Gazit,

2016; Ruffoni et al., 2016; Li et al., 2017; Zhang et al., 2018).

Additionally, the elucidation of the assembly mode of PaYeaZ

homodimer that could have potential relevance in drug discovery

in the future.

2 Materials and methods

2.1 Computational studies

The model of YeaZ homodimer was obtained using the

published crystal structure (PDB ID code 4Y0W, Vecchietti

et al., 2016). We extracted two monomers from the crystal

structure. The system was simulated in explicit water solvent

with periodic boundary conditions. The protein was described

using the amber99SB-ILDN force field (Lindorff-Larsen et al.,

2010), while TIP3P model (Jorgensen et al., 1983) was adopted

for water. The system was submitted to geometry optimization

using the steepest descent method (50,000 steps). Then, we

carried out a 200 ps equilibration in the NVT ensemble

followed by a second equilibration of further 200 ps in the

NPT ensemble. During the equilibration, cα were restrained to

crystallographic positions. Equilibration phase was followed by a

100 ns long unrestrained production run in the NPT ensemble.

Temperature and pressure were kept constant to their reference

values (1 bar, 300 K respectively) through the velocity rescale

algorithm (Bussi et al., 2007) and the Berendsen barostat

(Berendsen et al., 1984). A 14 Å cutoff was applied for non-

bonded interactions and the Particles Mesh Ewald algorithm

(Darden et al., 1993) was employed to calculate long range

electrostatic interactions. During the MD simulations all bond

lengths were constrained to their equilibrium values with the

LINCS algorithm (Hess et al., 1997), allowing time step of 2 fs.

Simulations and subsequent analysis were performed with the

GROMACS 5.0.7 program suite (Van der Spoel et al., 2005).
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500 snapshots were extracted from the last 20 ns of the dynamics

of the YeaZ complex (one snapshot every 40 ps). The

contribution of each of the amino acids at the protein-protein

interface to the binding energy has been estimated through

computational alanine scanning (CAS). This technique

calculates the difference in binding free energy between the

protomers forming the complex upon mutation of each of the

interfacial residues into alanine (ΔΔG). This evaluation has been

performed using the molecular mechanics/Poisson–Boltzmann

surface area (MM/PBSA) approach (Massova and Kollman,

2000). A positive ΔΔG value means that the associated residue

mutation into alanine reduces the binding energy, while a

negative ΔΔG value means that the protein-protein binding

energy is increased upon mutation. Residues exhibiting the

largest ΔΔG values are thus those contributing most to the

complex formation. CAS was performed only for residues

located at the interface, that were identified as the ensemble of

residues with a different solvent accessible surface area (SASA) in

the complex and in the apo-protein. SASA of each residue was

calculated using Naccess (S. Hubbard and J. Thornton, 1992–6),

ΔG of binding was calculated with the MM/PBSA approach as

implemented in the GMXPBSA 2.0 suite (Paissoni et al., 2014).

This protocol implicitly assumes that point mutations in the

protein do not significantly affect its conformation. The validity

of this assumption in computational alanine scanning has been

widely confirmed in the literature, when applied to PPIs. A

dielectric constant of two was chosen for the protein interior.

The initial secondary structures of the synthesized peptides have

been obtained with the Pepfold3 server (Lamiable et al., 2016).

Each system has been simulated using periodic boundary

conditions and explicit solvent model (either water or TFE).

The peptides were described using the amber99SB-ILDB

(Lindorff-Larsen et al., 2010) force field, while the TIP3P

(Jorgensen et al., 1983) model was adopted for water and the

Generalized Amber Force Field (GAFF) (Wang et al., 2004) for

TFE. Each system was simulated with the protocol described

above, except for the production run that was 500 ns long. Three

replicas of each simulation have been performed. Cluster analysis

has been performed using the Gromos algorithm (Daura et al.,

1999) and secondary structure has been calculated with the DSSP

software (Kabsch and Sander, 1983).

2.2 Peptide synthesis

All the commercially available reagents and resins were

used as purchased from Sigma-Aldrich®, TCI, Fluorochem©,

and HPLC grade solvents were employed. Synthesis of

peptides was performed by manual solid phase synthesis by

the Fmoc-strategy on Fmoc-Gly preloaded Wang resin

(commercially reported loading 0.4–0.9 mmol/g). HPLC

purifications were performed with SHIMADZU LC-20AP

equipped with diode array UV detector and Phenomenex

Fusion-RP 80Å column. High resolution mass spectra were

obtained with Thermo Fisher Scientific Orbitrap Exploris™
120 equipped with UHPLC and C18 column. The purities of

the synthesized peptides were analyzed by analytical HPLC

SHIMADZU LC-20AP equipped with diode array UV

detector and C18 column.

2.3 Circular Dichroism Analysis

Circular Dichroism experiments were performed on a

CD-spectropolarimeter Jasco 820 with a 0.1 cm quartz

cuvette. Spectra were acquired from 195 to 250 nm with a

0.1 nm step and 1 s collection time per step, taking three

averages. The spectrum of the solvent was subtracted to

eliminate interference from cell, solvent, and optical

equipment. The CD spectra were plotted as mean residue

ellipticity θ (degree·cm2·d−1·mol−1) versus wavelength λ (nm).

Noise-reduction was obtained using a Fourier-transform

filter program from Jasco. Secondary structure analysis

was performed using the CONTIN algorithm (Whitmore

and Wallace, 2008) and the reference set 7 (Sreerama and

Woody, 2000). CD spectra were registered at 0.07–0.18 mM

concentrations, using pure TFE or TFE and buffer solutions

to test different pH ranges.

2.4 Fourier transform-attenuated total
reflection (FT-ATR) analysis

For ATR spectra, Nicolet iS10 Thermo Fisher Scientific

spectrometer was employed. Spectra are plotted as Absorbance

versus wave numbers (cm−1), with resolution 4 cm−1 and

32 scans. Solvent subtraction and spectra deconvolution were

performed with OMNIC™ Spectra Software.

2.5 Trasmission Electron Microscopy
analysis

TEM samples were prepared by the same technique from a

2 mM DMSO solution to afford 0.1 mM final concentration in

Milli-Q water at different pHs. After deposition onto the

carbon/Formvar TEM grid, water was eliminated by

lyophilization. Operating conditions: low vacuum mode

1 Torr; accelerating voltage 10 kV; working distance

7.5 mm, GSE detector; magnifications:

×800, ×1,600, ×3,200, ×6,400, and ×12,800. Transmission

Electron Microscopy (TEM) and Scanning TEM (STEM)

images were collected by a ZEISS LIBRA200FE with in-

column Ω-filter and accelerating voltage 200 kV. Samples

were treated with UranyLess solution (EMS) for negative

staining.
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2.6 Dynamic Light Scattering analysis

Malvern Zetasizer Nano instrument (Malvern Panalytical,

Ltd.) was employed for Dynamic Light Scattering (DLS) analysis,

performed at 25°C. The instrument is equipped with a 633 nm

solid-state He–Ne laser at a scattering angle of 173°. All the

samples used to analyze the stability of the PMP-2 aggregates as a

function of different DMSO/water ratio were prepared by solvent

displacement technique starting from concentrated solutions in

100% DMSO (0.125, 0.2, 0.5, 2, 4, and 10 mM) to obtain 0.1 mM

final concentrations in Milli-Q water, with 80%, 50%, 20%, 10%,

5%, 2.5% and 1% v/v of DMSO, respectively. All the samples used

to analyze the stability of the PMP-2 aggregates as a function of

concentration were prepared starting from 0.1 mM in Milli-Q

water with 5% v/v of DMSO and diluting with Milli-Q water to

obtain the final concentration of 0.05, 0.01, 0.005, and 0.001 mM.

The corresponding refractive index and viscosity data of DMSO/

water mixtures are reported in the literature (LeBel and Goring,

1962) and the samples were aged 24 h at room temperature

before the measurements.

2.7 Scanning Electron Microscopy analysis

Scanning Electron Microscopy (SEM) images were acquired

with Philips ESEM FEGMod. XL 30 without sample coating and

in the low vacuum mode (under 1 Torr) of water vapor pressure,

to avoid possible morphological modifications. SEM aqueous

samples were prepared by solvent displacement technique:

DMSO concentrated stock solutions of the synthesized

peptides were added dropwise to a proper volume of Milli-Q

water at different pHs, to afford a final concentration of 0.5 mM.

The samples were lyophilized before the analysis, while the

hydrogels were transferred as such.

2.8 Thioflavin T fluorescence analysis

Aggregation kinetics were followed using Thioflavin-T (ThT)

as fluorescent dye, specific for β sheet-rich structures (LeVine

3rd, 1993). PMP-2, was dissolved in Milli-Q water to reach the

final concentration of 0.1 or 2 mM, and heated at 60°C. After

24 h, 100 µl samples were incubated at 25°C in the presence of

20 μM ThT. Fluorescence signal was measured every 20 min for

30 h in a quartz cuvette using a Cary Eclipse Fluorescence

Spectrometer. The dye was excited at 450 nm, and the

emission was measured at 480 nm.

2.9 Hydrogel preparation

To prepare the hydrogels at different concentration, the

lyophilized PMP-2 was dissolved in the suitable amount of

Milli-Q water (final concentration of the prepared solutions:

0.1, 1, 2, 5, 10, and 20 mM) heating at 60°C for 3 min and

sonicating for 1 min. The clear solutions were left cooling at rt.

After 24 h of aging the hydrogel formation was verified at

concentrations above 2 mM by the stable-to-inversion

method. The 20 mM hydrogel was kept at room temperature

for 10 months, and it showed complete stability.

3 Results and discussion

3.1 Design, synthesis and structural
characterization of the novel YeaZ-
derived PMP

3.1.1 In silico identification of the PaYeaZ peptide
sequence of the α2 domain responsible for the
YeaZ-YeaZ homodimer formation

To predict the sequence responsible for the YeaZ-YeaZ

homodimer formation, we performed a computational alanine

scanning (CAS), a technique that identifies the smallest subset

of amino acids, also known as “hot spots” (Sousa et al., 2007;

Keskin et al., 2008; Pieraccini et al., 2009), at the intradimer

interface that are responsible for the binding energy of the

protein-protein complex formation. The results

(Supplementary Material; Section 2.1) revealed four

residues having a ΔΔG>2 kcal/mol, namely Ile74, Val78,

Leu82, and Phe84, thus crucial for the PPIs. All residues

are located on the α2-helix of PaYeaZ, within the coiled-

coil-like structure at the protein-protein interface

(Supplementary Material; Supplementary Table S1). Based

on this prediction, we first selected the sequence

RIAIGVVQGLAFAL (Arg73-Leu86) (PMP-1, Figure 1),

which was subjected to further modification consisting in

the replacement of Arg73 with Ala, as suggested by the

better negative ΔΔG value from CAS analysis

(Supplementary Material; Supplementary Table S4), and in

the addition of a charged tag at the C-terminus. Indeed, the α-
helices that naturally assemble in proteins are often

amphipathic. Their folding in coiled-coil structure leads to

an increased stabilization of the helical structure thanks to

additional van der Waals forces, as well as to the shielding of

the hydrophobic segments from the aqueous environment

(Missirlis et al., 2010; Han et al., 2013). We linked the

cationic sequence KKK at the C-terminus of PMP-1

through an additional GG-spacer, generating the

amphiphilic structure PMP-2 (Figure 1). The conservation

of the helical conformation was ensured by inserting the Lys-

tag at the C-terminus, which allows the correct alignment of

the charged residues at neutral pH with the helix dipole (Hol,

W.G., 1985). In addition, the GG-spacer helps to minimize the

effect of the tag to the peptide secondary structure, as reported

by Morales and co-workers (Morales and Jimenez, 2019).
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Due to the further modification of the sequence, we

decided to simulate the secondary structure of the designed

PMP-2 by Molecular Dynamics (MD) calculation. MD were

carried out both in trifluoroethanol (TFE) and in water to

mimic a hydrophobic and hydrophilic environment,

respectively. The results suggested that in TFE the α-helical
structure is the predominant conformation (28%), and the

Lys-tag seems to not hamper the formation of the helix,

whereas in water only 3% of helical structure is present,

and the major contribution is given by a β-strand structure

(15%). Considering that the original sequence is naturally

present in the higher hydrophobic core of the protein, it is not

surprising that the helix is conserved better in TFE rather than

in water. On the other hand, the possible self-assembly process

of the PMP showing α-helical predominant conformation,

could stabilize the helix also in water thanks to the added polar

head, and finally generating supramolecular structures like

nanofibers (Lupas and Bassler, 2017). To verify our

hypothesis, we synthesized PMP-2 and we studied its

secondary structure as well as the predicted self-assembling

behavior. Finally, shorter derivatives of PMP-2 were also

prepared and investigated to understand the influence of

the PMP-1 sequence on the secondary structure and self-

assembly properties.

3.1.2 Synthesis of PMP-2 and of the shorter
derivatives PMP-3-5

PMP-2 and its shorter derivatives PMP-3-5 were

synthesized by manual solid phase peptide synthesis (SPPS)

on Fmoc-Gly preloaded Wang resin (commercially reported

loading 0.4–0.9 mmol/g) using the Fmoc strategy. COMU®

(3 eq) and N,N-diisopropylethylamine (8.5 eq) or N,N′-
diisopropylcarbodiimide (3 eq)/OxymaPure® (3 eq) were

used as coupling reagents, depending on the amino acid

residue (see Supplementary Information, Section 3.1 for the

details). After cleavage from the resin with TFA/H2O/TIS 95:

2.5:2.5, the peptides was purified by RP-HPLC and fully

characterized by HRMS. The general synthetic scheme,

yields and purities of the synthesized peptides are reported

in Figure 2.

3.1.3 Secondary structure determination by
circular dichroism analysis

CD experiments were initially performed in TFE at 0.1 mM

(Figure 3), to directly compare the MD simulations with the

experimental analysis. In TFE, the strong positive band at around

195 nm (amide π-π* transition), the negative band close to

205 nm (amide π-π* transition), and the negative band at

222 nm (amide n-π* transition) observed in the recorded

spectra suggested a predominant helical conformation at this

concentration, thus confirming the theoretical calculation. CD

spectra were also measured at pH = 4 (acetate buffer/TFE 1:1)

and pH = 11 (NaOH aqueous solution/TFE 1:1) to modulate the

protonation of Lys side chains (Supplementary Material,

Supplementary Figure S13) (calculated isoelectric point of

PMP-2: 10.4). In both cases the α-helix was conserved,

suggesting that the protonation of the C-terminal KKK

sequence does not influence the secondary structure of PMP-

2. To better understand the influence of the aqueous

environment on the stability of the helix, the water content of

FIGURE 1
PaYeaZ dimer crystal structure (PDB: 4Y0W, the two α2 helix of each subunit are colored in ruby red), the computationally identified PMP-1
sequence (Arg73-Leu86) and the final amphiphilic PMP-2, object of this study. Hot spots are shown in red in PMP-1, further Arg73Ala modification is
highlighted in green and GGKKKG C-terminal sequence is shown in blue.
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the solution was increased, and PMP-2 was dissolved in TFE/

acetate buffer 1:2 and 1:4 (a major content of water led to

precipitation of the peptide). Interestingly, the helical

contribution was maintained, indicating a good tendency of

the peptide to preserve its α-helix structure even in a more

polar solvent (Figure 3).

In order to unravel the molecular determinants of the helical

conformation, shorter derivatives of PMP-2 were designed and

synthesized (PMP-3-5, Figure 2). PMP-3 and PMP-4 derive from

the deletion of subsequent sequences from the N-terminus of PMP-

2 (the pentapeptide AIAIG and the non-apeptide AIAIGVVQG

respectively), whereas PMP-5 derives from the deletion of the

hexapeptide GLAFAL bearing the Phe residue, which represents

one of the most important hot-spots for interaction in the PaYeaZ

homodimer. A lack of helical structure in all the three derivatives was

observed in theMD simulation, and this was confirmed later by CD-

spectra (Figure 3). These findings clearly indicated the importance of

the whole bacterial α2 sequence of PMP-1 for the maintenance of

the α-helix.

3.2 Supramolecular aggregation studies of
the new PMPs

3.2.1 Trasmission electron microscopy analysis
of PMP-2

The remarkable attitude of PMP-2 to self-assemble was

analyzed by Transmission Electron Microscopy (TEM). To

trigger the self-assembling process of PMP-2 through the

polarization of the solvent, the samples were prepared

following the solvent displacement technique, which has been

used by us (Impresari et al., 2022; Bonetti et al., 2015) and others

(Heimburg et al., 1999; Reches and Gazit. 2003; Bucci et al. 2020)

with Phe-containing peptides. Lyophilized PMP-2 was dissolved

in DMSO to reach a 2 mM concentration, and the resulting

solution was added dropwise into Milli-Q water to reach the final

concentration of 0.1 mM in 95:5 water/DMSO ratio. Although

the CD studies were carried out in TFE, we switched to DMSO

due to its higher capability to dissolve PMP-2 compared to TFE,

limiting the amount of the hydrophobic solvent in the final

aqueous solution. Additionally, the direct comparison of FT-

ATR spectra of PMP-2 dissolved in DMSO as well as in TFE (at

10 mM concentration) indicated the adoption of the helical

conformation in both cases, thus confirming the possibility of

using such solvent for our planned investigations without

altering the experimental conditions (Supplementary Material,

Supplementary Figures S22, S23).

The resulting 0.1 mM solution was dropped onto a C/

Formvar TEM grid, lyophilized, and analyzed. Representative

TEM micrographs are reported in Figure 4 (Supplementary

Material, Supplementary Figure S18), and they showed the

formation of an entangled fibrillar network clearly visible at

the 200 nm scale, similar to those fibrillar structures reported

in the literature for other α-helical dominant peptide

sequences (Potekhin et al., 2001; Cieslik-Boczula 2017). The

subunits of these fibers have a diameter of 6 nm, and they are

FIGURE 2
General synthetic scheme [coupling condition (a): conditions: Fmoc-aa-OH 3-5 eq, DIPEA 9-15 eq, COMU 3-5 eq.] and sequence of peptides
PMP-3-5 with the isolated yield and HPLC purity.
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intertwined into bundled filaments (in a range from 3 to 8).

Considering the stability of the α-helical conformation of

PMP-2 observed through CD analysis by increasing the

water content, (Figure 3; Supplementary Material;

Supplementary Figure S13), the initial fibrillar formation

may effectively arise from the peptide that adopts a helical

structure in a hydrophobic environment (DMSO), which is

retained in water thanks to the self-aggregation and

consequent helical stabilization of PMP-2 (Missirlis et al.,

2010; Han et al., 2013). A possible contribution of the

positively charged head group to promote the PMP-2 self-

assembly into this type of nanostructures is suggested by pH-

dependent aggregation studies. Whereas at pH = 4 a similar

behavior to the neutral aqueous solution was observed with

the formation of the same filaments (Figures 4B,C), at

pH 11 the observed few filaments co-existed with an

undefined reticular structure, which is not stable under the

experimental conditions. (Supplementary Material;

Supplementary Figure S18D). Although this result is still

under investigation, the possible control of the self-

assembly by changing the pH might be an advantage in

terms of future application as functional material.

3.2.2 Scanning Electron Microscopy analysis of
PMP-2

To further investigate the capacity of these fibers to bundle

into bigger filaments, Scanning Electron Microscopy (SEM)

analyses were carried out at an increased concentration of

0.5 mM in water obtained by the solvent displacement

technique. SEM images were collected in the low vacuum

mode, under 1 Torr of water vapor pressure, to avoid possible

morphological modifications induced by a preliminary gold

coating. As shown in Figures 4D,E, PMP-2 forms helical

fibers of several micrometers size, resulting from the

aggregation of multiple bundled filaments. These micrometer

long fibers are well visible at the edge of the sample holder, while

in the middle we found the co-existence of parallel fibers and a

2D sheet-like structure as the one shown in Figure 4F. This effect

might be a consequence of a concentration gradient in the sample

drop during the lyophilization (increasing from the edge to the

center), thereby a conformational switch, and consequently a

morphological transformation, can occur as function of a

different concentration. To support this hypothesis, we

performed FT-ATR and ThT fluorescence analysis, which are

reported in paragraph 2.3.

FIGURE 3
CD spectra of PMP-2-5 measured at 0.1 mM solution in pure TFE (black), or in different ratio of TFE/acetate buffer.
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3.2.3 Dynamic Light Scattering analysis
Dynamic Light Scattering analysis was used to analyze the

stability of the PMP-2 aggregates as a function of different

DMSO/water ratio at 0.1 mM. A very poor scattering power

was observed when PMP-2 was dissolved in 100, 80, and 50% v/v

DMSO/water, whereas a more stable correlogram was obtained

with 20% and 10% of DMSO, indicating the formation of some

stable aggregates. A perfect overlap of the correlograms was

achieved when the water content was increased, and PMP-2

was dissolved in 5, 2.5, and 1% v/v DMSO/water solutions

(Figure 4G). The obtained curves, reproducible over several

acquisitions, confirmed the presence of stable aggregates at the

conditions used for TEM and SEM analysis (5% and 2.5% DMSO

v/v respectively). The aggregation tendency of PMP-2 was also

FIGURE 4
(A–C): TEM micrographs of filamentous assembly of PMP-2 from 0.1 mM solution at pH 7.6 (A), and pH 4 (B,C). (D–F): SEM images of PMP-2
from0.5 mM solution atmeasured pH= 7.6. (G,H): DLSmeasurements of PMP-2: (G)Normalized autocorrelation functions at different DMSO/water
mixture, and (H) normalized autocorrelation functions at different concentration (H).

Frontiers in Chemistry frontiersin.org08

Fasola et al. 10.3389/fchem.2022.1038796

265

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1038796


investigated as function of concentration. The 0.1 mM solution

of PMP-2 dissolved in 2.5% v/v DMSO/water was diluted to

0.05 and 0.001 mM with Milli-Q water, and a good fitting was

obtained in both cases (Figure 4H). By contrast, no reliable

correlograms were obtained at 0.005 and 0.0001 mM, probably

due to the poor scattering power of the solutions and to the limit

of detection of the instrument.

3.2.4 Electron microscopy analysis of PMP-3-5
TEM and SEM studies were carried out for the shorter

derivatives PMP-3-5 by preparing the respective final 0.1 mM

solutions and 0.5 mM solutions by solvent displacement. The

obtained micrographs showed a different behavior of the three

peptides compared to PMP-2, and no similar nanofibers were

observed (Supplementary Material, Supplementary Section 4.1).

These results highlighted the importance of the α-helix
conformation assumed by the entire bacterial amino acid

sequence present in PMP-2 to generate nanofibers.

3.3 Conformational switch

3.3.1 FT-ATR studies
The experimental evidence observed during the SEM

analysis of PMP-2, in particular the co-existence of parallel

fibers and a 2D sheet-like structure showed in Figure 4F,

suggested that PMP-2 can adopt different conformations by

varying the concentration. In addition, the increasing

contribution of β-sheet conformation observed in the CD

spectra upon changing the hydrophilicity of the solution

(from 10% in pure TFE to 17% in the 1:2 and 1:4 TFE/

water solutions), supported the hypothesis that also the

hydrophilicity could have a crucial role in the final

secondary structure of PMP-2. A change in the solution

parameters can thus trigger a conformational switch, and

this can lead to different aggregates. This tunable behavior

of specific sequences is recently gaining growing attention

because of the possibility to generate multiple morphologies

from a single compound (Kaur at al., 2020; Ghosh et al., 2022).

The conformation of PMP-2 in the highly concentrated

20 mM DMSO solution was thus investigated by AFT-ATR

analysis, where a dimeric coiled-coil profile deriving from

helical peptide self-assembly could be recognized (Figure 5A)

by the pentameric signals revealed by the deconvolution

process (Kammerer et al., 2004; Hendricks et al., 2017).

This behavior is indicative of the attitude of the bacterial

sequence to self-assemble as coiled coil when located in the

hydrophobic environment of the native PaYeaZ protein. As

showed by the spectra obtained from the 10 mM DMSO

solution, this coiled coil-like structure is destabilized by

FIGURE 5
FT-ATR spectra of Compound PMP-2 at 20 mM concentration in (A)DMSO and (B) in water. In DMSO the pentameric signal of a coiled-coil like
structure can be recognize, while in water the β-sheet conformation is predominant. (C) Stable-to-inversion gel test on PMP-2 in Milli-Q water at
20 mM, 10 mM and 5 mM and 2 mM, respectively. (D) ThT fluorescence assays showing 2 mM PMP-2 (purple trace) aggregation over 24 h. The
concentration of the control PMP-2 is 0.1 mM (green trace).
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dilution, although still present, suggesting that molecular

interactions are needed to stabilize the helical conformation.

For a direct comparison, we tried to achieve a similar

concentration of PMP-2 in water although its low solubility at

room temperature. Interestingly, after sonicating and heating at

60°C, the 20 mM solution of PMP-2 in Milli-Q water, a

transparent hydrogel-like morphology was obtained after

aging overnight. The Minimum Gelation Concentration

(MGC) was found at 2 mM (3.8 mg/ml) by the stable-to-

inversion test method, and the final pH of the hydrogel was

8.4 (Figure 5D). In contrast to the DMSO solution, the FT-ATR

spectrum of the 20 mM hydrogel clearly shows a β-sheet
conformation, with a peak at 1,626 cm−1, and a peak at

1,690 cm−1 that can be attributed to a β-strand aggregation

(Figure 5B). Same FT-ATR spectra profiles were obtained

with the more diluted hydrogels at concentration 10, 5, 2 mM,

suggesting the occurring of a conformational switch from α-helix
to β-sheet, as we previously hypothesized. (Supplementary

Material, Supplementary Figure S25).

3.3.2 ThT fluorescence analysis
To assess the secondary structure content of the hydrogels,

we tested the propensity of PMP-2 dissolved in Milli-Q and

heated at 60°C to form β-rich aggregates in vitro by Thioflavin T

(ThT) assay. This benzothiazole salt is a commonly used

fluorogenic compound specific for β-amyloid-like structures.

Upon the binding to β-sheet-rich structures, the dye displays

enhanced fluorescence at 480 nm. Figure 5C shows the increased

ThT signal of PMP-2 at the lowest hydrogel concentration of

2 mM over 2 days’ incubation at 25°C, suggesting the formation

of β-like structure, while at 0.1 mM concentration, at which

PMP-2 does not form the gel, no signal increase was observed.

3.3.3 Electron microscopy analysis
The effect of the conformational switch was observed

through Electron Microscopy Techniques. In particular, the

20 mM hydrogel was analyzed by SEM as wet form and dried

form. In the first case, SEM analysis showed a fractal-like

morphology that alternatively grows and gets smaller through

the successive wet and dry cycles directly into the instrument,

(Figures 6A,B). This experiment was done by changing the

relative humidity directly inside the environmental SEM

chamber, through slight changes in the cooled sample holder,

and suggests the ability of the hydrogel to regenerate by simply

absorbing aqueous vapors. By contrast, the thick film observed

analyzing the xerogel (Figure 6C), support the correlation

between the β-sheet secondary structure and 2D-sheet

formation previously observed in Figure 4E. The fine structure

of the film was subsequently observed by TEM (from the 2 mM

concentration) that showed again the formation of a thick 2D-

sheet, in which the typical hydrogel fiber network can be

distinguished (Figure 6D).

FIGURE 6
SEM images of the hydrogel in dry form (A), and in wet form (B,C). (D): TEM image of the 2 mM hydrogel in dry form.
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4 Conclusion

In this work, we reported the discovery of a novel PMP

sequence deriving from the α-helix domain α2 of PaYeaZ that

undergoes a conformational switch from α-helix to β-sheet, and
it is able to generate multiple morphologies. This essential

protein in bacteria forms protein networks to exploit its

biological function, and the X-ray structure of the homodimer

was recently solved (Vecchietti et al., 2016). By molecular

dynamic simulations and CAS analysis, we identified the

shortest amino-acidic sequence (PMP-1) responsible for the

dimer formation. A further chemical modification was

introduced to stabilize the helical conformation and increase

the water solubility of the otherwise very hydrophobic PMP

sequence. The remarkable attitude of the helical PMP-1 to self-

assemble was investigated after chemical modifications that led to

the final peptide structure PMP-2. Overall, conformational

analysis by CD and FT-ATR experiments indicate that PMP-2

conserves its helical character in hydrophobic environment like

TFE and DMSO. At the highest reachable concentration in

DMSO (20 mM), a dimeric coiled-coil profile can be

recognized by FT-ATR spectra. Interestingly, the pose of the

interacting helices of the PaYeaZ homodimer in the X-ray crystal

structure can be attributed to a dimeric coiled-coil as well, thus

giving a further indication that the helical conformation of

PaYeaZ in solution (at least in hydrophobic solvents or in

diluted water solutions, <0.5 mM) is maintained in the solid

state (Vecchietti et al., 2016). Additionally, an increased water

content up to 80% does not abolish the α-helix as shown by CD

analysis, proving a stabilization of this secondary motif also in

water, although to a lower extent. The nanoaggregates of PMP-2

formed in 95:5 water/DMSO solution at 0.1 mM concentration

were studied by DLS and TEM, the latter showing the formation

of filaments that are formed by the intertwining of 3–8 nanofibers

having diameter of 6 nm. By increasing the concentration and the

water content (97.5:2.5 water/DMSO at 0.5 mM), a

conformational transition occurs, and PMP-2 adopts a β-sheet
structure, as shown by the FT-ATR spectra. Probably, higher

concentrations in a polar solvent emphasize the amphiphilic

character of PMP-2, thus facilitating β-sheet rich structures as

reported in the literature (Kammerer et al., 2004; Hendricks et al.,

2017). Above 2 mM, the formation of a hydrogel-like

morphology is recognized by dissolving PMP-2 in 100% Milli-

Q water and heating the sample to 60 °C. The secondary β-sheet
structure adopted by the PMP-2 also in this morphology was

proven by FT-ATR and ThT analysis, confirming the occurrence

of a conformational transition.

The unraveling of the molecular features (sequences,

secondary structures, and intermolecular forces) that

determine the proteins folding and assembly, is the driving

force for the design of supramolecular architectures with

potential useful applications (Baldwin, 1989). The additional

ability of certain protein sequences to switch to different

secondary structural elements (α-helix, β-sheet), as well as to

form different aggregate types by a fine tuning of the external

conditions, is known, and represents a topic of high interest due

to the possibility to generate multi-stimuli responsive materials

from a single building block. In addition, naturally occurring

conformational switches are often involved in important

biological processes (Wang et al., 2019). Thus, our findings

may have potential utility for generating novel responsive

biocompatible materials, as well as have relevance to fostering

the understanding of the bacterial protein network formation,

which could turn into a new biological target. Further

investigations currently ongoing in our laboratories aim at

determining the antimicrobial activity and cytotoxicity of

PMP-2, and the mechanical and functional properties of this

hydrogel like material.
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Microbial resistance to common antibiotics is threatening to cause the next

pandemic crisis. In this context, antimicrobial peptides (AMPs) are receiving

increased attention as an alternative approach to the traditional small

molecule antibiotics. Here, we report the bi-functional rational design of

Fmoc-peptides as both antimicrobial and hydrogelator substances. The

tetrapeptide Fmoc-WWRR-NH2—termed Priscilicidin—was rationally

designed for antimicrobial activity and molecular self-assembly into

nanostructured hydrogels. Molecular dynamics simulations predicted

Priscilicidin to assemble in water into small oligomers and nanofibrils,

through a balance of aromatic stacking, amphiphilicity and electrostatic

repulsion. Antimicrobial activity prediction databases supported a strong

antimicrobial motif via sequence analogy. Experimentally, this ultrashort

sequence showed a remarkable hydrogel forming capacity, combined to a

potent antibacterial and antifungal activity, including against multidrug

resistant strains. Using a set of biophysical and microbiology techniques,

the peptide was shown to self-assemble into viscoelastic hydrogels, as a

result of assembly into nanostructured hexagonal mesophases. To further test

the molecular design approach, the Priscilicidin sequence was modified to

include a proline turn—Fmoc-WPWRR-NH2, termed P-Priscilicidin–expected

to disrupt the supramolecular assembly into nanofibrils, while predicted to

retain antimicrobial activity. Experiments showed P-Priscilicidin self-assembly

to be effectively hindered by the presence of a proline turn, resulting in liquid

samples of low viscosity. However, assembly into small oligomers and

nanofibril precursors were evidenced. Our results augur well for fast,

adaptable, and cost-efficient antimicrobial peptide design with

programmable physicochemical properties.
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Introduction

Microbial resistance to common antibiotics is threatening to

cause the next pandemic crisis (WHO, 2020). In this context,

antimicrobial peptides (AMPs) are receiving increased attention

as an alternative approach to the traditional small molecule

antibiotics (WHO, 2020).

Indeed, peptides are relatively easy to synthetise while exhibiting

broad-spectrum antimicrobial activity, decreased microbial resistance

and intrinsic biocompatibility. The emergence of molecular

engineering principles to design antimicrobial peptide sequences

has made rational sequence design a promising approach for rapid

and adaptive design of novel antimicrobial therapeutics. Recent works

demonstrated that sequences as short as 2–5 natural residues can

display antimicrobial activity (Glossop et al., 2019; Cardoso et al.,

2021). In parallel, a few natural and synthetic AMPs were reported to

self-assemble in solution into nanostructures, a process that can be

harnessed for drug delivery andmaterial design (Cardoso et al., 2021).

Here we report the bi-functional rational design of Fmoc-

tetrapeptides for potent antimicrobial activity and control of

peptide hydrogelation through molecular self-assembly. Peptide

molecular self-assembly is mediated through intermolecular non-

covalent interactions such as hydrogen bonding, hydrophobic, ionic,

and π−π stacking interactions (Cardoso et al., 2021). Pioneering

works in this domain established that two nanostructure-forming

short synthetic sequences - the diphenylalanine peptide and cyclic

D,L-alpha alanine peptide—interact with bacterial membranes and

display antibacterial activity (Fernandez-Lopez et al., 2001;

Schnaider et al., 2017). The antimicrobial action of AMPs is

known to mainly arise from a combination of electrostatic and

hydrophobic interactions with microbial membrane components.

Sequencemotifs that favor antimicrobial activity have been reported,

especially: i) presence of cationic amino acids ii) primary structure

characterized by a net positive charge of 2–9, iii) presence of

aromatic amino acids, iv) amphipathic character of primary

sequence (Tian et al., 2015; Li et al., 2017; Cardoso et al., 2021).

Although there is still debate on a direct relationship between

self-assembly and antimicrobial activity, networks of peptide self-

assembled nanostructures present the advantage of potentially

resulting into hydrogels through reticulation of the aqueous

media. Such supramolecular hydrogels can be exploited to

create biomaterials with various applications, including as

drug delivery vehicles, tissue engineering scaffolds, or as

precursors for creating nanostructured surfaces (Das and

Gavel, 2020; Cardoso et al., 2021; Shi et al., 2021). Specifically,

the use of a fluorenylmethyloxycarbonyl (Fmoc) group located at

the N-terminal of the sequence was previously reported to drive

peptide supramolecular assembly into biocompatible hydrogels

(Fleming et al., 2013; Tao et al., 2016; Firipis et al., 2021).

By applying a bottom-up approach supported by molecular

dynamics and online antimicrobial prediction tools detailed below,

we designed two Fmoc-peptide sequences of four to five amino-

acids. Both sequences entail motifs for antimicrobial and self-

assembling, as detailed in the results section. Our rational design

predicted both peptides to exhibit antimicrobial activity; however,

with one sole hydrogelator sequence. Using a large set of biophysical

and microbiological techniques, we investigated for both designed

sequences: i) the self-assembly into different molecular species; ii)

the kinetics and mechanisms of hydrogelation and iii) antimicrobial

activity on different strains.

Materials and methods

Chemicals and reagents

Indolicidin (sequence: ILPWKWPWWPWRR-NH2,

molecular weight: 1,906.3 g/mol) and FMOC-WWRR-NH2

(molecular weight: 924.1) were obtained from ChemPep

(USA) as lyophilized powder and acetate salts with a

purity >95%. Ethanol and Congo red were purchased from

Sigma-Aldrich (Australia). Sodium chloride was purchased

from Alfa Aesar (United Kingdom). The negative staining

agent phosphotungstic acid was purchased from Proscitech

(Australia). A Milipore filter system was utilized to obtain

Milli-Q water. BD Difco Mueller Hinton Broth (MHB) and

Sabouraud broth (SB) were purchased from Cell biosciences

(Australia). Strains: E. coli NCTC 10418, P. aeruginosa ATCC

9721, E. faecalis ATCC 19433, S. aureus ATCC 25923, S. aureus

ATCC BAA-1756 (methicillin resistant), Streptococcus

pneumoniae ATCC 49619, Candida albicans ATCC 10231 and

Candida aurisDSM 21092 (Fluconazole resistant) were provided

by the RMIT microbial culture collection. Bacterial strains were

stored in 50% glycerol at −20 and −80°C.

Peptide samples

The peptides were prepared by mixing the lyophilized peptide

directly with type 1 water, vortexed for a few seconds to obtain an

isotropic solution and stored at 4°C–5°C in between experiments.

Molecular dynamics

The Fmoc-WWRR-NH2 and Fmoc-WPWRR-NH2 peptide

structures were prepared using Swiss-PdbViewer (Deepview)

(Guex and Peitsch, 1997) and Discovery Studio Visualizer
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(BIOVIA, Dassault Systèmes, Discovery Studio Visualizer,

2021 San Diego, CA). Molecular dynamics simulation cells

for modelling peptide self-assembly were constructed by

arranging smaller cubic ‘subcells’ containing a single peptide

into larger cubic simulation cells composed of 3 × 3 × 3 subcells,

in a crystalline structure, resulting in final cell sizes of 9 × 9 ×

9 nm3 (WWRR) or 9.6 × 9.6 × 9.6 nm3 (WPWRR). Each of the

simulation cells therefore contains 27 of the respective peptides

initially in random orientations. Each box was filled with 23,054

(WWRR) or 28,273 (WPWRR) TIP4P water molecules. Cl−

counterions were added to neutralise the net positive charge of

each system. GROMACS version 2019.3 (Van Der Spoel et al.,

2005; Pronk et al., 2013) was used for all simulations, using the

OPLS-AA forcefield (Jorgensen et al., 1996; Kaminski et al.,

2001) for the peptides and the TIP4P model for water molecules

(Jorgensen et al., 1983). Fmoc parameters were adapted from

Mu et al. (2012). For all simulations, the integration time step

was set to 2 fs. Electrostatic interactions were evaluated using

the fast smooth particle-mesh Ewald (PME) method with a

Coulombic potential cut-off of 1.2 nm (Essmann et al., 1995).

