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Editorial on the Research Topic

Advanced Theranostic Nanomedicine in Oncology

The Research Topic entitled “Advanced Theranostic Nanomedicine in Oncology” presents a series
of articles that describe the latest research updates of biologically-inspired nanostructures used in
the field of oncology. In addition, it briefly describes the biological mechanisms of certain cancers
and how we can take advantage of these mechanisms to improve the therapeutic efficacy of future
nano-therapeutics. With this issue, we aim to raise awareness for the challenges in the common
ground between the fields of oncology and biomedical engineering, and also to present up-to-date
counter-challenging research achievements. The issue is comprised of 12 selected peer-reviewed
manuscripts (8 reviews and 4 original research articles) derived from the fields of (bio)materials
science and engineering, chemistry, physics, and biology.

A variety of smart nanomaterials, including carbon-based nanofibers (Sayin et al.),
multifunctional liposomes (Formicola et al.), polymeric nano-constructs (Ferreira et al.), and
inorganic nanoparticles (Hossain et al.) are presented through original research works. These
novel and smart nanomaterials with tailor-made characteristics have been carefully designed,
aiming at improving their therapeutic efficacy while in tandem to reduce the side-effects of the
chemotherapeutics that they encapsulate.

The first example of these smart nanomaterials is given by polyvinyl alcohol (PVA)-based
nanofibers made through electrospinning by Sayin et al.. In this work, the fabricated nanofibers
presented excellent biocompatibility and a pH-controlled release of the encapsulated Rose Bengal
drug model. The nanofibers also demonstrated an increase in reactive oxygen species (ROS)
production that led to the apoptosis of U87 glioblastoma cells.

A different approach to the treatment of glioblastoma is also presented by Formicola et al.. In this
study, multifunctional liposomes made of cholesterol/sphingomyelin and surface functionalized
with mApoE and chlorotoxin peptides (Mf-LIP) were used as a model nano-vehicle to study
the formation of tunneling nanotubes, and the effect of these nanotubes in the delivery of
chemotherapeutics. The comparison of the U87MG cell line with a standard human astrocytic
cell line demonstrated that he U87MG cells form almost exclusively thick and long protrusions,
whereas healthy astrocytes formed thinner and shorter tunneling nanotubes. This suggested that
nanotubes are potentially useful as drug-delivery channels for cancer therapy especially for isolated
tumor niches that cannot be targeted through simple chemotherapeutic diffusion.

Discoidal polymeric nano-constructs consist of a class of nano-theranostic agents with
tunable characteristics including high biocompatibility, controllable size, loading capacity, and
stimuli-responsive release. In the presented work of Ferreira et al. food and drug administration
(FDA)-approved poly (lactic-co-glycolic acid) was used for the fabrication of discoidal
nano-constructs, which were subsequently optimized to increase their loading efficiencies. Two
different loading methodologies (direct vs. absorption) and compound attributes (hydrophobicity
and molecular weight) have been studied. In vitro (breast cancer cells) and preliminary in vivo
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studies demonstrated that the properties of these
nano-constructs could be finely tuned and improve their
overall therapeutic performance.

The final original research presented in this topic by Hossain
et al. is related to the investigation of the antibacterial activity of
biogenic silver nanoparticles. Despite the fact that this research is
not directly related to the field of oncology, it presents valuable
data on the fabrication, characterization, and antibacterial
activity of biocompatible silver nanoparticles that have already
been reported elsewhere as potential anticancer agents.

Besides the original research manuscripts, this topic presents
a series of review papers that summarize the recent advances
in the fields of nanomedicine and oncology. As a starting
example, the application of high-intensity ultrasound as a non-
invasive tumor-ablation method, its immunomodulatory action,
and its effects in drug delivery are discussed by Tharkar
et al.. In continuation, theranostic applications based on gold
nanoparticles and their effect depending on the heterogeneity of
tumors is discussed by Roma-Rodrigues et al., while a variety
of general nano-theranostics for the treatment of pancreatic
adenocarcinoma are described by Brachi et al..

The increasing development and the numerous applications
of two-dimensional (2D) nanostructures in various fields,
including cancer therapy and diagnosis, and more specifically
in the field of photodynamic therapy, is presented by
Gazzi et al.. Carrying on the field of 2D nanomaterials,
the synthesis, the surface modification strategies, the
biocompatibility, and the bioapplications of 2D boron nitride
nanostructures are reported by Emanet et al.. Theranostic
nanomedicine approaches for the treatment of glioblastoma
are detailed by d’Angelo et al., while nanomaterials-based
combinational chemo-photothermal therapy is introduced
by Li et al..

Finally, Natoni et al. elucidate the mechanisms behind
sialylation and multiple myeloma, and how the inhibition of

sialylationmay represent an advanced therapeutic strategy able to
overcome the bone marrow-mediated chemotherapy resistance.
In addition, different approaches that allow the delivery of
sialylation inhibitors to the bone marrow microenvironment are
also analyzed.

Summarizing, we hope that this collection of the-state-of-the-
art articles and reviews will provide insights into the limitations
on the field of nanomedicine, and will promote ideas on
how to overcome these limitations for successfully developing
enhanced therapeutic strategies. Additionally, we anticipate that
this Research Topic will constitute a convenient and beneficial
guide toward early-stage and senior researchers in the field of
biomedical engineering.
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Cancer is considered the most aggressive malignancy to humans, and definitely the

major cause of death worldwide. Despite the different and heterogenous presentation

of the disease, there are pivotal cell elements involved in proliferation, differentiation,

and immortalization, and ultimately the capability to evade treatment strategies. This is

of utmost relevance when we are just beginning to grasp the complexity of the tumor

environment and the molecular “evolution” within. The tumor micro-environment (TME)

is thought to provide for differentiation niches for clonal development that results in

tremendous cancer heterogeneity. To date, conventional cancer therapeutic strategies

against cancer are failing to tackle the intricate interplay of actors within the TME.

Nanomedicine has been proposing innovative strategies to tackle this TME and the

cancer cells that simultaneously provide for biodistribution and/or assessment of action.

These nanotheranostics systems are usually multi-functional nanosystems capable to

carry and deliver active cargo to the site of interest and provide diagnostics capability,

enabling early detection, and destruction of cancer cells in a more selective way. Some

of the most promising multifunctional nanosystems are based on gold nanoparticles,

whose physic-chemical properties have prompt for the development of multifunctional,

responsive nanomedicines suitable for combinatory therapy and theranostics. Herein, we

shall focus on the recent developments relying on the properties of gold nanoparticles

as the basis for nanotheranostics systems against the heterogeneity within the TME.

Keywords: tumor microenvironment, nanomedicine, cancer therapy, diagnostic, gold nanoparticles,

nanotheranostics

INTRODUCTION

As the knowledge about cancer development progresses, it highlights the complexity of the disease
characterized by inter-tumor and intra-tumor heterogeneity between cancer types of different or
the same anatomical region (Mroz and Rocco, 2016; Grzywa et al., 2017; Liu et al., 2018a). This
interplay between growing tumor cells and surrounding environment creates a tumor micro-
environment (TME), whose arrangement varies according to the anatomical region of the tumor
and the genetic and phenotypic traits of cancer cells (Correia and Bissell, 2012; Abadjian et al.,
2017). Still, several common features can be found, such as the micro-environment of epithelial
tumors is generally composed by tumor cells, the extracellular matrix (ECM), stromal cells,
including fibroblasts, mesenchymal stromal cells, cells from the blood and lymphatic systems,
and occasionally adipocytes and cells from the immune system, including macrophages, T and B
lymphocytes, and natural killer cells.
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TME composition and maturation dictates tumor
progression, prognosis and the efficacy of chemotherapeutics,
where it is becoming more evident that one therapy does
not fit all (Netea-Maier et al., 2018). That is why a thorough
comprehension of a patient’s TME may provide for important
clues of the most effective therapeutics. For this, efforts have been
made to develop imaging and therapeutic strategies focused on
TME for improving the efficacy of treatment (Roma-Rodrigues
et al., 2019). Perhaps the most innovative and effective strategies
have been put forward by nanomedicine, that offers a vast
number of diagnostics and therapeutics, alone or combined
into a single platform, in what is known as nanotheranostics.
The Medical Standing Committee of the European Science
Foundation states that “Nanomedicine is the science and
technology of diagnosing, treating, and preventing disease
and traumatic injury, of relieving pain, and of preserving and
improving human health, using molecular tools, and molecular
knowledge of the human body.” The last decades have fueled the
synthesis and assembly of a plethora of nanomaterials, such as
nanoparticles made of noble metals, carbon, heavy metals, etc.,
in many forms, e.g., spherical or non-spherical nanoparticles,
nanowires, nanotubes and nanofilms. These nanomaterials have
got unique properties that might be explored for theranostics
applications. For example, carbon nanotubes are excellent
conductors, with exceptional strength; iron oxide nanoparticles
are superparamagnetic; while gold nanoparticles have unique
spectral (optical) properties (reviewed in Pedrosa et al., 2015;
Elzoghby et al., 2016; Bhise et al., 2017; Bayda et al., 2018).

These nanostructures’ primary advantages for biomedical
applications are the small size within the same scale than
that of biomolecules and an augmented area-to-volume ratio

Abbreviations: AGF, anterior gradient 2; AIPH, 2,2
′

-azobis[2-(2-imidazolin-

2-yl) propane] dihydrochloride; AMC, 7-amino-4-methylcoumarin; AuNC,

gold nanocage; AuNP, gold nanoparticle; AuNR, gold nanorod; AuNR@MSN,

mesoporous silica coated nanorod; bFGF, basic fibroblast growth factors; BSA,

bovine serum albumin; CAFs, cancer associated fibroblasts; CD, cyclodextrin;

CS, chitosan oligosaccharide; CSC, cancer stem cell; CT, computed tomography;

DAMPs, damage-associated molecular patterns; DMA, 2,3-dimethylmaleic

anhydride; DOX, doxorubicin; ECM, extracellular matrix; EGF, epithelial growth

factor; EMT, epithelial-to-mesenchymal transition; EPR, enhanced permeability

retention; FL, fluorescence; GM-CSF, granulocyte-macrophage colony stimulating

factor; HA, hyaluronic acid; HB-GFs, heparin-binding growth factors; HIF,

hypoxic-induced factor; HM, humanized mice; HTS, high throughput screening;

ICG, indocyanine green; IL, interleukin; LECs, lymphatic endothelial cells;

LSC, 4-(2-(5-(1,2-dithiolan-3-yl)pentanamido)ethylamino)-2methyl-4-oxobut-2-

enoic acid; MDR,multidrug resistance; MDSCs, myeloid-derived suppressive cells;

MET, mesenchymal-to-epithelial transition; MMPs, matrix metalloproteinases;

MRI, magnetic resonance imaging; MSA, mouse serum albumin; MSOT,

multispectral optoacoustic tomography; NIR, near infrared; NIRF, near infrared

fluorescence; NK, natural killer; OoC, organ-on-a-chip; PAI, photoacoustic

imaging; PCM, phase-change material; PDC, patient derived xenografts; PDT,

photodynamic therapy; PEG, poly-ethylene glycol; PlGF, placental growth

factor; PTT, photothermal therapy; RCA, rolling circle amplification; RNS,

reactive nitrogen species; ROS, reactive oxygen species; SERS, surface-enhanced

Raman scattering; TAMs, tumor associated macrophages; TCDEs, tumor

cells derived exosomes; TGF-β, transforming growth factor beta; TME,

tumor microenvironment; TNF, tumor necrosis factor; ToC, tumor-on-a-chip;

TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; VEGF, vascular

endothelial growth factor; VEGFR, vascular endothelial growth factor receptor;

VPF, vascular permeability factor.

allowing an increased interphase area in a small mass (Pedrosa
et al., 2015; Elzoghby et al., 2016; Bhise et al., 2017; Bayda
et al., 2018). One crucial advantage of nanoparticles for
cancer therapy is their tendency to naturally accumulate
within tumors via enhanced permeability retention (EPR;
Nichols and Bae, 2014). The fundamental features of EPR
are hyperpermeability of tumor vasculature to large particles
(enhanced permeability) and impaired lymphatic drainage,
retaining the particles into the interstitial space of the tumor
(enhanced retention) (Nichols and Bae, 2014). This way,
nanomaterials passively accumulate at tumors’ sites where they
can then exert their therapeutic/diagnostic effect. In order to
extravasate the vasculature and avoid renal filtration and liver
capture, nanoparticles should range between 10 and 100 nm
and preferably present a neutral or anionic charge (Danhier
et al., 2010; Dreaden et al., 2012). Using the EPR to passively
accumulate nanoconjugates at the tumor site has been thoroughly
described in a general way. However, tumors are heterogeneous,
impacting the capacity of nanoparticles to homogeneously
penetrate the neoplastic tissue (Danhier, 2016). For example,
larger particles (100 nm) have higher retentions times in the
tumor (Danhier et al., 2010). Also, the EPR based accumulation
varies greatly with the degree of vascularization, which is not
always easy to predict (Danhier et al., 2010). There are also several
tumor types that do not preset an EPR effect that can be used,
such as prostate and pancreatic tumors (Danhier et al., 2010).
Another limitation of passive targeting relying solely on EPR
is the inability of passive targeting to access necrotic tissue, in
the core of the tumor due to the low vascularization (Ngoune
et al., 2016). These disadvantages can be overcome with different
strategies, for instance, using drugs to modulate vascularization.
For example, vasoconstriction drugs cause normal vessels
constriction, but tumor vessels do not respond to this effect due
to insufficient muscular structure, which leads to an increased
uptake of particles by tumor tissues (Maeda, 2012). To overcome
limitation imposed by using EPR alone, several strategies include
active targeting by means of several moieties (e.g., antibodies or
peptides), capable to promote ligand-receptor interactions at the
surface of tumor cells, inducing receptor-mediated endocytosis
and drug release inside the cell (Kobayashi et al., 2014). Such
moieties include, for example, EGFR, TGF-α, folate, or glucose
receptors, which are known to be overexpressed in cancer
cells. Active targeting has been critical for the development of
vectorization systems that enable the nanoparticles to deliver
their cargo on tumor site improving the therapeutic effect
(Dreaden et al., 2012). Among the variety of nanomaterials,
spherical gold nanoparticles (AuNPs) have been extensively
studied for cancer diagnosis and treatment, mostly due to their
unique optical properties, easy synthesis in aqueous solution,
and functionalization with biomolecules, which together have
not presented toxicity to the cells and organisms (Conde
et al., 2014). AuNPs can be easily functionalized with different
moieties, such as drugs, targeting ligand, protein or peptides,
nucleic acids, imaging agents, photosensitizers, bioactive/bio-
responsive moieties, among others. Targeting ligands bound to
the surface of nanoparticles interact with receptors selectively
expressed in tumor cells (Haume et al., 2016). By means of
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targeting ligands, it is possible to profit from the EPR effect to
accumulate the AuNPs in the tumor site and then direct the
gold nanoconjugates selectively to cancer cells. This way the
anti-tumor effect may be delivered solely (or mostly) to the
malignant cells while sparing the healthy tissues, thus with a
beneficial impact in decreasing side effects (Guo et al., 2017).
In addition, bioactive/bio-responsive moieties can be sensitive
to TME and respond to specific stimuli, such as pH or matrix
metalloproteinase (MMP; Guo et al., 2017). Chemotherapeutics
drugs may also be loaded onto or attached to the surface of
nanoparticles, thus functioning as carriers (Singh et al., 2018).