For the peptides, covalent bonds involving hydrogen atoms

were constrained using the LINCS algorithm (Hess et al., 1997).

The systems were firstly energy minimized using the steepest

descent algorithm for a maximum of 10,000 steps. Subsequent

simulations were performed at 310 K temperature. Each system

was equilibrated by running preparatory simulations in which

all non-solvent heavy atoms were positionally restrained, firstly

under a constant particle number, velocity, and temperature

(NVT) ensemble for 100 ps, followed by a constant particle

number, pressure, and temperature (NPT) simulation for

another 100 ps. In the equilibration simulations, the

temperature and pressure were coupled using the Berendsen

thermostat and barostat (Berendsen et al., 1984). After the

equilibration steps, all restraints were removed, and 800 ns

production MD simulations were performed for both

WWRR and WPWRR peptide self-assembly systems. For the

production simulations, the velocity rescale thermostat of Bussi

et al. (2007), with a coupling time constant of 0.1 ps, was used to

maintain the temperature at 310 K, while the pressure was

maintained at 1 bar using isotropic coupling with the

Parrinello-Rahman barostat algorithm (Parrinello and

Rahman, 1981). Molecular structures were visualized using

Visual Molecular Dynamics version 1.9.3 (VMD)

(Humphrey et al., 1996).

Activity predictions using antimicrobial
sequence databases

The probability of antimicrobial activity for the designer

tetrapeptide was evaluated using the prediction models Support

Vector Machines (SVMs), Random Forests (RF), Discriminant

analysis (DA) and Artificial Neural Network classifier (ANN)

from the Collection of Anti-Microbial Peptides (CAMP) online

(Waghu et al., 2016). The higher the score (max = 1), the greater

is the likelihood of the sequence being antimicrobial. Peptides

within the score between 0.5 and 1 are considered antimicrobial

by those prediction tools. Given that only natural amino acids are

considered by the algorithms without any possibility of

modification, the Fmoc group was replaced by the aromatic

phenylalanine (F) and the C-termini were as free carboxylic

acids instead of amidated.

Minimal inhibitory concentration
assays (MIC)

Minimal inhibitory concentration (MIC) assays were

performed following a standard broth dilution procedure

(Wiegand et al., 2008) in which bacteria were grown in

MHB and fungal in SB overnight. The overnight bacterial

suspension was adjusted to 106 CFU/ml in broth according to

MacFarlane standard. Bacterial solutions were mixed in 96-

well plates with the peptide solution to reach final

concentrations of peptides ranging from 1,082 to 2 μM,

including inhibition control (Indolicidin), growth control,

and sterility control. Within each MIC experiment, each

peptide was tested in triplicate across this concentration

range and repeated on 3 independent days. Media and

glassware were sterilized at 120°C for 1 h with an autoclave

prior to all bioassays.

Fluorescence assisted cell sorting (FACS)

FACS assay was performed following the LIVE/DEAD™
BacLight™ Bacterial Viability Kit (L7012) instructions and

stablished procedures (Berney et al., 2007; Robertson et al., 2019),

in which bacteria were grown inMueller Hinton Broth and fungal in

Sabouraud Broth overnight to a late–log phase. Then, 900 μl of the

cell suspension was added to 100 μl of five different concentrations

of peptides solution and incubated overnight at 36°C–37°C. On the

next day, the suspension was centrifuged at 10,000 × g for 10 min

and the supernatant fraction was removed from the samples. The

pellets were resuspended with 1 ml of PBS buffer and incubated at

room temperature for 1 h, mixing every 15 min. The sample was

centrifuged at 10,000 × g for 10 min, the supernatant removed

followed by the resuspension of the pellet in 1 ml of PBS. The

washing steps were repeated twice. To perform the staining of the

cells, equal volumes of SYTO® 9 and propidium iodide were

combined in a microfuge tube and 3 µl of the dye mixture was

added to each microbial suspension. The sample was incubated at

room temperature in the dark for 15 min. The evaluation of cell

viability was performed through the calculation of the red to green

fluorescence ratio to determine the proportion of live cells in a

sample.
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Scanning electron microscopy (SEM) of
microbial cells

Pure peptide samples were prepared according to the

procedure described in paragraph 2.2. Bacterial samples were

prepared by diluting an overnight growth culture of bacteria to

OD600 of 0.3–4 and incubating the resultant bacterial solution

with the appropriate concentration of peptide for 1 h at 36°C,

after which the bacteria were washed four times with PBS by

centrifugation, and the resultant bacterial pellets were fixed in a

solution of 2.5% glutaraldehyde in PBS for 30 min at 25°C.

Control samples were prepared in the same manner but were

not incubated with the peptide. The glutaraldehyde solution was

washed thrice from the bacteria. The samples were then

dehydrated in an incremental manner with 30%–100% EtOH,

with a holding time of 15 min for each step, followed by final

dehydration in 100% dry EtOH (Hartmann et al., 2010; Glossop

et al., 2019). The samples were placed on silicon wafers and

coated with iridium to increase its surface conductivity. SEM was

performed on a FEI Quanta 200 SEM (2002) operating at 30 kV

accelerating voltage.

Attenuated total reflectance fourier
transform infrared spectroscopy
(ATR-FTIR)

Data was recorded at 25°C using a Tensor-II spectrometer

(Bruker, Germany) equipped with a Bio-ATR attachment (Bruker,

Germany) by directly depositing the samples on the ATR crystal as

previous reported by our group (Dharmadana et al., 2019). Spectra

were collected over 32 scans within 4,000–400 cm−1 wavenumber

range at a resolution of 4 cm−1. Associated water signal was subtracted

from the resulting spectra, and secondary derivatives were calculated

using OPUS software (Bruker, Germany).

Polarized light optical microscopy (PLOM)

Polarizing light optical microscopy (PLOM) was performed

with a Zeiss Axioskop microscope (Germany) with crossed

polarizers at a magnification of × 10 and × 20 on samples

conditioned in thin layers between glass coverslip and slide as

previously. Images were recorded using a Nikon digital camera

and the Zen freeware (bruker, Germany)

Negative staining for transmission
electron microscopy imaging (TEM)

Carbon-coated grids (EMSCF200H-CU-TH,

ProSciTech) were glow discharged to render them

hydrophilic. A 1–5 μl aliquot of sample was applied to an

upturned grid held in anti-capillary forceps, over moist filter

paper, and left for 5 min over moistened filter paper to

adsorb. Excess liquid was then removed with filter paper,

the grid was then inverted onto a drop of 2% PTA stain,

pH 6.9 on Parafilm, for 1 min. The grid was removed, the

stain wicked away with filter paper and allowed to dry before

viewing in the microscope. The samples were examined

using Tecnai 12 Transmission Electron Microscope (FEI,

Eindhoven, Netherlands) at an operating voltage of 120 kV.

Images were recorded using a FEI Eagle 4 k × 4 k CCD

camera and AnalySIS v3.2 camera control software

(Olympus).

Cryogenic transmission electron
microscopy (cryo-TEM)

A laboratory-built humidity-controlled vitrification

system was used to prepare the samples for Cryo-TEM.

Humidity was kept at 80% for all experiments, and

ambient temperature was 22°C. 300-mesh copper grids

coated with perforated carbon film (Lacey carbon film:

ProSciTech GSCU300FL-50, Kirwan, Qld, Australia) were

glow discharged using a Pelco EasiGlow Glow Discharge

unit to render the carbon film hydrophilic. 3 μl aliquots of

the sample were pipetted onto each grid prior to plunging.

After 5 s adsorption time the grid was blotted manually

using Whatman 541 filter paper, for 4 s. The grid was

then plunged into liquid ethane cooled by liquid nitrogen.

Frozen grids were stored in liquid nitrogen until required.

The samples were examined using a Gatan 626 cryoholder

(Gatan, Pleasanton, CA, USA) and Tecnai 12 Transmission

Electron Microscope (FEI, Eindhoven, Netherlands) at an

operating voltage of 120 kV. At all times low dose

procedures were followed, using an electron dose of less

than 5 electrons/Å2 for all imaging. Images were recorded

using a FEI Eagle 4 k × 4 k CCD camera at a range of

magnifications using AnalySIS v3.2 camera control

software (Olympus).

Cryogenic scanning electron microscopy
(cryo-SEM)

Carbon-coated Lacy Formvar 300-mesh copper grids

(GSCU300FL-50, ProSciTech, Australia) were glow

discharged to render them hydrophilic. A 1 μl drop of

peptide sample (5% w/w) at day 19 was applied on an

upturned grid held in place by a tweezer. This was then

turned upside down and gently smeared the sample on a

Parafilm ‘M’. The samples were vitrified by plunging them

into liquid ethane, which was pre-cooled in liquid nitrogen.

The vitrified samples were stored within a precooled grid
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holder. The grids were transferred onto the brass grid holder

under liquid nitrogen. The grid holder with samples was

transferred in liquid nitrogen slush under vacuum into the

cryogenic preparation chamber (Gatan ALTO 2500, UK)

using the transfer arm. In the preparation chamber, the

samples were sublimed at −80°C for 60 min and

subsequently coated using platinum at ≤ −140°C for 120 s

using a current of 10 mA. The cryogenically processed

samples were transferred under vacuum onto the liquid

nitrogen cooled stage within the Field Emission Scanning

Electron Microscope (FE-SEM) chamber for imaging. The

samples were imaged using a Zeiss Sigma 300 VP SEM

(Germany) operated in the secondary electron (SE) mode.

An accelerating voltage of 2 kV with a probe current of 80 pA

was used for imaging. The location for imaging was taken in

the region of 200 nm from the edge of the grid beyond the grid

holder.

Synchrotron small-angle and wide-angle
X-ray scattering (SAXS/WAXS)

Samples were prepared within wax-sealed quartz glass

capillaries of 0.01 mm wall thickness and 1.5 mm outer

diameter (Hilgenberg GmbH, Germany). SAXS and WAXS

experiments were performed on the SAXS/WAXS beamline

operated at 11 KeV at the Australian Synchrotron

(Melbourne, Australia). The capillaries were introduced

into a capillary holder accommodating 20 capillaries and

the temperature was controlled at 25°C and at 37°C. The

SAXS/WAXS patterns were recorded for a sample-detector

distance of 1.6 m with an exposure time of 1 s, providing a q

range of 0.01–1.5 Å−1. Scattering patterns were recorded using

1 M Pilatus detector for SAXS and a 200 k Pilatus detector for

WAXS. Each pattern resulted from radial integration and

subtraction of solvent scattering using the in-house

Scatterbrain (Synchrotron). The SaSView (SaSView

application) application and Primus suite (Konarev et al.,

2003) were used to perform the Guinier and form factor

analysis. The hexagonal parameter (a) was calculated from

the position q) of the first diffraction peak using Eq. 1

(Alexandridis et al., 1998).

Q � 4π/ a
�
3

√
( ) (1)

Rheology

Rheology was undertaken on a calibrated rheometer

(Anton Paar MCR 301, Anton Paar Pty. Ltd. Austria)

fitted with a 15 mm cone plate fixture with a cone angle

of 1° (CP15-1, Anton Paar Pty. Ltd. Austria). Shear strain

tests were collected between 0.05% and 100% with a

constant angular frequency of 3 rad·s−1. All measurements

were carried out in triplicate with the mean and standard

deviation shown, calculated and plotted in GraphPad Prism.

Results

Rational design of bi-functional peptide
sequences

To design a simple chemical sequence that minimises the

cost of synthesis, we chose a combination of natural aromatic

and cationic residues to target the microbial lipid membrane,

through respectively: i) hydrophobic insertion within the lipid

bilayer, ii) electrostatic interactions with membrane

phospholipid head groups and other microbial anionic

compounds, such as lipopolysaccharides or teichoic acid

respectively found in Gram-negative and Gram-positive

bacteria cell wall. The high occurrence of two repeats of

tryptophan (W, aromatic) and arginine (R, cationic)

residues in natural AMPs led us to consider double repeats

of each of these amino-acids (Cardoso et al., 2021). A typical

example is the potent natural antimicrobial peptide

indolicidin, isolated from bovine neutrophils and of

sequence ILPWKWPWWPWRR-NH2, which contains seven

residues as tryptophan or arginine over a total of thirteen

amino-acids (Selsted et al., 1992; Subbalakshmi and Sitaram,

1998; Batista Araujo et al., 2022). The antimicrobial activity of

the tryptophan-arginine motif in natural AMPs is generally

rationalised by the arginine guanidinium group that can either

interact with negatively charged microbial membranes via

electrostatic interactions or participate in cation–π
interactions with the indole group of tryptophan. This

duality is believed to favour AMP penetration into the

microbial lipid bilayer (Chan et al., 2006; Saravanan et al.,

2014). In our designer sequences, we hence included W and R

repeats (Figure 1).

Capping the charged peptide termini by neutral and aromatic

groups was included in our sequences to optimize the polarity and

amphiphilic properties of the peptide, as critical physicochemical

features for self-assembly and antimicrobial propensity. In fact,

these modifications enhance the segregation of aromatic groups

(Fmoc, W) from charged-aliphatic groups (R, amide) in the

peptide primary sequence. Common chemical modifications of

peptide termini were chosen, respectively amidation found in

natural sequences, e.g., indolicidin, and the synthetic

fluorenylmethoxycarbonyl (Fmoc) group used as a common

conjugation step in peptide solid phase synthesis. Amidation

was further reported to limit enzymatic proteolysis and enhance

stability (Sforça et al., 2004; Mura et al., 2016). The insertion of the

highly aromatic Fmoc at the N-terminal was expected to also

favour peptide self-assembly through π-stacking, as previously
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reported for single to tetrapeptide Fmoc-containing sequences

(Smith et al., 2008; Orbach et al., 2009), including antimicrobial

sequences based on the Fmoc-FF motif or bearing unnatural

amino-acids (McCloskey et al., 2017; Schnaider et al., 2017;

Misra et al., 2021; Prakash et al., 2022).

In accordance with reported AMPmotifs, the resulting designer

tetrapeptide Fmoc-WWRR-NH2 (Figure 1A) exhibits a net charge

of +2 for a wide range of pH, a rich content in aromatic and cationic

residues as well as a highly polar and amphiphilic sequence. To test

the influence of backbone conformation in our approach, we

designed a second peptide, P-Priscilicidin (Figure 1B) that

includes a proline turn to disrupt backbone linearity and

potentially peptide self-assembly. The amino-acid sequence of

P-Priscilicidin corresponds to the C-terminal sequence of

indolicidin, a natural potent antimicrobial peptide biosynthesised

by bovine neutrophils (Selsted et al., 1992; Subbalakshmi and

Sitaram, 1998; Batista Araujo et al., 2022).

Predicted versus experimental
antimicrobial activity

The designer Fmoc-peptides were submitted to online

antimicrobial prediction algorithms embedded within the

CAMP database of antimicrobial peptides. A phenylalanine

was used in lieu of Fmoc as these tools only consider natural

amino-acids (Waghu et al., 2016). All prediction algorithms

returned a good probability of antimicrobial activity for both

peptides when compared to the indolicidin control; except for the

RF algorithm that returned a less probable activity (Table 1).

Given the approximation in sequences and the high dependence

on the algorithm data source, this difference cannot be easily

explained.

The antimicrobial activities of the Priscilicidin,

P-Priscilicidin were experimentally tested on bacterial and

fungal strains using Minimum Inhibitory Concentration

FIGURE 1
Molecular structure of the rationally designed peptides (A) Priscilicidin and (B) P-Priscilicidin. Left panel: developed amino-acid sequences.
Right panels: ab-initio monomers for molecular dynamics simulations.
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(MIC) assays and verified by Fluorescence Assisted Cell

Sorting (FACS) assays for the most critical strains,

including the resistant ones (Table 2; Supplementary

Table S1). Indolicidin was used as a control. The FACS

results are here given as the minimum concentration

showing over 90% dead microbes, while the full results

are provided in Supplementary Table S1; Supplementary

Figures S2–S16.

Priscilicidin exhibited antimicrobial activity in the low

micromolar range (under 50 μM) against Gram-positive bacteria

(E. faecium, S. aureus, methicillin-resistant-S. aureus, S.

pneumoniae) and fungal strains (C. albicans and fluconazole-

resistant C. auris), with similar inhibitory concentrations to the

indolicidin control. However, the Priscilicidin peptide was found

less active against representative Gram-negative bacteria (E. coli, P.

aeruginosa) with MICs and FACS results in the high micromolar

range. Similar values were obtained for P-Priscilicidin but for E.

faecium and resistant strains.

For one representative strain of each microbial type,

activity assays were complemented with direct observations

of the peptide impact on microbial cells using scanning

electron microscopy. A range of peptide concentrations was

tested, including the inhibitory concentration found by MIC

and FACS assays for each strain (Figure 2; Supplementary

Table S1; Supplementary Figures S17–S25). For peptide

concentrations above the inhibitory concentrations

obtained by MIC and FACS assays, electron micrographs

revealed the cells of E. coli (Gram-negative bacteria), S.

aureus (Gram-positive bacteria) and fluconazole-resistant

C. auris (fungi) to exhibit i) higher propensity to

agglomerate and ii) damaged or perforated cell membranes,

as evidenced by the numerous observed defects at the cell

surfaces compared to control samples. These observations

hence reveal the peptides to impact the structure of the

microbial cell membranes.

Altogether, activity assays (MIC, FACS) and electron

microscopy of treated microbes reveal that the rationally

designed peptides Priscilicidin and P-Priscilicidin display a

similar antimicrobial activity to the potent indolicidin peptide

for representative Gram-positive bacteria and fungi, besides

TABLE 1 Antimicrobial activity predictions from different algorithms in the CAMP database.

Peptide sequence in database SVM RF ANN DA

Indolicidin-like ILPWKWPWWPWRR (free N, C-termini) 0.999 0.991 AMP 0.997

Priscilicidin (Pris) -like (F)-WWRR (free N, C-termini) 1.000 0.568 AMP 0.997

P-Priscilicidin (P-Pris) -like (F)-WPWRR (free N, C-termini) 1.000 0.572 AMP 0.972

Green data indicate prediction for antimicrobial activity. Red data indicate prediction for non-antimicrobial activity.

TABLE 2 Experimental antimicrobial activities of indolicidin (control), Priscilicidin (Fmoc-WWRR-NH2) and P-Priscilicidin (Fmoc-WPWRR-NH2) from minimum
inhibitory concentration assays (MIC) and verified by fluorescence-assisted cell sorting assays (FACS) for the most critical strains (results given for >90% dead
cells).

Gram-negative
bacteria

Gram-positive bacteria Fungi

Peptide sequence Assay E. coli P.
aeruginosa

E.
faecalis

E.
faecium

S. aureus/
Methicillin
resistant

S.
pneumoniae

C.
albicans

C. auris
Fluconazole
resistant

Indolicidin (control)
ILPWKWPWWPWRR-
NH2

MIC
FACS

16 μM
10 μM

33 μM 33 μM 33 μM 16/
33 μM >42 μM I

16 μM 4 μM 16 μM 21 μM

Indolicidin C-terminus
WPWRR-NH2

MIC 313 μM 313 μM N/A N/A N/A N/A 78 μM 313 μM

Di-Tryptophan
(control) WW

MIC N/A N/A N/A N/A N/A N/A N/A N/A

Priscilicidin (Pris)
Fmoc-WWRR-NH2

MIC
FACS

68 μM
54 μM

68 μM 68 μM 34 μM 17/34 μM
27 I (R)

17 μM 8 μM 17 μM 24 μM

P-Priscilicidin (P-Pris)
Fmoc-WPWRR-NH2

MIC
FACS

122 μM
196 μM

61 μM 61 μM 61 μM 31/61 μM
196 μM R)

31 μM 15 μM 31 μM 54 μM

Bold values indicate potent antimicrobial activity when compared to the indolicidin control. Italic data indicate low antimicrobial activity when compared to indolicidin control. N/A stands

for non-applicable and corresponds to values >1,000 μM.
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significantly shorter sequences. Interestingly, the addition of

the Fmoc-moiety at the C-terminus significantly enhanced

antimicrobial activity, as shown by the lower activity of the

indolicidin C-terminus sequence when compared to

P-Priscilicidin (Table 2). The linearity of the Priscilicidin

backbone further provides increased activity (Table 2;

Figure 2). To summarise, the antimicrobial activity of the

short sequences can be ranked as: WPWRR-NH2 (indolicidin

C-terminus) < Fmoc-WPWRR-NH2 (P-Pris) < Fmoc-

WWRR-NH2 (Pris).

Molecular dynamics support sequence-
controlled peptide self-assembly

Molecular dynamics simulations were performed on the

designer peptides to verify the self-assembly principles

hypothesized in our rational sequence design (Figures 3, 4).

Molecular dynamics simulations up to 397 ns predicted

the self-assembly of Priscilicidin into extended chains,

stabilised by continuous intermolecular pi-stacking of the

aromatic and hydrophobic Fmoc groups in the central core

of the structure (Figures 3A, 4A). The Pris extended oligomers

displayed a Tryptophan and Arginine coat protecting the

Fmoc hydrophobic core structure. Further simulation to

800 ns further stabilised the elongated Fmoc stacks and

displayed limited lateral growth of the oligomers,

supporting elongation into nanofibrils.

For P-Priscilicidin, molecular dynamics predicted the

proline turn to disrupt the formation of continuous Fmoc

stacks, leading to partial clumping of oligomers with

discontinuous intermolecular Fmoc pi-stacking (Figures 3B,

4B). The resulting oligomeric structure displayed Fmoc

groups that are partially exposed to the solvent and not

exclusively located within a hydrophobic core as for

Priscilicidin. These simulations support the formation of

FIGURE 2
Representative scanning electron micrographs (SEM) of untreated (control, A–C) and treated bacterial/fungal cells with Priscilicidin (D–F) and
P-Priscilicidin (G–I). Priscilicidin was added at 2.4 times MIC (D–F) and the peptide P-Priscilicidin at 1.2 times MIC (G–I) (other concentrations are
shown in Supplementary Figures S17–S25).
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P-Pris globular oligomeric species with unfavored elongation

into nanofibrils or nanostructures.

Molecular spectroscopy insights into
arginine side-chain solvent exposure

The peptide conformation in solution was experimentally

characterized by attenuated total reflectance Fourier-

transform infrared spectroscopy (ATR-FTIR), as a function

of peptide acetate concentration in water and time after

sample mixing at room temperature (Table 3;

Supplementary Figure S26). For ATR-FTIR, analysis was

focused on the amide I and Arginine range of vibrations

(Venyaminov and Kalnin, 1990; Surewicz et al., 1993). The

main difference between IR spectra was observed on the

arginine side-chain vibrations, being recorded as either i)

two vibrations with a smaller split between wavenumber

values (around 1,680 + 1,630 cm−1), similarly to reported

vibrations for single amino-acid arginine side-chain in

solution (around 1,670 + 1,630 cm−1); which were assigned

to solvent-exposed arginine side-chain in peptide monomer or

globular oligomer, as indicated by molecular dynamics; or ii)

two vibrations with a larger split between wavenumber values,

similarly to arginine side-chain buried within protein

hydrophobic pockets; which were interpreted as arginine

side-chain buried within the core of peptide Fmoc-stacked

assemblies, as indicated by molecular dynamics (Table 3;

Supplementary Figure S26) (Venyaminov and Kalnin, 1990;

Surewicz et al., 1993).

For Priscilicidin, the IR data support the formation of

peptide self-assemblies with Arginine side-chains embedded

within a hydrophobic core–i.e., Fmoc-stacks according to

molecular dynamics–(MD)—with concentration and time

increase. This is consistent with a cooperative intrinsic self-

assembly process based on Fmoc-stacking as indicated by

molecular dynamics. However, IR data indicate that

P-Priscilicidin data does not undergo such a process but

remains in a state with solvent-exposed Arginine

sidechains, consistently with molecular dynamics.

Experimental evidence of molecular self-
assembly into oligomers, nanoribbons and
nanofibrils

Transmission electron microscopy imaging of the peptide

samples in water was performed for [1–10] % wt peptide acetate

from a few hours to 1 month of incubation at 4°C–5°C, using the

negative staining technique (TEM) and cryogenic sample

FIGURE 3
Priscilicidin (A) and P-Priscilicidin (B) molecular dynamics simulations.
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preparation (cryoTEM, cryoSEM) (Figures 5, 6, Supplementary

Figure S27).

For short incubation times of a few hours, three different

Priscilicidin oligomeric structures were imaged by transmission

electron microscopy as a function of peptide concentration

(Figure 5; Supplementary Figure S26): i) extended oligomers, as

predicted by molecular dynamics (background in Figures 5A, B),

ii) nanoribbons and iii) nanofibrils, consistently with bidirectional

assembly of the extended oligomers (negative staining in Figures 5C,

D, cryo-TEM in Supplementary Figure S27). The critical

concentration of self-assembly is below 1%wt, while for the

highest concentrations (5%, 10%wt), the nanofibrils were observed

to associate into nanofibers and large bundles by tight close contacts

(Figures 5C, D, 6A,6B). These observations support the nanosheets to

be transient species towards the formation of nanofibrils and

nanofibers. We hence propose Priscilicidin self-assembly to

proceed from extended oligomers to nanosheets, which fold into

nanofibrils within a few hours. These nanofibrils then align into large

clusters that can tighten into nanofibers.

Synchrotron small angle X-ray scattering was recorded at room

temperature (25°C) and at 37°C for [1–10] % wt Priscilicidin and

P-Priscilicidin (as acetate salts) in water, for incubation times of a few

days to 1 month, as kept at 5°C in between experiments (Figures 5E,F;

Supplementary Figures S28–S29; Table 4).

Consistently with the molecular dynamics, molecular

spectroscopy and TEM, SAXS showed Priscilicidin to undergo

self-assembly into extended oligomers, nanoribbons, nanofibrils

and hexagonally-aligned nanofibrils into nanofibers, with

concentration and time increase.

For P-Priscilicidin (Figure 7A; Supplementary Figure S30–S31),

the only nanostructures that could be imaged were nanoribbons for

the highest concentration tested (10% wt in water) after 1 month

incubation, in coexistence with globular oligomers. Consistently,

SAXS patterns did not show any form or structure factor, but a

correlation peak and a SAXS slope supporting the formation of

oligomers and nanoribbons for 10%wt peptide acetate in water after

1 month (Figure 7B).

Sequence-controlled hydrogelation into
nanostructured mesophases

Priscilicidin hydrogel characterisation was performed

using electron microscopy, polarised light optical

FIGURE 4
Final Molecular Dynamics simulation snapshots of Priscilicidin (A) and P-Priscilicidin (B), with conceptual cartoon representations of extended
fibrils (red ribbons) drawn for illustration only. Fmoc groups form partially ordered ring stacks in Priscilicidin, sequestered from solvent by Trp and Arg
(A), which in contrast are disordered and solvent-exposed in P-Priscilicidin (B).
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microscopy, and oscillatory rheology (Figure 6; Supplementary

Figure S32). For incubation times of a few days, Priscilicidin

was observed to spontaneously form homogeneous hydrogel,

from around 5% w/w of peptide acetate in pure water. The

peptide could be easily solubilised in pure water at

concentrations of at least 10% w/w (higher concentrations

not explored). The sample then developed over time

viscoelastic and self-healing gel behaviour when

manipulated (Figure 6C). After 1 month of incubation,

transmission electron microscopy (TEM, Figure 6A) on

dried 10% Priscilicidin samples confirmed the formation of

a few microns long, semi-flexible nanofibers resulting from

nanofibrils in close contact. The formation of nanofibril

bundles is consistent with the hexagonal networks revealed

by SAXS, while the nanostructure semi-flexibility supports

liquid crystalline properties. The mesophasic state of

Priscilicidin hydrogels was further supported by the

observation of birefringence and nematic optical textures

under polarised light microscopy (Figure 6C). Cryogenic

scanning electron microscopy (cryoSEM, Figure 6B)

revealed reticulation of the whole hydrogel volume by

nanofibrillar structures, hence confirming the hydrogel

homogeneity.

The rheological behaviour of Priscilicidin (Figures 6D, 7C)

and P-Priscilicidin (Figure 7C) was characterised through

measuring the storage (G′) and loss (G″) moduli as a

function of peptide concentration and time. The peptides

generally had a non-linear behaviour with time, assigned to

unfinished self-assembly process from monomers to

oligomers to nanoribbons (both peptides), to nanofibrils or

mature nanofibers (Priscilicidin) as evidenced above by

electron microscopy and SAXS. The Priscilicidin samples

rapidly assemble and continue to form a soft gel network

from day 0 to day 5. When comparing the rheological data

from day 5 to day 30, there is no looking at the significant

increase in gel formation after day 5 except for the 1% wt

TABLE 3 ATR-FTIR shifting vibrations in the amide I region (1,700–1,600 cm−1), assigned as solvent-exposed arginine side-chain within peptide monomer/
small oligomer (blue) or arginine side-chain buried within peptide self-assembly Fmoc-stacked core (orange).

Single amino-acid arg
vibrations (cm−1)

Protein arg
vibrations (cm−1)

References 1,672–1,673 +
1,633–1,636

1,688–1,695 +
1,576–1,577

Peptide
sequences

Conc
(% wt)

Time after
mixing

Solvent-exposed Arg Buried Arg within
hydrophobic pocket

Interpretation for peptide
assembly according to MD

Priscilicidin (Pris)
Fmoc-WWRR-NH2

1 0 1,680 + 1,634 monomer/globular oligomer

3 days 1,680 + 1,630

5 days 1,684 + 1,632

30 days 1,680 + 1,635

5 0 1,680 + 1,629 monomer/globular oligomer

3 days 1,694 + 1,634 Fmoc-stacked assembly

5 days 1,695 + 1,634

30 days 1,695 + 1,634

10 0 1,679 + 1,629 monomer/globular oligomer

3 days 1,694 + 1,634 Fmoc-stacked assembly

5 days 1,695 + 1,634

30 days 1,695 + 1,634

P-Priscilicidin (P-Pris)
Fmoc-WPWRR-NH2

1 0 1,670 + 1,629 monomer/globular oligomer

30 days 1,680 + 1,634

5 0 1,679 + 1,629

30 days 1,679 + 1,630

10 0 1,678 + 1,629

30 days 1,679 + 1,630
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FIGURE 5
Representative transmission electron micrographs and SAXS patterns of the self-assembled species formed in water by Priscilicidin (Fmoc-
WWRR-NH2) over the concentration-time space. (A) Nanoribbon and oligomers for 1% wt Pris ac, 1 week. Scale bar 200 nm; (B) Nanofibrils and
extended oligomers for 5% wt Pris ac < 12 h. Scale bar 200 nm; (C) Single and aligned nanofibrils (into nanofibers) for 5% Pris ac, 1 week. Scale bar
200 nm; (D) Single and aligned nanofibrils (into nanofibers) for 5% Pris ac, 7 days. Scale bar 500 nm. (E) SAXS patterns recorded at 25°C for 1%
Pris ac, 30 days interpreted as a coexistence of oligomers, nanoribbons and nanofibrils (Table 4); (F) SAXS patterns recorded at 25°C for 10% Pris ac as
a function of time interpreted as maturing hexagonal networks of nanofibrils (Table 4).
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TABLE 4 Small angle X-ray scattering fits and assignments for Priscilicidin as a function of peptide acetate concentration in water, temperature, and
incubation time.

[Pris ac]% wt
in water

Incubation time
at 5°C

Structure
factor

SAXS slope
q−x x)

Lattice parameter
(ahex) nm

Interpretation on peptide assemblies
(Dharmadana et al., 2020)

1 3 days None 1.57 (25°C)|
1.77 (37°C)

N/A Coexistence of q−1: rod-like oligomers/nanofibrils
and q−2: flat 2D-structures/nanoribbons

10 days 1.44 (25°C)|
1.51 (37°C)

30 days 1.56 (25°C)|
1.69 (37°C)

5 3 days Hexagonal
network

N/A 15 (25°C)|14 (37°C) Maturing hexagonal networks of laterally aligned
nanofibrils (nanofibers)

10 days 15 (25°C)|14 (37°C)

30 days 15 (25°C)|15 (37°C)

10 3 days Hexagonal
network

N/A 13 (25°C)|13 (37°C) Maturing hexagonal networks of laterally aligned
nanofibrils (nanofibers)

10 days 14 (25°C)|13 (37°C)

30 days 14 (25°C)|13 (37°C)

FIGURE 6
Priscilicidin nanostructured samples: mesophasic and viscoelastic properties. (A) 10% at t = 5 days. Scale bar 200 nm; (B) 5% at t = 5 days. Scale
bar 2 μm; (C) 10% w/w hydrogel (3 days old), dried on slide showing nematic optical textures. Scale bar 20 μm; (D)G’ and G” values at 30% strain over
Priscilicidin concentration and time space.
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Priscilicidin sample (Figure 6D; Supplementary Figure S29).

On the contrary, P-Priscilicidin forms very weak and unstable

gels under shear strain (Figure 7C; Supplementary

Figure S29).

In summary, Priscilicidin forms viscoelastic nanostructured

mesophases, while P-Priscilicidin forms colloidal solutions of low

viscosity.

Discussion and conclusion

Molecular dynamics simulations predicted Priscilicidin to

assemble in water into small oligomers and nanofibrils, through

a balance of aromatic stacking, amphiphilicity and electrostatic

repulsion. The resulting extended oligomer consists of solvent

protected Fmoc at the core, protected by an exposed hydrophilic

layer of Arg and Trp. It is noteworthy that a similar

supramolecular assembly of ordered, elongated Fmoc stacking

was previously observed in simulations of a prototypical

dipeptide, Fmoc-AA (Mu et al., 2012; Guo et al., 2015).

‘Worm-like’ extended nanostructures have also been observed

to form in water for Fmoc-FF and Fmoc-FFD (Li et al., 2018).

The appearance of a broadly similar superstructure in Priscilicidin

(Fmoc-WWRR-NH2), with an amino acid sequence distinct from

these previously studied peptides, highlights the vital contribution

of the Fmoc-Fmoc interaction in peptide self-assembly. On the

other hand, we have demonstrated that introduction of a single

proline, in the form of P-Priscilicidin, is sufficient to alter the

structures of Pris monomers, ultimately translating into formation

of a far less ordered, roughly globular oligomeric complex. This

FIGURE 7
Peptide species (A,B) and rheological behaviour (C) of 10% wt P-Priscilicidin pure water solutions aged for 30 days at 5°C compared to (C) the
rheological behaviour andmacroscopic appearance of 10% wt Priscilicidin hydrogels aged under the same conditions. Image (A): scale bar 200 nm.
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result highlights the importance of structurally disruptive residues

on reducing the fibrillogenic potential of peptides which otherwise

strongly favour elongation.

Fmoc-FF–a reference ultrashort self-assembling Fmoc-

peptide–is a poorly water-soluble substance. Complete

solubilisation for homogeneous lyotropic self-assembly of Fmoc-

FF in water can only be achieved by i) dissolution in dimethyl

sulfoxide (DMSO) followed by a dilution step inwater and change of

pH, or ii) by heating the peptide initial aqueous solution up to 90°C

for peptide solubilisation before a cooling step (Smith et al., 2008;

Tang et al., 2009). Depending on conditions, Fmoc-FF displays

polymorphismbetween a hydrogel state and precipitates (Tang et al.,

2009). Comparatively, the Fmoc peptides reported here display a

largely improved water solubility and sample physicochemical

stability. From a pharmaceutical sciences point of view, these

new peptides offer the advantage of a simple hydrogel

preparation protocol, under standard soft mixing conditions,

with no observed polymorphism nor precipitation, for at least

1 month after preparation.

We here provide a proof of concept for bi-functionalmolecular

design on Fmoc-peptides containing 4 and 5 amino-acids. Using

minimalistic molecular engineering principles, we designed

peptides that form antimicrobial hydrogels of different

viscoelastic properties. Given the broad applications of peptide

nanostructured hydrogels as, for instance, pharmaceutical or

cosmetic biomaterials, our results augur well for fast, adaptive,

and cost-efficient antimicrobial peptide designwith programmable

physicochemical properties.
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The fragment approach has emerged as a method of choice for drug design, as it
allows difficult therapeutic targets to be addressed. Success lies in the choice of the
screened chemical library and the biophysical screening method, and also in the
quality of the selected fragment and structural information used to develop a drug-
like ligand. It has recently been proposed that promiscuous compounds, i.e., those
that bind to several proteins, present an advantage for the fragment approach
because they are likely to give frequent hits in screening. In this study, we
searched the Protein Data Bank for fragments with multiple binding modes and
targeting different sites. We identified 203 fragments represented by 90 scaffolds,
some ofwhich are not or hardly present in commercial fragment libraries. By contrast
to other available fragment libraries, the studied set is enriched in fragments with a
marked three-dimensional character (download at 10.5281/zenodo.7554649).

KEYWORDS

scaffold, binding mode, site comparison, interaction graph, similarity, FBDD, PDB

1 Introduction

Over the past 25 years, the fragment-based approach has demonstrated its value to drug
discovery by producing fifty-eight successful fragment-to-lead developments, including six
approved drugs (Erlanson, 2021; de Esch et al., 2022). A fragment-based drug discovery
(FBDD) project begins with the discovery of a molecule characterized by low molecular weight,
low chemical structure complexity, and low binding affinity for the assayed protein target
(Keserü et al., 2016; Li, 2020). It generally relies on biophysical methods, which are sensitive,
and three-dimensional binding mode information, which facilitates the elaboration of the
fragment hit into a drug-like lead. Compared to high-throughput screening campaigns,
fragment screening has the advantage of a reduced scale for screening while efficiently
exploring chemical space, the possible combinations between fragments giving access to
multiple complex compounds (Shi and von Itzstein, 2019).

The fragment quality is critical to the success of drug design. Fragment must be stable in
buffers and biological media, have high solubility in water, and have a well-defined synthetic
pathway to allow for follow-up discovery to develop a drug candidate. Accordingly, fragment
libraries present a preferred range of physico-chemical descriptors, e.g., following the rule of
three (molecular weight ≤300; number of hydrogen bond donors ≤3; number of hydrogen bond
acceptors ≤3; logP ≤3; number of rotatable bonds ≤3), and have generally been filtered to
exclude unwanted compounds, e.g., reactive or poorly soluble compounds (Congreve et al.,
2003). Recommended cut-off values for molecular weight have fluctuated in response to
questions about ideal size and complexity.

In 2021, approximately half a million fragments were marketed in 81 libraries by
14 chemical suppliers (Revillo Imbernon et al., 2022). Collections vary both in size and
content. Large catalogs, which contain up to 172,000 fragments, allow the assembly of
custom libraries based on specific criteria. Numerous medium to small size libraries
(80–8,968 fragments) are adapted to particular purposes, e.g., collections of fluorinated
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fragments are suitable for screening by NMR (Troelsen and
Clausen, 2020; Shinya et al., 2022). Several commercial libraries
focus on diversity, aiming for good fragment space coverage and
the ability to deliver hits to most targets. Academic initiatives have
also proposed libraries of fragments built by maximizing structural
or shape diversity, such as libraries developed based on diversity-
oriented synthetic (DOS) strategy (Kidd et al., 2018). The diverse
fragment libraries can serve different purposes, ranging from being
a tool to study ligand-protein interactions or to facilitate
bioisosteric replacement (Heidrich et al., 2019; Ferri et al., 2020)
to the screening collection applicable to a wide variety of target
proteins, such as the Diamond iNext Poised library of the
Structural Genomics Consortium (DSiP) and the F2X chemical
library, which both have been designed taking into account the
diversity of chemical structures (Cox et al., 2016; Wollenhaupt
et al., 2020). The diversity of chemical structures, however, does not
presage the ability to provide hits for different proteins, as
structurally dissimilar fragments may exhibit the same biological
activity. XChem’s analysis of DSiP screening campaigns thus
demonstrated that structurally dissimilar fragments can form
the same interactions, consistent with the pharmacophore
concept (Carbery et al., 2022). The investigation of 309 protein-
fragment structures obtained for 10 unrelated targets and
225 fragments led the authors to propose a strategy for selecting
functionally diverse fragments based on the interactions formed
with multiple proteins, as encoded in interaction fingerprints.
Applied to DSiP hits, it yielded an ensemble of hundred
functionally diverse fragments. The pharmacophore concept is
also the basis for the development of the SpotXplorer library,
which is composed of 96 fragments selected from commercial
collections in order to maximize pharmacophore diversity while
covering as much as possible of the 425 2-point and 3-point
binding pharmacophores present in the Protein Data Bank
(PDB) hotspots (Bajusz et al., 2021). SpotXplorer library has
delivered hits for both well-studied proteins (G-protein coupled
receptors and kinases) and novel targets (e.g., histone methyl
transferase).

In this study, we further mine the PDB for relevant fragments,
looking for small molecules able to adapt their binding mode to the
protein context. We thus systematically compared the binding modes
as well as the binding sites of a fragment if present in more than one
PDB entry. We identified 203 fragments exhibiting two or more
binding modes and binding to two or more different protein sites.
This set of versatile PDB fragments overlaps with commercial libraries,
contains approved drugs and approved drugs substructures, and
reveals scaffolds that are still little exploited.

2 Material and methods

2.1 Collection of versatile PDB fragments

Fragment is here defined as a small molecular compound (molecular
weight below 300 Da, non-hydrogen atoms count ranging from 2 to 18)
that is not a monosaccharide, an organometallic compound, a prosthetic
group, a crystallization additive (solvent, detergent, buffer, polyalcohol,
etc.) (Desaphy et al., 2015; Drwal et al., 2018), a simple polyatomic ion
(phosphate, sulfate or carboxylic acid), a small polyhalogenated
compound, or a linear aliphatic compound.

Three-dimensional structures of protein in complex with a
fragment were selected in the PDB if the deposition date is after
1 January 2000 and the resolution is below 3 Å. Their mmCIF
files were downloaded from the RCSB website (Berman et al., 2000;
RCSB, 2022). The preparation and standardization of the data
followed the previously published protocol for the creation and
maintenance of the sc-PDB, which provides, in an all-atom and
annotated description, the druggable sites of the PDB and
their ligands (Kellenberger et al., 2006; Desaphy et al., 2015).
Briefly, the entries were filtered on the basis of molecular
completeness and hydrogen atoms were added using protoss
(v4.0, ZBH, University of Hamburg, Germany) (Bietz et al.,
2014). For each PDB entry, the fragments, and their protein
target (here including only amino acid residues) were saved in
separate MOL2 files.

The frequency of each fragment in the data sample was evaluated
by considering the occurrence of its HET code. Only fragments
present in more than one PDB file were further considered.

The binding mode of a fragment to a protein site was described
as an interaction graph. Hydrogen bond, ionic bond, aromatic
stacking, and hydrophobic contacts were detected based on
geometric rules using IChem (v5.2.8, University of Strasbourg,
France) (Desaphy et al., 2013; Da Silva et al., 2018). For each
interaction, a pseudo-atom is placed on the ligand interacting atom
and labeled according to the nature of the interaction. In the case of
hydrogen bond, a second pseudo-atom is defined halfway to the
protein interacting atom to account for the directionality of the
bond. The pseudo-atoms constitute the nodes of the interaction
graph. Edges are defined between all pairs of nodes and labeled with
the corresponding Euclidian distance. All graphs generated for the
same fragment were compared to each other using a Subgraph
Matching Kernel (max nodes = 3). Edge similarity was obtained via
a normalized distance function (max distance = 1) (Siglidis et al.,
2020). The kernel yields a similarity score value ranging between
0 and 1. The number of binding modes of a fragment was inferred
from density-based clustering using Sklearn (eps = 0.23, N = 2)
(Pedregosa et al., 2011). A correction of this number was applied
based on shape similarity using ROCS (v3.4.1, OpenEye, Cadence
Design Systems, Inc.). Two clusters were merged if the graphs of
one cluster are subgraphs of the other cluster (TverskyCombo
score ≥2). Only fragments showing two or more binding modes
were further considered.

The binding cavity of a fragment was described as a cloud of points
colored with pharmacophoric properties using Volsite tool in IChem
and considering a maximal distance of 4 Å between the points and the
non-hydrogen atoms of the fragment (Desaphy et al., 2012; Da Silva
et al., 2018). All clouds of points generated for the same fragment were
compared to each other using ProCare (Eguida and Rognan, 2020).
Procare benchmarking, conducted by its authors, indicated that the
comparison of dissimilar cavities yields a score below 0.47.
Comparisons were made twice (cavity 1 vs. cavity 2 and cavity
2 vs. cavity 1), and the best score was retained. The number of
cavities of a fragment was inferred from density-based clustering
using Sklearn (eps = 0.47, N = 2) (Pedregosa et al., 2011). Only
fragments showing two or more binding cavities were further
considered.

Pan-assay interference compounds (PAINS) (Baell and Holloway,
2010) were identified based on 652 rules using Filter (v.2.5.1.4;
Openeye Scientific Software, Santa Fe) and removed from the dataset.
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2.2 Analysis of versatile PDB fragments

Molecular descriptors were computed for the PDB fragments
using Pipeline Pilot (v.22.1.0.2935, BIOVIA, Dassault Systèmes,
Pipeline Pilot): molecular weight, AlogP, molecular polar surface
area, number of hydrogen bond acceptors and donors, aqueous
solubility, number of positively and negatively charged atoms,
number of rotatable bonds, number of rings, number of
stereocenters, number of heavy atoms and solvent accessible
surface area. The Plane of Best Fit (PBF) was calculated using
Openeye libraries (v2019.10.2, OpenEye, Cadence Design Systems,
Inc.) from a low energy conformer generated by corina (v3.40,
Molecular Networks GmbH, Nürnberg, Germany).

The modeling confidence of the binding sites and fragments was
assessed by the Real Space Correlation Coefficient (RSCC). The
validation XML files of each PDB entry was downloaded from the
PDB website (RCSB, 2022), and the mean RSCC of the residues in the
fragment binding site was calculated. The coefficient of the fragment
was directly extracted from the validation XML file. Model’s quality
was assigned based on Twilight classification: RSCC >0.9 for a model
that fits the density, 0.9 ≥ RSCC ≥0.8 for a model that partially fits the
electronic density and RSCC <0.8 for a model with significant parts are
missing from the density (Weichenberger et al., 2013; Deller and
Rupp, 2015).

The sequence conservation between the proteins binding the same
fragment was evaluated by local alignment using the EMBOSS water
package (v.6.6.0.0, EMBL-EBI, Cambridgeshire, United Kingdom).
EBLOSUM62 was used as score matrix. Penalties for gap opening and
gap extension were set to 10 and 0.5, respectively. For each PDB
complex of a fragment, the protein chain containing more than half of
the amino-acids forming the fragment binding site was saved in
FASTA format. Proteins were clustered based on sequence identity
through density-based clustering using Sklearn (eps = 0.10 or eps =
0.75, N = 2) (Pedregosa et al., 2011). Only alignments which contains
at least hundred amino-acids were considered.

The structural conservation between the proteins binding the
same fragment was evaluated by local 3D-alignment using CE with
default settings (v1.02.2, San Diego Supercomputer Center,
United States). The root mean square deviation (RMSD) between
backbone atom coordinates was computed between identical and
homologous proteins only. The RMSD analysis focused on the
maximal values obtained from the all-against-all comparison of
proteins binding the same fragment.

The conservation of the conformation of the same ligand in all its
bound forms was evaluated by rigid body fit using PyMOL (v2.3.5,
Schrodinger, LLC).

Structural similarity to XChem’s functionally diverse fragments
and SpotXplorer library was evaluated using ECFP4 molecular
fingerprints and Tanimoto’s coefficient (Tc) using Pipeline Pilot.
The maximal similarity was reported for each versatile PDB
fragment for the two compared sets.

Chemical scaffolds in the versatile PDB fragments were identified
following the Bemis and Murcko approach (Bemis and Murcko, 1996)
implemented in ADMET predictor (ADMET Predictor, Simulations
Plus, Inc., Lancaster, California, United States). Fragments were
standardized, neutralized, then classified using the option
“Frameworks”.

How the versatile PDB fragments populate the chemical space
defined by the commercial fragments libraries was investigated by

projecting the versatile PDB fragments in the published GTM map
(Revillo Imbernon et al., 2022). Fragments were standardized using
Standardizer (v16.10.17.0; ChemAxon Ltd.) and transformed into
IIAB (2–4)_cycle ISIDA descriptors using ISIDA/Fragmentor
(v.2019, Faculté de Chimie, Université de Strasbourg, France). The
map was explored using GTM tools (Kireeva et al., 2012).

The versatile PDB fragments were searched in the drug-like
collection of on-the-shelf commercially available compounds
(Perebyinis and Rognan, 2022) and in Drugbank (Wishart et al.,
2018). Compound standardization and substructure search were
performed using RDKit (RDKit: Open-source cheminformatics,
https://www.rdkit.org, https://doi.org/10.5281/zenodo.7415128). The
molecules were neutralized, and their canonical tautomeric state was
determined. The substructure search was performed using the
fragment as the substructure query, and the commercial library or
DrugBank compounds as the target. The chirality of both the query
and the target were considered during the search. The contribution of
each fragment to its corresponding superstructure was determined as
the fraction of bonds in the query, over the number of bonds in the
target. The result of the search was considered an exact match if the
ratio between the number of bonds in the query and the target was
equal to 1, otherwise it was considered as a substructure.

Datasets are available on Zenodo (doi: 10.5281/zenodo.
7554649). The repository contains the MOL2 files of the
crystallographic structures of the PDB versatile fragments, their
binding proteins, their binding cavity, and interaction
pseudoatoms. The repository also contains five CSV files: One
including the versatile PDB fragments, their SMILES string, their
number of binding modes and their number of binding cavities;
another one containing the HET code and SMILES of the
521 fragments maintained after the PDB and ligand type
filtering; the third CSV file groups the starting PDB information
downloaded from the website (RCSB, 2022); another one
containing the RSCC scores of fragments and binding sites; the
last one summarizes the results of the search for the versatile PDB
fragments in Drugbank and commercial drug-like libraries.

3 Results

The versatile fragments were selected from the PDB following a
protocol comprising five filtering steps: 1) Unwanted molecules that
do not meet the definition of a fragment, 2) molecules present in a
single entry, 3) molecules that show only a single binding mode, 4)
molecules that are described only in binding sites that are similar, and
5) PAINS compounds which are likely to interfere with bioassays
(Figure 1). At the end of step 2, a total of 521 fragments were retained.
For each of them, binding modes were grouped following a density-
based clustering using pairwise comparisons by subgraph matching.
The distance threshold for clustering was defined on the inflection
point in a polynomial projection of the distribution of the comparison
data of all the 521 fragments. The visual examination of the clusters
revealed cases of separation of binding modes when one is included in
the other. Therefore, we applied a correction aiming to group them
together. A total of 427 fragments showed two or more binding modes.
The ability of these fragments to adapt to different protein
environments was then assessed using a new protein comparison
method which focuses on local 3D alignment. Protein cavities were
delineated based on the shape and size of the bound fragment. The
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distribution of similarity scores is bimodal, with a first maximum at
0.86 corresponding to the median value obtained for the comparison
of two copies of the same site in the same protein, and a second
maximum at 0.34 corresponding to the median value for the random
comparison of two unrelated sites. Density-based clustering using the
recommended threshold for detecting similar sites (0.47) tended to
cluster overlapping sub-sites of a pocket while well separating cavities
with no visible commonalities. A total of 266 fragments were found in
complex with two or more dissimilar binding sites. Of this set,
63 fragments were discarded because they contained quaternary
pyridines, phosphorus, catechol among other structural motifs
prevalent in problematic screening compounds.

The structure quality was assessed based on the correlated quality
indicator RSCC, available for 4,997 of the 5,220 structures of the
203 versatile fragments. The protein binding site structures are mostly
very well resolved (97% of the binding site structures fit to the density).
Overall, the fragment structures are also well defined (72% and 18% of
the fragment structures fit and partly fit the electron density,
respectively). The 10% of structures where part of the fragment is
not in the density concern 115 fragments. All data was used in the
analysis that follows. If the lower quality structures had been
discarded, one fragment would have been excluded for lack of
binding mode diversity (HET code: NBO) and eleven fragments
would have been excluded for lack of binding site diversity (HET
code: IBP, M2S, PEA, 2EC, LTN, 4BX, 2UP, 1FL, MOK, FMK,
and AJD).

The 203 versatile fragments identified in the PDB mostly comply
with the rule of three, with 130 presenting no rules’ violation, 46 one
rules’ violation, 26 two rules’ violations, and only one three rules’
violations. Rules violations are mostly linked to the number of
hydrogen bond donor (24) and acceptor groups (49), the number
of rotatable bonds (27), and only in one instance the logP. Figure 2

shows the absence of molecular obesity in the set (panel A), and
provides an overview of the molecular complexity (panel B) and three-
dimensionality (panel C) of the selected fragments. For more details,
the molecular weight of 91 fragments falls in the 175–250 range. All
fragments contain 6 to 18 non-hydrogen atoms (Figure 2A).
Fragments are weakly lipophilic (107 fragments with 0 ≤ logP <3)
or hydrophilic (95 fragments with logP <0). A total of 175 fragments
contains one or two rings (Figure 2B). Consistent with ring
aromaticity, there are 66 flat fragments, as indicated by the zero
PBF value (Figure 2C), yet they only represent one-third of the entire
set. The number of rotatable bonds does not exceed three for almost
87% of the fragments.

The 203 versatile fragments are present in 2,303 crystallographic
PDB structures, representing 5,220 structures of fragment-protein
complexes. About 82% of versatile PDB fragments bind to two or
three different cavities, and accordingly using a small number of
binding modes (Figure 2D). Exceptions are nucleosides such as
thymidine, which shows 26 binding modes in two cavities, and
flexible linear fragments such as the amino acid arginine, which
shows six binding modes in two cavities. A total of twelve
fragments are present in five or more cavities: six amino acids
(lysine, canavanin, methionine, phenylalanine, leucine and pidolic
acid), one nucleobase (guanine), two molecules naturally present in
the organism and three exogenous molecules. The highly versatile
natural molecules are both small ring system substituted with
oxygenated group: the gamma-butyrolactone, which is a precursor
of gamma-hydroxybutyrate (HET code: GBL) and the vitamin C or
ascorbic acid (HET code: ASC). The three exogenous molecules target
five to seven cavities: Afegostat, an iminosugar which failed a phase II
clinical trial for Gaucher’s Disease (PDB code: IFM), 4-bromo-1H-
pyrazole (HET code: BYZ), and thiophene-2-carboxylic acid (HET
code: C21).

Sequence comparison between the proteins binding the same
fragment revealed that 140 fragments bind to non-related proteins
(identity <25%), specifically with two to three proteins for
93 fragments and more than 40 proteins for four fragments
(resorcinol RCO: 82, styrene oxide RSO: 58, uridine URI: 41, and
phenylalanine PHE: 64). Only eight of the fragments are in complex
with the same protein or close homologs (identity ≥90%), whose
overall structure is well conserved (maximum pairwise
RMSD ≤1.42 Å). The remaining 55 fragments bind to more distant
homologs (25% ≤ identity ≤90%), whose overall structure is either well
conserved (maximal pairwise RMSD ~1 Å for 14 fragments) or else
very different (maximal pairwise RMSD ~6 Å for 41 fragments). Thus,
a total of 22 of the fragments explore several local sites in proteins that
are similar in sequence and overall structure.

The conformations of the fragments were compared to assess whether
structural plasticity can account for the versatility of binding. About 43%
of the 203 versatile fragments show a conformation which is conserved in
all their binding sites (maximum pairwise RMSD ≤0.5 Å) and only
11 fragments use very different conformations to adapt to their
different protein environments (maximum pairwise RMSD >2 Å). On
average, fragment conformation is more variable for fragments that bind
to homologs than for fragments that bind to proteins that are unrelated in
sequence: the mean value of the maximum pairwise RMSD is equal to
0.78 Å ± 0.69 for the 140 fragments binding to non-related proteins, to
0.88 Å ± 0.72 for 55 fragment binding to distant homologs, and 0.97 Å ±
0.58 for the eight fragments binding to the same protein or close
homologs.

FIGURE 1
Overall workflow.
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Two examples of versatile fragments are discussed below and
illustrate how a fragment adapts its binding mode to unrelated
proteins (Figure 3A), and to different sites in the same protein
(Figure 3B). The first example involves a pyrrolo-pyrimidine
fragment (HET code: PQ0). This fragment shows three binding
modes in two protein cavities found in two types of proteins,
tRNA-guanine transglycolase (PDB codes: 1IT8, 1P0B, 2PWV,
and 2QII) and nitryl reductase QueF (PDB code: 4FGC). The
three binding modes are dominated by hydrogen bonds. Changes
involve the pyrrole moiety, which does not interact with the
protein or interact with a tyrosine side chain depending on
local structural variation of tRNA-guanine transglycolases
binding site. More importantly, different protonation states of
the fragment allow for different hydrogen bonding patterns in the
two proteins. Last, although it is not the focus of the present study,
this fragment also binds to RNA (PDB code: 3GCA) (Berman
et al., 2000).

The second example consists of a furanone (HET code: H3M),
which is in complex twice with the strigolactone esterase D14
(PBD code: 6BRT and 3WIO), yet shows a 4 Å shift in the main
cavity, thereby defining two non-overlapping subpockets
(Figure 3B). The two corresponding binding modes are
dominated by π interactions which are frequently observed in
RNA-protein complexes (Wilson et al., 2021), but they differ in
the hydrogen bonds formed with the protein, which either involve
a tryptophan indole ring, or a cysteine sulfhydryl and a protein-
bound water molecule. Of note, the binding mode comparison
method used here ignored weak hydrogen bonds and water
mediated interactions yet was nevertheless able to differentiate
the two binding modes. Interestingly, the three-dimensional
structures of furanone ring are not identical in the two
complexes, suggesting that despite the absence of rotatable
bonds this scaffold is able to adapt its shape to the local
environment.

FIGURE 2
Properties of the versatile PDB fragments. (A) Molecular weight vs. AlogP (B) Number of rings (C) PBF vs. Number of rotatable bonds (D) Number of
binding modes vs. Number of binding cavities. The distributions of individual properties are given on the top and side of the heat maps in (A), (C) and (D). The
color scale on the side of the heat maps in (A), (C) and (D) refers to the number of fragments.
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The versatile PDB fragments were compared to two academic
collections, the XChem’s functionally diverse fragments and
SpotXplorer library. The distribution of maximal similarity between
versatile PDB fragments and XChem’s functionally diverse fragments
had a median maximal value equal to 0.21 (Supplementary Figure S1).
Thirteen versatile PBD fragments share common chemical structures
with XChem’s functionally diverse fragments (Tc > 0.45). One single
fragment is common to both sets. This fragment is a sulfapyridine
(HET code: SFY), which shows two binding modes in three cavities. It
contains multiple pharmacophoric features (two hydrophobic rings,
three hydrogen bond donors, two hydrogen bond acceptors), allowing
adaptation to different protein environments. The chemical structures
of versatile PDB fragments and SpotXplorer library do not overlap,
with a median maximal similarity value equal to 0.23. A total of six
versatile PBD fragments share common chemical structures with
SpotXplorer library (Tc > 0.45).

The versatile PDB fragments were compared to the commercially
available fragments using two approaches: shared Bemis and Murcko
scaffolds and generative topographic map (GTM), which represents
the chemical space in a 2D map, here based on topological descriptors
(Kireeva et al., 2012). The 203 fragments are covered by 90 scaffolds.
The commercial chemical space of fragments was described with
about 60,000 scaffolds (https://gtmfrag.drugdesign.unistra.fr/)
ranging from very simple (benzene) to very complex (adamantane)
(Revillo Imbernon et al., 2022).We identified four absent scaffolds and
20 rare scaffolds, which were observed in twenty or less commercially
available fragments (Figure 4). These 24 scaffolds represent a total of

32 fragments (Supplementary Figure S2). They show on average more
oxygen atoms than commercial fragments (1–6 O in 79% of PDB
scaffolds; 1–3 O in 31% of commercial scaffolds), and conversely fewer
nitrogen atoms (1–5 N in 79% of PDB scaffolds; 1–6 N in 93% of
commercial scaffolds). The coverage of the fragment space by the
versatile PDB fragments was further analyzed through a GTM model
recently developed to compare commercial libraries, based on the
likelihood of the compounds projected onto the common frame
(Figure 5). The versatile PDB fragments populate three regions
which show a low density among the general commercial
fragments set (Figure 5B): A4, C2, and C4. The region A4 groups
together three-dimensional molecules, mostly non-aromatic
heterocycles which contain oxygen atoms. The region C2 includes
aromatic rings fused and substituted with alcohol, ketone or carboxylic
acid groups. The regionC4 shows many purine derivatives with amino
substituents on the pyrimidine ring. Noteworthy, the patterns
observed in regions A4 and C2 have a low likelihood among the
general commercial fragments set (Figure 5B) but are characteristic of
nature-product like fragments of commercial libraries (Figure 5C).

The 203 versatile PDB fragments were further characterized by
querying a repository of approved drugs, Drugbank (Wishart et al.,
2018), and screening collections of commercial catalogs. A total of
45 fragments are registered as approved small molecule drugs in
DrugBank. Among these, seven are also nutraceuticals and sixteen in
clinical trials. Around half of the fragments (98) were identified as
substructures of 1,436 approved drugs. The fragments generally
represent a small portion of the corresponding superstructures,

FIGURE 3
Examples of three-dimensional structures of PDB versatile fragments (A) Interactions formed by pyrrolo-pyrimidine in tRNA-guanine transglycolase and
nitryl reductase QueF. (B) Substituted furanone binding to two adjacent subpockets in strigolactone esterase D14. The cavity points representing the two
subpockets and used for the comparison of the two sites are shown in the left image.
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with the bonds in the fragment representing less than 50% of the
bonds in the superstructure for 88% of the fragment-superstructure
pairs. While 22 fragments are substructures of only a single drug,
48 are found in at least five drugs. Larger fragments (MW > 175)
account for 28 of the 45 identified drugs, while 37 represent a

substructure of 134 drugs. The exploration of commercial catalogs
identified 95 purchasable fragments, and 163 fragments substructures
of a huge number of commercially available screening compounds
(4,769,862). The fragments represent however less than 50% of the
superstructures’ bonds in 97% of the fragment-compound pairs.

FIGURE 4
Representative chemical structures of the versatile PDB fragments which are absent or poorly represented in commercial fragments libraries. Below each
fragment structure are indicated the HET code, then the number of binding modes/the number of different cavities/the number of versatile PDB fragments
containing the same scaffold/the number of commercial fragments containing the same scaffold.
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4 Discussion

The PDB is an essential resource for structure-based drug
discovery. Most drugs that have been approved by the FDA over
the past decade were developed when structural information was freely
available for the protein target (Westbrook and Burley, 2019).
Additionally, with 38,790 entries in the Chemical Component
Dictionary in 2022, the PDB provides important material for
characterizing recognition between small molecular entities and

proteins. The number of fragment-sized chemical entities (MW ≤
300 Da) amounts to 13,965. Our analysis of the PDB identified only
203 versatile fragments, able to adopt at least two binding modes and
to bind to at least two distinct sites. Most of these fragments target
multiple proteins that differ in sequence, but we also highlighted eight
fragments that bind differently to the same protein or close homologs.

Do the properties of the 203 versatile PDB fragments meet
FBDD expectations? Lipophilicity and molecular weight are two
widely used criteria, as they are related to solubility, metabolism

FIGURE 5
Spatial distribution of the fragments in GTM Landscapes (A) Versatile PDB fragments (B) All commercially-available fragments (C) Ensemble of nature-
product like commercial libraries. (D) Examples of versatile PDB fragments. Their projection points aremarked with blue dots on themap (A). Figures 5B, C are
adapted from (Revillo Imbernon et al., 2022).
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and selectivity, and a sweet spot has been suggested around a
molecular weight 400 Da and a logP around 3 (Hann, 2011;
Hann and Keserü, 2012). These values are shifted down in
commercial fragment libraries with molecular weight in the
range 200–300 Da and logP in the range 0–2 (Revillo Imbernon
et al., 2022). A minimal molecular weight around 175 Da was
suggested by the study of the conservation of the binding mode
of the fragments in their drug-like superstructures (Jacquemard
and Kellenberger, 2019). The same threshold was proposed
following the analysis of XChem’s screening campaigns which
revealed that fragments that have never been shown to bind to a
target tend to have a low molecular weight compared to fragments
that bind to one or more targets (Carbery et al., 2022). According to
the size criterion, about half of the versatile PDB fragments may
provide a valid base for fragment growing (105 fragments with
MW > 175 Da). A total of 38 fragments show a logP in the
0–2 range, yet there are also 50 hydrophilic fragments
(logP <0). The combinations of lipophilicity and molecular
weight which are little explored by recently developed synthetic
oral drugs should not be overlooked since they may correspond to
molecules of therapeutic interest such as natural products (e.g.,
antibiotics) (Young et al., 2022). Thus, we did not exclude
hydrophilic fragments from the analysis. In addition, these
fragments have the advantage of good aqueous solubility.

Are the 203 versatile PDB fragments original? To answer this
question, we compared this set to XChem’s functionally diverse
fragments and SpotXplorer library, to the chemical space covered by
commercial fragment libraries, and to screening collections of drug-like
molecules. The XChem’s functionally diverse fragments and SpotXplorer
library are two collections comprising a wide diversity of pharmacophores
evidenced by the binding modes observed in the structural data (Bajusz
et al., 2021; Carbery et al., 2022). The comparison of chemical structures
revealed that these two collections and the 203 versatile PDB fragments
hardly overlap. The XChem’s functionally diverse fragments and
SpotXplorer library being assembled from commercial catalogs, we
therefore sought to assess whether the scaffolds of the 203 versatile
PDB fragments were indeed present in the fragment’s libraries
provided by chemical suppliers. According to our 2021 inventory
(Revillo Imbernon et al., 2022), 198 versatile PDB fragments or
structural analogs are commercially available, but 27 of them are rare
in commercial fragment libraries. The five fragments whose scaffold is
missing from commercial fragment libraries also cannot be purchased
from commercial drug-like collections. These fragments are all the more
original as only two of them are substructures of an available compound
(HET code GG5 and RSF, representing 71% and 47% of the
superstructure bonds in their respective best fragment/compound
pair). In summary, if a large part of the versatile PDB fragments can
be purchased from chemical suppliers, 24 of their scaffolds are little or not
represented in commercial fragment libraries (Figure 4).

Many of the versatile PDB fragments that are not or rarely present
in commercial fragment libraries are enriched in oxygen atom.
Oxygen containing functional groups, such as ether, are more
common in natural products than in synthetic molecules (Ertl and
Schuhmann, 2019). Among oxygen-containing versatile PDB
fragments are eight nucleosides and close analogs. The
phosphorylated nucleoside, i.e., nucleotides, are common cofactors,
therefore recognized by numerous protein sites. They have already
widely inspired medicinal chemists, allowing for example the

development of many anti-viral drugs (Seley-Radtke and Yates,
2018; Yates and Seley-Radtke, 2019).

Have all the 203 versatile PDB fragments already been exploited
in drug discovery? To answer this question, we explored Drugbank
thus identifying 45 approved drugs. According to Drugbank
annotations, 29 of these drugs have more than one known
target. For example, acetazolamide used to treat edema, certain
types of epilepsy and glaucoma, has been reported to target nine
types of carbonic anhydrase and aquaporin-1. The PDB structures
provide eight binding modes of acetazolamide in multiple enzyme
types: carbonic anhydrase, chitinase, deacetylase and synthase
(HET code: AZM). The 16 other drugs have a single known
target or no targets. For example, sulfapyridine is a sulfonamide
antibiotic targeting dihydropteroate synthase type-1. The PDB
structures provide four binding modes of sulfapyridine in
multiple protein types: reductase, kinase, proteinase, erythrocine
membrane protein and synthase (HET code SFY). As an example of
drug with no known target, piracetam was crystallized in glutamate
receptor 2 and glutamate receptor 3 (HET code PZI). Interestingly,
123 of the versatile PDB fragments are substructures of approved
drugs, including drugs with a single known target. The data
revealed examples of promiscuous fragment embedded into a
selective drug, such as indole-3-carboxylic acid (HET code ICO)
which was crystallized in complex with four types of protein
(androgen receptor, integrase, malate synthase G, and a
transcriptional regulator), and which also represents about half
of tropisetron, a 5HT-3 receptor antagonist used as an antiemetic
in the treatment of chemotherapy-induced nausea and vomiting
(Ki = 2.70 nM, BindingDB entry BDBM50108392 (Chen et al.,
2001)). In summary, we have identified 80 versatile PDB fragments
that have not been yet exploited in drugs. Moreover, structural data
on the 203 versatile PDB fragments reveal new off-targets for
existing drugs and show that a versatile fragment can evolve
into a drug with high affinity for its target. This data, freely
available on zenodo, provides fragment-focused insights
complementing previous studies of multi-target PDB ligands
(Sturm et al., 2012; Barelier et al., 2015; Pottel et al., 2018;
Feldmann and Bajorath, 2020; Pinzi and Rastelli, 2020) that can
be used to better understand polypharmacology (Chaudhari et al.,
2017; Proschak et al., 2019).

5 Conclusion

The clustering of the binding modes and binding sites of PDB
fragments issued a set of 203 low molecular weight compounds able
to adapt to different protein environments and to exploit several
combinations of interacting atoms. The versatile PDB fragments
constitute an ensemble which contains many structures that can be
purchased directly yet also a few scaffolds that are poorly
represented in fragment screening collections. The presence of
oxygenated compounds in rare and original scaffolds calls for
renewed interest in natural products. Since the PDB provides
structural insights into well-studied biological functional
systems, a significant amount of versatile PDB fragments (45/
203) are approved drugs. Moreover, many promiscuous
fragments are a substructure of selective drug, suggesting their
utility for FBDD.
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Biostimulants derived from organic
urban wastes and biomasses:
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We used humic and fulvic acids extracted from digestate to formulate nanohybrids
with potential applications in agronomy. In order to obtain a synergic co-release of
plant-beneficial agents, we functionalized with humic substances two inorganic
matrixes: hydroxyapatite (Ca₁₀(PO₄)₆(OH)₂, HP) and silica (SiO₂) nanoparticles (NPs).
The former is a potential controlled-release fertilizer of P, and the latter has a
beneficial effect on soil and plants. SiO2 NPs are obtained from rice husks by a
reproducible and fast procedure, but their ability to absorb humic substances is very
limited. HP NPs coated with fulvic acid are instead a very promising candidate, based
on desorption and dilution studies. The different dissolutions observed for HP NPs
coated with fulvic and humic acids could be related to the different interaction
mechanisms, as suggested by the FT-IR study.

KEYWORDS

biostimulant, hydroxyapatite, silica, rice husk, humic acid, fulvic acid, nanofertilizer

1 Introduction

One of the major challenges for the future is the increasing worldwide demand for food and
fuel that comes with a growing global population (National Academies of Sciences et al., 2019).
Further intensification of current agricultural practices is unsustainable because they have led to
unacceptable levels of environmental degradation (European Environment Agency., 2020). The
poor efficiency and overuse of NPK fertilizers lead to losses in energy and water and present
critical environmental implications such as eutrophication of surface waters and soil
degradation caused by leaching of organic matter and salinization (National Academies of
Sciences et al., 2019). Innovative agricultural interventions need to be implemented to safeguard
ecosystems, biodiversity, and climate; nanotechnology has been suggested as a promising
approach to this end because nanoscale materials can provide time-controlled, target-specific,
self-regulated, and multi-functional capabilities (Lowry et al., 2019). Nanomaterials can, for
example, deliver fertilizers, pesticides, and herbicides in an ‘on-demand’manner, thus avoiding
repeated applications and reducing adverse effects on plants and the environment (Wang et al.,
2016). In particular, nanofertilizers may improve nutrient delivery efficiency and enhance
productivity by ensuring gradual release of these nutrients (Verma et al., 2022). Among the
strategies proposed, the use of biostimulants offers a potential route to reduce the dependency
on fertilizers and pesticides.

Biostimulants are classified as any substance or microorganism, which even if not delivering
nutrients, when applied to plants enhance nutritional efficiency, abiotic stress tolerance, and/or
crop quality traits (du Jardin, 2015). Among the various biostimulants, an important class of
compounds is represented by humic substances. Their role in soil fertility is well known, and the
stimulation of plant growth by humic substances is well documented in the literature (Calvo
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et al., 2014; Canellas et al., 2015). Nowadays, commercial products are
obtained from non-renewable sources such as leonardite, peat, and
coal. The aim of this work is thus to valorize the residual product of a
transformation chain of the organic fraction of the solid urban waste, a
basic extract of a solid digestate rich in humic and fulvic acids
(indicated as HAs and FAs, respectively), which may represent a
renewable source of humic substances. It is impossible to define a
molecular formula for these heterogeneous and complex molecular
systems, whose chemical composition varies depending on the source
and generation condition. Humic substances are classified according
to their solubility as a function of pH change. FAs represent the
fraction always soluble, while HAs represent the fraction insoluble at a
pH < 2. Moreover, all these humic substances contain many oxygen-
based functional groups (such as phenol and carboxylic acid) that
allow their adsorption on an inorganic substrate (Vekariya et al.,
2016). By selecting proper solids, it is possible to obtain multi-
functional and non-toxic nanocomposites that could find
applications in agronomy being capable of conducting multiple
beneficial actions including crop nutrition, plant stimulation, and
soil amendments.

As inorganic substrates, we choose hydroxyapatite
(Ca₁₀(PO₄)₆(OH)₂, HP) and silica (SiO₂) nanoparticles (NPs): the
former is a potential solid fertilizer of P and the latter has
beneficial effects on soil and plants. Even though Si is not
considered an essential element, the beneficial effects of Si on
plants and soil have been demonstrated by several studies using
pot, hydroponic, and field experiments (Guntzer et al., 2012).

HP is a biocompatible and biodegradable material rich in P. Given
its high solubility under acidic conditions and thus in gastric juices,
HP does not raise concerns over bioaccumulation through the food
chain and negative effects on human health. HP solubility decreases
with the increasing pH value, allowing a slow release of nutrients at soil
pH. HP NPs have been proposed as a controlled-release fertilizer of P,
but their use is still limited due to low solubility in neutral and alkaline
soils and their tendency to agglomerate. A strategy proposed to
improve dissolution and bioavailability of HP NPs is to modify
their surface with plant- or soil-friendly materials. Surface
engineering with urea afforded nanohybrid fertilizers with high
contents of N (Kottegoda et al., 2017; Sharma et al., 2022) with
synergic effects on nutrient use efficiency, decreasing urea solubility
and increasing HP dissolution. Surface modification with citric acid
has been proven to modulate P-realizing kinetics, providing the
optimal concentration of P for crops during their growth
(Samavini et al., 2018). Humic acids have been used to modify the
surface acidity of HP, in virtue of their ability to stimulate plant
growth, to obtain a multi-functional material with multiple beneficial
actions (Yoon et al., 2020). In this study, the authors functionalized HP
NPs with commercial and synthetized humic substances and tested the
resulting materials on Zea mays, noting significant improvements in
terms of early plant growth, corn productivity, and resistance to
abiotic stresses. These effects were ascribed to the co-release of P
(as phosphate ions) and humic substances and to their synergic effect
as plant-beneficial agents.