Besides the possible functionalization of AuNPs to a specific
TME target, naked AuNPs were found to disrupt the crosstalk
between cells within the TME and, consequently, preventing
tumor progression. For example, AuNPs were found to influence
angiogenesis by diminishing both the tube formation and
migration of endothelial cells, through blockage of vascular
endothelial growth factor (VEGF) signaling from TME cells
to endothelial cells (Zhang Y. et al., 2019). Also, AuNPs have
been found to promote tumor vasculature normalization while
increasing blood perfusion and reducing hypoxia (Li et al.,
2017). These basic AuNP systems may also be used to improve
imaging approaches to assist surgeons during tumor resection,
by injecting functionalized AuNPs specifically into the tumor it
is possible to distinguish between healthy and malignant cells
(Singh et al., 2018).

TUMOR MICROENVIRONMENT

Despite the growing knowledge of tumor development and
progression, it is virtually impossible to determine cause-effect
chain of events, from the initial stage when cells become
tumorigenic and initiate uncontrolled proliferation, to a mature
high-grade tumor. Sometimes one is tempted to associate one
event triggered by proliferating tumor cells to an event occurring
within the TME, but this correlation falls far from reality since it
is the evolving interplay of all TME components that ultimately
will be responsible for tumor modulation and progression
(Hanahan and Weinberg, 2011; Netea-Maier et al., 2018). Here
we shall focus on each component of the TME separately for
simplicity. However, it is crucial to understand that each one of
these events, occurring for each component, may be triggered in
a different way for a different tumor or tumor type, thus affect
all the other TME components differently, and consequently
resulting in different outcomes. Figure 1 and Table 1 highlight
the major events occurring at the TME that contribute for
tumor progression.

The rapid proliferation of tumor cells results in a constrain
in oxygen and nutrient supply that cannot be sustained by
adjacent blood vessels (Hanahan and Weinberg, 2011). The
oxygen scarcity experienced by growing tumor cells induce the
cellular response to hypoxia, principally via hypoxia-induced
factors (HIF) (reviewed in Vaupel and Multhoff, 2018). The
HIF family of transcriptional factors is composed by HIF1,
HIF2 and HIF3 proteins that activate genes involved in glucose
metabolism, angiogenesis, cell proliferation and migration, and

immune system modulation (Huang et al., 2017; Sormendi and
Wielockx, 2018; Vaupel and Multhoff, 2018). The HIF response
together with high energetic requirements, trigger a metabolic
adjustment in tumor cells from oxidative phosphorylation to
the aerobic glycolysis, in a process known as the Warburg
effect (Gwangwa et al., 2018). This metabolic switch subsists
even in the presence of oxygen and results in an increased
secretion of lactate to the extracellular space and consequent
TME acidification (Lu, 2019). The glycolytic metabolism and
intensified proliferation of tumor cells result in an increase
of reactive oxygen species (ROS) production, which in turn
target cellular components, such as DNA, promoting genomic
instability that further alters the cells’ characteristics, and also
induces the activation of antioxidant defenses (Gwangwa et al.,
2018). These events, together with increased expression of efflux
pumps for lactic and carbonic acid secretion gives an advantage
to tumor cells to survive and thrive in hostile environments,
contributing for multidrug resistance (MDR; Tsai et al., 2014).
Interestingly, rather than oncogenic promoters in malignant
cells, HIF proteins act as tumor suppressors (Mazumdar et al.,
2010; Lee et al., 2016; Nakazawa et al., 2016). However, HIF-
mediated paracrine communications between tumor cells and
neighborhood, including stromal cells, immune system cells,
metastases and extracellular matrix modulation, promote tumor
development, rendering oncogenic features to HIF proteins at
the TME level (reviewed in Huang et al., 2017; Sormendi and
Wielockx, 2018).

The secretion of vascular endothelial growth factor A
(VEGFA) by TME components, promote the sprouting of
adjacent vessels through binding to VEGF receptors (VEGFR)
located in endothelial cells (De Palma et al., 2017; Klein,
2018). The high levels of angiogenic signals at the TME, lead
to the formation of vessels with defective or discontinuous
basement membranes, resulting in the leaking vasculature with
chaotic organization unevenly distributed along the tumor,
with cancer regions enriched with vessels and cancer regions
poorly supplied (Klein, 2018). This restricts the nutrient and
oxygen supply to the TME, promoting hypoxia, and difficult
the chemotherapeutic agents’ distribution throughout the tumor
(Klein, 2018). Moreover, the unbalanced distribution of blood
vessels results in an altered distribution of cytokines involved
in inflammatory and coagulation processes at the TME (Klein,
2018). Nevertheless, it is this less organized leaky vasculature that
allows nanomedicines to passively target the tumor site.

The formation of lymphatic vessels at the TME, named
tumor-associated lymphangiogenesis, is sustained by VEGF-C
and VEGF-D secreted by tumor cells, immune cells, and other
stromal cells (Garnier et al., 2019). Then, lymphatic endothelial
cells (LECs) form single layer lymph capillaries with minimal
basement membrane, that join to collecting lymphatic vessels
with a basement membrane and valves that prevent retrograde
flow (Garnier et al., 2019). The formation of lymphatic vessels
at the TME is correlated with poor prognosis, since it favors
metastatic propagation in distal organs (Garnier et al., 2019). On
the other side, LECs have a prominent role in immune system
modulation at the TME contributing for anti-tumor immunity
(reviewed in Farnsworth et al., 2019; Garnier et al., 2019).
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FIGURE 1 | The complex context of tumor microenvironment. Schematic reorientation highlighting the diversity of elements within the tumor micro-environment

(TME). The features and composition of a late stage solid TME are extremely heterogeneous with high intra- and inter-tumor variability. Common features include the

appearance of hypoxic regions usually at the core of the tumor indicated as a denser cell population. Hypoxia is usually associated to decreased interstitial pH and

induces angiogenesis, resulting in an uneven distribution of blood vessels along the TME. Lymphatic vessels are also frequently found in tumor late stages. The

increased vasculature at the TME contribute for local invasion, the dissemination of cancer stem cells and formation of metastasis. The inflammatory environment

recruits mesenchymal stromal cells and innate system tumor cells. Tumor associated macrophages usually infiltrate the tumor and promote a pro-inflammatory

microenvironment contributing for tumor growth and reinforcing input for angiogenesis. Adaptive immune system cells are mainly found at the TME margins. The

inflammatory environment stimulates transformation of fibroblasts into cancer associated fibroblasts that, together with an alteration of the extracellular matrix

stiffness, contribute for increased desmoplasia at the TME and hence induce metastasis.

Again, the defective lymph drainage assists the accumulation of
nanomedicines at the locus via the EPR.

Concerning immune system cells, the TME varies
considerably throughout the tumor development and throughout
the various types of cancers (Netea-Maier et al., 2018). Due to
the continuous changes and adaptations occurring at the TME,
different recruitment factors (e.g., cytokines and chemokines)
are secreted, resulting in the enrollment of cells from both
innate and adaptive immune systems (Chen and Mellman, 2017;
Clark, 2018). Importantly, the molecular signals composition
of the TME determine the clinical outcome by promoting
the tumor escape to immunosurveillance or tumor constrain
(Netea-Maier et al., 2018). Once in the TME, monocytes can
differentiate into two different types of macrophages depending
on the chemical composition at the tumor location, the M1-type
macrophages are formed in the presence of interferon gamma
(IFN-γ), and the M2-type macrophages when exposed to
different interleukins (IL, e.g., IL-4 or IL-10), transforming
growth factor beta (TGF-β), Granulocyte-macrophage colony

stimulating factor (GM-CSF), annexin A1 or tumor cell-surface
molecules (reviewed in Italiani and Boraschi, 2014; Goswami
et al., 2017). This macrophages polarization is crucial for tumor
prognosis, as M1-type are correlated with a good prognosis,
while tumor associated macrophages (TAMs) generally have the
M2 phenotype and contribute for tumor growth, angiogenesis,
invasion, and metastasis (Italiani and Boraschi, 2014; Goswami
et al., 2017; Jeong et al., 2019; Prenen and Mazzone, 2019).
Inflammation is usually displayed in TME, promoted initially by
tumor cells (intrinsic pathway) and sustained and/or aggravated
by other TME components (reviewed in Mantovani et al.,
2019). A pro-inflammatory environment is usually accompanied
by a poor prognosis (reviewed in Netea-Maier et al., 2018;
Mantovani et al., 2019). The TAMs-mediated secretion of IL-1
cytokines contribute for chronic inflammation and strengthen
a pro-tumoral micro-environment (reviewed in Mantovani
et al., 2018). The role of the lymphoid lineage cells in tumor
progression is also contradictory. While B cells and regulatory
T cells create an immunosuppressive microenvironment, innate

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 4 August 2019 | Volume 7 | Article 19710

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Roma-Rodrigues et al. Nanotheranostics Targeting TME

TABLE 1 | Tumor microenvironment components and their major effects on tumor development.

TME components Major effect on tumor development Disease

prognosis

References

Hypoxia HIF activation Poorer Vaupel and Multhoff, 2018

HIF loss of function Poorer Mazumdar et al., 2010; Lee

et al., 2016; Nakazawa et al.,

2016

HIF mediated paracrine TME communication Poorer Huang et al., 2018; Sormendi

and Wielockx, 2018

Aerobic glycolysis (Warburg effect) TME acidification Poorer Lu, 2019

Reactive Oxygen Species Poorer Gwangwa et al., 2018

Genomic instability Poorer Gwangwa et al., 2018

Activation of antioxidation defenses Poorer Gwangwa et al., 2018

Lymphoangiogenesis VEGF secretion in TME Poorer Garnier et al., 2019

Formation of lymph vessels by LECs Poorer Garnier et al., 2019

Activation of the Immune system Impairment of anti-tumor immunity through LECs loss of function Poorer Farnsworth et al., 2019; Garnier

et al., 2019

M1-type monocytes activation through IFN-γ, etc. Better Italiani and Boraschi, 2014;

Goswami et al., 2017; Jeong

et al., 2019; Prenen and

Mazzone, 2019

M2-type monocytes (also known as TAM) activation through IL-4,

IL-10, TGF-β, GM-CSF, Annexin A1, etc.

Poorer Italiani and Boraschi, 2014;

Goswami et al., 2017

Inflammation TAM mediated chronic inflammation in TME Poorer Mantovani et al., 2018

Activation of B and regulatory T lymphocytes Better DeNardo et al., 2010; Hui and

Chen, 2015; Labiano et al.,

2015; Wu, 2017; Steven and

Seliger, 2018

Activation of NK and NK T lymphocytes Poorer DeNardo et al., 2010; Hui and

Chen, 2015; Labiano et al.,

2015; Wu, 2017; Steven and

Seliger, 2018

GM-CSF and VEGF mediated production of MDSCs Poorer Schupp et al., 2017; Bruno et al.,

2019

Altered ECM Desmoplasia and metastatic dissemination Poorer Pickup et al., 2014; Kai et al.,

2019

Mesenchymal Stem Cells recruitment to TME Either

depending on

TME

Trivanovic et al., 2016;

Rivera-Cruz et al., 2017

CAF differentiation through inflammation and TGF-β Poorer Liu T. et al., 2019; Sanford-Crane

et al., 2019; Yoshida et al., 2019

Desmoplasia Induction of EMT and the formation of Cancer Stem Cells Poorer Kang et al., 2019; Pearson,

2019; Vahidian et al., 2019

Activation of MMPs in EMT Poorer Yao et al., 2018

Exosomes Autocrine and paracrine communications between tumor cells and

TME

Poorer Hannafon and Ding, 2013;

Franzen et al., 2014;

Roma-Rodrigues et al., 2014,

2017a

Autocrine and paracrine communications between normal cells and

TME

Better Hannafon and Ding, 2013;

Franzen et al., 2014;

Roma-Rodrigues et al., 2014,

2017a

HIF, hypoxia induced factor; TME, tumor microenvironment; VEGF, vascular endothelial growth factor; LECS, lymphatic endothelial cells; IFN, interferon; TAM, tumor associated

macrophages; IL, interleukin; TGF, tumor growth factor; GM-CSF, granulocyte-macrophage colony stimulating factor; NK, natural killer; MDSCs, myeloid-derived suppressive cells;

CAF, cancer associated fibroblasts; EMT, epithelial to mesenchymal transition.

cytotoxic lymphocytes, natural killer (NK) cells and NKT cells
contribute for an immunostimulant TME (DeNardo et al., 2010;
Hui and Chen, 2015; Labiano et al., 2015; Wu, 2017; Steven

and Seliger, 2018). In different types of cancers, the increased
expression of GM-CSF and VEGF induce the production
of myeloid-derived suppressive cells (MDSCs) at the bone

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 5 August 2019 | Volume 7 | Article 19711

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Roma-Rodrigues et al. Nanotheranostics Targeting TME

marrow that are recruited to the TME where they remain
undifferentiated (reviewed in Bruno et al., 2019). The presence
of MDSCs is generally correlated with a poor prognosis, as they
are involved in angiogenesis, and suppression of NK cells and
CD8+ cytotoxic T cells (Schupp et al., 2017; Bruno et al., 2019).