As possible oxidic substrates, we employed SiO₂ NPs obtained
from rice husks, a common agricultural waste in Piedmont. Si is
recognized as fundamental in agriculture, especially when stress
conditions are afflicting plants, even though it is not recognized as
“essential” for plant growth (Luyckx et al., 2017). Moreover, many
widespread crops are Si accumulators (such as rice, wheat, sugarcane,

and soybean), and their absorption depends on its availability
(Guntzer et al., 2012). Furthermore, various studies have
demonstrated the beneficial effect of Si on soil (Aksakal et al.,
2013) and suggested that Si can make P in soil more available
(Guntzer et al., 2012). Moreover, Si protects plants against various
pathogens, as its presence enhances the cell wall resistance to fungal
attacks. Rice husks are costless and widely available agricultural
wastes, and they contain 15–20 wt% of silica in hydrated
amorphous forms, depending on the variety, climate, and
geographic location of production (Sun and Gong, 2001;
Chandrasekhar et al., 2004). Rice husks represent a safer, less
expensive, and more environmentally friendly silica precursor with
respect to commonly employed alkoxysilane compounds. On the
other hand, Si in the form of SiO₂ might be obtained from rice
husks by several different procedures, such as thermal/hydrothermal
treatments, chemical attacks, or biological digestion (Shen, 2017;
Hossain et al., 2018), leading to a possible re-use of a typical
agricultural waste in a “circular economy” approach (rather than
dumping or burning it in open spaces), including its use as raw
materials in the chemical industry or as an alternative fuel to produce
energy (Bakar et al., 2016). Nitric acid digestion permits the extraction
of amorphous SiO₂ from rice husks with high purity and interesting
properties as the adsorbent of organic dyes (Tolba et al., 2015).

Self-assembly of HAs and FAs on the surface of HP and SiO2 NPs
was performed by water dipping. NPs coated with HAs and FAs were
characterized, and acid desorption and HP dissolution were also
evaluated, comparing the effect of FAs and HAs. An FT-IR study
was performed to investigate the nature of the interaction between
humic substances and the inorganic substrate.

This experimental approach is novel as, to the best of our
knowledge, no other studies report the following: (i) the approach
to self-assembling humic substances derived from a recycling plant
onto inorganic substrates; (ii) the use of silica support derived from
waste materials, and (iii) the study of the release of elements/
substances (even in a simple medium, like water) from the self-
assembled composite(s).

2 Materials and methods

2.1 Materials

Calcium hydroxide (Ca(OH)₂, 95%) was purchased from Thermo
Scientific. Hydrochloric acid (HCl, p.a. ≥37%), ammonia solution
(NH₃, p.a. 28%–30%), and nitric acid (HNO₃, p.a. 65%) were
purchased from Merck. Phosphoric acid (H₃PO₄; 85%) was
purchased from CARLO ERBA. NaHCO₃ was purchased from
Fluka. All commercial reagents were used as received without any
further purification. The basic extract of the solid digestate containing
7 wt% of HAs and FAs was obtained by a pilot implant treating urban
organic wastes (ACEA Pinerolese SpA, Pinerolo (TO), Italy). Rice
husks were provided by a local farm (Azienda Agricola Risicola
Allocco, Bra (CN), Italy).

2.2 Preparation of inorganic substrates

HP NPs were synthesized according to a previously reported
precipitation method (Aina et al., 2012). Briefly, 0.1 mol of
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Ca(OH)₂ was stirred in 200 mL of water for 20 min until a
homogeneous suspension was obtained. Then, 0.06 mol of H₃PO₄
(diluted with 200 mL of water) was slowly added dropwise, with
continuous stirring. During the reaction, the pH is controlled and
maintained above 10.5 by addition of ammonia solution, as necessary.
The suspension was stirred for further 2 h and then allowed to stand
overnight, and the final product was filtered and dried under ambient
conditions. The overall yield is 9.05 g (99.0%).

Rice husk was washed with water to remove the residual of rice
and earth. Then, it was dried in an oven at 60°C. Acid digestion was
conducted under hydrothermal conditions: rice husk, HNO₃, and pure
water taken in a weight ratio of 1:5:5 were allowed to react at 160°C for
2 h. The solid product was separated by filtration under suction,
washed with distilled water, and dried under ambient conditions.
Using 2.0 g of rice husks, 10 mL of water, and 7.0 mL of HNO₃, 248 mg
of SiO₂ was obtained (yield: 12.4 wt%).

2.3 Formulation of solid biostimulants

The basic extract was centrifuged (3,000 rpm; 15 min) to eliminate
solid residues. Then, HAs and FAs were separated according to
different solubility fractions depending on the pH value. In detail,
HCl solution (1.0 M) was added to the black dense solution until
pH~1 was achieved, thus allowing the precipitation of a fraction of
HAs. The obtained black powder was separated by centrifugation
(5,000 rpm; 10 min) and dried in an oven at 55°C. The supernatant
solution containing FAs was dried in an oven at 55°C to obtain a solid
product.

Solid HAs and FAs were dissolved in either NaHCO₃ solution
(0.05 M) or water. To favor a complete dissolution, solutions were
sonicated for 5 min and then centrifugated to separate undissolved
residues (2,500 rpm, 5 min). Either HP (1.0 g) or SiO₂ (0.5 g) NPs were
added to 40 or 20 mL of humic substance solutions and shook for 2 h.
The coated NPs were isolated via centrifugation (5,000 rpm; 5 min)
and dried at 60°C. The amount of adsorbed acids was calculated by the
difference in concentration between starting and separated solutions,
by the spectrometric detention of absorbance at 254 nm. Calibrations
were performed with solutions with known concentrations, according
to the Beer–Lambert law. UV-vis spectra were recorded using the
Perkin Elmer Lambda 900 spectrophotometer, utilizing quartz cells
with an optical path of 1 cm.

2.4 Acid and ion release studies

To evaluate the release of humic substances and dissolution of the
matrix, biostimulants based on HP (0.26 g) were suspended in 12 mL
of pure water. Every 24 h, the solid was separated by centrifugation
(5,000 rpm; 5 min), and the same volume of fresh water was re-added.
HAs and FAs desorption was quantified by the spectrometric
detention on the separated solution, as described previously. The
released P and Ca ions were quantified by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (PerkinElmer, model
Optima 7000 DV). The wavelengths were 213.617 and 317.933 nm
for P and Ca, respectively. Calibrations were performed with standard
solutions. The concentration of Ca and P on the used coated HP was
determined in the same way by diluting in water the solution obtained
after digestion of 0.24 mg of each sample in aqua regia.

2.5 Instrumental characterization

Identification and characterization of crystalline phases of pure
and coated inorganic substrates were carried out by several solid-state
techniques.

PXRD, using a X’Pert powder diffractometer operating in the
Bragg–Brentano geometry, equipped with a graphite crystal
monochromator, and using Cu(Kα1) radiation (λ = 1.5406 Å), was
collected in the range of 5°–70° with a step size of 0.02°.

FT-ATR (Attenuated Total Reflection) spectra were obtained in
solid samples using the Bruker VERTEX 70 spectrophotometer
equipped with Harrick MVP2 ATR cells and a DTGS detector
(64 scan, 4 cm⁻1 resolution).

Thermogravimetric analyses were carried out on TA Instruments
(TGA 2950 hr) in the air flow, with the ramp rate 10°C/min, from rt to
750°C.

The general morphology/topography of various samples was
assessed by means of a scanning electron microscope operating
with a field emission source (model: TESCAN S9000G; source:
Schottky type FEG; resolution: 0.7 nm at 15 keV (in In-Beam SE
mode), fitted with an EDS detector (Oxford EDS UltimMax operating
with Aztec software). Before the investigations, all samples were coated
with Au in order to enhance the conductivity.

Analyses relative to the ultimate morphology of the samples were
performed on a HR-TEM JEOL 3010-UHR (Tokyo, Japan) high-
resolution transmission electron microscope (acceleration potential:
300 kV, LaB₆ filament) fitted with an Oxford INCA X-ray energy-
dispersive spectrometer (X-EDS) with a PentaFET Si(Li) detector. The
samples were dry dispersed before the investigation on Cu grids
covered with lacey carbon without any further treatment.

Specific surface areas were evaluated from N2 adsorption/
desorption isotherms under subcritical conditions (196°C), obtained
by means of an ASAP 2020 instrument. The surface area was
calculated using the B.E.T. model.

FT-IR spectra were recorded using a Bruker Equinox
55 spectrometer, equipped with an MCT detector at 4 cm⁻1

resolution. The solid samples, in the form of self-supported pellets
(≈10 mg/cm2), were inserted into a conventional quartz vacuum cell
equipped with KBr windows connected to a glass vacuum line
(residual pressure <10−5 Torr) that allows the performance of in
situ adsorption/desorption runs. The samples were activated at
120°C. Adsorption/desorption tests of water were carried out at 25°C.

3 Results

3.1 Characterization of inorganic substrates

The synthetized HP NPs exhibit physico-chemical characteristics
similar to those reported in the literature (Aina et al., 2012). The PXRD
pattern indicates the formation of a crystalline product, and both peak
positions and relative intensities are the characteristics of the HP pure
crystalline phase (ICDD card PDF n. 01-074-0565), as reported in
Supplementary Material S1 (Supplementary Figure S1). All peaks are
broad, suggesting the formation of NPs. In the FT-ATR spectrum (see
Supplementary Figure S2), it is possible to recognize intense bands
originating from PO₄³⁻ groups (Koutsopoulos, 2002). The most intense
and broad band with the maximum at 1,024 cm⁻1 is assigned to the
asymmetric stretching mode (ν3) of the P–O bond, whereas the sharp
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signals at 627, 601, and 560 cm⁻1 are ascribable to the bendingmodes (ν4) of
the O–P–O group and the weak component at 963 cm⁻1 is assigned to the
symmetric mode (ν1) of P–O. The spectral component typical of free
hydroxyl groups is covered by the presence of a broad band centered at
3,400 cm⁻1, due to the stretching mode of water molecules/OH groups
interacting via H-bonding, either in bulk or adsorbed at the surface: their
relevant bending mode is observable at 1,640 cm⁻1 (Sakhno et al., 2015).
Three other spectral components are alsowell evident: a shoulder, located at
875 cm⁻1, corresponding to the out-of-plane bending mode (ν2) and
multiple bands at 1,420, 1,455, and 1,487 cm⁻1, attributable to the
asymmetric stretching mode (ν3), all of them being characteristic of
surface carbonate species (Ren et al., 2014). The FESEM image
(Figure 1A) indicates the formation of aggregates of prismatic NPs with
average dimensions below 200 nm, mostly having a needle-like shape. NPs
seem to be homogeneous in shape and dimension, as also confirmed by
TEM images (Figures 1B, C and Supplementary Figure S3). As shown in
Figure 1C, HP consists of prismatic elongated NPs grown along a
crystallographic direction, mainly referred to that of the (101) planes.
The SSA is calculated as 122m2/g.

The white powder obtained from the acid digestion of rice
husks consists of pure SiO₂ NPs. The hydrothermal acid digestion
was repeated different times, always affording analogous products
and similar yields. TGA was used to verify the purity of the
product. In the thermal degradation of rice husks (in
Supplementary Figure S4), a weight loss of 5.2% was observed
below 100°C that can be related to the loss of residual water. The
majority of the weight loss (78.6%) takes place between 220°C and
500°C and can be related to the decomposition of organic
molecules, such as lignin and cellulose. The residual weight at
750°C is 12.8%, very similar to that of the acid digestion synthetic
yield. The residual white product collected after thermal
degradation of rice husks was also analyzed by FT-ATR and
resulted to be composed of SiO₂, as the main components can
easily be ascribed to those of pure SiO₂ (Bellamy, 1968; Legrand,
1999). Conversely, the main weight loss of the white powder
obtained after acid digestion is very low (4%) and is related to
water removal at around 100°C, while a very low loss (0.4%) is
observed at 310°C and can be related to the decomposition of the
organic residue. Vibrational data obtained for this sample
(reported in Figure 2) confirm the formation of SiO₂, presenting

strong signals at 1,065, 793, and 450 cm⁻1 that represent
characteristic modes related to the presence of Si−O−Si bonds.
It is also possible to observe two other bands, located at 3400 e 1630
cm−1, respectively, related to water stretching and scissor modes,
but no signals of organic residue are detectable, confirming the
TGA results. The characteristic signals of rice husks, as stretching
modes of the C–H bond (around 2,900 cm⁻1) and C−C/C−O bond
(around 1,000 cm⁻1), are not present in the spectrum of the
product. The intense signal at 1,050 cm⁻1 observed for the rice
husk could be due to the superimposition of C−O and Si−O−Si
modes, and in the final product we observe a shift at 15 cm⁻1. PXRD
analysis indicates that the obtained material is amorphous, as
evident from the inset to Figure 2. FESEM images indicate the
presence of aggregates of small NPs that maintain an aggregation
similar to that observed in the starting material (Supplementary
Figure S5). The SSA is calculated as 202 m2/g.

FIGURE 1
SEM (A) and TEM (B, C) images of the obtained HP NPs.

FIGURE 2
FT-ATR spectra of rice husks (black) and the product obtained after
acid digestion (blue). Inset shows the PXRD pattern of the obtained
SiO2 NPs.
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3.2 Adsorption of humic substances on
inorganic matrixes

The solid fractions obtained by the separation of the basic extract
were characterized by FT-ATR spectroscopy (see Supplementary
Figure S6). HAs and FAs present similar functional groups (phenolic
and alcoholic hydroxyl groups, aromatic and aliphatic carboxyl
species and carbonyl groups, aliphatic chains and amides) and
give then very similar FT-IR spectra but with some differences in
the relative content of these groups (supported semi-quantitatively
by the intensities of the relevant spectral components), and a careful
analysis can reveal specific characteristics of the two fractions.
Spectra are dominated by a broad band in the range of
3,700–2,500 cm⁻1, ascribable to the stretching mode of hydroxyl
groups of carboxyl species and phenolic and alcoholic functional
groups interacting via H-bonding. For FAs, this component is very
intense and exhibits a shoulder at 3,240 cm⁻1 that could be
attributable to N–H aminic stretching vibrations. Vibrational
features of HAs are represented by a couple of bands located at
2,925 and 2,855 cm⁻1, ascribable to the stretching mode of aliphatic
C−H in methyl (−CH₃) and methylenic (−CH₂−) units, respectively,
which are superimposed to the OH stretching band and more
evident with respect to FAs, consistent with the literature
(Giovanela et al., 2004). The higher concentration of carboxylic
groups in FAs can be related to the higher intensity of the bands lying
above 1,600 cm⁻1 (Giovanela et al., 2004; Tatzber et al., 2007).
Finally, the broad signal at 1,210 cm⁻1 is ascribable to the C−O
stretching mode of alcoholic and phenolic groups, and it is more
intense for HAs. An additional band is evident at 1,320 cm⁻1, which
is most likely due to bending modes of aromatic amine and, in fact, it
is more intense for FAs.

NPs of both products were dipped inHAs and FAs solutions, having
a concentration near saturation. To dissolve HAs, it was necessary to use
a NaHCO3 solution (0.05 M); the pH of the final solution is 8.5. Of note,
commercial HA salts also dissolve giving a basic solution. Instead, FAs
were dissolved in water, and the final solutions have a pH of 4.5. For HP

NPs, the reciprocal affinity of the two materials resulted in a fast
functionalization, as evident by (i) a drastic color change of the solid
from white to brown and (ii) the discoloration of the supernatant
solution. Conversely, on SiO2 NPs, no evident chromogenic features of
humic substances are observed. UV-vis analysis of supernatant solutions
was used to determine the amount of acids adsorbed on all solids. For
both inorganic substrates, a higher amount of FAs is absorbed with
respect to HAs, as shown in Table 1. We can observe that HP is able to
absorb more humic substances from solutions with respect to silica and
that humic substances are absorbed on each substrate in similar
amounts, independent of the kind of acid (average value: 32.5 for
HP and 12.9 for SiO2). The amount of adsorbed acids is very low
for silica-based materials, and no evidence of functionalization is
observable in the vibrational spectra and by means of other
characterization techniques. Meanwhile, for HP-based materials, FT-
ATR spectra present typical features of HP and humic substances; this is
better visible in Figure 3, in which a magnified view in the
1,250–1,850 cm⁻1 range has been reported. Within this region, the
spectrum of HP is featured by the spectral component ascribable to
water and carbonate species, whereas the spectra of HAs and FAs are
characterized by broad bands above 1,600 cm⁻1, ascribable to COO− and
aromatic groups (as discussed previously). The bands of HAs and FAs
were superimposed to those of the inorganic substrate, but in the spectra
of coatedmaterials, a broad shoulder at around 1,590 cm⁻1 is observable.
PXRDpatterns indicate that the coatedHPNPs retain a higher degree of
crystallinity, without any peculiar phase modification (Supplementary
Figure S7). FESEM images suggest that both morphology and
dimensions are maintained after the functionalization step (see
Figure 4). EDS maps of carbon provide evidence that a higher
density of organic molecules is observed for FAs derivatives that
seems to form a coated film on top of the HP crystallites.

3.3 Co-release of ions and humic substances
in water

To understand if there are differences in HP dissolution depending on
the nature of adsorbed organic acids (HAs or FAs), a specific test was
performed (as reported in Section 2.4), aimed at quantifying the
concentration of relased acids and revealiong the amount of phosphate
and calcium ions released inwater by coatedHP (in steps of 24 h), as shown
in Figure 5 and Supplementary Material S1 (Supplementary Table S1;
Supplementary Table S2). Results indicate that for both HAs and FAs, a
maximum concentration is reached after the first 24 h (9.1 and 4.3 mg/mL,
respectively), but in the successive steps, the release is almost constant (see
the solid line in Figure 5A). The difference in concentration can be related to
the different amount of adsorbed acids on HP, but comparing the
percentage of released acids (see the dash line in Figure 5A) a very
similar trend between HAs and FAs is observed. The same is not true
for HP dissolution, as shown in Figure 5B. In fact, for HP coated with FAs,
the concentration of both P and Ca species in water is virtually constant
during theweek (average values are 0.12 and 0.26mmol/L, respectively). On
the contrary, for thematerial coatedwithHAs, the concentration of P is very
high after the first 24 h (0.53 mmol/L) and then it drastically decreases
(0.25 mmol/L after 48 h down to 0.12 mmol/L after 72 h), whereas the
concentration of Ca slowly increases during the week (starting from
0.071mmol/L after 24 h and reaching 0.16 mmol/L after 96 h). The
same trend is visible when observing the percentage in weight of
released Ca and P (in the inset in Figure 5B), suggesting that dissolution

FIGURE 3
FT-ATR spectra of HPNPs (solid red line), solid HAs (black dash line),
solid FAs (blue dash line), and HP NPs coated with HAs (solid black line)
and FAs (solid blue line) in the spectral range of 1,250–1,850 cm⁻1.
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is influenced by the kind of acid adsorbed on the surface. Comparing the
total amount of ions present in the solution, a higher amount of HP is
dissolved when the surface is coated with FA (0.85mg, 0.23 of P and 0.62 of
Ca) than HA (0.73 mg, 0.42 of P and 0.31 of Ca).

3.4 FT-IR study of the interaction mechanism

A FT-IR study was performed to investigate the nature of the
interaction between HP and humic substances. For the system coated

FIGURE 4
SEM images of HP NPs coated with HAs (A) and FAs (B) and EDS carbon maps (C) for HAs and (D) FAs.

FIGURE 5
(A) Concentrations of HAs (black squares) and FAs (blue squares) released in pure water and wt% of the released HAs (black circles) and FAs (blue circles);
(B) Concentrations and wt% (in the inset) of solubilized P (triangles) and Ca (squares) from HP NPs coated with HAs (black) or FAs (blue).
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with FAs, in the spectrum of the sample after outgassing (black line in
Figure 6A), it is possible to recognize the signals of HP, particularly the
overtones of the phosphate group (between 1,950 and 2,200 cm⁻1) and the
stretching mode of surface-isolated hydroxyl species at 3,570 cm⁻1. It is also
possible to recognize the stretching modes of aliphatic moieties of FAs
around 2,925 cm⁻1 and the stretching mode of carboxylic groups around
1,650 cm⁻1. These signals are superimposed to the typical HP band.We can
observe that the signals of C–H stretching are more intense in the coated
materials, suggesting that this is in part related to the presence of FAs. The
band of physisorbed water can be removed by thermal treatment at 120°C,
and comparing coated and pristine HP (red and green lines in Figure 6A,
respectively), we can attribute these signals to FAs.We can hypothesize that
FAs and HP mainly interact through H-bonding of carboxylate and
hydroxyl groups with phosphate and hydroxyl surface groups, as
supported by the presence of a signal at 3,490 cm⁻1 that can be assigned
to columnar OH groups interacting via H-bonding with the carboxylate
group (Bertinetti et al., 2007) and by the broad band centered at 3,300 cm⁻1,
related to OH groups interacting via H-bonding. After water re-addition,
the disappearance of stretching modes of the isolated OH surface group is
observed (blue line in Figure 6A), suggesting that part of these surface
groups is not involved in the interaction with FAs and is still free to interact
with water molecules. This interaction with water is weak as a simple
outgassing at room temperature brings about its removal. When the same

experiment is carried out on HP coated with HAs, it can be noted that the
signal of isolated OH groups is more evident in every step and that the
interaction with water is also hindered at high water pressure, as shown in
Figure 6B. The bands around 2,900 cm⁻1 are less evident, and this can be
related to the low percentage of HAs on the HP surface. The signal at
3,490 cm⁻1 is less evident with respect to HP coated with FAs, suggesting
that in this system the interaction viaH-bonding is less important and part
of HAs may interact by Lewis acid–basic interaction with Ca ions, as
reflected in different behaviors observed during the dissolution of
coated HP.

We also performed the same experiment on coated SiO2, but no
signals ascribable to humic substances can be observed, probably
because of their low amount. Thermal activation at 120°C is not
sufficient to remove physisorbed water, but a higher temperature
treatment would cause HAs and FAs degradation, so no indication
about the substrate–acid interaction has been obtained for these
systems.

4 Discussion

Crystalline HP NPs were obtained by aqueous precipitation and
coating with HAs and FAs, obtained from the valorization of urban

FIGURE 6
FT-IR spectra of self-supported pellets of HP NPs coated with FAs (A) and HAs (B) after outgassing (black lines), thermal activation at 120°C (red lines),
addition of water vapor (blue lines) and outgassing (pink lines). Spectra of starting HP NPs after thermal activation at 120°C are reported as green line.

TABLE 1 Amount of HAs and FAs adsorbed on inorganic matrixes.

wt% of acids on the
substrate

mg of absorbed
acids

Concentration of the initial solution
(mg/mL)

wt% of acids adsorbed from the
initial solution

HP + HAs 5.37 26.8 ± 1.5 4.59 ± 0.08 29.2

SiO2 + HAs 3.28 16.4 ± 0.2 5.86 ± 0.08 14.0

HP + FAs 13.4 67.2 ± 2.2 9.38 ± 0.11 35.8

SiO2 + FAs 5.23 26.1 ± 23.4 11.2 ± 01.2 11.7
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organic waste. HP coated with our HAs presents characteristics similar
to those reported for HP coated with commercial HAs (Yoon et al.,
2020). A higher amount of FAs is adsorbed on the HP surface with
respect to HAs (13 vs. 5.4 wt%, respectively). FAs and HAs present
similar functional groups, but in model structures FAs have less
condensed aromatic rings, a higher fraction of aliphatic chains, and
a higher density of carboxylic acid groups (Aiken, 1985). Analysis of
spectroscopical data on FAs and HAs obtained from organic waste
also indicate the same trend in our samples, suggesting a similarity
with soil humic substances (Giovanela et al., 2004; Tatzber et al., 2007).
It is known that humic substances have a tendency to agglomerate
depending on pH conditions (de Melo et al., 2016), and it is important
to note the different pH values of HAs and FAs solutions in the
adsorption step. To re-dissolve solid HAs, it is necessary to basify the
solution till pH reaches around 8.5. In the basic environment, phenolic
and carboxylic groups are deprotonated, and the repulsion of these
negatively charged groups causes molecules to assume a stretched
configuration. We can presume that this structure is maintained after
adsorption, preventing free hydroxyl groups to interact with water
during the FT-IR experiment, possibly due to steric reasons. The
solution of FAs instead has a pH of around 4.5, and in the acid
condition, most phenolic and carboxylic groups are protonated, the
repulsion is minimized, and the molecules adopt a coiled and compact
structure. These can also explain the different amount of adsorbed
species because folded molecules can be absorbed in higher quantity
with respect to those having a stretched configuration.

HAs and FAs present a similar behavior in desorption fromHP, while
the nature of the acid influences the dissolution mechanism of coated HP.
HP dissolution is more effective for FAs systems, where it is constant with
time and more concentrated in Ca. For HA systems, the release is less
constant, and after the first step (24 h) the concentration of P released in
the solution drastically decreases, while the concentration of Ca increases
with time. In a recent study on the dissolution of HP obtained from fish
bones, similar values of P dissolution were obtained suspending the
material in a citric acid solution (Sittitut et al., 2022), suggesting that
surface coverage with HAs and FAs generates a local acid environment in
the presence of water that favors HP dissolution. Our results suggest that
HP NPs coated with FAs is a potential material for a synergic release of
crop nutrients and stimulants, presenting a more controlled and efficient
dissolution with respect to HP coated with HAs.

HP coated with FAs and HAs has shown a different behavior in the
adsorption step and a different effect on HP dissolution. These could be
correlated to a different interaction mechanism between the substrate and
organic acids. The literature suggests that oxygen-based functional groups
on the surface of HP nanoparticles can bind with two competing
mechanisms, i.e., H-bonding interaction or chelation of Ca2+ ions (de
Melo et al., 2016; Yoon et al., 2020). FT-IR studies (see Figure 6) suggest that
the competition between interaction mechanisms is more pronounced on
HP coated with HAs, in which a large fraction of OH groups remains free
from interactions; conversely, the H-bonding interaction seems to be
predominant when the material is coated with FAs. As this is a stronger
interaction, we could suppose that desorption of FAs and HAs interacting
viaH-bonding promotes HP dissolutionmore than the desorption of HAs,
which interact with Ca2+, as also suggested by the desorption study.

Finally, we have shown that it is possible to obtain pure SiO2 NPs
from rice husks in a more sustainable way with respect to other
previously reported procedures (Sun and Gong, 2001; Hossain et al.,
2018) using water as a solvent and without any combustion
treatment. This hydrothermal digestion procedure is fast,

reproducible, and allows to obtain amorphous NPs with a high
surface area (202 m2/g). Despite the material characteristics being
promising as humic substance adsorbers, having a high SSA and a
certain amount of surface hydroxyl groups indicate that a very low
amount of humic species can be really adsorbed. Due to the
interesting properties of SiO2 obtained from rice husks, further
studies will be performed in order to investigate the possible
functionalization of the surface to obtain a catalyst from a
worldwide common agricultural waste.

Some preliminary conclusions drawn regarding this study are
as follows: first, we demonstrated that it is possible to obtain a
composite material (by self-assembly) to be employed in a gradual
delivery process starting from waste materials: in our opinion, this
is a result that might boost the interest towards such applications,
particularly for circular economy applications and processes.
Second, the physico-chemical characterization (mainly carried
out by means of vibrational spectroscopy but not restricted to
this) demonstrated that the different dissolution behaviors
exhibited by the composite materials might be due to the
different interaction mechanisms that regulate the adsorption/
desorption of humic substances to/from the inorganic supports.
Finally, the opportunity of obtaining silica NPs from another waste
product (from agriculture) is in our opinion a very promising
approach that deserves further investigations to shed some more
light onto the general valorization process of wastes.
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We report the synthesis and characterization of a group of benzoylhydrazones (Ln)
derived from 2-carbaldehyde-8-hydroxyquinoline and benzylhydrazides
containing distinct para substituents (R = H, Cl, F, CH3, OCH3, OH and NH2,
for L1-7, respectively; in L8 isonicotinohydrazide was used instead of
benzylhydrazide). Cu(II) complexes were prepared by reaction of each
benzoylhydrazone with Cu(II) acetate. All compounds were characterized by
elemental analysis and mass spectrometry as well as by FTIR, UV-visible
absorption, NMR or electron paramagnetic resonance spectroscopies.
Complexes isolated in the solid state (1–8) are either formulated as [Cu(HL)
acetate] (with L1 and L4) or as [Cu(Ln)]3 (n = 2, 3, 5, 6, 7 and 8). Single crystal
X-ray diffraction studies were done for L5 and [Cu(L5)]3, confirming the trinuclear
formulation of several complexes. Proton dissociation constants, lipophilicity and
solubility were determined for all free ligands by UV-Vis spectrophotometry in 30%
(v/v) DMSO/H2O. Formation constants were determined for [Cu(LH)], [Cu(L)] and
[Cu(LH−1)] for L = L1, L5 and L6, and also [Cu(LH−2)] for L = L6, and bindingmodes are
proposed, [Cu(L)] predominating at physiological pH. The redox properties of
complexes formed with L1, L5 and L6 are investigated by cyclic voltammetry; the
formal redox potentials fall in the range of +377 to +395mV vs. NHE. The binding
of the Cu(II)-complexes to bovine serum albumin was evaluated by fluorescence
spectroscopy, showingmoderate-to-strong interaction and suggesting formation
of a ground state complex. The interaction of L1, L3, L5 and L7, and of the
corresponding complexes with calf thymus DNA was evaluated by thermal
denaturation. The antiproliferative activity of all compounds was evaluated in
malignant melanoma (A-375) and lung (A-549) cancer cells. The complexes show
higher activity than the corresponding free ligand, and most complexes are more
active than cisplatin. Compounds 1, 3, 5, and 8 were selected for additional
studies: while these complexes induce reactive oxygen species and double-strand

OPEN ACCESS

EDITED BY

Lara Massai,
University of Florence, Italy

REVIEWED BY

Sanja Grguric-Sipka,
University of Belgrade, Serbia
Thomas Scattolin,
University of Padua, Italy

*CORRESPONDENCE

Éva A. Enyedy,
enyedy@chem.u-szeged.hu

Ceyda Acilan,
cayhan@ku.edu.tr

Isabel Correia,
icorreia@tecnico.ulisboa.pt

†These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted
to Inorganic Chemistry,
a section of the journal
Frontiers in Chemistry

RECEIVED 23 November 2022
ACCEPTED 28 February 2023
PUBLISHED 21 March 2023

CITATION

Ribeiro N, Bulut I, Sergi B, Pósa V,
Spengler G, Sciortino G, André V,
Ferreira LP, Biver T, Ugone V, Garribba E,
Costa-Pessoa J, Enyedy ÉA, Acilan C and
Correia I (2023), Promising anticancer
agents based on 8-hydroxyquinoline
hydrazone copper(II) complexes.
Front. Chem. 11:1106349.
doi: 10.3389/fchem.2023.1106349

COPYRIGHT

© 2023 Ribeiro, Bulut, Sergi, Pósa,
Spengler, Sciortino, André, Ferreira, Biver,
Ugone, Garribba, Costa-Pessoa, Enyedy,
Acilan and Correia. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Chemistry frontiersin.org01

TYPE Original Research
PUBLISHED 21 March 2023
DOI 10.3389/fchem.2023.1106349

308

https://www.frontiersin.org/articles/10.3389/fchem.2023.1106349/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1106349/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1106349/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2023.1106349&domain=pdf&date_stamp=2023-03-21
mailto:enyedy@chem.u-szeged.hu
mailto:enyedy@chem.u-szeged.hu
mailto:cayhan@ku.edu.tr
mailto:cayhan@ku.edu.tr
mailto:icorreia@tecnico.ulisboa.pt
mailto:icorreia@tecnico.ulisboa.pt
https://doi.org/10.3389/fchem.2023.1106349
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2023.1106349


breaks in both cancer cells, their ability to induce cell-death by apoptosis varies.
Within the set of compounds tested, 8 emerges as the most promising one,
presenting low IC50 values, and high induction of oxidative stress and DNA
damage, which eventually lead to high rates of apoptosis.

KEYWORDS

Schiff bases, anticancer, speciation, antibacterial, 8-hydoxyquinoline, copper complexes

1 Introduction

Cancer is a leading cause of death in developed countries, with a
significant expense to human lives. Despite the success of platinum
metallodrugs, drawbacks such as intrinsic and acquired
chemoresistance, as well as unspecific action leading to toxic side
effects, drive researchers towards the search for alternative and safer
chemotherapeutics, which may also take advantage of their different
mechanisms of action. One alternative is the use of metallodrugs in
which distinct metal ions may be explored to overcome these
drawbacks and take advantage of different reactivity, electronic
features and redox chemistry.

Copper is a signalling metal ion involved in cell growth and
proliferation. The field of cuproplasia (regulated copper-dependent
cell proliferation) has just begun to be explored, but has already
given proof of its importance in fighting cancer (Ge et al., 2022). It is
known that during tumour growth and metastasis cancer cells have
an increased need for copper since this metal ion is involved in
cellular processes such as signalling, oxidative phosphorylation, cell
growth, proliferation, angiogenesis and autophagy (Lelièvre et al.,
2020). This may be used as a strategy to target cancer cells, and
develop anticancer treatments to interrupt, deplete, or increase
copper concentration in tumours.

Despite being an essential nutrient to humans, copper
homeostasis must be strictly maintained. Under biological
conditions, copper is mostly bound to peptides and proteins,
preventing uncontrolled redox activity. Its deficiency is
detrimental, but its excess results in increased cellular oxidative
stress. Organic molecules which act as chelating moieties can bind
and sequester metal ions, or can act as ionophores that cross the cell
membrane when still bound to the metal ion and release it inside the
cell (Denoyer et al., 2015). In the intracellular environment, the
Cu(II) complexes can be reduced by cellular reductants such as
glutathione (GSH); the formed Cu(I) complex can be re-oxidized
producing reactive oxygen species (ROS), or as Cu(I) has high
affinity for GSH, the release of the original ligand is also possible.

8-Hydroxyquinoline (8HQ) and its derivatives are versatile
compounds and have been explored in the design of various
classes of anticancer compounds, acting through different
mechanisms of action (Song et al., 2015). Numerous studies
provided proof of the direct relationship between the ability of
these molecules to act as metal chelators and their antiproliferative
activity (Prachayasittikul et al., 2013). Binding of biologically active
molecules to metal ions may alter their pharmacokinetic
characteristics and improve their therapeutic potential, thus the
prospective synergistic effect of having the 8HQ scaffold, with
known therapeutic activity (Zhai et al., 2010; Jiang et al., 2011;
Oliveri et al., 2012; Prachayasittikul et al., 2013; Song et al., 2015;
Oliveri and Vecchio, 2016; Gupta et al., 2021), chelated to a metal

ion, with its potential for involvement in redox processes and its
diversity in structure and electronic features, has been considered an
attractive approach to develop therapeutic drugs (Correia et al.,
2014; Ndagi et al., 2017; Pape et al., 2018; Matos et al., 2019; Ribeiro
et al., 2022). For example, zinc and copper complexes of 5,7-dihalo-
substituted-8-hydroxyquinolines were reported as highly cytotoxic
agents against hepatoma, ovarian and non-small-cell lung human
tumour cells, with IC50 values from 1.4 nM to 32.13 μM (Liu et al.,
2013).

8-Hydroxy-2-quinolinecarbaldehyde showed promising
antiproliferative results both in vitro and in vivo (Chan et al.,
2013; Lam et al., 2016). Moreover, it can be used as starting
material for the synthesis of new 8HQ-based ligands, which
allow expanding the coordination ability of the parent 8HQ
(Albrecht et al., 2005). Also, its coordination to metal ions
further fosters the design and development of new anticancer
agents since metal ions chelation by 8HQs has been highlighted
as a key factor in their ability to induce cell death (Zhang et al.,
2008; Hickey et al., 2011; Xie and Peng, 2017; Zhu et al., 2019).
Barilli et al. reported on a family of 2-substituted-8HQs, that
showed promising antiproliferative results on HeLa cervical cancer
cells in the presence of iron and copper (Barilli et al., 2014). Chen
and co-workers showed that Cu(II) and Ni(II) complexes with 2-
((2-(pyridin-2-yl)hydrazono)methyl)quinoline-8-ol present high
cytotoxic activity against seven different cancer cells. The Cu(II)
compound induced caspase-dependent apoptosis and caused
cancer cell cycle arrest in the S phase (Chang et al., 2016).
Rigolino and co-workers (Rogolino et al., 2017) reported on a
series of 8-hydroxyquinoline thiosemicarbazones and their Cu(II)
and Zn(II) complexes which displayed cytostatic activity in
different cancer cells, the most active Cu(II) complex showing
an IC50 value lower than 1 μM. Ali et al. studied mixed ligand
Cu(II) complexes with 8HQ derivatives and their antiproliferative
effect in breast cancer cells (Ali et al., 2021).

Recently, we reported on a series of six 8HQ-benzohydrazones and
their coordination to V(IV)O ions (Ribeiro et al., 2022). Cytotoxicity on
a melanoma cell line occurred in the low micromolar range and
increased generation of ROS-induced DNA damage was observed.
Annexin V and Caspase 3/7 flow cytometry assays indicated cell
death by apoptosis. The fluoro-substituted metal complex was
identified as the one showing the highest apoptosis and induction of
DNA double-strand breaks. In this report, we synthesized two new
ligands and Cu(II) complexes with the full series. The Cu(II) complexes
show high potential as anticancer agents. The assays performed in vitro
regarding their chemical and biological behaviour indicate that their
redox properties are, at least partly, responsible for their cytotoxic
action. They can interact with GSH and ascorbic acid (AA), increasing
the ROS concentration in the cells, and triggering cell defences that lead
to cell death.
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2 Experimental

Details on the experimental part are included in Supplementary
Material, section S1, and only the synthetic procedure/
characterization aspects are included here.