In epithelial cancers, growing tumor cells and TME cell
components are supported in an ECM with altered biochemical
and biomechanical properties when compared with healthy tissue
(reviewed in Pickup et al., 2014; Kai et al., 2019). The low
oxygenation and inflammatory environment induce alterations
in ECM proteins that result in desmoplasia, characterized by
increased stiffness (Pickup et al., 2014; Kai et al., 2019). The
ECM major contributors for desmoplasia include collagen types
I, III, and IV, fibronectin, laminin, hyaluronic acid (HA) and
osteonectin (Whatcott et al., 2011).

Stromal cells are also important for tumor development and
prognosis. Mesenchymal stromal cells (MSCs) are recruited to
the tumor due to the inflammatory environment and, according
to the chemical composition at the TME they may promote or
inhibit the tumor progression (reviewed in Trivanovic et al.,
2016; Rivera-Cruz et al., 2017). Moreover, the inflammation
and consequent secretion of TGF-β at the TME, induce the
differentiation of fibroblasts into cancer associated fibroblasts
(CAFs) (reviewed in Liu T. et al., 2019; Sanford-Crane et al.,
2019; Yoshida et al., 2019). Besides tumor cells, CAFs are the
most abundant cell type at the TME and play an important
role in increased desmoplasia of the TME (Liu T. et al., 2019;
Sanford-Crane et al., 2019; Yoshida et al., 2019).

Hypoxia, increased desmoplasia and the interactions between
the several TME players favor the epithelial-to-mesenchymal
transition (EMT) of tumor cells resulting in the formation
of cancer stem cells (CSC) (reviewed in Kang et al., 2019;
Pearson, 2019; Vahidian et al., 2019). EMT results in disruption
of intracellular adhesion and loss of cell polarity, conferring
migratory ability to CSC that could enter in adjacent blood
or lymph vessels at the TME and travel to another anatomical
location where they can experience mesenchymal-to-epithelial
transition (MET) and potentiate the formation of a metastatic
niche (Kang et al., 2019; Pearson, 2019; Vahidian et al., 2019).
Matrix metalloproteinases (MMPs) have an important role in
EMT, being responsible for the detachment of tumor cells from
the ECM promoting CSC formation (Yao et al., 2018).

During the initial stages of tumorigenesis, the genomic profile
of tumor cells determines the tumor maturation. As the cancer
progresses, the intercellular communication between tumor
and neighboring cells dictates TME and tumor progression,
contributing for intra- and inter-tumor heterogeneity (Hanahan
and Weinberg, 2011; Netea-Maier et al., 2018). Exosomes
are pivotal for the cell to cell communication. Exosomes are
endosomal pathway derived vesicles with 30–100 nm diameter,
composed by a lipid bilayer with membrane proteins, entrapping
soluble proteins, signaling molecules, including cytokines,
chemokines and growth factors, and nucleic acids including
mRNA and miRNA (Roma-Rodrigues et al., 2014). Importantly,
exosomes’ content depends on the cell of origin, often reflecting
the physiological condition of the cell (Hannafon and Ding,
2013). After released to the extracellular milieu, exosomes can

be internalized by secondary cells adjacent to the primary cell
or travel through the vascular or lymphatic system to other
anatomical location where they can be internalized by local cells.
Once internalized, exosomes are able to modify the phenotype of
the recipient cell that will adjust to the incoming signals (Franzen
et al., 2014; Roma-Rodrigues et al., 2017a). Tumor cells derived
exosomes (TCDEs) have an important role in tumor progression,
including for example in immune system modulation,
contributing in normal to tumoral transition of adjacent
cells and preparation of the metastatic niche at a new anatomical
location (Chen et al., 2017; Roma-Rodrigues et al., 2017a).

As discussed, TME development is astonishingly similar
between types of cancer, exhibiting several common features in
composition and organization. However, TME features are also
highly dependent on tissue/organ. For example, hematological
cancers will show an increased angiogenesis at the TME site in
the bone marrow (reviewed in Cheng et al., 2018).

Notwithstanding the growing awareness of the role played by
the TME in tumorigenesis, tumor progression and metastasis
in the organism, most studies rely on in vitro data to build
models, simulate conditions, and for the screening of novel drugs.
What is more, most of these screenings and assessments are
made using traditional cell lines that only resemble the real
tumor in the individuals, letting the whole of intra- and inter-
tumor heterogeneity at large. One of the most relevant trends in
studying the effect novel diagnostics and therapeutic strategies
for cancer has prompt for the development of realistic in vitro
and ex vivomodels to substitute the expensive and variable in vivo
studies, thus allowing to speed up research in this critical field.

MODELING THE TME

Despite the amount of data from conventional in vitro models
that rely on two-dimensional (2D) cell cultures, solid tumors
are three-dimensional (3D) entities with cells growing on
heterogenous gradients of nutrients and oxygen, suffering from
various degrees of different chemical and physical stresses and
interacting with different types of cells (LaBarbera et al., 2012;
Weiswald et al., 2015). Therefore, promising drugs need to be
tested in pre-clinical models mimicking the TME, and recurring
to murine models with tumor xenografts, before they can get
approval for human trials (Ranga et al., 2014). This is an
expensive process that often fails to accurately predict therapeutic
responses due to the fundamental differences between animal
and human physiology. Only 5% of the compounds deemed
promising in the initial evaluations are successful in clinical
applications, which highlights the shortcomings of common
standard models used for routine drug screening (LaBarbera
et al., 2012; Ranga et al., 2014).

For assisting faster and more robust clinical translation,
several (cell) models have been proposed. For example,
humanized mice (HM) have been increasingly used to reduce the
gap between animal and humans. HM are genetically engineered
mice with human genes or human cells alongside the tumor
xenografts (Morton et al., 2016). Another increasingly used
pre-clinical model is patient derived xenografts (PDX) (Hidalgo
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et al., 2014). Mice xenografts produced directly from tumor
biopsies can be used to more accurately predict how patients
will respond to treatment and opens the door to personalized
therapeutics (Hidalgo et al., 2014). However, these animal
models are too expensive for high throughput screening (HTS)
of novel drugs or treatment vectorizations (Rodrigues et al.,
2018; Sasmita and Wong, 2018). For a long time, HTS has
strongly depended on primary screening made with 2D cultures
whose physiological and TME associated limitations have been
surpassed by the advent of 3D cell culture models. For instance,
cellular signal transduction pathways have been shown not
to properly be activated in 2D cultures. Moreover, sensitivity
to chemotherapeutic agents and induction of apoptosis are
impaired in cell lines grown in 2D monolayers due to the lack of
cell-cell and cell-extracellularmatrix interactions, that are present
in tissues and in 3D models (Kenny et al., 2007; Serebriiskii et al.,
2008; Yin et al., 2016; Reynolds et al., 2017; Riedl et al., 2017;
Buzzelli et al., 2018). Also, these models made possible the study
of angiogenesis within a tumor and the evaluate the importance
of the immune system in tumor growth (LaBarbera et al., 2012;
Ranga et al., 2014; Buzzelli et al., 2018).

The simplest 3D model are multicellular tumor spheroids, or
simply spheroids, obtained when adherent cell lines are grown
in non-adherent conditions. The cells form 3D structures similar
to in vivo tumors and are capable to recapitulate the TME
interactions that are crucial for in vivo development (Sutherland
et al., 1971; LaBarbera et al., 2012; Lancaster and Knoblich, 2014;
Ranga et al., 2014). At first, spheroids were grown with only
one cell line, however the complex nature of solid tumors led
to the development of more intricate systems, with two or more
different cell types, and thus able to mimic ECM, inter-cellular
signaling and in vivo growth (LaBarbera et al., 2012). These more
complex spheroids, with at least one tumor cell type, have been
called organoids. Although the term was originally developed for
spheroids grown from stem cells or organ progenitor cells, that
would grow and differentiate into different cell types resulting
in a spheroid with spatial auto-organization of different cell
types similarly to the organization found in vivo for the organ
from which they derive (Sung et al., 2008; LaBarbera et al.,
2012; Lancaster and Knoblich, 2014). Considering that, in this
filed, terminology is not consensual, we shall name spheroids
to those multicellular spheroids constituted with only one cell
type; multitype spheroids with at least one tumor cell line/type
will be named tumor organoids, while the others will be named
normal-type organoids.

In order to devise 3D systems that more accurately reflect the
molecular diversity of tumors and their respective TME, there
was a need for protocols to promote the growth of spheroids
and/or tumor organoids derived from cancer biopsies from
patients (Song et al., 2018; Vlachogiannis et al., 2018). These
patient derived tumor organoids are capable to recapitulate the
molecular profile of the patients’ tumors and have become a
valuable platform for HTS of compounds and for personalization
of therapy (van de Wetering et al., 2015; Vlachogiannis et al.,
2018). For example, AuNP have already been tested in some
of the novel systems constituted by A549, HEG2, S2PV10,
HCT116, and MCF7 cancer line spheroids so as to evaluate NP

penetration within the tridimensional structure (Huang et al.,
2012; England et al., 2013; Rane and Armani, 2016). Also, the
potential photothermal therapy effectiveness of AuNPs have
been evaluated on HeLa, normal ovarian cells, and human
umbilical vein endothelial cells (HUVEC) spheroids, and in HeLa
tumor organoids (Lee et al., 2018). Additionally, normal-type
organoids have been used to test potential nephrotoxicity of
AuNPs (Astashkina et al., 2014).

To further narrow the gap between in vitro and in vivomodels,
great efforts have been made to use microfluids platforms to
reproduce more accurately TME and normal tissue functions,
originating tissue-on-chip and organ-on-chip systems. The
first organ-on-a-chip models (OoC) presented cells capable to
replicate the physiological functions of the lung and heart within
a microfluidic device with appropriate channels, chambers and
mechanic movement (Huh et al., 2010; Annabi et al., 2013).
The combination of different cell types, from liver and skin,
within a multi-organ-chip, proved their potential in therapeutic
drug testing (Wagner et al., 2013). The use of cancer cell lines
on microfluidic devices led to the construction of tumor-on-a-
chip models (ToC), also called cancer-on-a-chip. These systems
have been shown to accurately mimic several features observed
in tumors, such as pressure, chemical and gas gradients and
fluidic shear stress, while being more amenable to HTS than
other previous 2D and 3D models (Bhatia and Ingber, 2014; Tsai
et al., 2017; Sleeboom et al., 2018; Shang et al., 2019). These
ToC have been successfully used to co-culture cancer cells with
endothelial cells, thus facilitating the study of the interplay in the
TME between vasculature and tumor cells (Sleeboom et al., 2018;
Shang et al., 2019). Also, these chip-based platforms have been
used to assess nanoparticles’ fate and action in more complex
models. For example, AuNPs have been tested in an OoC with
HUVEC to evaluate how endothelial thermotolerance could
affect nanoparticle transport to tumors (Bagley et al., 2015). ToCs
incorporating spheroids of MDA-MB-453 and MCF-7 cells were
used to study tissue penetration and cellular uptake of AuNPs
(Albanese et al., 2013; Kwak et al., 2014). Deeper insights into the
EPR effect have also been possible via a tumor-vasculature-on-a-
chip developed to study the perfusion of nanoparticles in an in
vitromodel (Wang H. F. et al., 2018).

It is based on these developing 3D complex models,
harboring different players from within the TME, that several
nanomedicines have been tested and evaluated, aiming at
eventually being translated to the clinics and providing additional
tools for the fight against cancer. Not surprisingly, these complex
3D and chip models have been crucial for the evaluation of
innovative approaches in tacking the TME, which, whole or in
part, make use of the one ormore of the elements within the TME
that modulate tumor growth and development.

TARGETING TME VIA GOLD
NANOPARTICLES

Several types of nanomaterials, and nanoparticles in particular,
have been proposed as tools to study and/or assist in the fight
against cancer. Amongst these nanoparticles, gold has emerged
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as a material of choice due to their spectral properties, ease of
synthesis and functionalization. Additionally, small (15–60 nm)
spherical AuNPs has not been shown to exhibit toxicity, which
has prompt for their use as valuable platforms for diagnostics
(e.g., imaging) and therapy. The interaction between AuNPs and
the TME is, thus, of crucial relevance toward the development
of innovative efficacious nanomedicines that could tackle tumors
alone or in combinatory approaches with more traditional
therapies. Table 2 summarizes the specific characteristics of the
TME to be targeted by AuNPs for diagnostic and/or therapy
in cancer.

Tackling the Acidic pH in the TME
Several features of TME can be used to target nanomedicines
to the tumor site for improved diagnosis and/or therapy.
For example, the acidic microenvironment may be used
to trigger responsive nanomedicines that release the cargo
upon pH stimuli. In this respect, citraconic amides are
moieties sensitive to pH, being hydrolyzed and converted in
positively charged primary amines that are suitable to act as
pH switches. Interaction with positive and negative charged
nanoparticles cause nanoparticle aggregation that could be
used for photoacoustic imaging, amplifying the signal and
blocking exocytosis. Nanosystems using the aggregation of
AuNPs induced by citraconic amides have been used as
a diagnostic tool (Song et al., 2016; Li et al., 2019). Song
et al. (2016) showed that an agent containing these amides
coupled to AuNPs accumulates specifically in cancer cells,
leading to an in vivo signal amplification that is the double
of that non-functionalized NPs (Song et al., 2016). Additional
functionalization may be added to the nanoplatform to also carry
a suitable chemotherapeutic drug, resulting in a theranostic agent
(Song et al., 2016). Li et al. (2019) created AuNPs functionalized
with 4-(2-(5-(1,2-dithiolan-3-yl)pentanamido)ethylamino)-
2methyl-4-oxobut-2-enoic acid (LSC) that contain the citraconic
amide moiety and a cyclic RGDyK peptide conjugated with 16-
mercaptohexadecanoic acid (c(RGDyK)MHDA) that allows the
active tumor-targeting due to the connection to overexpressed
integrin αvβ3 receptors (Li et al., 2019). Using a tumor-xenograft
mouse model, the conjugated molecules, LSC and c(RGDyK),
allowed for longer circulation times and enhanced accumulation
at the tumoral tissue, which then provided for optimized
photoacoustic signals at low concentration. Similar approaches
using fluorescence imaging (FL imaging) activated in the TME
due to the pH-sensitive structures have also been proposed to
assist diagnostics and biodistribution assessment (Lai et al., 2017;
Tang et al., 2019).