2.1 Chemicals and apparatuses

Benzoic hydrazide (98%), 4-chlorobenzhydrazide (98%), 4-
fluorobenzoic hydrazide (96%), 4-methoxybenzhydrazide (97%),
p-toluic hydrazide (99%), and 4-aminobenzoic hydrazide (95%)
were all from Aldrich, while 4-hydroxybenzhydrazide (puriss)
was from Merck and isoniazid (≥99%) was from Fluka.
[Cu(AcO)2]·H2O from Panreac was used as received. Dioxane
(Fluka), dimethyl sulfoxide (DMSO, Riedel-de-Haën), methanol
(MeOH, Riedel-de-Haën) and ethanol (EtOH, Fluka) were all
analytical grade and used without further purification. 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
tetrabutylammonium nitrate (TBAN), glutathione and ascorbic
acid were purchased from Sigma-Aldrich in puriss quality. KCl,
HCl, KOH, DMSO, EDTA and potassium hydrogenphtalate were
obtained from Molar Chemicals (Hungary) and used without
further purification. Milli-Q ultra-pure water was used for the
preparation of all solutions. For the reactions with AA and GSH,
the pH of the solutions was adjusted to 7.4 with HEPES (50 mM).
CuCl2 stock solution was prepared by the dissolution of CuCl2 in
water and the concentration was determined by complexometry.
When necessary, the pH was set to the appropriate value by the
addition of HCl or KOH solutions. Elemental analysis for C, H
and N, were carried out on a FISONS EA 1108 CHNS-O
apparatus at Laboratório de Análises of Instituto Superior
Técnico, while ESI-MS spectra of methanolic solutions of the
compounds in both positive and negative modes were measured
in a 500-M Varian Ion Trap Mass Spectrometer. Proton, carbon

and correlation NMR spectra were obtained on a Bruker Avance
II + 300 (UltraShieldTM Magnet) spectrometer operating at
300 MHz for proton and at 75.4 MHz for carbon, at room
temperature; the chemical shifts are reported in ppm using
tetramethylsilane as the internal reference. A JASCO FT/IR
4100 spectrophotometer was used for recording the infra-red
spectra and electronic absorption spectra (UV-Vis) were
recorded ether with a Perkin Elmer Lambda 35 (in the
characterization studies) or an Agilent Cary 8,454 diode array
spectrophotometer (in the spectrophotometric speciation
studies). UV-vis spectrophotometers were thermostated to
within ±0.1°C by Haake water baths. EPR spectra were
recorded at 120 K with an X-band (9.4 GHz) Bruker EMX
spectrometer equipped with an HP 53150 A microwave
frequency counter with the following instrumental settings:
microwave frequency, 9.40–9.41 GHz; microwave power,
20 mW; time constant, 163.8 m; modulation frequency,
100 kHz; modulation amplitude, 4 G; sweep time, 335.5 s;
resolution 4,096 points. Magnetization measurements as a
function of temperature were performed using a SQUID
magnetometer (Quantum Design MPMS). The molar magnetic
susceptibility values were subtracted for diamagnetism of the
constituent atoms, estimated from Pascal constants, to isolate the
copper spin contribution; the corrected molar susceptibility is
designated by χm. Software PHI (Chilton et al., 2013) was used to
fit an isotropic spin Hamiltonian (exchange coupling and
Zeeman effect components) to the χm, χm

−1, and χmT vs.
temperature curves.

2.2 Synthesis of the ligand precursors

The synthesis of the ligand precursors was done by adapting
a published procedure (Liu and Yang, 2009a) – Scheme 1. The
synthesis and characterization of L1-L6 were described in a

SCHEME 1
General scheme for the ligand precursors’ syntheses. Abbreviations L1– L8 represent globally all possible protonation forms of the compounds. Only
when specifying a particular protonation form, the protons will be included in the abbreviation (LHn or HnL).
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previous publication (Ribeiro et al., 2022). Briefly, the
carbaldehyde was dissolved in ca. 10 mL of MeOH and stirred
with a few drops of glacial acetic acid. The corresponding
benzohydrazide was added as a solid to the previous solution
and left to reflux for 6 h. When a solid started to separate from
the reaction mixture, it was allowed to cool to room temperature
and then in the freezer for further precipitation. The solid
product was finally collected by filtration, washed with ice-
cold MeOH and dried under vacuum in a desiccator over
silica-gel.

Crystals of L5 suitable for single crystal X-ray diffraction
(SCXRD) were obtained from an acetone solution of the
compound kept at room temperature for a few weeks.

L7: Bright yellow solid. Yield: 62.3%. Elem. analysis for
C17H14N4O2·0.25H2O [found (calcd.)]: C, 65.5% (65.69%); H,
4.5% (4.70%); N, 18.0% (18.03%). ESI-MS m/z (−) 305.40 (calcd.
for [C17H14N4O2−H]− 305.31) (+) 306.99 (calcd. for
[C17H14N4O2+H]+ 307.31). FTIR (KBr pellet, cm−1) 3,441–3,318
(OH and primary amine), 3,212 (br), 3,109–3,046 (aromatic CH),
1,645 (carbonyl), 1,625 (CNquinoline), 1,548 (imine). UV-Vis
[DMSO, λ, nm (ε, M−1cm−1)] 265 (2.2 × 104), 284 (2.8 × 104),
295 (2.9 × 104), 350 (2.4 × 104).

L8: Bright yellow solid. Yield: 71.1%. Elem. analysis for
C16H12N4O2·0.25H2O [found (calcd.)]: C, 64.8% (64.75%); H,
4.2% (4.24%); N, 18.8% (18.88%). ESI-MS m/z (−) 291.21 (calcd.
for [C16H12N4O2−H]− 291.28) (+) 293.13 (calcd. for
[C16H12N4O2+H]+ 293.30). FTIR (KBr pellet, cm−1) 3,445,
3,326, 3,046 (aromatic CH), 2,860 (azomethine CH), 1,679
(carbonyl), 1,549 (imine). UV-Vis [DMSO, λ, nm (ε,
M−1cm−1)] 260 (2.0 × 104), 295 (2.35 × 104), 344 (1.3 × 104),
356 (1.37 × 104), 400 (1.5 × 103).

2.3 Synthesis of the copper(II) complexes

In a round-bottom flask, 0.25 mmol of the corresponding ligand
precursor were suspended in ca. 10 ml of MeOH. A few drops of
0.1 M KOH solution in MeOH were added till pH ≈ 9. In a vial,
0.25 mmol of [Cu(AcO)2]·H2O were dissolved in MeOH and added
to the ligand precursors’ solution. The mixture was stirred for ca. 4 h
at room temperature. In general, the ligand’s suspensions presented
a yellow-milky aspect and, upon the addition of the blue copper
solution, the reaction mixture gained a darker colour with the
formation of a reddish-brown solid. The solids were collected by
filtration, washed with ice-cold MeOH and dried under vacuum in a
desiccator over silica-gel.

[Cu(HL1)(AcO)] (1): Red solid. Yield: 85.7%. Elem. analysis for
C19H15N3O4Cu·H2O [found (calcd.)]: C, 52.8% (52.96%); H,
3.5% (3.98%); N, 9.7% (9.75%). ESI-MS m/z (−) 410.96 (calcd.
for [C19H15N3O4Cu−H]− 411.03). FTIR (KBr pellet, cm−1) 3,415
(br), 3,054, 1,664 (br), 1,586, 1,512, 1,491, 1,454. UV-Vis [DMSO,
λ, nm (ε, M−1cm−1)] 277 (2.18 × 104), 331 (2.3 × 104), 390 (1.2 ×
104), 478 (2.4 × 103).
[Cu(L2)]3 (2): Red solid. Yield: 95.3%. Elem. analysis for
3×{C17H10N3O2ClCu·0.5H2O·0.25MeOH} [found (calcd.)]: C,
51.0% (51.25%); H, 2.7% (2.99%); N, 10.1% (10.39%). ESI-MS m/
z (−) 385.23 (calcd. for [C17H10N3O2ClCu−H]

− 384.97). FTIR (KBr

pellet, cm−1) 3,428 (br), 3,021, 1,662 (br), 1,593, 1,506, 1,487, 1,446.
UV-Vis [DMSO, λ, nm (ε, M−1cm−1)] 282 (sh, 9.0 × 103), 332 (8.0 ×
103), 405 (6.0 × 103), 428 (5.5 × 103), 556 (3.8 × 103).
[Cu(L3)]3 (3): Dark red solid. Yield: 66.2%. Elem. analysis for
3×{C17H10N3O2FCu·1.25H2O} [found (calcd.)]: C, 52.1%
(51.91%); H, 2.8% (3.20%); N, 10.5% (10.68%). ESI-MS m/
z (−) 369.39 (calcd. for [C17H10N3O2FCu−H]− 369.00); m/z
(+) 371.08 (calcd. for [C17H10N3O2FCu + H]+ 371.02). FTIR
(KBr pellet, cm−1) 3,423 (br), 3,020, 1,662 (br), 1,601, 1,509,
1,493, 1,446. UV-Vis [DMSO, λ, nm (ε, M−1cm−1)] 280 (sh,
1.3 × 104), 327 (1.25 × 104), 394 (7.0 × 103), 425 (4.5 × 103),
535 (1.8 × 103).
[Cu(HL4)(AcO)] (4): Reddish-brown solid. Yield: 74.9%. Elem.
analysis for C20H17N3O4Cu·0.5H2O [found (calcd.)]: C, 54.9%
(55.11%); H, 4.0% (4.16%); N, 9.6% (9.64%). ESI-MS m/z (+)
367.10 (calcd. for [C20H17N3O4Cu−AcO]

+ 367.04). FTIR (KBr
pellet, cm−1) 3,420 (br), 3,052, 1,662 (br), 1,608, 1,518, 1,496,
1,452. UV-Vis [DMSO, λ, nm (ε, M−1cm−1)] 278 (2.35 × 104), 327
(2.0 × 104), 402 (1.25 × 104), 426 (sh, 7.0 × 103), 540 (br, 1.0 × 103).
[Cu(L5)]3 (5): Reddish-brown solid. Yield: 39.9%. Elem. analysis
for 3×{C18H13N3O3Cu·1.75H2O} [found (calcd.)]: C, 52.1%
(52.17%); H, 3.6% (4.01%); N, 9.7% (10.14%). ESI-MS m/z (+)
383.08 (calcd. for [C18H15N3O4Cu + H]+ 383.03). FTIR (KBr
pellet, cm−1) 3,386 (br), 3,046, 1,657 (br), 1,603, 1,506, 1,485,
1,449. UV-Vis [DMSO, λ, nm (ε, M−1cm−1)] 281 (1.45 × 104), 335
(1.5 × 104), 399 (9.0 × 103), 429 (sh, 6.0 × 103), 560 (br, 9.0 × 102).
Crystals suitable for SCXRD were obtained after a few weeks
from the mother liquor (methanol).
[Cu(L6)]3 (6): Brown solid. Yield: 62.0%. Elem. analysis for
3×{C17H11N3O3Cu·1.5H2O} [found (calcd.)]: C, 51.7% (51.58%);
H, 3.2% (3.56%); N, 10.5% (10.61%). ESI-MSm/z (+) 367.23 (calcd.
for [C17H13N3O4Cu−H]

− 367.00). FTIR (KBr pellet, cm−1) 3,414
(br), 3,060, 1,648 (br), 1,605, 1,524, 1,496, 1,454. UV-Vis [DMSO, λ,
nm (ε, M−1cm−1)] 281 (2.25 × 104), 332 (1.9 × 104), 407 (1.2 × 104),
478 (br, 3.0 × 103), 549 (br, 1.1 × 103).
[Cu(L7)]3 (7): Brown solid. Yield: 59.0%. Elem. analysis for
3×{C17H12N4O2Cu·2.5MeOH} [found (calcd.)]: C, 50.0%
(50.06%); H, 3.9% (4.32%); N, 13.2% (13.34%). ESI-MS m/z
(+) 399.51 (calcd. for [C17H12N4O2Cu + MeOH + H]+

400.06). FTIR (KBr pellet, cm−1) 3,440 (br), 3,342, 3,216,
3,036, 1,625, 1,602, 1,523, 1,493, 1,454. UV-Vis [DMSO, λ,
nm (ε, M−1cm−1)] 291 (2.9 × 104), 345 (sh, 1.55 × 104), 417
(1.3 × 104), 535 (br, 1.4 × 103).
[Cu(L8)]3 (8): Reddish-brown solid. Yield: 52.7%. Elem. analysis
for 3×{C16H10N4O2Cu·1.75H2O·0.25MeOH} [found (calcd.)]: C,
49.5% (49.62%); H, 3.3% (3.72%); N, 14.0% (14.24%). ESI-MSm/
z (+) 354.08 (calcd. for [C16H10N4O2Cu + H]+ 354.02). FTIR
(KBr pellet, cm−1) 3,435 (br), 3,047, 1,628, 1,595, 1,521, 1,499,
1,460. UV-Vis [DMSO, λ, nm (ε, M−1cm−1)] 276 (1.1 × 104), 340
(9.0 × 103), 387 (6.0 × 103), 495 (br, 1.6 × 103).

3 Results and discussion

3.1 Synthesis and characterization

The organic compounds here described are benzohydrazide-
hydrazone derivatives of 8-hydroxy-2-quinolinecarbaldehyde
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(8HQ-2CHO). The synthesis, solid state and solution
characterization (including pKa values) of L1 - L6, have
already been included in a previous publication in which
their binding to V(IV)O was also disclosed (Ribeiro et al.,
2022). Compounds labelled L7 and L8 are related to the
previously described compounds, corresponding to the new
condensation products of 8HQ-2CHO with 4-aminobenzoic
hydrazide and isoniazid, respectively. Their characterization
will now be briefly described. The NMR spectra of both
compounds were measured in DMSO_d6 and the chemical
shifts are in good agreement with the other compounds of
this family: the imine proton appears at 7.76 and 7.96 ppm
for L7 and L8, respectively (Supplementary Table S2 in
Supplementary Material, SM) and the corresponding carbons
at 136.5 and 140.2 ppm. In both compounds, the proton from the
hydroxyl group is present at 10.86 ppm, while the NH is at
15.50 ppm for L7 and 16.08 ppm for L8. The protons from the
amino benzyl substituent in L7 resonate at 5.93 ppm.

Copper complexes are all new and were synthesized in moderate
to good yields from the Cu(II) acetate salt. Elemental analysis and
mass spectrometry reveal a 1:1 ligand-to-metal stoichiometric ratio
for all. Interestingly, while with L1 (no substituent) and L4 (methyl
substituted) an acetate anion from the original salt seems to be
maintained in the solid-state complex, in all other complexes double
deprotonation of the ligand is assumed. Regarding the substituent
effects, unsubstituted or substituents with inductive charge effect,
like CH3, do not seem to be enough to doubly deprotonate the
ligand. The other substituents, having a resonance effect on the
aromatic ring, allow for the double deprotonation of the ligand and
the coordination to the Cu(II) centre in a di-anionic form. All
complexes were spectroscopically characterized, however, and due
to the large number of compounds synthesized, with some
techniques only selected compounds will be evaluated.

The infra-red absorption spectra (FTIR, Supplementary Figure
S1) of the two new ligand precursors are consistent with those
already reported for the related compounds (Ribeiro et al., 2022),
presenting narrow, strong bands in the region around 3,400 cm−1,
assigned to OH and NH stretching vibrations. A set of bands
between 1,680 and 1,500 cm−1, due to vibrations of double bonds
in the carbonyl and iminemoieties, as well as in the aromatic rings, is
observed. Coordination to copper leads to the disappearance of the
sharp OH and NH bands, with a broad band appearing in the same
region, probably associated with hydrogen-bonded OH and NH
groups and solvent molecules retained in the solid matrixes
(Supplementary Figure S2 and Supplementary Table S3).
Significant changes are also registered in the region
1,680 – 1,500 cm−1 upon metal binding, showing the involvement
of both carbonyl and nitrogen atoms of amide, imine and quinoline
moieties in the metal coordination.

All compounds were characterized by UV-Vis absorption
spectroscopy in DMSO (Supplementary Table S3, Supplementary
Figure S3, S4). The organic compounds, L1-L8, show electronic
transitions typical for this type of compounds, namely, π→π*
and n→π* transitions (Liu and Yang, 2009b; Ribeiro et al., 2022).
Cu(II) complexes spectra show the presence of the same bands,
although shifted, and new ones at higher wavelengths with lower
molar extinction coefficients, consistent with charge transfer bands
between the ligand and the metal centre.

3.2 Structural characterization by SCXRD

Single crystals of L5 and its Cu-complex 5 were obtained from
acetone and methanol, respectively. L5 crystallized in the triclinic
system, space group P−1, and the asymmetric unit consists of two
molecules of L5 and three water molecules engaged in hydrogen
bonds with the protonated phenol-O and carbonyl-O atoms
(Supplementary Table S4). The compound adopts an E
configuration relative to the hydrazonic C12=N13 linkage
(Figure 1A). The C8-C12-N13-N14 dihedral angle is 179.5(7)° in
L5, while in the complex, after reorientation of the nitrogen in
relation to the quinoline ring, twisting and bending of the molecule,
it becomes 2.9(19)°. Complex 5 crystallizes as a trimer in the trigonal
system, space group P−3. Each ligand acts as a dibasic pentadentate
ligand being shared by two different pentacoordinated Cu(II) metal
centres (Figure 1B). Each copper centre is surrounded by the
following donors from two ligand molecules: [(O−, N, N2

im);
(N1

im, CO−)]. Both carbonyl oxygen atoms are deprotonated
since enolization and deprotonation of the amide group occur
upon coordination, decreasing the C15-N14 bond by 0.02 Å and
increasing the C15-O17 bond by 0.026 Å (Table 1) (Das et al., 2014).
At the same time, the N14-C15-O17 angle increases by 5.3°, while
the C16-C15-O17 and C15-N14-N13 angles decrease by 5.5° and
8.1°, respectively, due to the enolization and coordination of this part
of the molecule. The three Cu(II) atoms form an equilateral triangle
with a distance of 4.780(3) Å between metal centres (Figure 1C).

3.3 SQUID magnetometry

To gain further insight into the structure of the compounds in
the solid-state, magnetization measurements of crystals of
complex 5 were performed as a function of temperature (from
10 to 300 K, under an applied magnetic field of 0.1 T).
Supplementary Figure S5 displays the thermal variation of the
molar magnetic susceptibility, χm (= M/H, where M is the molar
magnetization and H is the applied magnetic field), after
diamagnetic contribution subtraction, as well as the product
χmT vs. temperature. The χmT product is practically constant
over all the temperature range, varying between 0.86 and
0.97 cm3 K mol−1. Assuming the spin-only model with S = ½
(g = 2) for each of three non-interacting Cu(II) ions, the value
expected for χmT is 1.25 cm3 K mol−1 for all spins aligned with the
external applied magnetic field (↑↑↑) and 0.38 cm3 K mol−1 for a
configuration of Cu(II) spins with total spin S = ½ (↑↓↑). The
experimental result is far from these two values, indicating the
need to consider interactions between the copper spins. Different
approaches were considered to fit simultaneously χm, χm

−1, χmT
vs. T curves, and program PHI (Chilton et al., 2013) with the
isotropic Spin Hamiltonian:

Ĥ � −2 J12 Ŝ1 · Ŝ2( ) + J13 Ŝ1 · Ŝ3( ) + J23 Ŝ2 · Ŝ3( )[ ]

+ μB g1Ŝ1 + g2Ŝ2 + g3Ŝ3( ) (1)

The results indicate a rather weak interaction between the three
S = ½ Cu(II) ions, either pointing to a weak isotropic parallel
coupling (0<J<1) cm−1 (Supplementary Figure S5), or to a weak
antiparallel one, which indicates the existence of magnetic
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frustration among the three Cu ions (−1 < J < 0) cm−1. The small
value obtained for J can be explained by the indirect bonding
between the Cu(II) ions.

Both spin configurations are consistent with three S = ½ Cu(II)
ions at the same distance from each other, in equivalent local
symmetry sites, in perfect agreement with the Cu equilateral
triangle configuration obtained from crystallographic data.

3.4 EPR characterization

For selected complexes (1, 5, 6 and 7) electron paramagnetic
resonance (EPR) spectra were recorded at 120 K on amorphous
(polycrystalline) powder samples, and these are reported in
Figure 2A. They exhibit a single isotropic feature with g values
of 2.114, 2.118, 2.115 and 2.110, respectively. The spectrum
recorded on the crystals of [Cu(L5)]3 (5) (with g = 2.112) is
very similar to that collected on the polycrystalline powder of the
same compound and this demonstrates that the two structures
are comparable. The detected isotropic absorptions are usually
the result of the dipolar interaction and intercentre exchange
between neighbouring units that broaden the hyperfine lines
(Rizzi et al., 2016) and support the trinuclear nature observed
by SCXRD analysis. Notably, the same features have also been

revealed for other trimeric Cu(II) complexes (Thakurta et al.,
2008; Saha et al., 2014).

When the complexes are dissolved in DMSO, the spectral
pattern does not change significantly and the signal is dominated
by an almost and little resolved isotropic band (Figure 2B and
Supplementary Figure S6). This suggests that the complexes partly
keep their structure in the organic solution. However, in the parallel
region, the hyperfine coupling between an unpaired electron and the
Cu(II) nucleus is observed. The resonances of this mononuclear
complex are indicated with IIa and coincide with those of the species
that the spectrophotometric titrations interpreted as [Cu(L)] (see
infra). Considering that in the X-ray structure of complex 5, the L5

ligand adopts a trinuclear coordination with the donor set (O−, N,
N2

im), the resonances IIa could be assigned to a complex with
equatorial coordination of [(O−, N, N2

im); DMSO]. In other words,
in DMSO and H2O the equilibrium (Eq. 2) is established:

Cu L( )[ ]3 + 3DMSO/H2O% 3 Cu L( ) DMSO/H2O( )[ ] (2)
In DMSO the two species [Cu(L)]3 and [Cu(L)(DMSO)] coexist

(see Figure 2B), while in water the formation of [Cu(L)(H2O)] is
favoured (see infra, section 3.7). The resonances at 309.4 mT,
denoted by the dashed line in Figure 2B, can be considered
distinctive of the presence in solution of the trinuclear complex
[Cu(L)]3. The comparison between the behaviour of the crystalline

FIGURE 1
(A) ORTEP diagram of L5 with thermal ellipsoids at 40% probability level along with the atom numbering scheme; (B) View of the binding in the
equilateral triangle formed between the Cu(II) centres in [Cu(L5)]3 (5) and (C) ORTEP diagram of [Cu(L5)]3 with thermal ellipsoids at 40% probability level.
Hydrogen atoms are omitted for clarity.
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and polycrystalline samples is highlighted in Supplementary Figure
S7, which demonstrates that the two forms behave similarly
according to reaction in Eq. 2.

It is worth noting that, in contrast with other
reported polynuclear Cu(II) complexes, which in organic
solvents give the mononuclear units (Alves et al., 2004; Ali et al.,
2005; Koval et al., 2006; Pradeep and Das, 2009; Ray et al., 2010;
Thakurta et al., 2010; Shit et al., 2013), in our [Cu(L)]3
complexes, the bridges are strong enough to survive to some
extent in DMSO solution and are not broken; this is probably

due to the nature of the bridge, disclosed by the SCXRD study,
which shows a tridentate behaviour of the ligand L on one side, with
the set (O−, N, N2

im), and bidentate on the other side with the donor
set (N1

im, CO
−). In aqueous solution we expect the predominance of

the [Cu(L)(H2O)] species, as shown in the next section.

3.5 Proton dissociation processes and
solubility of the ligand precursors

Investigation of the proton dissociation processes of a bioactive
compound is necessary for the interpretation of the results of the
biological assays since based on the pKa values one can determine
the actual chemical form and charge at a given pH. The pKa values
for the related 8-hydroxyquinoline-hydrazone conjugates (L1-6) were
already determined in our previous work (Ribeiro et al., 2022) by
UV-Vis spectrophotometric titrations in 30% (v/v) DMSO/H2O
(Supplementary Table S5). For the reference compound L1 three pKa

values could be calculated based on the spectral changes, and pKa1,

FIGURE 2
(A) X-band EPR spectra recorded at 120 K on: (A) polycrystalline
samples of 1 (a), crystalline 5 (b), polycrystalline 5 (c), 6 (d) and 7 (e); (B)
polycrystalline samples of 1 (a), 4 (b), polycrystalline 5 (c), crystalline 5
(d), and 6 (e) dissolved in DMSO. The region between 255.0 and
295.0 mT of the traces (a) and (e) is amplified by four and three times,
respectively. In (f) the spectrum recorded in the system Cu(II)/H2L

4 1:1 at
pH 6.50 in themixture of 80% (v/v) DMSO/H2O is also shown. IIa indicates
the first two parallel resonances of the complex [Cu(L)] with [(O−, N, N2

im);
DMSO] binding set, and the dashed line indicates the distinctive resonance
of the trinuclear species [Cu(L)]3.

TABLE 1 Selected bond lengths (Å) and angles (°) for L5 and [Cu(L5)]3 (5). Atoms
labelled with a prime (´) belong to a second ligandmolecule coordinated to the
same Cu(II) centre.

L5 [Cu(L5)]3 (5)

Bond lengths (Å)

C3-O11 1.347(10) 1.263(18)

C4-N7 1.359(9)

C8-N7 1.323(12)

C12-N13 1.286(13) 1.284(11)

N13-N14 1.381(10) 1.390(10)

C15-N14 1.359(13) 1.339(12)

C15-O17 1.236(10) 1.262(12)

Cu1-O11 1.959(8)

Cu1-N7 1.940(9)

Cu1-N14 2.010(10)

Cu1-N13′ 2.204(8)

Cu1-O17′ 1.956(6)

Bond angles (°)

O11-C3-C4 120.5(8) 116.6(8)

C4-N7-C8 118.4(7) 121.9(9)

C12-N13-N14 116.0(7) 119.4(7)

C15-N14-N13 118.3(7) 110.2(8)

O17-C15-N14 120.1(7) 125.4(8)

O17-C15-C16 122.3(8) 116.8(8)

C16-C15-N14 117.6(7) 117.8(9)

O11-Cu1-N7 82.5(4)

N7-Cu1-N14 86.9(4)

N14-Cu1-N13′ 95.0(4)

N13′-Cu1-O17′ 76.0(3)

O17′-Cu1-O11 95.5(4)

O17′-Cu1-N7 173.1(4)

O17′-Cu1-N14 98.3(4)

O11-Cu1-N14 146.0(4)

O11-Cu1-N13′ 118.5(4)
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pKa2 and pKa3 were assigned to the deprotonation of the
quinolinium NH+, the hydroxyl and the benzohydrazide NH
moieties, respectively. The various substituents (Cl, F, CH3,
OCH3) have negligible influence on these pKa values. For L

6 with
the additional OH group also three pKa values were obtained,
although pKa2 and pKa3 were attributed to the two hydroxyl
moieties, and the pKa of the benzohydrazide NH was fairly high
(>12) (Ribeiro et al., 2022).

Both L7 and L8 have one more dissociable proton than L1,
namely, L7 has the ammonium group and L8 the pyridinium
nitrogen, which may dissociate in the acidic pH range
(ChemAxon, 2012). Three pKa values could be calculated for L7

and L8 under the same experimental conditions and are collected in
Table 2. Supplementary Figure S8 shows the spectra of L8 and the
computed molar absorbance spectra of the ligand in the different
protonation states. As the deprotonation of the ammonium (L7) and
the pyridinium nitrogen (L8) are assumed to take place in the same
pH range as the quinolinium NH+, it is not possible to assign the
pKa1 to a particular moiety, while pKa2 and pKa3 undoubtedly belong
to the hydroxyl and the benzohydrazide NH groups, respectively.
Despite the relatively small differences found, L7 and L8 are also
present in solution in their neutral H2L form at physiological
pH, similarly to ligands L1-L5 (Ribeiro et al., 2022), as the
concentration distribution curves show in Supplementary Figure S9.

The thermodynamic solubility (S) of both ligand precursors was
also determined at pH 7.4 in water at 0.1 M KCl ionic strength
(Table 2) revealing low values, as observed for the rest of the ligand
series and a minor impact of the derivatization.

3.6 Solution stability of Cu(II) complexes
formed with selected ligand precursors

The complex formation processes of L1, L5 and L6 with Cu(II)
ions were studied by UV-Vis spectrophotometry in 30% (v/v)
DMSO/H2O using relatively low concentrations (cL = 50–60 μM),
due to the limited water solubility of the ligand precursors as well as
of the Cu(II) complexes (see thermodynamic solubility data in
aqueous media in Table 2 and Table 3). L1 was selected as the
simplest compound of the studied ligand series, whereas L5 and L6

were selected to compare with the oxidovanadium(IV) system
(Ribeiro et al., 2022). The solution stability and stoichiometry of
the Cu(II) complexes were determined by the evaluation of the UV-
Vis spectra recorded at various pH values (representative spectra are

shown for the Cu(II) ‒ L1 and Cu(II) ‒ L6 systems in Figures 3A,B
and for Cu(II) ‒ L5 in Supplementary Figure S10A). The computed
overall stability constants and pKa values of the complexes are
collected in Table 3. The formation of only mono-ligand
complexes was found with [Cu(LH)]+, [Cu(L)], and [Cu(LH‒1)]

‒

(and [Cu(LH‒2)]
2‒ in the case of L6) compositions, and their

computed molar absorbance spectra are shown in Figures 3C, D,
Supplementary Figure S10B. The differences found in the intra-
ligand and charge-transfer bands of these species suggest several
different coordination modes; however, based on these spectra, it is
difficult to judge the actual binding types, thus, EPR spectroscopic
measurements were also done (vide infra).

In the [Cu(LH)]+ species most probably the ligand coordinates
via the (O−, N) donor set of the 8HQ scaffold, while the
benzohydrazide NH moiety is still protonated. Considering the
much lower pKa value of [Cu(LH)]+ (Table 3) than that of the
benzohydrazide NH of the ligand precursors (pKa3 in the case of L1,
L5, and pKa4 in the case of L6), upon the deprotonation of [Cu(LH)]+

the binding of the benzohydrazide N2
im donor atom is highly

probable in the species [Cu(L)], adding to (O−, N) donor set, also
in agreement with the SCXRD structure that showed one of the
ligands assuming this binding mode. It is worth noting that an
equilibrium between [Cu(L)] and the trinuclear complex [Cu(L)]3
(found by X-ray diffraction analysis, SQUID magnetometry and
EPR spectroscopy) is possible; however, under the conditions used

TABLE 2 pKa values of the studied ligand precursors determined by UV-Vis
spectrophotometric titrations in 30% (v/v) DMSO/H2O in addition to their
thermodynamic solubility (S7.4). [t = 25.0°C; I = 0.1 M (KCl)].

L7 L8 L1a

R = NH2 H, X = N H

pKa1 2.37 ± 0.01 2.61 ± 0.01 2.24

pKa2 9.41 ± 0.01 8.95 ± 0.01 9.51

pKa3 12.25 ± 0.01 11.14 ± 0.01 11.45

S7.4 (μM) 1.4 ± 0.1 2.1 ± 0.2 3.7

aData taken from Ref. (Ribeiro et al., 2022).

TABLE 3 Overall (logβ) stability and proton dissociation (pKa) constants of the
Cu(II) complexes formed with L1, L5 and L6 determined by UV-Vis
spectrophotometric titrations in 30% (v/v) DMSO/H2O in addition to their
thermodynamic solubility (S7.4) and distribution coefficients (logD7.4) at
pH 7.40 (these determined experimentally via n-octanol/water partitioning).
[t = 25.0°C; I = 0.10 M (KCl)]. pCu (= −log[Cu(II)]) values were computed with the
use of the stability constants at pH 7.4, at 1 μM Cu(II) and i) 1 μM or ii) 10 μM
ligand concentrations. Formal potential values (E1/2) vs NHE and peak
separations (ΔE) measured for the Cu(II) complexes by cyclic voltammetry [see
the conditions in the legend of Supplementary Figure S14].

L1 L5 L6

R = H OCH3 OH

logβ [Cu(LH)]+ 23.41 ± 0.02 22.75 ± 0.05 16.91 ± 0.03

logβ [Cu(L)] 17.79 ± 0.02 18.26 ± 0.04 11.67 ± 0.03

logβ [Cu(LH‒1)]
‒ 7.39 ± 0.03 7.18 ± 0.04 2.50 ± 0.03

logβ [Cu(LH‒2)]
2‒ − − −7.40 ± 0.04

pKa [Cu(LH)]+ 5.62 4.49 5.24

pKa [Cu(L)] 10.40 11.08 9.17

pCu a 8.96 9.03 7.26

pCu b 12.59 12.69 9.44

S7.4 (μM) c 5.8 ± 0.3 <1 1.3 ± 0.1

logD7.4 +1.9 ± 0.1 +2.4 ± 0.1 +2.0 ± 0.1

E1/2 (mV) +395 +377 +380

ΔE (mV) 166 144 150

acCu(II) = 1 μM; cL = 1 μM.
bcCu(II) = 1 μM; cL = 10 μM.
cS7.4 determined for complex 2: <1 μM; 3: <1 μM; 4: 4.0 ± 0.2; 7: 4.2 ± 0.1; 8: 3.3 ± 0.3.
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for the UV-Vis titrations (very low concentration, presence of the
weakly coordinating DMSO), the percent amount of polynuclear
species is assumed to be rather low. [Cu(LH‒1)]

‒ is most likely a
mixed hydroxido complex (=[Cu(L)(OH)]‒ with [(O−, N, N2

im);
OH−] binding mode) in the case of L1 and L5, while it is formed by
the deprotonation of the additional OH group of L6 based on the
much lower pKa of [Cu(L)]. Additionally, the development of a new
band at 368 nm upon the formation of [Cu(LH‒1)]

‒ from [Cu(L)]
also supports this suggestion (Figure 3D), which is not present in the
case of L1 and L5. Formation of [Cu(LH‒2)]

2‒ was only found with L6

and this species is suggested to be a mixed hydroxido species.
Concentration distribution curves (Figure 4) show that [Cu(L)]

species predominate at physiological pH. To compare the Cu(II)
binding ability of the studied ligands, the pCu (= ‒log [Cu(II)]) was
computed at 1 μMmetal ion concentration, and 1 and 10 μM ligand

concentrations at pH 7.4, based on the obtained stability constants
(Table 3). The higher pCu indicates stronger metal ion binding
under the given conditions. These values reflect the similar Cu(II)-
binding strength of L1 and L5, whereas L6 forms somewhat lower
stability complexes in comparison to the other two ligands, which
suggests that the benzohydrazide N2

im donor is not involved in the
coordination in complex 6. These Cu(II) complexes are the most
stable species at physiological pH, with a level of dissociation at 1 μM
concentration corresponding to only ca. 5% for complex 6.

As the complex formation of ligands L4 and L6 was also studied
with oxidovanadium(IV) the speciation data obtained here for the
Cu(II) complexes were compared and detailed in the SI
(Supplementary Figure S11B and its legend). It was pointed out
that the binding of these ligands to Cu(II) at pH > 7 is much
stronger than to oxidovanadium(IV).

FIGURE 3
UV-Vis spectra of the (A) Cu(II) ‒ L1 (1:1) and (B) Cu(II) ‒ L6 (1:1) systems recorded at various pH values. Calculated spectra (extinction coefficients) of
individual species of the (C) L1 and (D) L6 complexes. [cCu(II) = cL = 50 μM; pH = 1.5–11.0; t = 25.0°C; I = 0.10 M (KCl); ℓ = 1.0 cm; 30% (v/v) DMSO/H2O].

FIGURE 4
Concentration distribution curves calculated for the (A)Cu(II) ‒ L1 (1:1) and (B)Cu(II) ‒ L6 (1:1) systems. [cCu(II) = cL = 50 μM; t=25.0°C; I=0.10 M (KCl);
30% (v/v) DMSO/H2O].
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3.7 EPR spectra in solution

The Cu(II) binding modes in solution were studied by EPR
spectroscopy at 120 K in a mixture of 80% (v/v) DMSO/H2O in
the systems containing L4 or L6 with molar ratio 1:1.

The spectra measured with L6 are depicted in Figure 5, while the
spin Hamiltonian parameters are listed in Table 4. The
complexation starts with the formation of [Cu(LH)]+ with the
coordination of 8-hydroxyquinoline moiety and [(O−, N); H2O;
H2O] equatorial donor set. Its first three parallel resonances are
indicated with I in Figure 5.

Upon increasing the pH, another complex is observed (IIa
in Figure 5) with gz = 2.273 and |Az| = 169.5 × 10−4 cm–1. For
this species, whose composition is [Cu(L)] according to the
spectrophotometric data, several coordination modes could be
possible: [(O−, N, N2

im); H2O] [(O
−, N, N1

im); H2O] or [(O−, N,
N1

im, CO−)]. The values of ΔGaq
calcd are −9.0 kcal mol–1,

–2.3 kcal mol–1, and –3.4 kcal mol–1 (Supplementary Figure S12),
respectively, suggesting that the donor set [(O−, N, N2

im); H2O] is the
most stable since it shows the lowest value of ΔGaq

calcd. This is in
agreement with the SCXRD structure that suggests that each Cu(II)
ion is bound to the same donors from one molecule, and with the
EPR spectra collected after dissolving the solid compounds in
DMSO solution (see Figure 2). Moreover, the tridentate binding
(O−, N, N2

im) is the only one that makes possible the bidentate
coordination (N1

im, CO
−) to an adjacent [Cu(L)] unit. It must be

noted that [Cu(L)] predominates in solution from pH 6 to pH 8, in
line with the distribution curves in Figure 4; furthermore, in the
pH range of existence of [Cu(L)] the distinctive resonance of
[Cu(L)]3 appears (Figure 5), indicating that equilibrium in Eq. 2

happens in DMSO/H2O mixtures as well (but is shifted towards the
right), and that the species [Cu(L)] (with a water molecule that
occupies the fourth metal equatorial site) and [Cu(L)]3 coexist in
solution. As equilibrium in Eq. 2 is not pH dependent and due to the
low solubility of the complexes, individual characterization of
[Cu(L)] and [Cu(L)]3 by spectrophotometry is difficult (see
Section 3.6).