A similar rational has been used to enhance the efficacy
of photodynamic therapy (PDT) and photothermal therapy
(PTT). Liu et al. (2018b) used mesoporous silica coated gold
nanorods (AuNR@MSN) with 2,3-dimethylmaleic anhydride
(DMA)-modified chitosan oligosaccharide-block -poly (ethylene
glycol) polymer (CS(DMA)-PEG) as a pH sensitive polymer.
In presence of acidic pH, the amide bonds between CS and
DMA are broken and the RLA ([RLARLAR]2) peptide is
exposed to facilitate cellular internalization and mitochondrial
accumulation. In addition, AuNR@MSM is also loaded with

indocyanine green (ICG), a photosensitizer. Since the pH trigger
allows for tumor targeting and selective internalization, upon
laser irradiation both therapeutic approaches are active: (i) PDT
triggers the production of ROS that will hamper cell viability;
and (ii) PTT leads to heat generation that kills cancer cells
in a selective way. The combination of these two approaches
allows an enhanced therapeutic effect and lower side effects
due to the guided TME accumulation (Liu et al., 2018b).
Other have developed a system relying on self-assembly AuNPs
through dithiol-polyethylene glycol (HS-PEG-SH) molecules
that allow NP cross-linking. AuNPs are functionalized also with
Doxorubicin (DOX), bonded through the hydrazone-thiol group,
and an epidermal growth factor (EGF) peptide to act as an active
targeting moiety to cancer cells overexpressing the EGF receptor.
Once in the TME, the acidic and redox environment disassembles
the complexes, and hydrolysis of the hydrazone bonds release the
DOX. Using an in vivo mouse model the self-assembled AuNPs
presented an increased accumulation at the TMEwhen compared
to solo AuNPs (Feng et al., 2017).

pH induced aggregation of metal nanoparticles may also
be used to enhance the efficacy of photothermal therapy (Li
et al., 2014; Dai et al., 2015). Similar to the concept described
above, Jung et al. (2013) used citraconic amide moieties to
trigger NP aggregation when within the acidic TME that
leads to the creation of hot spots for surface-enhanced Raman
scattering (SERS) imaging and shifts the absorption to the
near infrared (NIR) for concomitant PTT (Jung et al., 2013).
Another strategy that is based on TME induced NP aggregation
was assayed for simultaneous photoacoustic imaging (PAI) and
PTT (Yu et al., 2017). In this work, two types of AuNPs
coated with complementary single-strand DNA containing at
the pyridine-2-imine end an α-cyclodextrin (α-CD) were used.
The acidic TME leads to the protonation of pyridine-2-imine
triggering separation of the α-CD and allows aggregation
of AuNPs due to complementary base pairing. Aggregation
also favors the retention of AuNP at the TME, which can
then be used for selective intratumoral PAI and PTT (Yu
et al., 2017). Another approach based on the pH within
the TME combined PDT and a set of imaging techniques:
fluorescence, PAI, and magnetic resonance imaging (MRI) using
core-shell gold nanocages@manganese dioxide (AuNC@MnO2)
(Liang et al., 2018). The acidic TME triggers degradation
of the MnO2 shell, releasing O2 and Mn2+, which causes
an enrichment of the environment (including the hypoxic
parts) with O2, thus potentiating the PDT. Upon irradiation,
the presence of O2, Mn2+ and the AuNC itself allows for
concomitant use of PDT, PAI, MRI, and FL imaging, in what
is a multifunctional nanotheranostics. Besides the effective
production of ROS due to the PDT that causes cell death, the
events unleashed via this approach cause immunogenic cell death
through the damage-associated molecular patterns (DAMPs)
liberation and, consequently, dendritic cells maturation, which
leads to effector cells activation (e.g., CD8T cells, CD4T
cells, and NK cells). Once again, the response to the pH
stimulus permits selective TME targeting, improving efficacy
while decreasing undesired deleterious effects to neighboring
healthy tissues.
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TABLE 2 | Targeting strategies for AuNPs toward TME.

System name Nanoparticle

(type)

TME component Diagnostics Therapeutics 3D in vitro/in vivo model References

“Smart” AuNPs (SANs) AuNP Acidic pH PAI Xenograft mouse model Song et al., 2016

c(RGDyK)-

MHDA/LSC@AuNP

AuNP Acidic pH PAI Xenograft mouse model Li et al., 2019

LGAuNP AuNP Acidic pH FLimaging Xenograft mouse model Lai et al., 2017

GNPs-CKL-FA AuNP Acidic pH FLimaging Xenograft bearing mice model Tang et al., 2019

AuNR@

MSN-RLA/CS(DMA)-PEG

AuNR Acidic pH PDT;

PTT

Xenograft bearing mice model Liu et al., 2018b

DOX-EGF-SA-AuNP AuNP Acidic pH DD Xenograft mouse model Feng et al., 2017

MC-GNPs AuNP Acidic pH PTT Li et al., 2014

pH-GSNPs Gold Shell

nanoparticles

Acidic pH PTT; DD Dai et al., 2015

MBA/SMART-AuNP AuNP Acidic pH SERS

imaging

PTT Jung et al., 2013

Gold nanomachines AuNP Acidic pH PAI PTT Xenograft mouse model Yu et al., 2017

AuNC@MnO2 AuNC Acidic pH;

Hypoxia;

Immunosuppressive

tumormicroenvironment

FL imaging;

PAI;

MRI

PDT Xenograft mouse model Liang et al., 2018

V7-CMG AuNR Acidic pH MSOT DD Xenograft mouse model Zeiderman et al., 2016

Nanoprobe AuNP MMP-2; MMP-7 FLimaging Wang et al., 2012

MMP-sensitive AuNP probe AuNP MMP NIRF

tomographic

imaging

Xenograft mouse model Lee et al., 2008

MMP-GC-AuNPs AuNP MMP CT;

FLimaging

Xenograft bearing mice model Sun et al., 2011

G-AuNPs-DOX-PEG AuNP MMP-2

Acidic pH

DD Xenograft bearing mice model Ruan et al., 2015a

DOX-GLT/EGCG AuNPs AuNP MMP FLimaging DD Tsai et al., 2016

G-AuNPs-DC-RRGD AuNP MMP-2;

Acidic pH

FLimaging DD Xenograft bearing mice model;

Spheroid

Ruan et al., 2015b

DOX-substrate/AuNP AuNP MMP-2 FLimaging DD Xenograft bearing mice model Chen et al., 2013

CDGM NPs GNC MMP-2;

Acidic pH

FLimaging PDT;

DD

Xenograft bearing mice model Xia et al., 2018

Au@BSA-NHA AuNP Hypoxia CT Xenograft bearing mice model Shi et al., 2016

Au-PCM-AIDH AuNC Hypoxia PTT; Free

Radicals

Shen et al., 2017

DOX-HZN-DTDP @ Au

NPs-LA-PEG2000-CAI

AuNP Hypoxia

Acidic pH

DD Spheroid Shabana et al., 2018

AuNP, spherical gold nanoparticles; AuNR, gold nanorods; AuNC, gold nanocages; SERS imaging, Surface-enhanced Raman scattering imaging; PTT, photothermal therapy; FLimaging,

Fluorescence imaging; MRI, magnetic resonance imaging; PAI, photoacoustic imaging, PDT, photodynamic therapy; MMP, matrix metalloproteinases; MMP-2, matrix metalloproteinases;

NIRF tomografic imaging, near infrared fluorescence imaging; CT, computed tomography; DD, drug delivery; DOX, doxorubicin; PCM, phase-change material.

Gold nanorods (AuNR) coated with mesoporous silica
capped with chitosan have been used as PAI contrast agent
for Multispectral Optoacoustic Tomography (MSOT) after
NIR excitation (Zeiderman et al., 2016). For active targeting,

these nanoconjugates were grafted with a pH sensitive variant

7 pHLIP peptide that allows specific accumulation at the
tumor site. These AuNRs may also convey a cargo of

chemotherapy (gemcitabine, a pyrimidine analog), where the
TME acidic pH protonates the amino groups of chitosan,
causing chitosan swelling (proton sponge) with consequent
gemcitabine dissociation and release from the mesoporous
silica (Zeiderman et al., 2016).

The Case for the Matrix Metalloproteinases
(MMP)
The increased expression of MMPs have an important role
in tumor progression and the substrate of these proteinases
can be used to selectively target nanomedicines to the
TME. For example, these substrates conjugated to dyes
coupled to AuNPs have been used as probes for imaging
of cancer sites toward diagnostic applications (Wang et al.,
2012). Since MMP-2 and MMP-7 are overexpressed in
multiple tumors, the authors designed AuNPs functionalized
with a peptide spacer that contains an MMP-2 substrate
(Gly-Pro-Leu-Gly-Val-Arg-Gly) and an MMP-7 substrate
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(Val-Pro-Leu-Ser-Leu-Thr-Met-Gly). The N-terminus
of the peptide has attached to a lanthanide complex,
BCTOT-EuIII (BCTOT=1,10-bis(5

′

-chlorosulfo-thiophene-
2
′

-yl)-4,4,5,5,6,6,7,7-octafluorodecane1,3,8,10-tetraone) and
the C-terminus has attached to a 7-amino-4-methylcoumarin
(AMC), which may be hydrolyzed by one or both MMPs within
the TME, and fluorescence emission of dyes occurs. This results
in differences in fluorescence emission between cancer and
normal cells that may be used for imaging (Wang et al., 2012).
Lee et al. (2008) functionalized AuNPs with Cy5.5 dye attached
to a peptide (Gly-Pro-Leu-Gly-Val-Arg-Gly-Cys) that contains
the substrate for MMP (Pro-LeuGly-Val-Arg). Once in the TME,
the substrate is recognized and cleaved by the proteases, causing
dequenching of the dye and the near infrared fluorescence
(NIRF) signal may be assessed via NIRF tomographic imaging
(Lee et al., 2008). Sun et al. (2011) also used Cy5.5 dye linked
to the same substrate for MMP but in a different peptide to
develop a computed tomography (CT) contrast probe that may
simultaneously be assessed by NIRF. The AuNPs were coupled
with glycol chitosan polymers, which have shown excellent
stability and tumor targeting ability by EPR, and an organic dark
quencher. Upon MNP proteolysis, the dye is released and NIR
fluorescence emission may be detected. As such, it is possible
to obtain CT and NIRF images to provide anatomical and
MMP-dependent biological data of the TME (Sun et al., 2011).

Gelatin is another substrate for MMP, particularly for MPP-
2. Ruan et al. created a system for drug delivery relying on a
gelatin nanoparticle decorated with small AuNPs (Ruan et al.,
2015b). The AuNP surface is loaded with DOX linked by
hydrazone bonds that are hydrolyzed when in the acidic TME
medium.When the G-AuNPs-DOX-PEG nanoconjugate reaches
the TME, the gelatin nanoparticles are degraded by the MPP-2,
and the AuNPs-DOX-PEG released into the microenvironment.
Once free, these smaller nanocarriers may reach deeper into
the tumor and, due to the acidic microenvironment, DOX is
released leading to a more efficacious anti-tumor effect. In
another study, the same system was improved by addition of
two components: a tandem peptide, RRGD, and Cy5.5 dye
attached by hydrazone bonds to the AuNPs’ surface. The RRGD
peptide allows the active targeting to overexpressed integrin αvβ3
receptor and enhances the penetration capability of the system.
The Cy5.5 is release together with DOX by hydrolyze of the
hydrazone bonds in the acidic TME, permitting the visualization
via fluorescence imaging. The released small AuNPs are capable
of deeper tissue penetration, leading to accumulation at the
target and colocalization of Cy5.5 and DOX, in what can be
considered a two-stage multifunctional nanotheranostics system
(Ruan et al., 2015a).

Relying on the fluorescence emission of DOX, Chen and
co-workers developed a nanotheranostics system using AuNPs
with DOX attached to the surface via a protease substrate (Ac-
Cys-Pro-Leu-Gly-Leu-Ala-Gly-Gly-DOX) (Chen et al., 2013).
Within the TME, MMP-2 cleaves the ligation and DOX
is released, exerting its cytotoxic effect while proving for
fluorescence imaging selectively within the TME. Another
nanotheranostics system combining two therapeutic modalities,
PDT and chemotherapy, coupled to fluorescence imaging

has been developed using gold nanoclusters conjugated with
an MMP-2 substrate (Cys-Pro-Leu-Gly-Val-Arg-Gly-Arg-Gly-
Asp-Ser), and DOX bonded to cis-aconitic anhydride and a
photosensitizer chlorin e6 (Ce6) (Xia et al., 2018). The MMP-
2 substrate acts as active targeting to the TME due to the
overexpression of metalloproteinases and the cis-aconityl linkage
allows for controlled release of DOX on site due to the tumor
acidic hydrolyzed of the bonds. The photosensitizer allows
for PDT and imaging through fluorescence. The effect of this
nanoconjugate in tumor-bearing mice show great promise,
showing an enhanced anti-tumor effect when compared to free
DOX and AuNPs without the MMP-2 substrate.

Impact of ECM Components
The increased desmoplasia that frequently occur at the TME
may result in poor distribution of AuNPs inside the tumor
(Whilhelm et al., 2016). In an attempt of improving drug
delivery into the tumor, Abdolahinia et al. analyzed the effect
of AuNPs conjugated with collagenase (Col-AuNPs) combined
with AuNPs conjugated with metformin (MET-AuNPs). They
observed an increased number of apoptotic cells in breast cancer
spheroids when simultaneously treated with Col-AuNPs and
MET-AuNPs, suggesting increased AuNPs penetration in the
spheroid (Abdolahinia et al., 2019). In another interesting study,
Han et al. developed gold nanoparticles coated with PEGylated
polyethylenimine and conjugated with all-trans retinoic acid
(ATRA) and siRNA targeting heat shock protein 47 (HSP47)
envisaging the activation of pancreatic stellate cells (PSC).
With this pH responsive nanosystem, they were able to induce
PSC quiescence (through ATRA) and inhibit ECM desmoplasia
(through silencing of HSP47, a collagen-specific molecular
chaperone) (Han et al., 2018). Interestingly, a study performed
by Zhao et al. revealed that naked AuNPs were effective in
decreasing the TME desmoplasia of colorectal cancer xerograft
mice, by reducing the production of collagen I and diminishing
the expression of profibrotic signals (Zhao et al., 2018).

Hyaluronic acid, a linear anionic polymer found in the
connective, epithelial, and neural tissues has been widely used
in the clinics for arthritis treatment, ophthalmic surgery, tissue
engineering, and even drug delivery (Oh et al., 2010; Kim et al.,
2019). Due to the presence of carboxylic acid, hydroxyl and
N-acetyl groups, HA is easily combined with other chemicals.
Moreover, the selective transfer of HA to the tumor location
due to EPR effect, coupled to its connection with TME cellular
receptors, including cluster determinant CD44, receptor for HA-
mediated motility (RHAMM), and lymphatic vessel endothelial
receptor-1 (LYVE-1), makes this molecule suitable for improving
targeted nanomedicine (reviewed in Kim et al., 2019 and
references therein). More recent reports describe the production
of nanoconjugates for combined photothermal therapy (Liu R.
et al., 2019; Yang et al., 2019). Liu et al. proposed to use cationic
small sized red emission gold nanoclusters coated with BSA
and conjugated with indocyanine green as imaging probe for
theranostic and HA for increased retention at the tumor location
(AuNC@CBSA-ICG@HA) (Liu R. et al., 2019). An in vivo study
using mice breast cancer model revealed a suppression of 95%
of tumor growth (Liu R. et al., 2019). Yang et al. proposed a
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nanotheranostics platform based on gold nanoclusters combined
with graphene oxide and conjugated withHA, 5-fluorouracil. The
enzymatic degradation of HA at the TME by the hyaluronidases
allow the release of 5-fluorouracil, that, together with laser
irradiation, enhance the anti-tumor efficacy (Yang et al., 2019).

Making Use of Hypoxia for Selective
Targeting to the TME
The hypoxic TME has an active role in tumorigenesis and has
been shown to be a crucial factor in the lack of response to
some therapies and cancer drug resistance. As such, it may
be considered both as a critical element for selective action
within the TME and as an important target for therapy and
diagnostics. For example, Shi and co-workers presented a gold
nanoprobe for CT imaging responsive to hypoxia through the
conjugation of nitroimidazole moiety to AuNPs (Shi et al.,
2016). Under hypoxia, the nitro group of nitroimidazole is
reduced by nitroreductase, an enzyme present at elevated levels
in the TME, and the resultant reactive amide group will
bind to macromolecules within the TME leading to on site
accumulation. The AuNPs are coated with bovine serum albumin
(BSA) for increased colloidal stability, water solubility and
biocompatibility. This technique enhances the contrast attained
in CT imaging allowing for visualization of different intratumoral
hypoxic levels which can be helpful to disease prognosis. Others

have used AuNCs loaded with 2,2
′

-azobis[2-(2-imidazolin-2-
yl) propane] dihydrochloride (AIPH) coated by a phase-change
material, which allows the hypoxic cancer cells death through
the oxygen independent production of free-radicals (Shen et al.,
2017). After NIR irradiation, the photothermal effect of AuNC
triggers the melting of the coating and, consequent AIPH
release. Once free, AIPH decomposes due to thermal/irradiation
stimulation and alkyl radicals are generated, that in turn cause
oxidation of cell components oxidation and increased lipid
hydroperoxides, which will induce apoptosis. This concept allows
for the destruction of cells in hypoxic tumors and can be applied
in combination with photothermal therapy. Shabana et al. took
advantage of carbonic anhydrase IX (CA IX) overexpression that
occurs in hypoxic TME to develop AuNPs functionalized with
DOX and a CA inhibitor ligand, that allows active targeting to
hypoxic tumors (Shabana et al., 2018). DOX is grafted to the NPs
through a hydrazone group that is cleaved in acidic pH, releasing
the drug. This way, it is possible to selectively target the TME
to tackle the hypoxia-induced chemoresistance with improved
tumor penetration of the drug.

Synergistic Approach With the TME
Immune System
Immune cells in the TME play an important role in tumor
surveillance and development. The immune system behaves
differently within the TME and its differential modulation also
modifies the TME itself and can thus be used to improve therapy.
Some strategies have been described that use AuNPs to modulate
the immune system in the TME. For instance, AuNPs coated with
mouse serum albumin (MSA) induce the production of ROS and
reactive nitrogen species (RNS) that activate pro-inflammatory

pathways in TAMs (Pal et al., 2016). As a consequence, the
production of TNF-α and IL-10 is decreased and the production
of the pro-inflammatory cytokine IL-12 increased. These changes
triggered by AuNPs lead to a polarization of TAMs from an
M2 phenotype to an M1 phenotype (pro-inflammatory). These
changes in TAMs were also observed for a gold-manganese oxide
nanocomposite stabilized with MSA, where the manganese oxide
permits the enhancement ofmagnetic resonance of the agent and,
as a result, allows its use as a contrast agent inmagnetic resonance
imaging (MRI). In another approach, AuNPs functionalized with
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
that belongs to tumor necrosis factor (TNF) superfamily have
also been used to actively targetM2macrophages within the TME
(Huang and Hsu, 2017). The AuNPs bind to M2 macrophages
due to the binding of TRAIL to the cell surface death receptor
4 (DR4) and death receptor 5 (DR5), which activates a caspase-
dependent extrinsic apoptosis pathway and, consequently, cancer
cell death in a specific way. AuNPs have also been used as a carrier
for tumor-associated self-antigens that elicit the maturation of
dendritic cells and T cells proliferation (Ahn et al., 2014; Fogli
et al., 2017). Also, galactofuranose-coated AuNPs demonstrated
the capability to stimulate the maturation of dendritic cells and,
thus, promote a pro-inflammatory response (Chiodo et al., 2014).
The modulation of TAMs, dendritic cells and T cells indicate to
be suitable strategies to modulate the immune response within
the TME against cancer cells so as to hamper tumor progression.

Addressing Angiogenesis
The growth of new blood vessels from preexisting vessels is
essential for tumor expansion and to modulate TME, increasing
the levels of oxygen, nutrients, and decreasing toxic metabolites
(De Palma et al., 2017). In this respect, AuNPs have been
shown to be capable not only to disrupt signal transduction
from tumor mesenchymal cells to epithelial cells, but also to
inhibit angiogenic phenotypes in vitro (Zhang Y. et al., 2019).
Among the various VEGF subtypes, isoform VEGF165 is a
heparin binding protein and perhaps the most potent cytokine
in angiogenic process (Mukherjee et al., 2005; Arvizo et al.,
2011). By binding to tyrosine kinase receptor VEGFR-2, a signal
cascade is initiated, ultimately leading to the proliferation and
migration of endothelial cells and resulting in angiogenesis.
As such, therapeutic antibodies targeting VEGF165 have been
developed and are currently applied in the clinics to inhibit
the VEGF165 cascade activation (Ferrara and Kerbel, 2005).
Also, non-functionalized AuNPs are capable to inhibit of pro-
angiogenic heparin-binding growth factors (HB-GFs), such as
VEGF165, basic fibroblast growth factors (bFGFs), and placental
growth factor (PlGF) (Ferrara and Kerbel, 2005). The surface of
AuNPs inhibits HB-GFs by inducing changes in conformation
but, remarkably, AuNPs do not affect the activity of non-
HB-GFs, such as VEGF121 and EGF. These observations have
been corroborated in vivo, where VEGF/vascular permeability
factor (VPF) stimulated permeability was inhibited by AuNPs
(Mukherjee et al., 2005; Arvizo et al., 2011). AuNPs may also
influence angiogenesis by diminishing the tube formation and
the migration of endothelial cells through blockage of the VEGF-
VEGFR2 signaling in TME cells (Zhang Y. et al., 2019). What
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is more, AuNPs have been able to promote tumor vasculature
normalization while increasing blood perfusion and reducing
hypoxia (Li et al., 2017).

Not only “naked” AuNPs but also AuNP-conjugates have
been used as modulators of angiogenesis. Recombinant human
endostatin is an anti-angiogenic agent used for tumor treatment
that has been coupled to AuNPs to reduce cell migration
and tube formation in vitro (HUVECs), induced by anterior
gradient 2 (AGR2) (Pan et al., 2017). AGR2 is one of the latent
tumor angiogenesis factors, which has been mostly related to
tumor cell proliferation, transformation, migration and drug
resistance. In vivo metastatic colorectal cancer xenografts have
shown that recombinant human endostatin–AuNP are capable
to increase pericyte expression while inhibiting VEGFR2 and
anterior gradient 2. As such, these nanoconjugates might be
used to normalize tumor vessels using AGR2 as an anti-
angiogenic tumor target. Additional work by the Kanaras group
has demonstrated the enhanced effect of peptides, designed to
selectively interact with VEGFR1, for inhibition of angiogenesis
when grafted onto AuNPs (Bartczak et al., 2013, 2015; Millar
and Kanaras, 2013). This gold-nanoconjugates can influence the
extent and morphology of vascular structures, without causing
toxicity (Bartczak et al., 2013, 2015; Millar and Kanaras, 2013). By
exposing a chicken chorioallantoicmembrane to the sameAuNP-
peptide, the same effect was observed in vivo (Roma-Rodrigues
et al., 2016), but could be tremendously enhanced by irradiating
the nanoformulation with a green laser, which simultaneously
allowed to cauterize emerging blood vessels with extreme spatial
precision, and prevented neo-vascularization (Pedrosa et al.,
2017). These studies highlighted the role of the VEGFR1
dependent pathways in the process, which were downregulated
by the nanoformulation with and without irradiation (Pedrosa
et al., 2017). These studies show that AuNPs can be used to
alter the expression of anti-angiogenic factors, under biological
conditions, and may be a valuable tool to tackle the angiogenesis
within the TME.

The Role for TME Derived Exosomes
The role of exosomes in TME maturation combined with
their stability in body fluids, have made these nanovesicles
as promising agents in cancer management. There have been
several studies reporting on the use of AuNPs for therapy and
diagnostics (nanotheranostics) (see Roma-Rodrigues et al., 2017b
for extended discussion). The developmental and metabolic state
of each cell is reflected on exosome production, trafficking and
the exosomes’ own content. What is more, after entering the
circulatory system, TME derived exosomes have been proposed
as valuable cancer biomarkers, particularly when referring the
use of liquid biopsies. Nevertheless, the direct diagnostics using
exosomes, is hampered by the low concentration of circulating
tumor cells derived exosomes (TCDEs) in the initial stages of
tumor progression. As such, Huang and co-workers designed
a dual-signal amplification platform for detection of exosomes
derived from leukemia cells (Huang et al., 2018). The detection
system consisted in three steps: (i) the high abundance of
the tetraspanin CD63 at the exosome membrane was used
to capture the vesicles using anti-CD63 antibodies conjugated
to magnetic beads; (ii) the highly abundant nucleolin at the

surface of exosomes was used as target to bind the vesicles to a
nucleolin-recognition aptamer (AS1411), allowing the initiation
of a rolling circle amplification (RCA) reaction; and (iii) the
resulting amplified sequences hybridize with AuNPs conjugated
with a specific oligonucleotide and a quenched fluorescent dye
(FAM), which, via the action of an endonuclease, will result
in FAM release and concomitant emission of fluorescence.
With this platform, it was possible to detect exosomes in a
spiked serum sample with high sensitivity. Others have used
a SERS-based biosensors by modifying the surface of gold
nanostars@4-mercaptobenzoic acid@nanoshell structures with
bivalent cholesterol- labeled DNA anchor (Tian et al., 2018).
After capturing exosomes with magnetic beads containing CD-9
antibody, the SERS biosensors were fixed at the exosome surface
through hydrophobic interactions between the cholesterol
present in the beads and the lipidic membrane of the vesicles.
When assembled to the exosomes, a SERS signal could be attained
for improved detection. Also focused on SERS, a screening
platform using capturing substrates, consisting in gold shell
magnetic nanobeads conjugated with aptamers for recognition
of CD63 at the surface of exosomes, and in SERS probes with
three distinct Raman reporters was proposed (Wang Z. et al.,
2018). With this technology, it was possible to detect distinct
types of exosomes in blood samples, rendering this methodology
as promising for diagnosis of early stage cancer.

Also, one the most important characteristics of exosomes is
their role in transport of virus, chemotherapeutic agents, DNA
and proteins, making them promising vectors for cancer therapy
(reviewed in Srivastava et al., 2016). Recent studies describe the
transport of AuNPs by exosomes derived from different types
of cells, including macrophages and breast cancer cells (Roma-
Rodrigues et al., 2017a; Logozzi et al., 2019). Taking advantage
of this feature, Sancho-Albero et al. loaded MSCs with hollow
AuNPs and revealed a selective transfer of the exosome-cargo
into cells of the same type than that of the cell of origin. It was
then proposed to apply this preferential uptake conjugated with
light-induced hyperthermia for anti-cancer therapy (Sancho-
Albero et al., 2019).