The formation of the complex [Cu(L)] with coordination
[(O−, N, N2

im); H2O] allows also accounting for the appearance of
another species at pH higher than 8.0 (III in Figure 5), to which
the UV-Vis spectrophotometric titrations assign the
stoichiometry [Cu(LH–1)]

–. It has gz = 2.223 and |Az| =
182.0 × 10−4 cm–1. It is plausible that this latter species is
originated from [Cu(L)] upon the deprotonation of an
equatorial water molecule to give the binding mode [(O−, N,
N2

im); OH−]; the coordination of an OH− in the equatorial plane
of Cu(II) ion, which replaces a water ligand, agrees well with the
decrease of gz and the increase of Az.

Finally, the deprotonation with a pKa of 9.90, suggested by
spectrophotometry, can be ascribed to the non-coordinating
phenolic–OH on the phenyl ring; since this deprotonation does
not change the coordination mode, the spin Hamiltonian EPR
parameters remain the same up to the formation of the hydroxo
complex [Cu(OH)4]

2–, denoted withOH in Figure 5, that appears in
solution at pH > 13.

The behaviour of the system with L4 is shown in Supplementary
Figure S13. The first observed resonances, after the solvated Cu2+ ion,
are those indicated by I. The EPR parameters are comparable to those of
the similar species detected with L6 and the same equatorial
coordination mode, [(O−, N); H2O; H2O], is assigned (Table 4).

FIGURE 5
Low field region of the X-band anisotropic EPR spectra recorded as a function of pH at 120 K in a mixture DMSO/H2O 80/20 (v/v) containing 63Cu(II)
and L6 (molar ratio 1:1 and Cu(II) concentration 1.0 mM). The first and last spectra were recorded on solutions containing the solvated and hydroxide
complexes. With I are indicated the first three equatorial resonances of [Cu(LH)]+, with IIa of [Cu(L)] with the donor set [(O−, N, N2

im); H2O], and with IIIa of
[Cu(LH–1)]

– with the donor set [(O−, N, N2
im); OH−]. With Cu2+ and OH are denoted the resonances of solvated Cu2+ ion and hydroxo [Cu(OH)4]

2–

complexes, taken as references. Moreover, the position of the resonance distinctive of the trinuclear complex [Cu(L)]3 is also indicated by the arrow.
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This corresponds to [Cu(LH)]+, determined also by spectrophotometric
titrations.

Upon increasing the pH to ~4, two new species appear in
solution, indicated by IIa and IIb in Supplementary Figure S13,
which are the major species in solution, from pH 5.5 to 8.5.
According to the concentration distribution curves in Figure 4,
they should correspond to [Cu(L)]. The fact that the intensity
ratio of the two sets of resonances remains unaltered in a wide
pH range suggests that they could be isomers with the ligand in
the same protonation degree and a different coordination mode
around Cu(II) ion. Species IIa is characterized by spin
Hamiltonian parameters very close to the similar species
detected in the system with L6 and after the dissolution of the
solid complexes: gz is 2.273 and |Az| = 170.0 × 10−4 cm–1; thus, an
identical donor set [(O−, N, N2

im); H2O], is assigned. The species
IIb has gz = 2.217 and |Az| = 183.6 × 10−4 cm–1. For this species,
the superhyperfine coupling with 14N is detected; the number of
lines (five) with a ratio 1:2:3:2:1 and a mean coupling constant Az

(14N) of 14.8 × 10−4 cm–1 indicate the binding of two nitrogen
atoms to copper (Xu and Chen, 1996; Klement et al., 1999;
Thakurta et al., 2008). For IIb two donor sets are possible: the
ligand in a tetradentate mode with [(O−, N, N1

im, CO
−)] or in a

tridentate mode with the binding set [(O−, N, N1
im); H2O]

without the coordination of the negative CO− donor
group. Moreover, it must be observed that, in the pH range
5.5–8.5, the presence of a minor amount of [Cu(L)]3 in
equilibrium with [Cu(L)] cannot be excluded (Supplementary
Figure S13).

Above pH 10, two new sets of resonances are revealed, indicated
by IIIa and IIIb (Supplementary Figure S13). IIIa has gz = 2.224 and
|Az| = 183.8 × 10−4 cm–1 and is assigned to [Cu(LH–1)]

–, found by
spectrophotometric titrations. Its coordination set is proposed as
[(O−, N, N2

im); OH
−], similarly to what was detected with L6. IIIb

coexists with IIIa, and its detection could be explained by the
transformation of [Cu(L)] with [(O−, N, N1

im); H2O] donor set
to [Cu(LH–1)]

– with [(O−, N, N1
im); OH−]. At pH > 12, the

resonances of [Cu(OH)4]2– (OH) are observed.
Overall, both spectroscopic techniques agree concerning the

pH speciation of the system. EPR also evidences the coexistence
of mononuclear and trinuclear species, which
spectrophotometric techniques are unable to disclose due to

the similar stoichiometry of both. At physiological pH the
complexes are in the neutral form [Cu(L)] and the
coordination probably involves the tridentate ligand with the
donor atoms (O−, N, N2

im).

3.8 Redox properties of selected Cu(II)
complexes

Copper is a redox-active metal that can react with
intracellular reducing agents and induce the formation of
ROS. These processes may change the redox state of the cell
and impact several important metabolic and signalling processes,
which in the end may lead to cell death. The redox properties of
selected compounds (1, 5 and 6) were investigated by cyclic
voltammetry in 9:1 (v/v) DMSO:HEPES (0.01 M, pH 7.4) with
0.1 M TBAN background electrolyte. These conditions were
chosen to provide sufficient solubility of the complexes (1
mM), even though the pH scaling differs from that used for
the UV-Vis titrations. Normalized cyclic voltammograms are
shown in Supplementary Figure S14, and the electrochemical
data are collected in Table 3. Both cathodic and anodic peaks
could be detected; the peak separation was fairly large indicating
irreversible electrochemical processes. The formal redox
potentials obtained for the complexes fall in the range
377–395 mV vs. NHE which is higher than the reported redox
potentials of the GSSG/GSH (−260 mV) (Schafer and Buettner,
2001) and dehydro-L-ascorbic acid/AA (+50 mV) (Hartinger
et al., 2006) redox pairs.

The direct redox reaction between the copper complexes and
GSH and AA was monitored spectrophotometrically under
anaerobic conditions at pH 7.4 in the presence of 5% (v/v)
DMSO using a tandem cuvette. After the addition of both
reducing agents (100 equiv. since a high excess is feasible under
physiologically relevant conditions) to the Cu(II) complexes
significant spectral changes were observed, and the redox
reactions reached the equilibrium within 20 or 60 min for GSH
and AA, respectively (Figure 6). These indicate the liberation of the
free ligand during the redox reaction since most probably the
generated Cu(I) complex dissociates and a stable Cu(I) complex
is formed with GSH (or AA), which is present in a high excess when

TABLE 4 Experimental spin Hamiltonian parameters for Cu(II) complexes formed by L6 and L4.

Ligand Species gz |Az| (63Cu)a Equatorial donor set

L6 (R = OH) [Cu(LH)]+ (I) 2.325 152.3 [(O−, N); H2O; H2O]

[Cu(L)] (IIa) 2.273 169.5 [(O−, N, N2
im); H2O]

[Cu(LH–1)]
– (IIIa) 2.223 182.0 [(O−, N, N2

im); OH
−]

L4 (R = CH3) [Cu(LH)]+ (I) 2.326 150.7 [(O−, N); H2O; H2O]

[Cu(L)] (IIa) 2.273 170.0 [(O−, N, N2
im); H2O]

[Cu(L)] (IIb) 2.217 183.6 [(O−, N, N1
im); H2O] or [(O

−, N, N1
im, CO

−)]

[Cu(LH–1)]
– (IIIa) 2.224 183.8 [(O−, N, N2

im); OH
−]

[Cu(LH–1)]
– (IIIb) 2.296 ~174 [(O−, N, N1

im); OH
−]

aHyperfine coupling constant reported in 10−4 cm–1 units.
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compared to the 8HQ-based ligand. The recorded absorbance−time
curves were further analysed and changes were compared
(Supplementary Figure S15). Our description of these kinetic
runs is only semi-quantitative; however, it can give information
about differences in reaction rates. Observed rate constants (kobs)
were calculated as the slope of the ln (A/A0) vs. time plots (see an
example in Supplementary Figure S16 for the reaction of complex 5
with GSH) and the calculated values are collected in Supplementary
Figure S15. It can be concluded that the redox reaction is faster with
GSH in all cases and the reaction rates for the complexes gave the
following trend: 1 ~ 6 > 5.

3.9 Stability in aqueous media

UV-Vis absorption spectra of the compounds were measured in
an aqueous buffer (HEPES, 0.01M, 0.1MKCl, pH 7.4) by dilution of
DMSO stock solutions (Supplementary Figures S17, S18). The
complexes showed no decomposition or hydrolysis but simply a
decrease in the intensity of the absorption bands, due to
precipitation.

3.10 Binding to macromolecules

The analysis of the interaction of newly synthesized
compounds with bovine serum albumin (BSA) is the first
model in the evaluation of their transport in blood, upon
administration. It was monitored by studying the quenching
of albumin’s fluorescence emission with increasing
concentrations of the complexes (Carter and Ho, 1994). The
Stern–Volmer analysis (see Supplementary Figure S19 and
Supplementary Table S6) confirmed the formation of a ground
state metal complex–protein adduct. Overall, data showed
moderate to strong interaction between BSA and the
synthesized complexes.

The ability to interact with DNA was studied for selected
compounds with different techniques, which are detailed in SM
(see Supplementary Figures S20–S23 and Supplementary Table S7):
DNA thermal denaturation and DNA-ethidium bromide

fluorescence competition assays. Overall, the results point to
weak interactions of all compounds with DNA and, most likely,
occurring at the external surface of the biomolecule.

To further investigate the nature of the interaction between the
complexes and DNA, cell-free DNA binding assays followed by gel
electrophoresis were performed. The ligand precursors had little to no
effect on DNAmigration except L7 (Supplementary Figure S24A). On
the other hand, incubation of plasmid DNA with complexes 1-8
confirmed binding to DNA and changed the supercoiling status by
increasing the nicked circular form. The most dramatic response was
obtained with 1, with the highest nicking efficiency. To understand
whether the induction of DNA nicks requires ROS, the samples were
pre-incubated with a singlet oxygen scavenger, NaN3. The change in
DNA migration was reversed, suggesting that singlet oxygen is
involved in the induced DNA nicking by the complexes. Overall,
complexes 1-8 appear to be promising species with little activity of
their corresponding ligands.

3.11 Anticancer activity of the compounds

Copper compounds were tested, along with the free ligands and
cisplatin as the positive control, for their cytotoxicity on both
melanoma (A-375) and lung adenocarcinoma (A-549) cell lines in
the concentration range 0.78–50 μM. Following 72 h of incubation,
cell viability was measured via sulforhodamine B (SRB) assay
(Supplementary Figure S25). Compared to their free ligand
counterparts, all complexes proved to be more effective/cytotoxic
in both A-375 andA-549 cells, with all complexes, except 6, exhibiting
IC50 values <10 μM in both cell lines (Table 5, Supplementary Figure
S25). Moreover, all selected Cu(II)-complexes showed higher
cytotoxicity than the positive control cisplatin in both cells (except
6). Therefore, the treatment of cells with copper compounds resulted
in cell survival loss, albeit with varying efficacy.

We have previously shown that all the oxidovanadium(IV)
complexes of the same ligands (L1-L6) were also cytotoxic at µM
doses (Ribeiro et al., 2022). Since the V(IV)O complex of L4 was
not very effective for the induction of apoptosis in our previous analysis,
we did not proceed further with 4. Additionally, complex 7 does not
have a V-counterpart, and its ligand is quite cytotoxic, so we excluded it

FIGURE 6
Time-dependent changes of the UV-Vis spectra of the Cu(II) complex 6 (40 µM) in the presence of 100 equiv. (A) GSH (4 mM) and (B) AA (4 mM) at
pH 7.4 in 5% (v/v) DMSO/H2O under anaerobic conditions. Inserted figures show the changes in absorbance values plotted against time at 400 nm [t =
25.0°C; I = 0.10 M (KCl)].
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from further studies and kept complex 8, which has lower IC50 values
and a ligand which presents much lower activity in A-549 cells.
Complex 1 was the one that showed the highest ability to target
DNA (highest ΔTm and nicking efficiency) and 3 was selected to
compare the metal effect since the vanadium complex of ligand L3 was
the most effective in the melanoma cell line (Ribeiro et al., 2022).
Additional reasons to choose 5 and 8 are the presence of groups with
H-acceptor ability that seem to present better cytotoxic profiles than
H-donor groups. Therefore compounds 1, 3, 5 and 8 were selected for
additional studies.

3.12 Formation of reactive oxygen species
and DNA double-strand breaks

Since reactive oxygen species appeared to be involved in the nicking
activity of the complexes (Supplementary Figure S24), we investigated
whether there was an increase in ROS formation in cells upon drug
treatment. Dihydroethidium (DHE) is a reduced form of ethidium, after
oxidation with superoxide (ROS), it is converted into 2-hydroxy
ethidium, which is a chemical that emits red fluorescence and
intercalates DNA. Not surprisingly, there was an induction of ROS
upon treatment with all complexes under study at levels more than or at
least comparable to cisplatin in A-375 cells (Figure 7A). Similar results
were obtained using A-549 cells, but withmuchmilder induction of ROS
except for 8, which remained high (Supplementary Figure S26). Complex
5 was the one which produced the milder ROS induction in these cells.

Additionally, to assess whether the ROS induction contributed to the
cytotoxicity triggered by these complexes, we used a ROS scavenger,
N-acetyl-cysteine (NAC), in combination with 1, 3, 5 or 8. Our data
showed that among the tested compounds, the cytotoxicity of 1, 3, and 8,
but not 5 was significantly reduced upon addition of NAC to the cell
culture (Supplementary Figure S27), in both cell lines. Interestingly, NAC
is known to scavenge some types of ROS (it directly interacts with •OH
and HOCl), but not others (i.e., H2O2, and O2

•−). Therefore, this data
suggested that while 1, 3 and 8 potentially act through generation of •OH
and HOCl, 5 seems to act through other intermediates. Indeed, it is also
possible that the cytotoxicity induced by 5 is not by ROS, despite the
induction observed in Figure 7A.

Indeed, we examined whether DNA nicks induced by the
complexes on pure plasmid DNA would reflect in cell culture as
increased DNA break formation. To test this, A-375 cells were

FIGURE 7
Induction of oxidative stress and DNA double strand breaks upon treatment with Cu(II) complexes. (A) A-375 cells were treated with cisplatin (CISP)
or 1, 3, 5, 8 and assessed for ROS activation via dihydroethidium staining. (B) A-375 cells were stained with antiphospho-Histone H2A.X (Ser139), Alexa
Fluor

®
555 and anti-Histone H2A.X, PECy5 conjugated antibodies, following cisplatin or 1, 3, 5, 8 treatment. The cells were scored using Muse Cell

Analyzer. Induction of apoptosis upon treatment with the Cu-complexes. Flow cytometric analyses of (C) Annexin V/7-AAD positivity and (D)
Caspase 3/7 activity on A-375 cells. Cells were exposed to 1, 3, 5 and 8 or cisplatin at half inhibitory concentrations for 48 h and counted with Muse Cell
Analyzer.

TABLE 5 IC50 values of selected copper complexes 1–8, free ligands (L) and
cisplatin (µM ± SD) on A-375 and A-549 cell lines.

IC50 (µM ± SD)

A-375 A-549

1 2.7 ± 0.03 L1 12.3 ± 0.5 1 4.2 ± 0.2 L1 >50

2 6.5 ± 0.8 L2 >50 2 9.3 ± 0.4 L2 >50

3 5.1 ± 0.3 L3 23.9 ± 1.5 3 8.9 ± 0.2 L3 >50

4 2.0 ± 1.3 L4 >50 4 3.9 ± 0.6 L4 >50

5 3.4 ± 0.1 L5 30.9 ± 0.3 5 5.1 ± 0.01 L5 >50

6 13.6 ± 0.9 L6 21.2 ± 0.2 6 16.0 ± 0.3 L6 46.9 ± 0.8

7 5.1 ± 0.4 L7 12.4 ± 0.2 7 9.3 ± 0.2 L7 23.6 ± 0.2

8 2.8 ± 0.4 L8 9.1 ± 1.9 8 5.1 ± 0.2 L8 45.1 ± 2.7

cisplatin 11.2 ± 0.3 cisplatin 16.5 ± 3.4
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stained using γH2AX, which is a common marker for DSBs
(Figure 7B). Mostly in accordance with ROS levels, cells were
positive for γH2AX foci and 1, 5 and 8 exhibited the highest
levels of DSB induction. Interestingly, while 3 was able to induce
a significant amount of ROS (60% positivity), the amount of DNA
breaks did not correlate with the ROS levels, suggesting that the
oxidative species generated by 3 may be more efficiently cleared in
cells compared to those generated by other complexes. For complex
1 the opposite effect was observed and despite its lower ability to
induce ROS formation, the DSB were the highest among the group.

3.13 Induction of apoptosis in response to
Cu(II) complexes

To determine the mode of cell death, A-375 cells were incubated
with the Cu complexes and cisplatin for 48 h and, induction of
apoptosis was evaluated using both Annexin-V staining and
activation of caspase 3/7 in response to drug treatment. While
Annexin-V staining relies on the loss of plasma membrane
asymmetry, caspases 3 and 7 are critical proteases, which are
responsible for the cleavage of many cellular proteins. Based on the
selected assays that rely on different mechanisms, cells exhibited a
dramatic increase in both the early and late apoptosis population, and
once again 8 appeared as the most effective drug among the complexes
tested herein (Figure 7). Complex 3 also performed well. All complexes
appeared to be superior to cisplatin in terms of induction of Annexin-V
and caspase 3/7 staining except for 5, which triggered apoptosis only
mildly (Figures 7C, D) despite the significant increase in oxidative stress
andDNA breaks (~80%, Figures 7A,B). Similar results were obtained in
A-549 cells (Supplementary Figure S28).

3.14 Antibacterial activity of the ligand
precursors and their Cu(II) complexes

The Cu(II) complexes selected for cell studies (1, 3, 5, 8) as
well as 6 and 7 and their ligand precursors were further
investigated to reveal their antibacterial activity on the Gram-
negative Escherichia coli and Klebsiella pneumoniae strains and
the Gram-positive S. aureus using the sensitive (ATCC 25928)
and the methicillin-resistant (MRSA 272123) subspecies
(Supplementary Table S8). Neither the ligand precursors nor
the Cu(II) salt had activity on the tested bacteria (MIC >100 μM).
While complexes 6 and 8 had no measurable effect, 1 and 3 and 5
exerted effects with 50 and 100 μM MIC values against the
sensitive and the methicillin-resistant subspecies, respectively.
Complex 7 was found to be the most active with 12.5 μM (ATCC
25928) and 50 μM (MRSA) MIC values. It should be noted that
Staphylococcus aureus causes a wide variety of clinical diseases,
and the resistant MRSA subspecies is responsible for several
community and hospital-acquired infections (Bal et al., 2017).

4 Conclusion

Several new benzoylhydrazones (Ln, n = 1–8) were synthesized
as well as eight new Cu(II) complexes by reaction of the ligand

precursors (Ln) with Cu(II) acetate. All compounds were
characterized and the crystal and molecular structure of both L5

and its Cu-complex were obtained by SCXRD. The trinuclear
structure was established for [Cu(L5)]3, and a similar formulation
is proposed for [Cu(Ln)]3 (n = 2, 3, 6, 7 and 8) in the solid phase. For
1 and 4 the presence of acetate in the solid-state structural formula of
the complexes, precluded the formation of the oligomer.

All compounds present low solubility in water, but they are
moderately soluble in DMSO, thus most studies in solution were
carried out in media also containing DMSO. Solubility,
lipophilicity and proton dissociation constants were
determined for all ligand precursors, and for the copper(II)
complexes formed by L1, L5 and L6 in 30% (v/v) DMSO/H2O.
L1-L8 are present in solution in their neutral H2L form, and
species [Cu(LH)]+, [Cu(L)] and [Cu(LH−1)]

− form in the Cu(II) −
ligand systems (L = L1, L5 and L6), and also [Cu(LH−2)]

2− in the
case of L6. Their formation constants were determined, and their
binding modes were established by analysis of the
spectrophotometric and EPR data, as well as by DFT
methodologies. [Cu(L)] predominates at physiological pH and
the relative amount of trinuclear species is not expected to be
relevant in the low µM range of concentrations.

The direct redox reactions between these copper complexes and
the physiological reducing agents GSH and AA were also evaluated;
it was found that the reactions producing Cu(I) species proceed
faster with GSH than with AA. Our data also suggests the release of
the free ligand during the redox reaction, and that probably the
generated Cu(I) complex also dissociates; Cu(I) complexes probably
form with GSH (or AA), which are present in a high excess when
compared to the 8HQ-containing ligand.

Based on the stability constants, for the systems with L1, L5 and
L6 pCu values (these reflect the binding strength of the ligands) were
computed at 1 μM total metal ion, and two different ligand
concentrations at pH 7.4. The pCu values are in the range
7.3–9.0 (for cL = 1 μM) and 9.4 – 12.7 (for cL = 10 μM). These
Cu(II) complexes may be considered as high stability species and the
concentration distribution curves show that [Cu(L)] species
predominate at physiological pH.

All complexes appeared to be potent on cancer cells, albeit with
varying efficiencies in cell lines of different origins. Globally this group of
complexes is more active against the melanoma cells (A-375), than in
lung (A-549) cancer cells, but in both cases the IC50 values are in the
low µM range. Moreover, our data show that whilst the Cu complexes
under study can induce ROS and DSBs in both melanoma and lung
adenocarcinoma cells, their ability to induce an apoptotic form of cell
death varies, potentially as a result of different clearance mechanisms or
efficiencies within the cells. In terms of induction of apoptosis, 3 was the
second most effective complex tested in our analyses, despite its lower
efficiency in triggering DSBs. This was consistent with our previous
report since the oxidovanadium(IV) complex of L3 was themost effective
among L1-L6 complexes. Considering the IC50 values, the ability to induce
ROS formation, double-strand breaks and cell-death by apoptosis, within
the set of compounds tested, 8 seems to be the most promising complex.

Having developed ligands with different substituents we tried to
establish a SAR analysis and correlate chemical properties (such as
solubility and logD values) with the compounds’ biological activity
(IC50 values and macromolecules’ binding parameters), but in
general no correlations were found. For the complexes there
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seems to be some correlation between higher aqueous solubility and
higher biological activity, but we do not have sufficient data to
clearly state this. The forces driving the interactions and biological
effects cannot be easily explained by the electronic effects of the
different substituents in the ligands. The only effect clearly seen is
that the presence of nitrogen atoms impacts positively the biological
activity more than the presence of oxygen atoms and, concerning the
presence of halogens, that the F-containing compounds are more
active than those with Cl. Moreover, groups with H-donor ability
seem to perform better, especially in the lung A-549 cancer cells.

Interestingly, complex 7 is the one that shows the lowest MIC
values in Gram-positive bacteria S. Aureus subspecies ATCC 25928
(12.5 μM) andMRSA (50 μM), with complexes 1 (50 μM) and 3 and
5 (100 μM) also showing an effect in the same bacteria.
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Atomic scale insight into the
decomposition of nanocrystalline
zinc hydroxynitrate toward ZnO
using Mn2+ paramagnetic probes
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Layered zinc hydroxynitrate (ZHN), with the chemical formula Zn5 (OH)8
(NO3)2·2H2O, exhibits a range of special properties such as anion-exchange
and intercalation capacity, as well as biocompatibility, making it attractive for a
large variety of applications in fields from nanotechnology to healthcare and
agriculture. In this study nanocrystalline ZHN doped with 1,000 ppm Mn2+ was
prepared by two synthesismethods (coprecipitation and solid state reaction) using
similar environment-friendly precursors. The complex morpho-structural [X-ray
diffraction, scanning and transmission electron microscopy, textural analysis] and
spectroscopic [Fourier transform infrared and electron paramagnetic resonance
(EPR)] characterization of the two ZHN nanopowders showed similar crystalline
structures with Mn2+ ions localized in the nanocrystals volume, but with
differences in their morphological and textural characteristics, as well as in the
doping efficiency. ZHN obtained by coprecipitation consists of larger
nanoplatelets with more than two times larger specific surface area and pore
volume, as well as a dopant concentration than in the ZHN sample obtained by
solid state reaction. The thermal stability and the on-set of the structural phase
transformation have been investigated at atomic scale with high accuracy by EPR,
using Mn2+ as paramagnetic probes. The on-set of the ZHN structural phase
transformation toward ZnOwas observed by EPR to take place at 110°C and 130°C
for the samples prepared by coprecipitation and solid state reaction, respectively,
evidencing a manganese induced local decrease of the transformation
temperature. Our results contribute to the selection of the most appropriate
ZHN synthesis method for specific applications and in the development of new
green, cost-effective synthesis routes for Mn2+ doped nano-ZnO.

KEYWORDS

zinc hydroxynitrate, nanocrystals, electron paramagnetic resonance, Mn2+ paramagnetic
probe, morpho-structural analysis, structural phase transformation

1 Introduction

After the discovery of polymeric nanocomposite materials containing mineral clays, a
considerable increase in the scientific interest for layered compounds was recorded,
especially for the layered double hydroxide salts (LDHS) (Braterman et al., 2004; Oh
et al., 2009). Meanwhile, the structurally similar layered hydroxide salts (LHS) exhibit
the same interesting properties such as anion-exchange and intercalation capacity, which
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enable their use as catalysts and matrices of functional
nanocomposites with polymers. (Newman and Jones, 1999;
Wypych et al., 2005; Biswick et al., 2006; Marangoni et al., 2009;
Cursino et al., 2010; Machado et al., 2010; Reinoso et al., 2014; de
Oliveira and Wypych, 2016; Ghotbi et al., 2018). Other applications
in nanomedicine, agriculture and cosmetics are related to the
biocompatibility of these layered materials, e.g., slow releasing
drug delivery agents, biomolecule reservoirs, fertilizers,
herbicides, sunscreens (Oh et al., 2009; Cursino et al., 2010; Li
et al., 2012; Ruiz et al., 2020).

A typical representative of LHS is zinc hydroxynitrate, with
molecular formula Zn5 (OH)8 (NO3)2·2H2O (ZHN). One of the
problems limiting the large scale use of this compound for most of
these applications is its thermal stability. The thermal stability of
ZHN was investigated in the past five decades by several groups and
several different mechanisms for the thermal decomposition to zinc
oxide (ZnO) were proposed. However, most of the studies report the
same two overlapping steps for the decomposition, below 200°C or
between 200°C and 320°C, depending on the synthesis or post-
synthesis conditions, steps that involve the formation of
intermediates like anhydrous Zn5 (OH)8 (NO3)2 and Zn3 (OH)4
(NO3)2 (Stählin and Oswald, 1971; Biswick et al., 2007; Ahmadi
et al., 2013).

It is expected that the morpho-structural properties affect
material’s efficiency for specific applications. Therefore, it is
important to establish performant and reproducible synthesis
algorithms, resulting in materials with defined morpho-structural
characteristics, in view of a larger scale use of ZHN. To our
knowledge, there are few reports containing information on the
morphology of the investigated ZHN (Hussein et al., 2009; Li et al.,
2012; Reinoso et al., 2014; de Oliveira andWypych, 2016; Ruiz et al.,
2020), while the ZHN crystallinity degree and crystallite size are
mentioned only by Hussein et al. (2009). No discussion is available
in literature on the influence of the ZHN morpho-structural aspects
on the material thermal stability and its structural phase
transformation path.

Electron paramagnetic resonance (EPR) spectroscopy of
lightly doped (nano)-crystals has been successfully used to
investigate structural phase transformations at atomic scale
using paramagnetic probing ions, resulting in a richer
information at atomic level and higher accuracy than in the
case of thermal analysis methods (Nistor et al., 2014). Mn2+

proved to be a good paramagnetic probe in zinc based
compounds, due to the similar charge state and close ionic
radii with the host Zn2+ ions (Nistor et al., 2013; Stefan et al.,
2013; Ghica et al., 2014). In low concentrations (below 1%
nominal concentration), the Mn2+ doping ions do not affect
the host lattice and allow the determination with high sensitivity
and accuracy of the on-set of the phase transformations (Ghica
et al., 2011; Nistor et al., 2013; Ghica et al., 2019). Moreover, due
to the EPR sensitivity which is much higher than that of the
X-ray diffraction (XRD) technique, low concentrations of doped
minority phases could be identified as well (Ghica et al., 2011;
Nistor et al., 2013; Ghica et al., 2016).

In answer to all aspects and problems discussed above, we
have synthesized nanostructured ZHN by two cost-effective
methods, using the same environment-friendly precursors and
investigated the morpho-structural properties and thermal

stability of the resulting Mn-doped ZHN nanostructured
powders, within an original approach. The localization of the
low concentration Mn2+ ions and the doping efficiency in the two
ZHN nano-systems, of particular interest for applications, were
evaluated by EPR. The structural phase transformation was
monitored at atomic scale by EPR with the Mn2+ probing ions,
showing with high accuracy the on-set of the structural
transformation toward ZnO and the differences in the two
nano-systems.

The importance of this work is better evidenced in a larger
context, as it opens the way to applications in a wide range of
fields: i) green, cost-effective ZHN synthesis by different
methods, for applications from nanotechnology to healthcare
and agriculture; ii) developing new cost-effective synthesis routes
for Mn2+ doped nano-ZnO. ZnO is one of the most intensively
studied semiconductor with already a wide range of applications
from nano- and/or optoelectronics to multiple bio-medical
applications (Fortunato et al., 2009; Hoye et al., 2013; Verma
et al., 2021). Furthermore, by doping it is possible to tailor or
develop new material properties, extending the range of
applications (Sharma et al., 2003; Dietl, 2010; Zhang et al.,
2018; Pradhan, 2019; Popescu et al., 2020; Pradeep and
Viswanatha, 2020).

2 Materials and methods

2.1 Materials synthesis

Zn5 (OH)8 (NO3)2·2H2O has been synthesized by two methods,
using the same precursors without any further purification: zinc
nitrate hexahydrate [Zn (NO3)2·6H2O, from Sigma Aldrich],
manganese nitrate tetrahydrate [Mn (NO3)2·4H2O, from Alfa
Aesar] and sodium hydroxide [NaOH, from Sigma Aldrich]. The
preparation procedures for the two materials, labeled ZHNCOPP and
ZHNSSR after the coprecipitation and solid state reaction methods
used, are detailed below:

ZHNCOPP: Coprecipitation method—an aqueous solution
containing zinc nitrate and manganese nitrate, in the
corresponding amounts for 1,000 ppm Mn2+ nominal
concentration, was slightly acidified with 250 mL HNO3 (1 M)
and magnetically stirred for several minutes. Afterwards, this
mixture was precipitated with a strong basic solution of NaOH
2.4 M (excess was used) added slowly with a peristaltic pump, at
nearly 35°C, under continuous magnetic stirring. The suspension
thus obtained was allowed to age for 1 hour at the same temperature,
under continuous magnetic stirring. The precipitate was collected by
centrifugation and washed several times with bi-distilled water and
absolute ethanol, and air dried at 60°C.

ZHNSSR: Solid state reaction method—zinc nitrate hexahydrate,
manganese nitrate tetrahydrate (the amount corresponding to a
1,000 ppm Mn2+ nominal concentration) and sodium hydroxide
were thoroughly mixed and ground in an agate mortar, in a molar
ratio 1:0.62, without any water or other solvents added, until a
homogenous white paste was formed. The paste was collected in a
beaker and was carefully washed with bi-distilled water several
times. The white precipitate separated by centrifugation was air
dried at 60°C.
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2.2 Materials characterization

XRD patterns were recorded with a Bruker D8 Advance X-ray
diffractometer with Cu anode and Ni filter (λ = 0.154184 nm), in
Bragg-Brentano geometry. The structural parameters of the
identified crystalline phases were determined by Rietveld
refinement of the experimental XRD data with the Bruker Topas
v. 3 software.

Morpho-structural investigations down to the nano-scale were
performed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) using Tescan Lyra III
FEG and JEM 2100 electron microscopes, respectively.

Nitrogen adsorption-desorption isotherms at −196°C were
recorded on a Micromeritics ASAP 2020 apparatus. Both samples
were degassed at 70°C for 15 h, under vacuum, prior to N2

adsorption. The analysis of the isotherms allowed us to
determine the specific surface area (SBET), according to the
Brunauer–Emmett–Teller (BET) equation, the total pore volume
(Vtotal) from the amount adsorbed at the relative pressure of 0.995,
and the mean pore diameter using Barrett–Joyner–Halenda (BJH)
method.

Fourier transform infrared (FTIR) spectra were recorded with a
Spectrum BX II (Perkin Elmer) spectrometer in absorbancemode, in
the 4,000 cm−1–400 cm−1 spectral range, with 32 scans and a
resolution of 4 cm−1. The samples were embedded in KBr pellets
with a mass-ratio sample: KBr of 1:100.

EPR investigations were performed on weighted amounts of
powders inserted in calibrated pure fused silica sample tubes of
2 mm inner diameter. X (9.8 GHz) and Q (34 GHz) -band EPR
measurements were performed at room temperature (RT) with the
Bruker ELEXSYS E580 and E500 spectrometers, respectively. The

magnetic field calibration at the sample was made with a BDPA
(alpha, gamma–bisdiphenylene-beta-phenyl allyl) reference sample
from Bruker, exhibiting a single EPR line with g = 2.00276. The spin
Hamiltonian (SH) parameters of the observed paramagnetic centers
were determined with the EASYSPIN v.5.2.28 software (Stoll and
Schweiger, 2006). Isochronal annealing experiments from 100°C up
to 150°C were performed in air in steps of 10°C for 10 min at each
temperature in order to study the thermal evolution of the samples
inside the EPR tubes. The samples were sequentially annealed at
successive temperatures in a temperature stabilized (±1°C) furnace
and cooled down to RT for further measurements. Small amounts of
samples extracted from the EPR tube after specific annealing
treatments were deposited on a zero-diffraction Si wafer (MTI
Corporation, USA) for XRD measurements.

3 Results and discussion

3.1 XRD investigation

Both ZHNCOPP and ZHNSSR samples (Figure 1A) exhibit X-ray
diffractograms indexed as pure zinc hydroxynitrate hydrate–Zn5 (OH)8
(NO3)2·2H2O, monoclinic structure, space group C2/m, ICDD 04-011-
5271. The Rietveld refinement of the experimental data resulted in
similar structural parameters: a = 1.9480 nm, b = 0.6238 nm, c =
0.5517 nm, α = 90o, β = 93.28o, γ = 90o, and average crystallite size
d = 25 nm ± 3 nm. A pronounced (200) texture is observed in the case
of the ZHNCOPP sample, with a corresponding coherence distance on
the [200] direction of 40 nm ± 3 nm. As the XRD texture could be
associated with the shape anisotropy of the nanocrystals, this aspect has
been investigated by electron microscopy in Section 3.2.

FIGURE 1
(A) XRD patterns of the as-prepared ZHN samples. Only the most intense peaks of the Zn5 (OH)8 (NO3)2 (H2O)2 structure have been marked. (B)
Structural model along the c-axis with the following color codes for atoms: grey–Zn, red–oxygen, light blue–nitrogen.
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Figure 1B presents a view along the c-axis of the structural model
of the ZHN compound with the structural parameters from above.
According to previous structural investigations (Stählin and Oswald,
1970; Stählin and Oswald, 1971; Chouillet et al., 2004; Biswick et al.,
2007), the layered structure of Zn5 (OH)8 (NO3)2·2H2O consists of
Zn (OH)2 layers with CdI2 type structure. In each such layer one-
quarter of the zinc atoms are missing from the octahedral sites, while
each occupied octahedron shares its edges with four occupied and
two unoccupied octahedral sites. Tetrahedrally coordinated Zn2+

cations are located above and below the empty octahedra,
coordinated in three corners of the tetrahedron by hydroxide
ions from the brucite-like layers and in the fourth corner by a
water molecule. The nitrate anions are not directly coordinated to
the zinc ions, being located between the sheets and lying in a plane
normal to them, preserving the D3h symmetry. The hydrogen bonds
holding together the sheets bind the oxygen atoms of the nitrate
groups with the water molecule and with two hydroxide ions of the
sheet.

It should be mentioned that the presence of the Mn2+ ions with
0.1% nominal concentration in the host ZHN lattice would not be
observable by XRD investigations. The Mn2+ ions have similar
charge state and close ionic radii with the host Zn2+ ions
(Shannon, 1976). The substitution of the tetrahedrally
coordinated Zn2+ ions (crystal radius R = 0.074 nm) by the
slightly larger Mn2+ ions (R = 0.080 nm) would produce a small

expansion of the host lattice associated with lattice disorder. This
would be evidenced by an increase of the lattice parameters and a
decrease of the crystallite size, observed in XRD patterns as shifts in
the peak positions and line broadening, respectively. However, at
low dopant concentration this effect is reduced, and below 1%
nominal concentration the Mn2+ doping ions would not affect
the host lattice in a detectable way (Ghica et al., 2011; Nistor
et al., 2013; Ghica et al., 2019), as confirmed by our XRD results.
Instead, the localization of the Mn2+ ions and the annealing induced
changes in their neighborhood/environment were investigated by
the more sensitive EPR spectroscopy as presented in Section 3.5.