Taking Advantage of Folate Requirements
of Tumor Cells for Active Targeting
As already mentioned in section Tumor Microenvironment,
the high proliferation rate of tumor cells demands a higher
nutritional supply, resulting in the increased expression of
nutrient receptors, such as folic acid receptors (or folate) to
respond to the high request of folate for DNA synthesis (Farran
et al., 2019). The functionalization of AuNPs with folate has
showed a great potential for increased AuNPs targeting in cancer
(reviewed in Samadian et al., 2016; Beik et al., 2017). Several
groups have proposed gold nanostructures functionalized with
PEG conjugated with folate for photothermal therapy (Ghaznavi
et al., 2018;Wang J. et al., 2018;Majidi et al., 2019). Ghaznavi et al.
(2018) developed gold and iron oxide core-shell nanoparticles
coated with PEG conjugated with folate (FA-PEG-Au@IONP),
Majidi et al. synthesized silica and gold core-shell nanoparticles
with folate (FA-SiO2@AuNPs) and Wang et al. proposed a gold
nanostars-based nanocomposites conjugated with a fluorescent
polypeptide for image-guided therapy. Zeinizade et al. analyzed
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the effect of folate conjugated AuNPs. In these four reports,
increased apoptosis was observed only when tumor cells were
simultaneously treated with nanoconjugates and laser irradiation
(Ghaznavi et al., 2018; Wang J. et al., 2018; Zeinizade et al.,
2018; Majidi et al., 2019). With the same objective, Wang
et al. designed multi-layered single walled carbon nanotubes
consisting in single walled carbon nanotubes coated with
BSA and functionalized with PEG conjugated with folate and
with doxorubicin (SWNT@BSA@Au-S-PEG-FA@DOX). The
treatment of mice bearing tumors with nanoconjugates and near
infrared laser (808 nm) resulted in complete tumor eradication
with negligible damage of normal tissues (Wang D. et al.,
2018). Zhao et al. developed gold nanochains with worm
like structures as a light-triggered system for photodynamic
therapy and multiplex detection. These gold nanochains were
synthesized using hyaluronic acid-hydrocaffeic acid conjugates as
templates and Raman reporters, photosensitizers and folate for
active targeting. They observed that low concentrations of these
nanoconjugates result in high selectivity and phototoxicity after
laser irradiation (Zhao et al., 2019).

Other groups have proposed gold-based nanocomposites
conjugated with folate for imaging purposes. Beik et al. analyzed
with detail the effect of AuNPs conjugated with folate for
CT with the advantage of using lower dosage and enhanced
image contrast (Beik et al., 2018). Kumar et al. used green
synthesis to prepare gum kondagogu capped gold nanoparticles
coupled to folate and fluorescein isothiocyanate (FITC) and
observed a high affinity of nanoconjugates toward folate receptor
positive cells (Kumar et al., 2018). In another approach, Zhang
et al. synthesized mesoporous carbon-gold hybrid nanozyme
nanoprobes stabilized with BSA and folate and loaded with
IR780 iodide (OMCAPs@rBSA-FA@IR780). In vivo analysis
revealed efficient tumor targeting and retention (Zhang A. et al.,
2019). Khademi et al. studied the in vivo targeting of AuNPs
conjugated with folate through cysteamine (FA-Cys-AuNPs)
for nasopharyngeal head and neck cancer, which were judged
suitable for use as contrast agents in CT scan imaging (Khademi
et al., 2019).

CONCLUSIONS

In the past, cancer, and tumor development have been considered
alone almost as if a strange body to the host organism.
Nowadays, tumorigeneses and development must be considered
as an element within a larger context that modulates itself
in a continuous process of cell progression and maturation.
The tumor micro-environment constitutes that differentiating
niche where clonal expansion is possible through a multitude of
molecular inputs that are at the basis of cancer heterogeneity.
Notwithstanding the exponential development of therapeutic
approaches to tackle these niches, there has been a growing
need to combine several modes of action and therapy modalities
simultaneously to tackle the TME. Nanomedicine has been
providing for a plethora of multi-functional platforms capable
of conveying different cargos to the site of interest in a selective
way, while simultaneously providing for diagnostics, imaging

and/or biodistribution capability, toward earlier detection, and
destruction of cancer cells. These nanotheranostics systems
have relied heavily on gold nanoparticles due to their chemical
versatility, biocompatibility and unique spectral properties. This
way, making use of the specific conditions within the TME,
it has been possible to develop bio responsive platforms to
selectively address this particular cellular context. AuNPs have
been engineered so as to tackle and/or profit from particular
aspects of the TME toward a more selective targeting of the
tumor site, or a focal delivery of the therapeutic cargo, and/or
to accumulate the nanoconjugates at a precise location that
potentiates the use of photoinduced therapies based on the
spectral properties of AuNPs.

Still, there are several issues that need to be addressed. Despite
the growing number of in vitro modeling systems, these are still
not equivalent to the real TME. Usually these in vitro models, be
it the 3D co-cultures and/or on-chip platforms, do not address
more than three to four types of cells embedded in an unchanging
support media/scaffold. As such, one only gets a couple of
photograms from the evolving context of the TME film. These
photograms provide valuable information to address a particular
factor and/or pathway in a hierarchized hypothesis rather than
the whole TME. Nevertheless, the possibility to link and associate
several of these models into more complex and interconnected
chip systems may provide for systems that more closely resemble
what is happening in the TME in vivo, and that researchers
only now start to get a deeper understanding of events. These
models, despite their actual limitations, have been providing for
valuable tools to screen and develop new approaches to study
and tackle the TME. Here, innovative nanomedicines have taken
the lead in making use of the conditions and characteristics of
the TME to deliver therapeutics with increasing precision, while
providing for signal outputs that allow to follow their effect in real
time—real nanotheranostics platforms.

These nanotheranostics strategies may be combined in
approaches that simultaneously profit from distinct features of
the TME for potentiating the active targeting, controlled release,
and therapy modality coupled to imaging/diagnostics. As such,
the combination of these features may provide for valuable
tools to tackle the TME, addressing the tumor heterogeneity,
decreasing tumor resistance, and bringing more efficacious
strategies to the clinics.
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Aberrant glycosylation modulates different aspects of tumor biology, and it has long

been recognized as a hallmark of cancer. Among the different forms of glycosylation,

sialylation, the addition of sialic acid to underlying oligosaccharides, is often dysregulated

in cancer. Increased expression of sialylated glycans has been observed in many types

of cancer, including multiple myeloma, and often correlates with aggressive metastatic

behavior. Myeloma, a cancer of plasma cells, develops in the bone marrow, and

colonizes multiple sites of the skeleton including the skull. In myeloma, the bone

marrow represents an essential niche where the malignant cells are nurtured by the

microenvironment and protected from chemotherapy. Here, we discuss the role of

hypersialylation in the metastatic process focusing on multiple myeloma. In particular,

we examine how increased sialylation modulates homing of malignant plasma cells into

the bone marrow by regulating the activity of molecules important in bone marrow

cellular trafficking including selectins and integrins. We also propose that inhibiting

sialylationmay represent a new therapeutic strategy to overcome bonemarrow-mediated

chemotherapy resistance and describe different targeted approaches to specifically

deliver sialylation inhibitors to the bone marrow microenvironment.

Keywords: multiple myeloma, microenvironment, sialylation, targeted delivery, chemotherapy, ST3GAL6,

E-selectin, integrins

INTRODUCTION

The development and progression of human malignancies from the first appearance of benign
lesions to the emergence of deadly metastatic clones consist of a multi-step process involving the
progressive acquisition of selective alterations that ultimately result in the pathological behavior
of cancer cells. Glycosylation represents one of these processes that are often dysregulated in
cancer. It is one of the most important co- and post-translational modifications that contributes
to and modulates the many diverse functions of glycoconjugates. This extraordinary range of
biological functions originates from the complexity and the diversity found within the glycan
structure such as carbohydrate composition and linkage, anomeric state, branching, presence of
additional modification (sulfation), and linkage to their aglycone part (carrier). As the majority
of known glycoconjugates are exposed to the outer surface of the plasma membrane or secreted
into the extracellular milieu, they mediate important biological processes such as cell adhesion,
migration, immune response, as well as receptor activation and intracellular signaling. During
tumor development, the glycan profile undergoes a profound and dynamic alteration that allows
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cancer cells to acquire novel traits necessary for tumor
progression. These glycosylation changes are not random and
involve, among others, de novo synthesis of new carbohydrate
structures, premature termination of pre-existing glycans, and
increased expression of terminal sialylated glycans. Acquisition
of sialylated structures represents one of the most important
modifications of the glycome during tumor development, and
it is often associated with an aggressive metastatic phenotype.
However, the study of the role of sialylation in cancer is still
in its infancy and strategies to efficiently and safely target this
important biological process are still lacking.

MULTIPLE MYELOMA: A METASTATIC
DISEASE THAT DEPENDS ON THE BONE
MARROW MICROENVIRONMENT

Multiple myeloma (MM) arises from clonal expansion of
terminally differentiated plasma cells in the bone marrow (BM).
MM is usually preceded by asymptomatic precursor states
called Monoclonal Gammopathy of Undetermined Significance
(MGUS) and Smoldering MM (SMM). Genetic abnormalities,
epigenetic alterations, and microenvironmental factors co-
operate in the development of symptomatic MM (Bianchi and
Munshi, 2015). The BMmicroenvironment represents the perfect
niche where MM cells proliferate and become resistant to
chemotherapeutic drugs (Manier et al., 2012). A combination
of soluble growth factors and adhesion molecules mediate these
pro-survival and proliferative signaling pathways (Di Marzo
et al., 2016). This extreme dependency on the BM suggests that
malignant cells could be particularly vulnerable in the circulation
where the effective concentration of a chemotherapeutic drug
is higher than in the BM and where they are more susceptible
to an immune response. Thus, MM cells must have evolved
strategies to enhance their survival in the bloodstream such as
mechanisms of immune evasion and efficient homing into the
BM. Supporting this hypothesis is the evidence that MM is
highly metastatic, colonizing different sites of the axial skeleton
including the skull (Moschetta et al., 2017). Homing of MM cells
into the BM is primarily mediated by stromal cell-derived factor
1α (SDF1α) and its receptor C-X-C chemokine receptor type 4
(CXCR4) (Alsayed et al., 2007). This chemokine also plays a role
in adhesion and possibly retention of MM in the BM via α4β1-
dependent adhesion on fibronectin and vascular cell adhesion
molecule 1 (VCAM-1) (Gazitt and Akay, 2004; Parmo-Cabanas
et al., 2004; Menu et al., 2006). Besides SDF1α, other molecules
have been shown to be important in homing and adhesion ofMM
to the BM. These include integrin α4β1, α4/β7, and P-selectin
glycoprotein ligand-1 (PSGL-1), all of which are highly expressed
on MM cells (Sanz-Rodriguez et al., 1999; Florena et al., 2005;
Neri et al., 2011). Notably, these molecules, including SDF1α, are
also involved in cell adhesion-mediated drug resistance (CAM-
DR) and therefore represent attractive targets for MM therapy
(Damiano et al., 1999; Azab et al., 2009; Muz et al., 2015;
Waldschmidt et al., 2017). Although these molecules have been
shown to be important in regulating critical biological processes
involved in the progression and development of MM, little

is known about how post-translational modifications influence
their functions. Above all, the role of sialylation in regulating
some of the biological functions of these molecules has only been
recently recognized. Secretion of extracellular vesicles (EVs) by
malignant plasma cells represents another important mechanism
of MM dissemination (Colombo et al., 2019). Indeed, MM-EVs
have been found both in MM patients’ peripheral blood (PB)
and BM, and their levels in bloodstream positively correlate
with the number of bone lesions (Zhang L. et al., 2019). It
has been proposed that EVs have an important role in different
steps of the metastatic process (Colombo et al., 2019). Due to
their pro-coagulant activity, EVs could lead to platelet activation
and polymerization of fibrinogen to fibrin, which in turn would
enhance MM dissemination by protecting the malignant plasma
cells in the circulation, favoring their seeding to distant sites
and pre-conditioning the metastatic niche with platelet-derived
cytokines (Labelle et al., 2014; Remiker and Palumbo, 2018;
Nielsen et al., 2019). It has also been shown that MM-EVs
contribute to neo-angiogenesis by inducing endothelial cell
proliferation and formation of new blood vessels (Liu et al., 2014;
Wang et al., 2016; Li et al., 2019; Zarfati et al., 2019). Whether
MM-EV sialylation status is important for some or all their
biological functions is yet to be confirmed. It is also tempting to
speculate that MM-EVs could also alter the sialylation status of
the metastatic niche favoring MM seeding and homing into the
BM. Although this is just a hypothesis, it represents an exciting
field for future studies.

SIALYLATION: AN IMPORTANT CO- AND
POST-TRANSLATIONAL MODIFICATION IN
CANCER BIOLOGY

Sialic acid refers to a group of ∼50 chemical variants of the nine
carbon sugar neuraminic acid that are strategically placed at the
tip of glycans. At physiological pH, sialic acids confer a negative
charge to the underlying glycoproteins and glycolipids, which
contribute to their physiological and biophysical functions.
Indeed, sialic acids provide charge repulsion on human
erythrocytes and other cells, preventing unwanted interactions
of cells in the circulation. In the kidneys, sialic acids are critical
in maintaining their normal filtering function (Gelberg et al.,
1996), and extended polysialic acid chains can affect neuronal
plasticity (Rutishauser, 2008). Moreover, sialic acids represent
critical determinants of selectin ligands, which contribute to
extravasation of immune cells to target organs and sites (Mcever,
2015). Pathologically, sialic acids are involved in many infectious
diseases, being the targets for the binding of a large number of
pathogenic organisms and their toxins, and in cancer (Varki,
2008). Indeed, aberrant sialylation is observed in many cancers
and it seems to be a major contributor of the metastatic
phenotype (Schultz et al., 2012).

Sialic acids can be added to the underlying sugars through
different linkages: an α2-3- or an α2-6-bond to galactose
(Gal); an α2-6-bond to N-acetylgalactosamine (GalNAc) or N-
acetylglucosamine (GlcNAc); and an α2-8-bond to another sialic
acid, forming polysialic acid. These linkages are elaborated by a
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family of 20 sialyltransferases (STs), a class of glycosyltransferases
that share the cytosine monophosphate (CMP)–sialic acid as
substrate donor, but differ in tissue distribution, in the catalysis
of the specific glycosidic linkage and in the recognition of
the acceptor oligosaccharide and/or glycoconjugates (Harduin-
Lepers et al., 2001). All the STs are highly stereoselective and
catalyze the formation of an α-linked sialic acid to a precise
hydroxyl group on a specific saccharide residue. The combination
of the acceptor saccharide residue and the precise hydroxyl
group on this residue can be used to divide the family into four
distinct sub-families. For example, ST6Gal enzymes catalyze the
transfer of sialic acid to the 6′-hydroxyl group of a Gal residue,
ST3Gal enzymes catalyze the transfer of sialic acid to the 3′-
hydroxyl group of a Gal residue, ST3GalNAc enzymes catalyze
the transfer of sialic acid to the 6′-hydroxyl group of a GalNac,
and ST3Sia enzymes catalyze the transfer of sialic acid to the
8′-hydroxyl group of another sialic acid residue. The number
of the STs exceeds by far the number of existing sialyl linkages,
suggesting a certain degree of redundancy. However, although
there are six STs capable of catalyzing the transfer of sialic acid
to an underlying Gal residue in an α2-3 linkage, only two of
them, namely, ST3GAL4 and ST3GAL6, have been implicated
in synthetizing selectin ligands (Rodrigues and Macauley, 2018).
Thus, it might be possible that the structure of the underlying
glycans together with the protein or lipid backbone dictate the
specificity of the different STs.

Aberrant sialylation can arise as a result of different
mechanisms including overexpression of STs, dysfunction of the
enzymes that controls the synthesis and availability of CPM–
sialic acids and downregulation of sialidase, the enzymes that
cleave off sialic acids from glycans (Rodrigues and Macauley,
2018). Aberrant sialylation seems to be particularly important
in promoting tumor dissemination, survival in the circulation,
adhesion on the target endothelium, and extravasation (Schultz
et al., 2012). For example, ST6GAL1 has been implicated in
many metastatic tumors (Garnham et al., 2019). Physiologically,
ST6GAL1 is involved in the generation of CD22 ligands that
control B cell functions (Clark and Giltiay, 2018). However,
upregulation of ST6GAL1 in cancer leads to enhanced migration
and invasiveness by specifically inducing sialylation of the
integrin β1 (Seales et al., 2005; Christie et al., 2008; Shaikh et al.,
2008). Selectin ligands represent another class of molecules that
are regulated by sialylation and are instrumental in directing
tumor cell adhesion on the endothelium of target organs during
metastatic dissemination (Natoni et al., 2016). Sialyl Lewis (sLe)
structures are essential determinants for the function of selectin
ligands. These are tetrasaccharide structures composed of a
GlcNAc-Gal backbone, an α2-3-linked sialic acid to Gal, and a
fucose linked to GlcNAc either with an α1-3 (sLex) or an α1-
4 linkage (sLea). Through selectin ligand/selectin interactions,
tumor cells are able to tether and roll on the vascular endothelium
in a process that closely mirror leukocyte extravasation during
inflammation or homing (Gout et al., 2008). This represents
the first step in cancer seeding and colonization of target
organs. Notably, the expression of selectin ligands on cancer
cells seems to correlate with metastatic phenotype (Fukuoka
et al., 1998; Tatsumi et al., 1998; Ben-David et al., 2008; Geng

et al., 2012; Li et al., 2013) and disease progression (Chien et al.,
2013; Gakhar et al., 2013) and negatively correlate with patient
survival (Amado et al., 1998; Baldus et al., 1998; Grabowski et al.,
2000; Woodman et al., 2016).

Aberrant sialylation can indirectly promote metastatic spread
by increasing survival of metastatic cells in the circulation.
P-selectin ligands on tumor cells interact with P-selectin on
platelets, inducing the formation of a platelet cloak that efficiently
suppresses the innate immune system and promotes metastasis
(Placke et al., 2012; Cluxton et al., 2019). Sialoglycans are also
recognized by a class of immunomodulatory receptors named
sialic acid-binding immunoglobulin-type lectins (Siglecs), which
mainly serve as negative modulators of the immune system
(Rodrigues and Macauley, 2018). In this respect, sialoglycans
can be considered as self-associated molecular patterns (SAMPs)
that can lead to inhibition of immune responses against self.
Hypersialylation can also induce immune evasion by interference
with the complement system via a “molecular cloaking”
mechanism mediated by Factor H sequestration and dampening
of the complement-mediated cell lysis and opsonization (Fedarko
et al., 2000). Thus, hypersialylation can contribute to the
metastatic phenotype of cancer cells with a variety of mechanisms
that interfere with different biological processes spanning from
immune surveillance to adhesion.

ROLE OF SIALYLATION IN THE BIOLOGY
OF MYELOMA

The first evidence of altered sialylation inMMdates back to 1984,
when an increase in ST activity was reported in mononuclear
cells and serum derived from the PB and BM of MM patients
compared to MGUS and healthy individuals (Cohen et al.,
1989). However, despite this important observation, there was no
functional characterization of this enhanced ST activity. Direct
evidence of a role of aberrant sialylation in MM came from the
observation that ST3GAL6, a ST responsible for the generation
of α2-3-linked sialic acids, was highly expressed in MM and
correlated with inferior overall survival (Glavey et al., 2014). In
particular, it was shown that ST3GAL6 knock-down reducedMM
adhesion on BM stromal cells and transendothelial migration
in vitro and MM homing into the BM in vivo. This study
revealed for the first time a functional link between sialylation
and homing of MM into the BM and inspired subsequent
studies aiming at understanding the underlying molecular
mechanism(s). ST3GAL6 contributes to the generation of
sialofucosylated structures such as Slea/x that are recognized by
E-selectin (Yang et al., 2012) and may directly participate to
the generation of E-selectin ligands on MM cells. Importantly,
E-selectin is constitutively expressed on the BM endothelium
(Schweitzer et al., 1996; Sipkins et al., 2005) and plays a crucial
role in homing of human hematopoietic stem cells (HSC) into
the BM (Hidalgo et al., 2002). It has also been shown that E-
selectin drives cancer metastasis into the BM (Price et al., 2016;
Esposito et al., 2019). Since MM metastasizes into the BM and
expresses high levels of ST3GAL6, it is conceivable to hypothesize
that E-selectin, together with SDF1α, plays an important role
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in MM homing. Indeed, it was recently shown that E-selectin
ligands expressed on MM cells played a role in BM homing and
possibly retention of the malignant cells in the BM (Martinez-
Moreno et al., 2016; Natoni et al., 2017). Notably, it was shown
that MM cells enriched for E-selectin ligands recognized by
the monoclonal antibody Heca452 (MMHeca452 Enriched) were
resistant to bortezomib treatment in vivo, and this resistance was
reversed by a small glycomimetic molecule, GMI-1271, which
inhibits E-selectin/E-selectin ligand interaction (Natoni et al.,
2017). The mechanism(s) of this bortezomib resistance displayed
in vivo by the MMHeca452 Enriched cells is still not known. An
intriguing hypothesis is that the presence of E-selectin ligands
on the MMHeca452 Enriched cells facilitate their homing into the
BM, which then provides protection to bortezomib-induced
cell death. In this scenario, E-selectin ligands ensure efficient
trafficking into the BM, decreasing the time MMHeca452 Enriched

cells are exposed to bortezomib in the circulation. In line with
this hypothesis, we found that GMI-1271 treatment induced an
accumulation of MMHeca452 Enriched cells in the peripheral blood
where they may be more sensitive to bortezomib. Alternatively,
E-selectin may retain the MMHeca452 Enriched cells into the BM
and GMI-1271 induced egress of these cells into the circulation,
a mechanism that has been proposed for leukemic stem cells
(Winkler et al., 2014). Obviously, a combination of both
mechanisms could be possible.

In addition to the generation of selectin ligands, sialylation
plays other roles in MM. Indeed, we have recently shown that
the sialylation status of the α4 subunit of integrins α4β1 and
α4β7 modulates their activity (Natoni et al., 2019). Specifically,
we have shown that inhibition of sialylation using 3Fax-Neu5Ac,
a global inhibitor of the ST family (Rillahan et al., 2012),
impaired maturation of the α4 chain, greatly reducing the
ability of MM cells to interact with VCAM-1 and mucosal
vascular addressin cell adhesion molecule 1 (MADCAM-1).
VCAM-1, the counter-receptor for integrin α4β1, is expressed
by the BM endothelial and stromal cells (Simmons et al.,
1992; Schweitzer et al., 1996) and participates in MM adhesion
on BM endothelial cells (Okada et al., 1999; Parmo-Cabanas
et al., 2004). MADCAM-1, the counter-receptor for integrin
α4β7, is also expressed in the BM and promotes homing of
HSCs into the BM (Katayama et al., 2004; Tada et al., 2008;
Murakami et al., 2016). Similarly, MADCAM-1 together with
E-selectin and SDF1α could facilitate homing of MM into the
BM. Thus, global inhibition of sialylation may have a broad
impact on MM homing. Indeed, we have shown that using a
mouse model identical to our previous study, 3Fax-Neu5Ac not
only improved survival by enhancing bortezomib sensitivity but
also prolonged survival and reduced tumor burden even in the
absence of bortezomib, indicating that inhibition of sialylation
was beneficial even without the addition of chemotherapy
(Natoni et al., 2019).

Sialylation seems to regulate the function of CD147,
also known as extracellular matrix metalloproteinase inducer
(EMMPRIN). CD147 has been shown to be involved in MM
proliferation and metastasis (Zhu et al., 2015). Importantly,
sialylation of CD147 is upregulated by IL-6 (Wang et al., 2017).
This observation opens the fascinating possibility that sialylation

is also regulated by the microenvironment. Indeed, in the same
study, it was shown that IL-6 transcriptionally upregulated
several STs, such as ST3GAL3, ST3GAL6, and ST6GAL1 through
the activation of signal transducer and activator of transcription
3 (STAT3) (Wang et al., 2017). It should be noted that ST6GAL1
has been proposed to be the main ST regulating the sialylation
of the integrin subunit β1; thus, it might impact migration,
adhesion, and dissemination of MM cells (Seales et al., 2005;
Christie et al., 2008; Shaikh et al., 2008).

Another microenvironmental factor that regulates the
expression of STs and, in particular, ST3GAL6 is hypoxia (Glavey
et al., 2014). MM develops in the BM, which represents an
extremely hypoxic niche (Hu et al., 2010), and it has been shown
that hypoxia promotes MM dissemination (Azab et al., 2012).
Thus, upregulation of STs may represent one of the mechanisms
by which hypoxia facilitates metastatic spread of MM cells.

Besides the microenvironment, ST expression in MM can also
be regulated by long non-coding RNAs (lncRNAs). Indeed, it
has been recently shown that the mRNA levels of ST3GAL6 are
regulated by the lncRNA ST3GAL6-AS1 (Shen et al., 2018a; Vinci
et al., 2018). Interestingly, ST3GAL6-AS1 is upregulated in MM,
and its mRNA levels directly correlate with those of ST3GAL6
(Shen et al., 2018b; Vinci et al., 2018). Knocking down ST3GAL6-
AS1 results in decreased migration, invasion, and adhesion of
MM to fibronectin, HUVEC, and collagen type I (Shen et al.,
2018a). Although the molecular mechanisms responsible for
these phenotypes are still unknown, ST3GAL6-AS1 knock-down
causes a decrease in ST3GAL6 levels, suggesting co-regulatory
mechanism(s), resulting in impaired sialylation.

It has been recently shown that the monoclonal
immunoglobulins secreted by the malignant plasma cells
display an aberrant glycosylation pattern (Zhang Z. et al.,
2019). In particular, a detailed analysis of the total protein
N-glycans derived from serum samples of MM patients showed
a decrease in the α2-3- and α2-6-linked sialic acids on secreted
monoclonal immunoglobulins. Thus, it might be possible that
alterations in the ST expression pattern in MM favor an increase
in sialylation of the cell surface over secreted proteins, although
this needs to be confirmed. Moreover, in the previous study,
the N-glycans, but not O-glycans, were analyzed; thus, a more
comprehensive view of the sialylation status of MM secreted
proteins is still lacking.

As all these studies point out, aberrant sialylation plays
an important role in MM, especially in the metastatic spread
of the malignant cells and in their retention into the BM
niche. The relevance of sialylation in MM is reinforced by
the observation that the expression of ST genes such as
ST3GAL6 and ST3GAL1, either alone or in combination with
other glycogenes, can identify patients with poor outcome
(Glavey et al., 2013; Connolly et al., 2016). While ST3GAL6
has been implicated in the generation of E-selectin ligands
(Yang et al., 2012), ST3GAL1 acts predominantly on Core-1 O-
glycans, masking the tumor from surrounding immune cells
(Burchell et al., 1999). Therefore, sialylation may well-represent
an important target for future therapeutic strategies especially in
combination with standard and novel chemotherapeutic drugs.
However, a major obstacle to clinical development of current

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 4 October 2019 | Volume 7 | Article 25228

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Natoni et al. Targeting Sialylation in Multiple Myeloma

ST inhibitors is their potential to induce nephrotoxicity, which
appears to be the major dose-limiting toxicity in in vivo studies
(Macauley et al., 2014). This is particularly relevant in MM
where renal impairment is common. While novel and more
specific ST inhibitors may overcome this problem, targeted
delivery systems capable of selectively releasing ST inhibitors
into the BMmicroenvironment or the MM cells, could represent
an attractive alternative solution. Besides nephrotoxicity, other
potential side effects of global sialylation inhibition are those
related to the hematopoietic system. Since sialic acid is an
important determinant of E-, P-, and L-selectin ligands present
on the immune cells (Varki, 1994; Sperandio, 2006; Zarbock
et al., 2011), global sialylation inhibition will inevitably affect
their biological functions, in particular leukocyte trafficking and
extravasation. Elevated levels of α2-3-linked sialic acid together
with overexpression of ST3GAL6 have been found in CD133
positive hematopoietic stem and progenitor cells (Hemmoranta
et al., 2007). Moreover, it has been shown that expression of E-
selectin in the BM is required for HSC homing into the BM
(Hidalgo et al., 2002). Thus, sialylation inhibition would probably
lead to hematopoietic stem and progenitor cell mobilization and
impair their homing into the BM. However, it should be noted
that E-selectin inhibition using the specific E-selectin inhibitor

GMI1271 in clinical trials in MM (NCT02811822) and AML
(NCT02306291) has not been associated with myelosuppression
or other side effects.