3.2 Electron microscopy investigations

SEM. SEM images of the ZHNCOPP and ZHNSSR samples are
shown in Figures 2A, B. Both samples consist of agglomerated
platelets shaped as irregular polygons, randomly oriented, but
with much larger dimensions (up to about 10 μm) for the
ZHNCOPP sample. Because of this dimensional difference, the two
samples observation had to be performed with different microscope
magnitudes, as seen in Figure 2. Both samples display the
characteristic plate-like morphology of the layered materials, with
nanometric-scale thick platelets, thinner than previously reported
(Li et al., 2012; de Oliveira and Wypych, 2016; Ruiz et al., 2020). A

FIGURE 2
SEM images of the ZHNCOPP (A) and ZHNSSR (B) samples. TEM images of the ZHNCOPP (C) and ZHNSSR (D) samples.
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comparison of Figures 2A, B evidences a more pronounced shape
anisotropy in the case of the ZHNCOPP nanocrystals, which can
indeed explain the observed texture in the XRD pattern of this
sample.

TEM. Low magnification TEM images of the ZHNCOPP and
ZHNSSR samples are shown in Figures 2C, D. The ZHNCOPP sample
consists of platelets of large dimensions (few μm to above 10 μm)
and much smaller thickness, proven by the fact that the carbon
membrane on which particles are supported is still visible. The
ZHNSSR sample also consists of platelets but of smaller size, in the
range of a few hundred nanometers. Both samples were very
sensitive to the electron beam, a fact that hindered the analysis at
higher magnification, although damage prevention measures were
taken (the accelerating voltage was set to 80 kV and the images were
taken using low beam intensity and longer exposure times).

3.3 Textural analysis

The N2 adsorption–desorption isotherms of the samples are
shown in Figure 3. Both isotherms can be classified as type IV
according to IUPAC classification, with small hysteresis loops of
H3 type (Sing et al., 1985). Both specific surface area and total pore
volume are more than two times larger for the ZHNCOPP sample
than for the ZHNSSR sample, as seen in Table 1. These values are in
agreement with those reported in the literature for materials
obtained by similar methods (Reinoso et al., 2014). However, the
mean diameter of the pores is smaller for ZHNCOPP than for
ZHNSSR. The notable differences in the specific surface area and
total pore volume are correlated with the different size/morphology
observed by electron microscopy for the two ZHN nanostructures.

The appearance of the hysteresis loop at relative pressure values
higher than 0.9 indicates the existence of relatively large pores, most
likely coming from the interparticle voids.

To our knowledge, the results presented in Sections
3.1–3.3 represent the first comparative study of the morpho-
structural properties of the ZHN compounds obtained by two
different methods. By using two different synthesis methods, but
keeping as many synthesis parameters similar as possible, i.e., the
same precursors, Mn doping level, precipitate washing process and
drying temperature and time, we have obtained ZHN
nanostructures with notably different morphological properties.
Up to now there are only a few reports on the morphology of
the ZHN compounds (Hussein et al., 2009; Li et al., 2012; Reinoso
et al., 2014; de Oliveira and Wypych, 2016; Ruiz et al., 2020), and no
correlation was made with the synthesis method. It is generally
known that the size and morphology at nanoscale are influenced by
several factors, including the synthesis method itself, changes in the
synthesis or post-synthesis parameters, doping, etc., and changes in
just one parameter could result in a spectacular shape change (Yang
et al., 2013; Ghica et al., 2016; Guria and Pradhan, 2016). In our case,
it is possible that the mechanical stress due to the grinding and also
the lack of any solvent (other than the water adsorbed from the
atmosphere) affected the growth of the ZHNSSR platelets, impeding
the development of highly anisotropic shapes, while for ZHNCOPP

the preparation conditions were more suitable for the growth of well
crystallized platelets, in the solvent presence. Despite intensive
research in this field, growth mechanisms are still a difficult issue
even for simple oxide, sulfide, selenide structures (ZnO, ZnS, ZnSe,
CdSe, etc.) and further experimental and theoretical research is
required (Yang et al., 2013; Guria and Pradhan, 2016).

FIGURE 3
N2 adsorption–desorption isotherms of the samples.

TABLE 1 Textural characteristics of the two ZHN samples.

Sample SBET (m2g−1) Total pore volume (cm3g−1) Average pore size (nm)

ZHNCOPP 30.3 0.112 14.9

ZHNSSR 13.1 0.057 18.8

FIGURE 4
Infrared spectra of the ZHNCOPP and ZHNSSR samples.

Frontiers in Chemistry frontiersin.org05

Vlaicu et al. 10.3389/fchem.2023.1154219

329

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1154219


3.4 FTIR results

As it can be observed in Figure 4, the two ZHN samples
exhibit the same absorption bands previously reported for the
Zn5 (OH)8 (NO3)2·2H2O compound (Stählin and Oswald, 1971;
Chouillet et al., 2004). The sharp peak around 3,570 cm−1 and the
intense peak at 3,400 cm−1 are assigned to various stretching
vibrations of the O-H bonds in Zn5 (OH)8 (NO3)2·2H2O
(Chouillet et al., 2004). The broad band around 3,300 cm−1

and the peak around 1,640 cm−1 indicate the presence of water
molecules in the interlayer space or adsorbed on the surface. For
both spectra shown in Figure 4, the most intense peak at about
1,380 cm−1 corresponds to the ]3 vibration (NO2 stretching mode
of a free nitrate ion), while the weak peaks around 1,050 cm−1

correspond to the ]1 vibration (NO stretch of a free nitrate
group), 840 cm−1 to the ]2 vibration (out of plane vibration)
and 720 cm−1 to the ]4 vibration (NO2 bend), characteristic to
various vibration modes of the nitrate group (Stählin and
Oswald, 1971; Chouillet et al., 2004). It should be emphasized
that, as observed by Chouillet et al. (2004), the 1,380 cm−1

absorption band is not split, in agreement with Zn5 (OH)8
(NO3)2·2H2O structure in which the nitrate ion is not
coordinated (Louër et al., 1973). Moreover, the weak
absorption band at 1,050 cm−1 is infrared forbidden and
should not appear in a D3h symmetry, but it can be present
when the symmetry is slightly distorted (Gatehouse et al., 1957).
Below 1,000 cm−1 translation and bending vibration modes for
Zn-OH, nitrate group and Zn-O bonds, with low intensity, can be
observed in the spectra of both compounds (Jnido et al., 2021).

3.5 EPR investigation

The EPR spectra of the as-prepared samples in the X (9.86 GHz)
andQ (34.12 GHz) frequency bands, normalized for differences inmass
and spectrometer parameters, are presented in Figures 5A, B,
respectively. For each sample the EPR spectrum consists of several
overlapping individual spectra with a characteristic six-lines hyperfine
structure (better observed in Q-band, Figure 5B), attributed to Mn2+

ions (S = 5/2, I = 5/2) localized in different host lattices. The EPR spectra
of the two samples are quite similar, with close line widths values and
the spectrum of the ZHNCOPP sample about three times more intense
than the spectrumof the ZHNSSR sample. It can thus be inferred that the
Mn2+ ions concentration is three times higher in the ZHNCOPP sample
than in the ZHNSSR sample, pointing to an enhanced doping efficiency
when the coprecipitation synthesis route is used.We associate this result
to the enhanced shape anisotropy of the ZHNCOPP nanocrystals, in
agreement with theoretical studies which show that the doping
efficiency varies with the morphology and size of the nanocrystals
(Erwin et al., 2005; Singh et al., 2010).

The EPR spectra of the Mn2+ paramagnetic centers were analyzed
using the following spin Hamiltonian (SH), where the first term is the
electron Zeeman interaction of the S = 5/2 electron spin with the
external magnetic field B and the second term is the hyperfine
interaction of the electron spin with the I = 5/2 nuclear spin of
the 55Mn (100% abundance) isotope, responsible for the characteristic
six-lines hyperfine structure. The next two terms are zero-field-
splitting (ZFS) terms describing the interaction of the electron spin
with the local crystal field, while the last term is the nuclear Zeeman
interaction (Abragam and Bleaney, 1970; Stefan et al., 2014):

FIGURE 5
EPR spectra of the as-prepared samplesmeasured at RT in X-band (9.86 GHz) (A), andQ-band (34.12 GHz) (B). (C) Experimental (exp.) and simulated
(sim.) EPR spectrum in Q-band of the ZHNSSR sample. The component spectra of the indicated centers, calculated with the SH parameters from Table 2,
are presented below.
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H � μBS · g · B + S · A · I + a

6
S4x + S4y + S4z( ) − 1

5
S S + 1( ) 3S2 + 3S − 1( )[ ]

+D S2z −
1
3
S S + 1( )[ ] − μNgNB · I

For nanostructured materials, the contribution of random
strains and lattice disorder is very important, producing a
variation in the local crystal field at the paramagnetic ion sites,
both in magnitude and orientation, reflected in the broadening of
the individual EPR line width. This line broadening is reproduced in
the lineshape simulation of the experimental spectra by including a
statistical distribution of the axial ZFS-parameter value D, described
by the corresponding standard deviation σ(D) (Stefan et al., 2013).
The EPR parameters (g, A, D, a) of the Mn2+ centers, σ(D) and
individual linewidth (ΔB), as determined by simulation and fitting of
the Q-band spectrum of the ZHNSSR sample are presented in
Table 2. The Mn(I) and Mn(II) centers correspond to Mn2+ ions
in ZHN, while the Mn(III) centers are Mn2+ ions localized in a Zn3
(OH)4 (NO3)2 phase (Ghica et al., 2019). Mn(c) corresponds to
Mn2+ ions in crystalline ZnO (Stefan et al., 2013), while Mn(f) is
associated to traces of doped precursor. The simulated Q-band
spectrum of the ZHNSSR sample with all the above mentioned
contributions (Table 2) is presented in Figure 5C. The relative
concentrations of the Mn2+ centers in the respective hosts, given
in Table 2 with an accuracy of ±2%, are proportional to the
integrated intensities of the associated spectra. Thus, in the
ZHNSSR sample, the concentration of the Mn2+ ions in traces of
ZnO and precursors is much lower than the concentration of the
Mn2+ ions in ZHN. On the other hand, the EPR spectrum of the
ZHNCOPP sample shows that the Mn2+ ions are localized
substitutionally only in the two Zn2+ sites from ZHN.

The observation of the Mn2+ ions in a crystalline phase of ZnO
in the ZHNSSR EPR spectrum, with a relative concentration of 5%,
lead us to check for the possible presence of ZnO peaks in the XRD
patterns of both samples. This minority phase would not be
distinguishable in diffractograms, as the corresponding XRD
peaks with very low intensities are hidden under the main
peaks of the ZHN phase. The Rietveld refinement performed by
including ZnO alongside Zn5 (OH)8 (NO3)2·2H2O resulted in a
better fit of the diffractograms and allowed the identification of
traces (1%–2%) of ZnO hexagonal phase (space group P63mc,
ICDD 01-070-8070) with average crystallite size of ~15 nm in both
samples.

The spectral parameters of the two Mn-related centers [Mn(I)
and Mn(II)] in ZHN are similar in both samples and correspond to
the ones reported by Ghica et al. (2019), indicating the presence of
the Mn doping ions in the sample volume for both synthesis
methods. Along with the structural investigations, this result
shows similar structural quality at atomic scale of both ZHN
nano-systems obtained by the two synthesis methods, even
though ZHNSSR contains traces of precursor phases.

The thermal decomposition of both ZHN samples has been
investigated by EPR using the Mn doping ions as paramagnetic
probes. Their EPR spectra after isochronal annealing experiments
up to 150°C are represented in Figures 6A, B, where only the first
three hyperfine transitions at low-field are displayed for simplicity.
At temperatures above 100°C the Mn(I) and Mn(II) EPR spectra
become weaker, and new centers are formed. The thermal evolution
of the Mn2+ centers reflects the evolution of their host material,
namely, the decomposition of ZHN and the formation of new
phases. A notable increase in the intensity of the EPR spectrum
of Mn(c) (Mn2+ ions in ZnO nanocrystals) appears at 110°C for the
ZHNCOPP sample, and at 130°C for the ZHNSSR sample. We should
mention that a similar EPR investigation of the thermal
decomposition of crystalline Zn(OH)2 showed the on-set of the
formation of nanocrystallline ZnO at 120°C (Nistor et al., 2013b).
We note that in the ZHNCOPP sample, the Mn(III) centers are
formed only above 100°C. For both samples the Mn(III) centers
decrease in intensity with the annealing temperature increase, being
hardly visible at 150°C (Figures 6A, B). For an easier observation of
the evolution of the Mn2+ spectra from Figure 6A, B we have marked
the first hyperfine transition at low-field of the Mn2+ centers with a
green rectangle for all zinc hydroxynitrate compounds [Mn(I) and
Mn(II) in Zn5 (OH)8 (NO3)2·2H2O and Mn(III) in Zn3 (OH)4
(NO3)2], and with a dark red rectangle for ZnO.

After isochronal annealing up to 150°C, the EPR spectra of both
samples show mostly the Mn(c) paramagnetic center, meaning that
almost all Mn2+ ions are localized in the volume of the ZnO phase.
However, the corresponding XRD patterns of both samples consist
of a mixture of two different crystalline phases: Zn3 (OH)4 (NO3)2
and ZnO (Figure 6C), with an enhanced transformation towards
ZnO in the case of the ZHNSSR sample. It can thus be concluded that
the transformation of ZHN into ZnO is initiated at lower
temperatures in the sample regions containing manganese than
in the pure ones, independent of the synthesis routes, as further

TABLE 2 Relative concentration, EPR parameters (g, A, D and a), broadening parameter σ (D) and individual peak-to-peak linewidth (ΔB) of the Mn2+ centers in the
ZHN samples.

Sample Center/relative concentration g A [10–4 cm−1] D [10–4 cm−1] a [10–4 cm−1] σ (D) [%D] ΔB [mT]

ZHNSSR Mn(I)/22% 2.0011 ± 0.0002 −84.7 ± 0.2 −18 ± 2 9 ± 2 - 0.6

Mn(II)/53% 2.0009 ± 0.0002 −85.5 ± 0.5 225 ± 5 0 4 ± 1 0.3

Mn(c)/5% 2.0012 ± 0.0001 −74.0 ± 0.5 −240 ± 5 - 11 ± 1 0.3

Mn(III)/3% 2.0011 ± 0.0001 −87.5 ± 0.2 - - - 0.15

Mn(f)/17% 2.0013 ± 0.0001 −84.0 ± 0.5 −270 ± 5 - 5 ± 1 0.3

ZHNCOPP Mn(I)/39% 2.0011 ± 0.0002 −84.7 ± 0.2 −18 ± 2 9 ± 2 - 0.65

Mn(II)/61% 2.0009 ± 0.0002 −85.5 ± 0.5 225 ± 5 0 6 ± 1 0.5
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explained. The doping process can be used to change or modulate
the morpho-structural properties of nanostructured materials, as
the doping ions could influence the nanocrystals growth, affecting
both the size and morphology, and even induce structural phase
transformations or decomposition toward different compounds
(Erwin et al., 2005; Ghica et al., 2016; Guria and Pradhan, 2016;
Pradhan, 2019). In a previous report, Ghica et al. (2016) have
shown that in the case of the Zn (OH)2 compound, the minute
addition of Mn2+ ions (1 ppm) re-directed the coprecipitation
synthesis toward Mn-doped ZnO instead of Mn-doped Zn
(OH)2. It was suggested that this effect could be driven by a
coordinative hindrance suffered by Mn2+, which in most
compounds assumes an octahedral coordination, when
substituting for Zn2+ in a site tetrahedrally coordinated by four
(OH)− ligands. As mentioned in Section 3.1, there are two cationic
sites in the ZHN compound: One with Zn2+ ions octahedrally
coordinated by six (OH)− groups and one with Zn2+ ions
tetrahedrally coordinated by three (OH)− groups and one water
molecule. It is possible that the Mn2+ ions substituting for Zn2+ ions
in tetrahedral sites could favor the transformation into ZnO by a
similar mechanism. The tetrahedrally coordinated sites could thus
become nucleation sites for ZnO at a lower temperature than in the
undoped material. In our previous study of ZnO nanostructures
obtained by coprecipitation followed by annealing (Ghica et al.,
2019), we have observed that the transformation of ZHN into ZnO
was initiated at lower temperatures in the sample regions
containing manganese than in the pure ones. As shown in the
present work, the ZHN to ZnO transformation at a lower
temperature at the Mn2+ sites takes place for both ZHN
compounds with different morphologies obtained by two

different synthesis methods. This effect is thus the result of the
doping process itself, and not dependent on the synthesis method.

On the other hand, the difference in the onset temperature for the
phase transformation in the two nanostructured ZHN samples (110°C
for ZHNCOPP and 130°C for ZHNSSR) is related to their different size
and morphology resulted from the specific synthesis method used.
This correlation has been detailed in the last paragraph of Section 3.3,
following the morpho-structural analysis. Although both ZHN
samples have the same nominal doping level, the EPR study has
shown that the concentration of the substitutional Mn2+ ions is higher
in the ZHNCOPP sample, therefore providing more nucleation sites for
ZnO in the ZHNCOPP sample than in the ZHNSSR sample. This result
can also explain the lower onset temperature for the transformation
into ZnO in the ZHNCOPP sample than in the ZHNSSR sample.

Our result points to a more convenient lower temperature
synthesis of ZnO nanocrystals by thermal decomposition of ZHN
obtained either by coprecipitation or solid state reaction, when ZHN
is doped with Mn2+ ions. This subject deserves further investigation,
towards the identification of new cost-effective synthesis routes of
Mn2+ doped nano-ZnO. Doping in general and Mn2+ doping
specifically in the case of nanostructured ZnO can modulate/
enhance material properties for different applications (Sharma
et al., 2003; Kittilstved and Gamelin, 2006; Dietl, 2010; Hoye
et al., 2013; Jiang et al., 2018; Martínez-Carmona et al., 2018;
Zhang et al., 2018; Pradhan, 2019; Popescu et al., 2020; Pradeep
and Viswanatha, 2020) as a function of the dopant concentration
and localization. However, the synthesis of nanostructured doped
ZnO is not trivial, as shown by the still not-resolved issues regarding
the control and uniformity of the dopant distribution and solubility,
agglomeration and formation of minority phases, all depending on

FIGURE 6
Detailed view of the EPR spectra of the Mn2+ ions in the ZHNCOPP (A), and ZHNSSR (B) samples, as-prepared (RT) and isochronally annealed (10 min at
each indicated temperature). Only the first three hyperfine transitions at low-field are displayed for simplicity. Transformation of the Mn2+ centers in the
zinc hydroxynitrate phases into Mn2+ centers in ZnO is evidenced with green and dark red dotted lines, respectively, only for the first hyperfine transition,
where these centers do not overlap. (C) XRD patterns of both samples after isochronal annealing up to 150°C. The ZnO phase is marked with open
circles and indexed in the upper pattern, while the Zn3 (OH)4 (NO3)2 phase is indexed in the lower pattern.
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the synthesis method and procedures. Thermal decomposition at
low temperatures of Mn2+ doped ZHN promises to be a good
method to obtain uniformly doped ZnO nanocrystals.

To summarize, a comparison of the two synthesis routes for
ZHN seems to incline the balance in favor of the coprecipitation
route. The two samples have similar structure and crystallite size, the
dopant Mn2+ ions are easily incorporated in the host lattices, but the
coprecipitation sample has a higher doping efficiency. However, the
solid state reaction method has the non-negligible advantage of a
cleaner and simpler process, with less reactants involved, and a
higher thermal stability of the as-prepared ZHN sample.

4 Conclusion

Nanocrystalline Zn5 (OH)8 (NO3)2·2H2O (ZHN), doped with a
small amount of Mn2+ ions, was prepared by two different synthesis
routes, coprecipitation and solid state reaction using the same
environment-friendly reactants. The resulting nanocrystalline
samples have distinct morpho-structural and textural properties,
clearly influenced by the synthesis method. While in both cases the
structure and crystallite size are similar, the sample obtained by
coprecipitation exhibits much larger platelets with specific surface
area and total pore volume more than two times larger than in the
case of the sample obtained by solid state reaction. From the analysis of
the EPR spectra we determined that the Mn2+ dopant ions are localized
substitutionally in the Zn2+ sites of the host lattice in both samples. The
concentration of the Mn2+ ions is three times higher in the
coprecipitation sample, showing that this synthesis route ensures an
enhanced doping efficiency. The on-set of the ZHN structural phase
transformation toward ZnO was observed by EPR at 110°C and 130°C
for the samples synthesized by coprecipitation and solid state reaction,
respectively. A comparison of the EPR results with the structural and
compositional XRD results showed that the Mn2+ dopant ions promote
the local transformation of ZHN into ZnO at lower temperatures. This
is the first detailed investigation of the decrease in the ZHN to ZnO
transformation temperature initiated by the Mn2+ doping.

Our results provide a basis for the selection of the appropriate
synthesis method for nanocrystalline ZHN suitable for the envisaged
application in nanotechnology, healthcare or agriculture and for the
development of new green, cost-effective synthesis routes of Mn2+

doped nano-ZnO.
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of Gaussian basis set quality and
quantum mechanical approach:
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Atomic charge and its distribution across molecules provide important insight into
chemical behavior. Though there are many studies on various routes for the
determination of atomic charge, there are few studies that examine the broader
impact of basis set and quantum method used over many types of population
analysis methods across the periodic table. Largely, such a study of population
analysis has focused on main-group species. In this work, atomic charges were
calculated using several population analysis methods including orbital-based
methods (Mulliken, Löwdin, and Natural Population Analysis), volume-based
methods (Atoms-in-Molecules (AIM) and Hirshfeld), and potential derived
charges (CHELP, CHELPG, and Merz-Kollman). The impact of basis set and
quantum mechanical method choices upon population analysis has been
considered. The basis sets utilized include Pople (6-21G**, 6-31G**, 6-311G**)
and Dunning (cc-pVnZ, aug-cc-pVnZ; n = D, T, Q, 5) basis sets for main group
molecules. For the transition metal and heavy element species examined,
relativistic forms of the correlation consistent basis sets were used. This is the
first time the cc-pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets have been examined
with respect to their behavior across all levels of basis sets for atomic charges for
an actinide. The quantum methods chosen include two density functional
(PBE0 and B3LYP), Hartree-Fock, and second-order Møller-Plesset
perturbation theory (MP2) approaches.

KEYWORDS

electrostatic potential (ESP) derived charges, volume-based methods, atomic charge,
population analysis, orbital-based methods

1 Introduction

Atomic charge is important in the rationalization and elucidation of chemical and
structural characteristics of molecules. How this charge is distributed across an atom
influences the bonding between (intermolecular) and within (intramolecular) molecules.
Insight about the electronic density, and thus, the distribution of the charge across an atom,
can be quantified using population analysis approaches.

Population analysis has proven useful for decades to help provide insight about a broad
range of chemistry. To provide a number of examples, in recent work, population analysis
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has been used to elucidate resins that are more effective for cadmium
removal (Zhang et al., 2022) to help understand the dynamics of
methanol’s main reaction channels (Catone et al., 2021) and to
provide insight about the interaction of chloroquine with C60 (Novir
and Aram, 2020). For a study on endocannabinoid receptors, a
therapeutic target for physiological pain treatment and mood
regulation, population analysis was used to help indicate the
most probable sites to undergo a nucleophilic attack (Rangel-
Galván et al., 2022). Electrostatic partial charges, obtained from
population analysis, have been used in the parameterization and the
development of force fields, essential to molecular dynamics (MD)
simulations (Bai et al., 2022; da Silva et al., 2022; Kognole et al., 2022;
Uene et al., 2022).

Widely used population analysis schemes include: A) those
based on wavefunction partitioning and orbital based schemes
[Mulliken (MPA) (Mulliken, 1955), Löwdin (LPA) (Löwdin,
1970), and Natural Population Analysis (NPA) (Reed et al.,
1985)]; B) volume-based charge assignment methods [Atoms-in-
Molecules (AIM) (Bader, 1990) and Hirshfeld population analysis
(Hirshfeld, 1977)]; and, C) electrostatic potential (ESP) approaches
[CHELP (Chirlian et al., 1987), CHELPG (Breneman and Wiberg,
1990), and Merz-Kollman (MK) population analysis (Singh and
Kollman, 1984; Besler et al., 1990)]. There is a very rich history of
population analysis schemes, far too rich to address here. However, a
brief overview of these methods and illustrations of modifications
that have been made for some of the methods are provided here.

1.1 Wavefunction partitioning and orbital
based schemes

For the population methods that are based on wavefunction
partitioning and are orbital based (Type A), Mulliken population
analysis (Mulliken, 1955) uses orbital partitioning schemes
accounting for atomic orbital overlap and overlap population.
The Mulliken charge assigned to atom k is calculated using the
difference between the atomic number of atom k (Zk) and the sum
over basis functions centered on atom k plus the overlap
contribution from basis set functions centered at other atoms
(Eq. 1).

Qk � Zk − ∑
i∈k

Pi,i +∑
i∈k

∑
j≠i

SijPij( ) (1)

Errors arise due to the Mulliken method evenly dividing the
overlap population between two atoms without considering atom
type or electronegativity (Though there have been suggested
modifications to the original Mulliken method such as work by
Noell for application to transition metal complexes) (Noell, 1982).
In a number of studies, Mulliken charges have been shown to have
basis set dependence which can yield inconsistent and poor charge
values, depending upon basis set chosen (Mulliken, 1971; Cramer,
2002; Jensen, 2007). For example, in the water molecule, the partial
charge on the oxygen atom varied by 0.5263 e when using a small
basis set (aug-cc-pVDZ) versus using a large basis set (aug-cc-pV5Z)
(Martin and Zipse, 2005). However, when using Atoms-in-
Molecules (AIM), a topological method (described below), the
difference in charge assignment between the small and large basis
sets was only 0.0078 e for oxygen (Martin and Zipse, 2005). Despite

the possible basis set dependencies, Mulliken charges continue to be
used due to the simplicity of this charge assignment scheme.

Other wavefunction based methods have sought to improve
upon Mulliken based charges including Löwdin population analysis
(LPA) (Löwdin, 1970), and Natural Population Analysis (NPA)
(Reed et al., 1985). LPA uses the Löwdin symmetrically
orthogonalized atomic orbitals to assign the electron density
maintaining the essential features of Mulliken analysis to reduce
basis set dependencies (Mayer, 2004). NPA addresses the basis set
dependence of Mulliken by utilizing the Natural Bond Order
approach (Foster and Weinhold, 1980; Reed and Weinhold, 1983;
Reed andWeinhold, 1985), a bond analysis technique. NPA is based
on the construction of a set of “natural atomic orbitals” (NAOs) for a
given molecule using an arbitrary atomic orbital basis set. The
“natural population analysis” simply represents the occupancies
(diagonal one-particle density matrix elements) of these NAOs in
the system of interest and enables greater numerical stability and
provides a better description of the electronic distribution in
compounds with high ionic character than the Mulliken approach.

1.2 Volume based charge assignment
methods

(Type B) include Atoms-in-Molecules (AIM) and Hirshfeld
population analysis. These methods assign charge based on the
volumes occupied by each atom. These calculations are more
demanding than Mulliken analysis. For example, the AIM
(Bader, 1990) approach divides molecular charge density into
atomic contributions based on topology. This requires knowledge
of the gradient vector field of the charge densities, and the division of
the three-dimensional space of the molecule into atomic volumes
containing exactly one nucleus, which acts as a local attractor of the
electron density. Hirshfeld population analysis (Hirshfeld, 1977;
Ritchie, 1985; Ritchie and Bachrach, 1987) gives the total density of a
molecule as a sum of well-defined contributions from its constituent
atoms, and thus simply divides the molecular density at each atomic
“point” in the molecule in proportion to their respective
contributions to the molecular density. Hirshfeld charges have
been shown to decrease basis set dependence, however, Hirshfeld
charges have been shown to be smaller in absolute value than
expected for atomic charges. Among the first to note this
difference were Davidson and Chakravorty (1992) and Bultinck
et al. (2007) For example, in work by Bultinck, the Hirshfeld charges
on the atoms in the (LiNH3)

+ ion were found to be 0.751 for
Li, −0.203 for N, and 0.151 for H when ROHF/6-311G** was
used, which are smaller than anticipated.

1.3 Electrostatic potential (ESP) approaches

(Type C) rely on the partitioning of electrostatic potentials.
These types of methods result in less basis set dependence compared
to orbital based methods and are less computationally expensive as
compared to topology based methods (Chirlian et al., 1987). The
partitioning is accomplished through fitting points across the
molecular coordinate system to reproduce the electrostatic
potential. Common ESP methods including CHELP (Chirlian
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et al., 1987), CHELPG (Breneman and Wiberg, 1990), and Merz-
Kollman (MK) (Singh and Kollman, 1984; Besler et al., 1990)
differing in their grid points choice and fitting procedure method
for the potential. CHELP assigns points on spherical shells around
each atom (14 points per shell) at 2.5, 3.5, 4.5, 5.5, and 6.5 Å from
each atom excluding points in the van der Waals radii (the radius of
an imaginary hard sphere representing the distance of closest
approach for another atom) for any atom. CHELPG assigns
points on an evenly spaced cubic grid including a much denser
packing of points (1 point per 0.3 Å) than CHELP andMKmethods,
sampling points between 0 and 2.8 Å around each atom, including
the van der Waals radii. MK uses nested Connolly surface
algorithms, assigning one to five points every 1 Å, including
points by scaling atomic radii to multiples of (1.4, 1.6, 1.8 and
2.0) the van der Waals radii, and discarding all points inside the van
der Waals volume. Weaknesses of charges determined using ESP
methods include that they are not easily transferable between
common (molecular) functional groups in related molecules, they
have often been conformationally dependent, and large charges can
result. The restricted electrostatic potential (RESP) model (Bayly
et al., 1993) has been developed for molecule charge assignment to
address some of these challenges. Numerous studies have been made
using ESP charge assignment models to calculate charge of a single
molecule, or of several molecules at a specified Hamiltonian and
basis set (Sigfridsson and Ryde, 1998).

1.4 Advances in population analysis
methods: Examples

In considering population analysis schemes, many studies
have been done to extend or more thoroughly understand the
methods. For example, in a critical analysis of Hirshfield
population analysis by Bultinck et al. (2007), Bultinck
identified a number of weaknesses with the analysis approach,
pointing out the unphysical nature of some of the predictions,
and the methodology selected for computational convenience. As
a result, an extension to the Hirshfeld method was suggested by
Bultinck, utilizing a weighted sums of charge atomic densities in
an iterative procedure until self-consistent charges are
determined. In 2006, Bruhn et al. (2006) used atomic orbital-
based population analyses, examining the way these methods are
affected by rigid rotation of the molecule. They demonstrated
that the Mulliken and pre-orthogonalized Löwdin population
analyses are invariant to a general rotation transformation, while
the standard non-pre-orthogonalized implementation of the
Löwdin formalism may not be invariant to such rotations. In
a different study, Hirshfeld and Mulliken population analysis
methods were examined to determine if the charge assignment
within the methods was consistent with chemical intuition
(i.e., consistent with commonly used chemical concepts such
as electronegativity). The study suggested improvements for the
Hirshfeld method charge partitioning technique such as
increasing the magnitude of the atomic charges (Saha et al.,
2009). In 2020, a study was done by Cho et al. (2020) that
examined the use of a broad range of population analysis
methods on the GMTKN55 set of nearly 2,500 main-group
molecules using the PBE0 density functional.

In addition to the numerous studies of population methods,
there have been many reviews of population analysis schemes. These
include works by Wiberg and Rablen, who compared charges
obtained using Mulliken population analysis, Natural Population
Analysis (NPA), Bader’s Atoms-in-Molecules (AIM), CHELPG, and
using atomic polar tensors (GAPT), and applied to hydrocarbons
(Wiberg and Rablen, 1993). The same authors revisited population
analysis schemes 25 years later, when they compared charges
obtained using Mulliken, minimal basis set (MBS), NPA, Mertz-
Kollman (MK), CHELPG, Hirshfeld, and charge model 5 (CM5)
methods, applied to hydrogen charges and hydrogen bonding
(Wiberg and Rablen, 2018). Comparison to experimental results
from high-resolution spectroscopic studies of deuterated methanes
and known energies for H···O hydrogen bonds demonstrated that
the Hirshfeld charges were the most reliable as compared to
experiment. Bachrach (1994) gave a lengthy review in 1994 on
commonly used population methods in “Population Analysis and
Electron Densities from Quantum Mechanics.” Heidar-Zadeh et al.
(2018) reviewed population analysis schemes using information
theory, and recently Davidson and Clark (Davidson and Clark,
2022) discussed the historical context that has influenced common
conceptions about chemical bonding and reactivity (such as charge),
as well as relevant technical considerations of population analyses
(primarily from the Schrödinger perspective). For example, the
isolated atom does not appear in the Schrödinger equation of a
molecule, and thus atomic properties (such as atomic populations)
must be obtained from post-processing partitioning of the
wavefunction. Therefore, Davidson and Clark discuss algebraic
considerations of this partitioning, such as orbital and spatial
decomposition schemes of the density matrix.

While there are many studies utilizing population analysis
techniques, useful illustrations are needed to demonstrate the role
of basis set and quantum mechanical method choice on the
assignment of atomic charge across many population analysis
schemes. For example, though Cho et al. (2020) examined a wide
variety of population analysis schemes and a large, diverse set of
molecules, only DFT with the PBE0 functional was considered.
Similarly, Wiberg and Rablen considered many classes of population
schemes in their works (Wiberg and Rablen, 1993; Wiberg and
Rablen, 2018) but focused on the performance of these schemes for
hydrogen charges and hydrogen bonding. Another study considered
both the basis set and quantum method dependance of the AIM
method, using HF and DFT with the B3LYP functional, and used
both Dunning and Pople basis sets, but did not consider additional
population methods (Jabłoński and Palusiak, 2010). Though these
are only a few examples of the many prior studies, they do illustrate
the typical focused nature of much of the prior studies.

In the present study, the assignment of charge using several
different basis sets, quantum mechanical methods, and molecule
type, as well as the effect of molecular polarity on charges, will be
examined in this work. Although much development has been done
on some of these population analysis methods, such as the iterative
Hirshfeld (Bultinck et al., 2007) and pre-orthogonalized Löwdin
(Bruhn et al., 2006), this work considers population analysis
schemes in their original descriptions, examining their
performance with a variety of basis sets and quantum mechanical
methods, as these are the methods that are most commonly used by
the chemistry community. The current work includes main group,
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transition metal, and heavy element species, considering the impact
of basis set choices, cc-pVnZ-DK3 and cc-pwCVnZ-DK3 (Peterson,
2015; Feng and Peterson, 2017), for heavier element species.

2 Computational methods

Atomic charges for HF, LiF, MgO, NaCl, SO2, CO2, H2O, BeCl2,
MgCl2, NH3, BF3, CH4, VO, and LrF have been determined. This set
of molecules represents a variety of bonding, oxidation states, and
structures. Bond electronegativity differences range from 0.45
(C—H) to 3.00 (Li—F) for the main group molecules. Four
different ab initio and density functional approaches have been
used including the B3LYP and PBE0 (Adamo and Barone, 1999)
functionals, Hartree-Fock (HF), and second-order Møller–Plesset
perturbation theory (MP2).

For main group molecules, the Dunning correlation consistent
(cc-pVnZ, aug-cc-pVnZ, n = D,T,Q,5) (Dunning, 1989; Kendall
et al., 1992; Prascher et al., 2011) and Pople (6-21G**, 6-31G**, 6-
311G**) (Hehre et al., 1972; Hariharan and Pople, 1973; Dill and
Pople, 1975; Binkley and Pople, 1977; McLean and Chandler, 1980;
Raghavachari et al., 1980; Francl et al., 1982; Gordon et al., 1982)
basis sets were used. The tight-d basis sets, cc-pV (n+d)Z, and aug-
cc-pV (n+d)Z (n = D,T,Q,5) (Dunning et al., 2001), were used for
second-row atoms. Experimental geometries from the NIST
Computational Chemistry Comparison and Benchmark Database
were used for all calculations (Johnson, 2015). The correlation
consistent (cc-pVnZ, aug-cc-pVnZ, n = D,T,Q,5) basis sets
(Balabanov and Peterson, 2005; Balabanov and Peterson, 2006),
were used for vanadium oxide. For the lawrencium fluoride
calculations, cc-pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets were
used for lawrencium, and the cc-pVnZ-DK basis sets were used for
fluorine (n = D,T,Q for each atom) (Peterson, 2015; Feng and
Peterson, 2017). For LrF, wavefunction based and volume-based
population analysis were the focus of the calculations.

Mulliken, Löwdin, NPA, Hirshfeld, AIM, CHELP, CHELPG,
and MK population analysis have been done, using Gaussian 16
(Frisch et al., 2016). CHELP initial radii values that were not
predefined in Gaussian were set as the covalent radii for
beryllium and boron (1.06 and 0.83 Å, respectively) and ionic
radii for lithium, sodium, magnesium, and vanadium (0.90, 1.16,
0.86, and 0.93 Å, respectively) (Teatum et al., 1960; Allen et al.,
1987). The atom charges for the center atoms in the polyatomic
molecules investigated are given (e.g., C in CH4, O in H2O) in the
present work. For diatomics, cation charges were considered for
MgO, NaCl, VO and LrF, and the anion charges were considered for
HF and LiF. Orbital-based (Mulliken, Löwdin, NPA) and volume-
based (Hirshfeld and AIM) methods were utilized for LrF.

3 Results and discussion

3.1 Main group molecules

3.1.1 Polar bonds
The atomic charge (qc) determined for each type of molecule

investigated, along with method, basis set, and analysis used are
provided in Figures 1–3. Figure 1 shows the charges for LiF; Figure 2

provides charges for BeCl2,; Figure 3 gives the charges for BF3.
Charges for the other main group molecules are included in the
tables in the Supporting Material (SI).

To consider the assigned charges for molecules with quite
different bond polarities, Tables 1 and 2 shows the fluorine
charges for the HF and much more polar LiF, molecules. The
difference in electronegativity between hydrogen and fluorine is
1.88, and between lithium and fluorine is 3.00. Themaximum charge
difference between the fluorine in HF and in LiF is 0.82 e, as given by
Löwdin population analysis using PBE0/aug-cc-pVQZ. On average
across all methods there is a fluorine charge difference in HF
compared to LiF of 0.34 e. The most consistent (least basis set
dependent) of the methods is the Hirshfeld method which, on
average, results in a fluorine charge difference of 0.37 e between
HF and LiF. The orbital-based methods are basis set dependent and
slightly more so for the polar molecules. The difference between the
charges obtained using the various cc-pVnZ basis sets for LiF with
PBE0 is 0.97 e, while for the HF molecule, the maximum difference
between charges obtained using PBE0 and the cc-pVnZ sets is 0.91 e.
Similarly, the maximum difference between charges obtained using
HF/cc-pVnZ is 1.03 e for LiF, while it is 0.92 e for HF. Hirshfeld and
electrostatic potential based methods show much less dependence
on basis set as compared to orbital based methods.

3.1.2 Wavefunction population analysis
For population analysis methods, ideally, charge assignment

should be independent of basis set and level of theory. In reality, the
charge can vary significantly with respect to basis set choice for
certain population analysis methods as already noted for HF and
LiF. The wavefunction based population analysis methods, Löwdin
andMulliken, have the largest basis set sensitivity as indicated by the
large span of assigned charges as shown in Figures 1–3. This basis set
sensitivity of Mulliken and Löwdin analysis methods is consistent
across the molecules investigated, with the largest basis set effect
occurring for the boron charge assigned in BF3 using the Löwdin
population analysis method, which varies from −2.86 e when using
HF/aug-cc-pV5Z to 0.33 e using HF/6-211G**. In fact, Löwdin
charges have the largest basis set dependence for the main group
molecules investigated, with a difference in charge as large as 3.19 e
as for BF3. Similar trends in basis set dependence are shown for ab
initio and DFT methods using Mulliken and NPA schemes
(Figure 4). Charges obtained using HF are shown to be
consistently larger than the charges assigned using B3LYP, PBE0,
and MP2 methods.

Interestingly, despite the electronegativity of fluorine, the
Löwdin approach resulted in the assignment of a negative charge
to boron when the correlation consistent basis sets were utilized, and
for the largest of the Pople style basis sets, 6-311G**. And, in fact,
Löwdin charges tend to be unphysical for most of the systems
investigated, resulting in negative charges on the cation or on the less
electronegative atoms in the compound, particularly when using the
correlation consistent basis sets. The charges become larger if diffuse
basis functions are used, particularly when there is overlapping
electron density originating from neighboring atoms. Figures 4A, D
show that the Löwdin method is more dependent on basis set than
on the level of theory used in the assignment of atomic charges.
However, for basis sets of similar size, the Löwdin atomic charges are
similar. For example, using double-ζ correlation consistent basis sets
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are consistent with the charges obtained using the Pople basis sets.
Generally, charges predicted with the larger augmented correlation
consistent basis sets show larger deviations from the charges
predicted with the Pople style basis sets. These general impacts of
basis set choices upon the Löwdin charges, as demonstrated in
Figures 4A, D, occur for all molecules investigated. The difference
between Löwdin atomic charge obtained using the augmented and
non-augmented correlation consistent basis sets is often large as
well. For example, the difference between the Löwdin atomic charge
obtained using the augmented and non-augmented cc-pV5Z basis
sets is as large as 0.89 e, as shown for CH4 (Supplementary Figure
S1). Six compounds (CH4, NH3, H2O, BeCl2, MgCl2, and HF), have
over a 0.44 e atomic charge difference between the cc-pV5Z and aug-
cc-pV5Z calculations when using the Löwdin population analysis
method.

The Mulliken approach resulted in the second widest span of
atomic charge predictions for the compounds. As shown in
Figure 4B, the Mulliken atomic charge for boron in BF3 has a
maximum difference of ~1.80 e for B3LYP/cc-pVDZ and HF/aug-
cc-pVQZ, and displays a large basis set dependence. However,
unlike the Löwdin approach, the Mulliken approach resulted in a
positive charge on the boron, which is to be expected for bonding
with the electronegative fluorine atoms. The largest span of charges
determined by Mulliken population analysis is for CH4, with the
largest difference of 2.50 e occurring for carbon between the MP2/
aug-cc-pVTZ (qC = −1.25 e) and B3LYP/aug-cc-pVDZ (qC = 1.26 e)

predictions. Similar as for the Löwdin charges, the Mulliken charges
are less basis set dependent when using the smaller Pople style basis
sets as compared to the correlation consistent basis sets. This is likely
due to the smaller changes between sizes of the Pople basis sets as
compared to those of the correlation consistent basis sets with
respect to increasing basis set size. It is also important to note
that while the correlation consistent basis sets are systematically
constructed to converge with increasing basis set quality for
energies, this convergence behavior is not necessarily expected
for charges. The Mulliken charges do not converge, yet still vary
with changes in basis set quality. This non-convergence of Mulliken
charges when using correlation consistent basis sets was noted
previously, as demonstrated by Martin and Zipse for the
Mulliken charge of oxygen on H2O (Martin and Zipse, 2005).

Of the orbital-based population analysis methods, natural
population analysis is the most consistent in the assignment of
atomic charge regardless of the basis set or method used with the
exception of the HF method. To illustrate, Figure 4C shows the
atomic charges for the boron in BF3 as determined using NPA. NPA
results in appropriate signs for the atomic charges for all of the
molecules. The NPA population analysis method results in charge
differences of up to 0.39 e for boron in BF3 when HF/aug-cc-pVDZ
(qc = 1.70) and B3LYP/6-21G**(qc = 1.31) were used. The largest
atomic charge span between NPA charges was 0.71 e for magnesium
in MgO, comparing MP2/aug-cc-pVQZ (qc = 1.48) and B3LYP/6-
21G** (qc = 0.77). For MgO, MP2 gives a charge on Mg that is closer

FIGURE 1
Atomic charge determined for noted basis set, analysis method, and quantummechanical method: (A)HF, (B) B3LYP, (C)MP2, and (D) PBE0 for one
of the diatomic compounds investigated, LiF. Charges for the remaining three diatomic molecules studied are included in the SI.
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FIGURE 2
Atomic charge determined for noted basis set, analysis method and quantummechanical method: (A)HF, (B) B3LYP, (C)MP2, and (D) PBE0 for one
of the triatomic compounds investigated, BeCl2. Charges for the remaining four triatomic compounds studied are included in the SI.

FIGURE 3
Atomic charge determined for noted basis set, analysis method and quantummechanical method: (A)HF, (B) B3LYP, (C)MP2, and (D) PBE0 for one
of the triatomic compounds investigated, BF3. Charges for the two remaining polyatomic compounds are included in the SI.
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TABLE 1 Comparison of charges obtained for the most polar (LiF) and least polar (HF) diatomic molecules, using different quantum methods, population analysis schemes, and basis sets.

Fluorine charge in LiF (ΔEN = 3.00) Fluorine charge in HF (ΔEN = 1.88)

QLPA QMPA QNPA QAIM QHPA QMK QCHELP QCHELPG QLPA QMPA QNPA QAIM QHPA QMK QCHELP QCHELPG

B3LYP cc-pVDZ −0.23 −0.47 −0.81 * −0.57 −0.80 −0.80 −0.81 −0.06 −0.21 −0.52 −0.72 −0.23 −0.41 −0.40 −0.41

cc-pVTZ 0.11 −0.44 −0.88 −0.92 −0.57 −0.81 −0.81 −0.81 0.25 −0.32 −0.54 −0.72 −0.22 −0.42 −0.40 −0.42

cc-pVQZ 0.49 −0.48 −0.90 −0.92 −0.57 −0.81 −0.81 −0.82 0.62 −0.34 −0.55 −0.72 −0.21 −0.42 −0.40 −0.42

cc-pV5Z 0.73 −0.64 −0.91 −0.92 −0.57 −0.82 −0.82 −0.82 0.85 −0.37 −0.54 −0.73 −0.21 −0.42 −0.40 −0.42

aug-cc-pVDZ −0.49 −0.63 −0.93 −0.94 −0.57 −0.83 −0.83 −0.83 0.09 −0.25 −0.56 −0.71 −0.21 −0.41 −0.39 −0.41

aug-cc-pVTZ −0.06 −0.64 −0.91 −0.92 −0.57 −0.82 −0.82 −0.82 0.66 −0.33 −0.55 −0.73 −0.21 −0.41 −0.40 −0.41

aug-cc-pVQZ 0.34 −0.60 −0.91 −0.92 −0.57 −0.82 −0.82 −0.82 1.13 −0.43 −0.55 −0.73 −0.21 −0.41 −0.40 −0.41

aug-cc-pV5Z 0.61 −0.89 −0.91 −0.92 −0.57 −0.82 −0.82 −0.82 1.35 −0.52 −0.54 −0.73 −0.21 −0.41 −0.40 −0.41

6-21G** −0.30 −0.41 −0.64 −0.81 −0.53 −0.64 −0.63 −0.65 −0.18 −0.32 −0.48 −0.65 −0.23 −0.37 −0.36 −0.37

6-31G** −0.30 −0.53 −0.80 * −0.58 −0.76 −0.75 −0.77 −0.25 −0.36 −0.54 −0.70 −0.23 −0.42 −0.40 −0.42

6-311G** −0.18 −0.56 −0.84 * −0.58 −0.77 −0.77 −0.78 −0.04 −0.30 −0.53 −0.69 −0.23 −0.44 −0.42 −0.44

PBE0 cc-pVDZ −0.25 −0.50 −0.82 * −0.59 −0.81 −0.81 −0.82 −0.06 −0.21 −0.53 −0.73 −0.23 −0.42 −0.40 −0.42

cc-pVTZ 0.09 −0.46 −0.88 −0.92 −0.58 −0.81 −0.81 −0.82 0.25 −0.32 −0.54 −0.73 −0.22 −0.42 −0.41 −0.42

cc-pVQZ 0.48 −0.50 −0.90 −0.92 −0.58 −0.82 −0.82 −0.82 0.62 −0.34 −0.55 −0.74 −0.22 −0.42 −0.40 −0.42

cc-pV5Z 0.72 −0.65 −0.91 −0.92 −0.58 −0.82 −0.82 −0.83 0.85 −0.37 −0.54 −0.74 −0.21 −0.42 −0.40 −0.42

aug-cc-pVDZ −0.50 −0.65 −0.93 −0.94 −0.59 −0.83 −0.83 −0.84 0.08 −0.28 −0.56 −0.72 −0.21 −0.41 −0.40 −0.41

aug-cc-pVTZ −0.07 −0.66 −0.92 −0.93 −0.58 −0.82 −0.83 −0.83 0.66 −0.35 −0.55 −0.74 −0.21 −0.42 −0.40 −0.41

aug-cc-pVQZ 0.33 −0.63 −0.92 −0.93 −0.58 −0.82 −0.83 −0.83 1.13 −0.43 −0.55 −0.74 −0.21 −0.42 −0.40 −0.41

aug-cc-pV5Z 0.61 −0.91 −0.91 −0.92 −0.58 −0.82 −0.83 −0.83 1.35 −0.54 −0.54 −0.74 −0.21 −0.41 −0.40 −0.41

6-21G** −0.33 −0.44 −0.67 −0.83 −0.55 −0.66 −0.66 −0.67 −0.19 −0.34 −0.49 −0.67 −0.23 −0.38 −0.37 −0.38

6-31G** −0.32 −0.55 −0.82 * −0.59 −0.77 −0.77 −0.78 −0.26 −0.36 −0.55 −0.71 −0.24 −0.42 −0.41 −0.42

6-311G** −0.20 −0.58 −0.85 * −0.59 −0.78 −0.78 −0.79 −0.04 −0.30 −0.53 −0.70 −0.23 −0.44 −0.42 −0.44

HF cc-pVDZ −0.34 −0.62 −0.89 * −0.64 −0.86 −0.86 −0.87 −0.07 −0.24 −0.55 −0.77 −0.25 −0.45 −0.43 −0.45

cc-pVTZ 0.02 −0.57 −0.92 * −0.64 −0.86 −0.86 −0.86 0.23 −0.35 −0.55 −0.78 −0.24 −0.45 −0.43 −0.45

cc-pVQZ 0.42 −0.61 −0.93 −0.94 −0.63 −0.86 −0.86 −0.86 0.61 −0.37 −0.55 −0.79 −0.24 −0.44 −0.43 −0.44

cc-pV5Z 0.69 −0.74 −0.94 −0.94 −0.63 −0.86 −0.86 −0.86 0.85 −0.39 −0.55 −0.79 −0.24 −0.44 −0.43 −0.44

(Continued on following page)
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TABLE 1 (Continued) Comparison of charges obtained for the most polar (LiF) and least polar (HF) diatomic molecules, using different quantum methods, population analysis schemes, and basis sets.

Fluorine charge in LiF (ΔEN = 3.00) Fluorine charge in HF (ΔEN = 1.88)

QLPA QMPA QNPA QAIM QHPA QMK QCHELP QCHELPG QLPA QMPA QNPA QAIM QHPA QMK QCHELP QCHELPG

aug-cc-pVDZ −0.55 −0.71 −0.95 −0.95 −0.64 −0.87 −0.87 −0.87 0.05 −0.32 −0.57 −0.76 −0.23 −0.44 −0.43 −0.44

aug-cc-pVTZ −0.11 −0.77 −0.94 −0.94 −0.63 −0.86 −0.86 −0.86 0.64 −0.37 −0.56 −0.78 −0.23 −0.44 −0.43 −0.44

aug-cc-pVQZ 0.30 −0.82 −0.94 −0.94 −0.63 −0.86 −0.86 −0.86 1.12 −0.43 −0.55 −0.79 −0.23 −0.44 −0.43 −0.44

aug-cc-pV5Z 0.60 −1.01 −0.94 −0.94 −0.63 −0.86 −0.86 −0.86 1.35 −0.52 −0.55 −0.79 −0.23 −0.44 −0.43 −0.44

6-21G** −0.46 −0.59 −0.78 * −0.63 −0.75 −0.75 −0.76 −0.21 −0.38 −0.51 −0.89 −0.25 −0.41 −0.40 −0.41

6-31G** −0.41 −0.66 −0.88 * −0.65 −0.83 −0.83 −0.84 −0.27 −0.40 −0.57 −0.75 −0.25 −0.45 −0.44 −0.45

6-311G** −0.28 −0.69 −0.91 * −0.64 −0.84 −0.84 −0.85 −0.06 −0.32 −0.54 −0.74 −0.25 −0.46 −0.45 −0.46

*AIM, requires more flexibility in the basis set than permitted by the smallest of the basis sets considered for LiF.
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TABLE 2 Comparison of charges obtained for the most polar (LiF) and least polar (HF) diatomic molecules, using MP2 with different population analysis schemes and basis sets.

Fluorine charge in LiF (ΔEN = 3.00) Fluorine charge in HF (ΔEN = 1.88)

QLPA QMPA QNPA QAIM QHPA QMK QCHELP QCHELPG QLPA QMPA QNPA QAIM QHPA QMK QCHELP QCHELPG

MP2 cc-pVDZ −0.25 −0.50 −0.86 * −0.58 −0.82 −0.82 −0.87 −0.06 −0.22 −0.52 −0.73 −0.23 −0.42 −0.41 −0.42

cc-pVTZ 0.09 −0.47 −0.92 −0.92 −0.58 −0.82 −0.82 −0.86 0.25 −0.32 −0.53 −0.74 −0.22 −0.42 −0.40 −0.42

cc-pVQZ 0.47 −0.52 −0.94 −0.93 −0.58 −0.83 −0.83 −0.86 0.62 −0.34 −0.54 −0.76 −0.22 −0.42 −0.40 −0.42

cc-pV5Z 0.72 −0.67 −0.95 −0.93 −0.58 −0.83 −0.83 −0.86 0.85 −0.34 −0.53 −0.76 −0.21 −0.42 −0.40 −0.42

aug-cc-pVDZ −0.50 −0.65 −0.97 −0.94 −0.58 −0.84 −0.84 −0.85 0.08 −0.27 −0.56 −0.72 −0.21 −0.42 −0.40 −0.41

aug-cc-pVTZ −0.07 −0.71 −0.96 −0.93 −0.58 −0.84 −0.84 −0.85 0.66 −0.34 −0.55 −0.75 −0.21 −0.42 −0.40 −0.41

aug-cc-pVQZ 0.33 −0.75 −0.95 −0.93 −0.58 −0.84 −0.84 −0.86 1.13 −0.39 −0.55 −0.76 −0.21 −0.42 −0.40 −0.41

aug-cc-pV5Z 0.61 −0.93 −0.95 −0.93 −0.58 −0.84 −0.84 −0.86 1.35 −0.50 −0.53 −0.76 −0.21 −0.42 −0.40 −0.41

6-21G** −0.34 −0.46 −0.74 −0.84 −0.55 −0.67 −0.67 −0.74 −0.19 −0.36 −0.49 −0.69 −0.23 −0.39 −0.38 −0.39

6-31G** −0.33 −0.56 −0.86 * −0.59 −0.78 −0.78 −0.82 −0.26 −0.37 −0.54 −0.72 −0.23 −0.43 −0.42 −0.43

6-311G** −0.20 −0.59 −0.89 * −0.59 −0.79 −0.79 −0.83 −0.04 −0.30 −0.52 −0.70 −0.23 −0.44 −0.42 −0.44

*AIM, requires more flexibility in the basis set than permitted by the smallest of the basis sets considered for LiF.
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to the expectedMg charge of 2+. In Figure 4C the variation in atomic
charge is more method dependent than basis set dependent with
distinct differences in charges obtained utilizing MP2, PBE0, and
B3LYP as compared to those using HF. The NPA atomic charge is
higher for cations and lower for anions when utilizing HF as
compared to using MP2 or a DFT approach for all of the
compounds.

3.1.3 Volume based population analysis
The charges assigned with volume-based methods are less

dependent on basis set and quantummethod used as compared to

the charges obtained using the Löwdin and Mulliken orbital
based methods. The AIM approach results in a higher atomic
charge for all cations, and lower atomic charge for all anions in
comparison to the other population analysis methods (see, for
example, LiF in Figure 1). For the atomic charge of boron
determined using AIM for BF3 (Figure 5A) there is a ~0.14 e
difference between what is predicted with the HF and DFT
methods when using the same basis set type; the charges
obtained with MP2 fall in between the charges obtained using
HF and the DFT methods. The largest AIM charge differences
occur for carbon in CO2, with a 0.60 e difference between the

FIGURE 4
Atomic charge of boron in BF3 determined using a number of different theoretical methods, Dunning style basis sets, and wavefunction-based
population analysismethods: (A) Löwdin, (B)Mulliken, and (C)NPA. (*Note that scales vary fromone analysis method to another.) Pople style basis sets are
presented in (D) Löwdin, (E) Mulliken, and (F) NPA.
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predictions from B3LYP/6-311G** (qC = 2.13 e) and HF/aug-cc-
pVQZ (qC = 2.73 e). When using AIM, charge assignment is less
basis set dependent when using the correlation consistent basis
sets versus the Pople style basis sets.

In contrast to the Löwdin and Mulliken population analysis
methods, Hirshfeld is the most consistent overall with charge
assignment having little dependence on the basis set and
theoretical method. The Hirshfeld method results in differences
in the calculated charges of less than or equal to 0.05 e regardless of
the chosen basis set or theoretical method utilized for five of the
molecules investigated, while three main group compounds
investigated have differences in atomic charge greater than
0.12 e. Investigating the small differences in assigned atomic
charge, Hirshfeld charges are shown to depend slightly more on
the choice of theoretical method than on the quality of basis set. In
Figure 5B, for example, the boron charge in BF3 using the Hirshfeld
method differs by no more than ~0.15 e between methods. HF
theory assigns larger charges (in absolute value) to boron in BF3 than
MP2, B3LYP, and PBE0, independent of basis set. This same trend
occurs for all of the molecules. In Figure 5 it is shown that basis set
variations are nearly eliminated for all but the smallest basis sets,
though there is a slightly larger difference between the charges
obtained using the Pople basis sets with MP2, as compared to
charges obtained using these sets with HF or DFT.

3.1.4 Electrostatic potential based population
analysis

Figures 6A–F show the boron charge in BF3 for Merz-
Kollman, CHELP, and CHELPG population analysis schemes.
It is important to note that previous work has shown that the
Merz-Kollman and CHELP have a dependence on molecular
orientation, on average 0.04–0.05 e, and CHELPG has a minimal
0.001 e dependence upon the rotation of the molecule
(Sigfridsson and Ryde, 1998). The charges of the molecule
vary by the same magnitude, regardless of the quantum
mechanical method, basis set, and molecule examined with
these analysis schemes, with the largest charge span of 0.47 e
for BF3, and an average atomic charge span of 0.39 e considering
all quantum methods and basis sets. The three electrostatic
potential methods result in similar charge assignments. While
electrostatic population analysis methods are less dependent on
quantum method and basis set used than Löwdin and Mulliken
methods, they are slightly more dependent on quantum method
and basis set used than the NPA, Hirshfeld, and AIM population
analysis methods. Using HF the magnitude of the charge is
increased as compared to the charge from B3LYP and PBE0,
with the charges obtained using MP2 often falling between HF
and DFT, as for the AIM charges. Charges assigned when using
the correlation consistent basis sets show even less variation

FIGURE 5
Atomic charge of boron in BF3 determined using a number of theoretical methods, Dunning style basis sets, and population analysis methods: (A)
AIM, and (B) Hirshfeld. Pople style basis sets are presented using (C) AIM, and (D) Hirshfeld.
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than the Pople sets when the basis set size is increased (see
Figure 6). It is also shown that the CHELP atomic charge for
carbon in CH4 is predicted to be positive for most basis set and
quantum method combinations (see Supplementary Figure S1).
All other ESP methods predict negative values for carbon along
with the most numerically stable population analysis method,
Hirshfeld. Based on these considerations and the afore
mentioned performance of CHELP as compared to CHELPG
(Sigfridsson and Ryde, 1998), CHELP is not recommended for
atomic charge.

3.2 Vanadium oxide (VO)

To consider a transition metal, vanadium oxide (VO) was
investigated. All charges obtained for VO are given in the SI
(Supplementary Tables S13, S14). The Mulliken populations
obtained in this work (Figure 7B) are consistent with prior work
by Miliordos and Mavridis. In their prior extensive study of the
electronic structure of the VO molecule, where both its neutral and
cationic/anionic forms were examined (Miliordos and Mavridis,
2007) using multireference and coupled cluster methods, Mulliken

FIGURE 6
Atomic charge of boron in BF3 determined using a number of theoretical methods, basis sets, and population analysis methods: (A)Merz-Kollman,
(B) CHELP, and (C) CHELPG. Pople style charges are presented in (D) Merz-Kollman, (E) CHELP, and (F) CHELPG.

Frontiers in Chemistry frontiersin.org12

North et al. 10.3389/fchem.2023.1152500

346

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1152500


population analysis indicated an electron transfer of ~0.5 e from the
V atom to the O atom in neutral VO.

3.2.1 Wavefunction population analysis
For vanadium oxide, the Lӧwdin population analysis showed

less dependence on the size of the basis set than was observed for
main group molecules. For example, the largest difference between
basis sets for a single quantummethod using the Lӧwdin population
scheme is for PBE0, where an absolute charge difference of 0.149 e is
observed between the cc-pVTZ and cc-pV5Z basis sets (Figure 7A).
This is in contrast to an example from the main group species, where
for MgO, the difference in Lӧwdin charge obtained using the cc-
pVDZ and cc-pV5Z basis sets is markedly larger, at ~0.5 e. However,
it should be noted that for several of the calculations, the Lӧwdin
population analysis predicted a negative charge on the vanadium
atom when non-augmented basis sets were used. This indicates that
the diffuse flexibility in the basis set is important for obtaining
charges that are physically meaningful (positive charges on metal
atoms), at least for VO. In addition, the Löwdin method displayed a
considerable dependence on the quantum method used, with the
largest charge difference of 0.25 e occurring between the HF (0.11 e)
and MP2 (0.36 e) determinations with the aug-cc-pVQZ basis set.

The basis set size dependence of the Mulliken population
analysis (Figure 7B) for VO is similar to that of HF and LiF. For

example, the difference in Mulliken charge obtained for the HF
molecule using the B3LYP functional was 0.16 e (using the cc-
pVDZ and cc-pV5Z basis sets), and for LiF using B3LYP the
difference in charge obtained using the same basis sets was 0.17 e.
For the same method and basis sets the charge difference in VO is
0.15 e. For the augmented correlation consistent basis sets
however, the Mulliken charges vary less with basis set size as
compared to the charges arising from use of the non-augmented
sets for VO, where the opposite was observed for the HF and LiF
molecules. The Mulliken charges obtained using B3LYP and the
aug-cc-pVDZ and aug-cc-pV5Z sets for VO differ by just 0.12 e,
for example, while for the HF molecule using the same basis sets
and quantum method the difference is 0.27 e. Mulliken
population analysis shows slightly less dependence on the
quantum method as compared to the Löwdin method when
applied to VO, with a maximum difference of 0.19 e between
the charges obtained using aug-cc-pVQZ in combination with
the B3LYP (0.48 e) and MP2 (0.67 e) methods.

As demonstrated for the main group molecules, of the wavefunction
based population schemes, NPA shows much less dependence on basis
set than either the Lӧwdin or Mulliken schemes (Figure 7C).
Additionally, unlike for the Lӧwdin or Mulliken schemes, there is
very little (0.02 e or smaller) difference between the augmented and
non-augmented basis sets of the same n (for example, the cc-pVDZ and

FIGURE 7
Atomic charge of vanadium in VO determined using a number of different theoretical methods, Dunning style basis sets, and wavefunction-based
population analysis methods: (A) Löwdin, (B) Mulliken, and (C) NPA (*Note that scales vary from one analysis method to another.).
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aug-cc-pVDZ basis sets) obtained using the same quantummethod. The
B3LYP and MP2 results are shown to be quite consistent, varying by
0.02 e or less, while the NPA charges obtained using PBE0 are ~0.12 e
larger. Finally, the HF results are furthest from the two DFT and the
MP2 results, as was observed for main group molecules, resulting in
charges of ~2.26 e, regardless of basis set used.

3.2.2 Volume based population analysis
As was observed for the main group molecules, the AIM and

Hirshfeld charges show much less basis set and quantum method
dependance than the Mulliken and Lӧwdin wavefunction based
methods. The overall basis set level or addition of augmented
functions affects the charge very little, usually by ~0.01 e or less for
any particular quantum method. Though the volume-based methods
are in general less dependent on quantum method, from Figure 8 it is
clear that the MP2 method results in charges that are less consistent
with the HF, B3LYP, and PBE0 results. This is in contrast to the
observations in population method trends for the main group species,
where HF charges tended to be the least consistent as compared to the
charges arising from the other three quantum methods (see, for
example, Figure 5). Similar as for main group species, however, is
that the Hirshfeld charges are the most independent of basis set or
quantum method used, varying by ~0.25 e at most (Figure 8B).

3.2.3 Electrostatic potential based population
analysis

The Merz-Kollman (MK) and CHELPG population analysis
methods when applied to the VO molecule (Figure 9) show
similar dependence on quantum method as the Mulliken and
AIM approaches. The MK and CHELPG methods are less
dependent on quantum method than the Lӧwdin method, and
more so than either the Hirshfeld or NPA approaches. The largest
span between charges obtained using MK and CHELPG are both
~0.45 e when all basis sets and methods are considered. The
CHELP method on the other hand shows much more dependence
on quantum method, with a maximum charge difference of ~0.70
(Figure 9B). All three ESP approaches show very little basis set
dependence, however, both when the relative size of the basis set
and augmented and non-augmented sets are compared. The
largest basis set difference is between the cc-pVDZ and aug-
cc-pVDZ basis sets when using the MP2 quantum approach (for
all three ESP methods). For example, the cc-pVDZ/MK charge is
1.19 e, and the aug-cc-pVDZ/MK charge is 1.29 e. This difference
is shown in Figures 9A–C. For all basis sets other than the double-
ζ set, however, the effect of different basis sets for a given
quantum method is very small, on the order of 0.01–0.02 e for
all three ESP methods.

FIGURE 8
Atomic charge of vanadium in VO determined using a number of theoretical methods, Dunning style basis sets, and population analysis methods: (A)
AIM, and (B) Hirshfeld (*Note that scales vary from one analysis method to another.).
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3.3 Lawrencium fluoride (LrF)

The lawrencium fluoride molecule was chosen to provide
insight about the behavior of population analysis on an actinide-
containing molecule. All charges obtained for the LrF molecule
are given in Supplementary Tables S15, S16 in the SI. There are
limited studies of LrF, however, Laerdahl et al. (1998) did
calculate the Mulliken population on the Lr atom in LrF
using the Dirac-Hartree-Fock (DHF) method and an author-
generated gaussian basis set, giving a total charge on the metal of
0.86 e. This charge is approximately 0.30 e larger than that found
in this work using HF/cc-pVQZ-DK3 (Figure 10A). The ground
state electronic structure for this molecule is a closed-shell
singlet (1Σ+) that is well separated (~22,225 cm-1) from the
first excited state, according to recent work done using the
multireference configuration interaction method with a
Davidson correction (MRCI + Q) (North et al., 2023). For
heavy element species, it is important to include relativistic
effects in both the basis set and Hamiltonian. The cc-

pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets with n = D,T,Q
(Peterson, 2015; Feng and Peterson, 2017) were contracted for
the third-order Douglas-Kroll-Hess (DKH3) relativistic
Hamiltonian (Reiher and Wolf, 2004). This is one of the first,
if not the first time that these basis sets have been examined with
respect to population analysis methods.

3.3.1 Wavefunction population analysis
The charges on the Lr atom obtained using the Löwdin

method are shown to be more dependent on the size of the
basis set used than for VO. The charges obtained using HF show
the largest basis set dependence for this population scheme. Here,
the charge obtained using HF/cc-pVDZ-DK3 is 0.34 e, while that
obtained using HF/cc-pVQZ-DK3 is 0.03 e. This is still a smaller
difference, however, than was observed for main-group
diatomics, such as MgO which exhibited a charge difference of
~0.5 e depending on basis set used, and LiF which showed an even
larger basis set dependence of ~1.25 e. The difference between the
cc-pVnZ-DK3 and cc-pwCVnZ-DK3 basis sets is shown to be

FIGURE 9
Atomic charge of vanadium in VO determined using a number of theoretical methods, basis sets, and population analysis methods: (A) Merz-
Kollman, (B) CHELP, and (C) CHELPG (*Note that scales vary from one analysis method to another.).
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very small for this and all other population methods, amounting
to differences of charge of 0.001–0.01 e for basis sets with the
same cardinal number (such as double-ζ). As was observed for
VO, the Löwdin method results in negative charges for the Lr
atom when some basis sets are used (cc-pVQZ-DK3 and cc-

pwCVQZ-DK3). Regarding quantum method dependence, the
Löwdin charges obtained using MP2, B3LYP, and PBE0 are all
within 0.01 e of each other at any given basis set level. The HF
method results in Löwdin charges that are ~0.10 e larger than
those obtained using the other three methods.

FIGURE 10
Atomic charge of lawrencium in LrF determined using a number of different theoretical methods, Dunning style basis sets, and wavefunction-based
population analysis methods: (A) Löwdin, (B) Mulliken, and (C) NPA (*Note that scales vary from one analysis method to another.).

TABLE 3 Basis set and quantummethod dependencies fromwavefunction and volume based population analysis methods applied tomain group, transitionmetal
and heavy metal molecules.

Scheme type Population
method

Main group Transition metal Heavy metal

Wavefunction/
orbital based

Mulliken large basis set sensitivity similar as for main group similar as for main group

Wavefunction/
orbital based

Löwdin largest basis set sensitivity, non-
physical charge assignment

basis set dependence less than
observed for main group

more dependent on basis set when used for LrF
than VO, but less basis set dependent than when
used for main group

Wavefunction/
orbital based

NPA least basis set dependent of the
wavefunction based methods

least basis set dependent of the
wavefunction based methods

least basis set dependent of the wavefunction
based methods

Volume based AIM less dependent on basis set and
method than wavefunction based
methods

less dependent on basis set and
method than wavefunction based
methods

less dependent on basis set and method than
wavefunction based methods

Volume based Hirshfeld least dependent on basis set/
quantum method of population
schemes considered

least dependent on basis set/quantum
method of population schemes
considered

least dependent on basis set/quantum method of
population schemes considered
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For LrF, the Mulliken population method shows less basis
set dependence than the Löwdin populations. The largest
difference in Mulliken charges are those obtained using
B3LYP, where the charge difference is still only 0.11 e
(Figure 10B). This is similar as for VO and for main group
diatomics. The Mulliken charges obtained for LrF exhibit
similar quantum method dependence as for Lowdin charges,
with MP2 and DFT results being consistent with each other, and
HF charges larger; in this case, the difference between the
charges obtained using the HF method and the other three
quantum methods is slightly larger (~0.15 e).

Finally, the charges obtained using NPA for LrF (Figure 10C) are
again the least basis set dependent on the wavefunction methods,
with the largest difference being 0.06 e for the charges obtained using
the cc-pVDZ-DK3 and cc-pVQZ-DK3 basis sets and B3LYP. The

charges determined using NPA show similar quantum method
dependence as for the Löwdin and Mulliken methods, with
MP2 and both DFT methods yielding charges within ~0.01 e of
one another at any given basis set level, and the HF charges being
~0.10 e larger than those obtained with the other three quantum
methods.

3.3.2 Volume based population analysis
The volume-based population methods applied to LrF show

limited basis set dependence, with charges obtained using the AIM
method (Figure 11A) varying by 0.05 e at most, such as those
obtained using the PBE0 functional and double-ζ and quadruple-ζ
basis sets. The charges obtained using the Hirshfeld method
(Figure 11B) are even less dependent on the basis set used, with
charges varying by less than 0.01 e for any given quantum method.

FIGURE 11
Atomic charge of lawrencium in LrF determined using a number of theoretical methods, Dunning style basis sets, and population analysis methods:
(A) AIM, and (B) Hirshfeld (*Note that scales vary from one analysis method to another.).

TABLE 4 Basis set and quantum method dependencies from electrostatic potential population analysis methods applied to main group and transition metal
molecules.

Scheme type Population
method

Main group Transition metal

ESP Chelp not recommended: assigns non-physical charges large dependence of quantum method

ESP ChelpG more dependent on quantum method and basis set than NPA,
Hirshfeld, and AIM

more dependent on quantum method than NPA and
Hirshfeld

ESP Merz-Kollman more dependent on quantum method and basis set than NPA,
Hirshfeld, and AIM

more dependent on quantum method than NPA and
Hirshfeld
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The DFT and MP2 methods result in charges that are within 0.01 e
of one another at any basis set level, with charges obtained using
HF ~0.10 e larger than the other quantum methods.

4 Conclusion

In this work, the effect of basis set and quantum mechanical
method choices on the prediction of atomic charges with eight
different population analysis schemes was investigated. Tables 3, 4
summarize the data and conclusions drawn for each of the
population analysis methods considered herein, for main group
molecules, a transition metal molecule (VO), and heavy metal
molecule (LrF). Wavefunction-based, volume-based, and ESP
methods were utilized. Molecules including main group,
transition metal, and heavy element species were considered.
This is one of the first, if not the first time the cc-pVnZ-DK3
and cc-pwCVnZ-DK3 basis sets for an actinide molecule have been
utilized in population analysis. The largest basis set dependence for
the LrF molecule was observed when the Lӧwdin population
analysis was used, with the HF method, where the charges varied
by as much as 0.31 e, depending upon basis set chosen.

The effect of molecular polarity in the determination of atomic
charge was evaluated. It was shown that for more polar molecules,
basis set dependence becomes more significant, regardless of
quantum method used, especially for the wavefunction based
population analysis schemes.

Ideally, charge assignment schemes should be independent of
basis set and method approach. The Hirshfeld population analysis
atomic charges are the least sensitive to changes in basis set and
quantum method as compared to those of the other population
analysis methods investigated. However, the Hirshfeld method
underestimates the charge on molecules such as LiF, where
expected charges are ~+1 and ~-1 on the Li and F, respectively
due to ionic bonding. AIM most often predicts charges that are
expected from ionic bonding, followed closely by NPA. The largest
variations in atomic charges occur for the Löwdin population
analysis method. Löwdin and CHELP atomic charges can result
in unphysical charges with the correlation consistent basis sets or
large Pople style basis sets. For the VO molecule, the use of
augmented correlation consistent basis sets was found to be
important for obtaining physically meaningful charges when the
Löwdin method was used.

Orbital-based methods are shown to have a much larger
dependence on basis set than electrostatic potential and volume-
based methods. Utilizing NPA reduces the basis set dependence
compared to other orbital based methods such as Mulliken and
Löwdin charges. Volume and potential based methods also typically
show a reduction in basis set and quantummethod dependency. Out
of the volume-based schemes considered, the Hirshfeld method has
the least dependence on basis set for the molecule set. Quantum

method dependence is also important with maximum differences in
charges from ~0.10 e to 0.50 e when within a particular basis set and
population scheme, especially when smaller basis sets are used.
Caution should be taken when using population analysis methods to
assign charge as they are often shown to be both basis set and
quantum method dependent.
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