LIPOSOME-BASED TARGETED DELIVERY
IN MM

Nanomedicine approaches offer the potential of enhanced and
more personalized therapeutics in MM with a reduced risk of
off-target effects (Table 1). Current treatments in MM rely on
immunomodulatory drugs such as lenalidomide combined with
proteasome inhibitors (PI) such as bortezomib (De La Puente and
Azab, 2017). The introduction of PI inhibitors has contributed
to major improvements in patient survival, but off-target effects,
in particular neurotoxicity, remain a major concern (Richardson
et al., 2009). Moreover, the emergence of drug resistance and
how to deal with this has become a burning issue of research
in MM. The tumor physiology offers a wide range of targeting
opportunity, which can be designed or tuned and simultaneously
co-delivered with chemotherapeutics for more personalized
therapy in MM. Several groups have developed different systems
to facilitate targeted delivery of chemotherapeutics in MM

TABLE 1 | Liposome-based targeted treatment available for MM.

References Nanoparticles Drug loaded Targeting moiety In vitro study In vivo study

Ashley et al., 2014 Liposomes Carfilzomib VLA-4 targeted MM1S and NCI-H929 cell SCID mice injected with

NCI-H929 tumors

Braham et al., 2018 Liposomes Doxorubicin

Bortezomib

VLA-4 targeted BM myeloma multipotent

mesenchymal stromal cells,

endothelial progenitor cells,

and L363, and MM1S cells

co-cultured in hydrogel.

N/A

Chang et al., 2016 Liposomes Paclitaxel Alendronate and

transferrin

MM1S MM1S GFP+ cells were

injected into each mouse via

the tail vein to prepare the

tumor-bearing model

Lopes De Menezes et al.,

2000

Liposomes Doxorubicin Anti-CD 19 Heterogeneous mixture of

PBMC from MM patients

and ARH77 cell

N/A

Maillard et al., 2005 Liposome Hydroxy-tamoxifen

(4-HT) or RU 58668

N/A RPMI 8226 RPMI 8226 in female nude

mice

Swami et al., 2014 PEG PLGA Bortezomib Alendronate MM1S NOD/SCID mice injected

with MM1S GFP+ Luc+

cells

De La Puente et al., 2018
Chitosan Bortezomib anti-CD38 MM1S, RPMI 8226,

NCI-H929, and U266

MM1S GFP+ Luc+-injected

SCID mice

Yang et al., 2015 Fe3O4 Paclitaxel Monoclonal antibody

against ABCG2

RPMI 8266 cells and BM

mononuclear cells

MM CSCs from human MM

RPMI 8226 cells based on

the CD138−CD34−cell

phenotypes injected in

NOD/SCID

Kotagiri et al., 2018 Nano micelles Titanocene VLA-4 targeted MM1S MM1S Luc+ cells in SCID

mice

ABCG2, ATP binding cassette subfamily g member 2; BM, bone marrow; CSCs, cancer stem cells; HA-P(TMC-co-DTC), HA-b-poly(trimethylene carbonate-co-dithiolane trimethylene

carbonate) (HA-P[TMC-co-DTC]); GFP, green fluorescence protein; Luc, Luciferase; NOD, non-obese diabetic; MM, multiple myeloma; N/A, not available; PBMC, peripheral blood

mononuclear cells; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); SCID, severe combined immunodeficiency; VLA, very late antigen.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 5 October 2019 | Volume 7 | Article 25229

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Natoni et al. Targeting Sialylation in Multiple Myeloma

(Du et al., 2012). Targeting tumor physiology using antibodies,
functional groups, or small molecules seems to be a more
rational approach to minimize off-target effects. Kiziltepe et al.
have shown that delivering doxorubicin using a lipid-PEG block
polymer nano-formulation tagged by the VLA-4 antigen was
significantly more cytotoxic to MM cells compared to the free
drug (Kiziltepe et al., 2012). Using an alternative approach,
Chang et al. developed dioleoyl phosphatidic acid (DOPA)-
based paclitaxel (PTX)-loaded liposomes with modifications of
alendronate and transferrin, which were able to target the bone
microenvironment (Chang et al., 2016). Targeting the CD38
receptor in MM represents an additional attractive approach
as CD38 is highly expressed on malignant plasma cells (De
La Puente et al., 2018). Azab’s group successfully prepared
a chitosan nanoparticle formulation tagged with anti-CD38
monoclonal antibodies to deliver bortezomib in vivo, improving
its therapeutic efficacy and reducing side effects (De La Puente
et al., 2018). This formulation showed increased therapeutic
activity and reduced off-target effects compared to the free drug.
Thus, targeted delivery of chemotherapeutic drugs has proven
valuable in MM, and a similar approach could be used to safely
deliver 3Fax-Neu5Ac, avoiding kidney toxicity. Indeed, Büll et al.
have shown that encapsulation of 3Fax-Neu5Ac in poly(lactic-
co-glycolic acid) (PLGA)-based nanoparticles (NPs) targeting the
melanoma antigen tyrosinase related protein-1 (TRP-1) allowed
specific and prolonged blockade of sialic acid expression in vitro
and precluded metastatic spread in vivo (Bull et al., 2015). A
similar strategy could be employed using antibodies specific to
MM antigens (such as CD38 and BCMA) or by incorporating
bisphosphonates into the nanoparticles to target the BM (Swami
et al., 2014). Inhibiting sialylation using these approaches could
have also beneficial effects on the tumor microenvironment. For
instance, it has been recently reported that sialic acid blockade
via intra-tumoral injection of 3Fax-Neu5Ac could suppress tumor
growth by enhancing T cell-mediated tumor immunity (Bull
et al., 2018). Indeed, ST inhibition increased the number of
activated effector immune cells, including CD8+ T cells and
natural killer (NK) cells, along with a reduction in regulatory T
cells (Tregs) and activation of dendritic cells (DCs).

CONCLUSION

Using different systems, it should be possible to safely target the
delivery of 3Fax-Neu5Ac to the BM to inhibit sialylation in MM.
We are currently working on a delivery system that employs
3Fax-Neu5Ac encapsulated into liposomes functionalized with
bisphosphonates for selective delivery into the BM with
promising results. This approach has the potential to block
homing of MM into the BM andmobilize the malignant cells into
the circulation, making themmore sensitive to chemotherapeutic
drugs. Moreover, release of 3Fax-Neu5Ac in the BM could have
profound effects on the BM microenvironment. Indeed, we have
recently shown that BM stromal cells cultured under conditions
that mimic the inflammatory BM microenvironment in MM
become highly immune suppressive and that this phenotype
could be completely reverted by 3Fax-Neu5Ac (Lynch et al.,
2017). Thus, sialylation is a valuable target in both MM cells and
the BMmicroenvironment.
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Biogenic nanoparticles are the smartest weapons to deal with the multidrug-resistant

“superbugs” because of their broad-spectrum antibacterial propensity as well as

excellent biocompatibility. The aqueous biogenic silver nanoparticles (Aq-bAgNPs) and

ethanolic biogenic silver nanoparticles (Et-bAgNPs) were synthesized using aqueous

and ethanolic extracts of Andrographis paniculata stem, respectively, as reducing

agents. Electron microscopic images confirmed the synthesis of almost spherical shaped

biogenic silver nanoparticles (bAgNPs). The zeta potentials of the nanoparticles were

negative and were −22 and −26mV for Aq-bAgNPs and Et-bAgNPs, respectively.

The antibacterial activity of bAgNPs was investigated against seven pathogenic (i.e.,

enteropathogenic Escherichia coli, Salmonella typhi, Staphylococcus aureus, Vibrio

cholerae, Enterococcus faecalis, Hafnia alvei, Acinetobacter baumannii) and three

nonpathogenic (i.e., E. coli DH5α, E. coli K12, and Bacillus subtilis) bacteria at different

time points (i.e., 12, 16, 20, and 24 h) in a dose-dependent manner (i.e., 20, 40, and 60

µg) through broth dilution assay, disk diffusion assay, CellToxTM Green uptake assay,

and trypan blue dye exclusion assay. The lowest minimum inhibitory concentration

value for both the bAgNPs was 0.125 µg. Et-bAgNPs showed the highest antibacterial

activity against S. aureus at 60 µg after 16 h and the diameter of inhibited zone was

28mm. Lipid peroxidation assay using all the bacterial strains revealed the formation of

malondialdehyde–thiobarbituric acid adduct due to the oxidation of cell membrane fatty

acids by bAgNPs. The bAgNPs showed excellent hemocompatibility against human as

well as rat red blood cells. Furthermore, there was no significant toxicity observed when

the levels of rat serum ALT, AST, γ-GT (i.e., liver function biomarkers), and creatinine (i.e.,

kidney function biomarker) were determined.

Keywords: biogenic silver nanoparticles, antimicrobial activity, pathogenic bacteria, CellToxTM green assay,

hemocompatibility, biocompatibility, lipid peroxidation, biomarkers
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INTRODUCTION

Pathogenic bacteria are the real threat to mankind due to their
ability to develop resistance mechanism against the commercially
available antibiotics (Aslam et al., 2018). Most of the patients in
the post-operative care get infected through multidrug-resistant
bacteria (e.g., methicillin-resistant Staphylococcus aureus and
multidrug-resistant Salmonella typhimurium) (Khan et al., 2011;
Blair et al., 2015; Ramalingam et al., 2016). Frequent use and
abuse of antibiotics have led to the evolution of multidrug-
resistant bacteria, also called “superbugs,” which are resistant to
all the commercially available antibiotics (Wang et al., 2017).
Inherent mutations and lateral gene transfer among bacteria have
also been contributing to the emergence of superbugs (Wang
et al., 2017). On the other hand, the effectiveness of antibiotics
remains for a short period of time and, therefore, used for
continuous antibacterial treatment (Han et al., 2019). Therefore,
it is crucial to develop new antibacterial agents with the ability to
kill any pathogenic bacteria and superbugs and with prolonged
and broad-spectrum antibacterial activity.

Inorganic nanoparticles including gold (Au) (Ramamurthy
et al., 2013; Vijayakumar et al., 2017b), silver (Ag) (Lok et al.,
2007; Ramamurthy et al., 2013; Shanthi et al., 2016; Thaya
et al., 2016; Malaikozhundan et al., 2017b), graphene oxide
(GO) (Rasool et al., 2016), zinc oxide (ZnO) nanoparticles (NPs)
(Lu et al., 2008; Malaikozhundan et al., 2017a; Vijayakumar
et al., 2017a) have been widely explored as antibacterial agents
because of their excellent physical and chemical properties.
Among them, silver nanoparticles (AgNPs) have been widely
used in pharmaceuticals and cosmetics and in the treatment
of water because of their antibacterial propensity against a
wide range of bacteria (Ramalingam et al., 2016). However,
the chemically synthesized AgNPs are highly unstable and get
aggregated because they are prone to easy oxidation (Gondikas
et al., 2012; Levard et al., 2012). The aggregated AgNPs
lose their antibacterial activity (Gondikas et al., 2012; Levard
et al., 2012), and the leakage of Ag+ from the chemically
synthesized AgNPs creates health as well as environmental
hazard (Ramalingam et al., 2016). In addition, the chemical
synthesis of AgNPs is tedious, expensive, and hazardous for
the environment. Recent approaches for the synthesis of AgNPs
using plant extract as the source of reducing agents instead
of chemicals including NaHB4 (Mehr et al., 2015) and citric
acid (Kilin et al., 2008) for the reduction of silver nitrate are
easier, more effective, cost-effective, and ecofriendly (Schluesener
and Schluesener, 2013; Poulose et al., 2014). There are several
plants including Andrographis paniculata, Phyllanthus emblica,
and Centella asiatica have medicinal applications (Mondal et al.,
2017; Polash et al., 2017; Masum et al., 2019). Because these
plants contain various secondary metabolites (e.g., alkaloids,
phenols, flavonoids, terpenoids, tannins, andrographolides, and

so on), they have antimicrobial, antioxidant, anticancer, and

antidiabetic activities (Jain et al., 2019). The reducing potential of
the plant extracts is used to reduce AgNO3 into AgNPs (He et al.,
2016), which are frequently used for their anti-inflammatory,
antimicrobial, antifungal, anti-angiogenesis, antiplatelet (He
et al., 2016), and anticancer activities (Tolaymat et al., 2010; Dar
et al., 2013).

Silver nanoparticles are not toxic for the human healthy
peripheral lymphocytes (Gengan et al., 2013). However, they
have high affinity and significant toxicity to bacteria as well as
cancer cells (Greulich et al., 2012; Gengan et al., 2013). Recently,
AgNPs have been used in cancer theranostics (i.e., diagnosis
and treatment) (Ong et al., 2013). They are used as drugs by
themselves or targeted delivery vehicles of anticancer drugs or
probes for the early detection of cancer (Wei et al., 2012; Locatelli
et al., 2014).

In this study, we synthesized two different types of
biogenic silver nanoparticles (i.e., Aq-bAgNPs and Et-bAgNPs)
using aqueous and ethanolic extract of A. paniculata stem.
The as-synthesized bAgNPs were characterized by UV-Vis
spectroscopy, Fourier transform infrared (FTIR) spectroscopy,
energy dispersive X-ray spectroscopy (EDS), powder X-ray
diffractometer (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and a scanning TEM
unit with a high-angle annular dark field (HAADF) detector.
The hydrodynamic size and zeta potential of the as-synthesized
bAgNPs were determined by zeta size analyzer. The antibacterial
potential of bAgNPs was investigated against seven pathogenic
bacterial strains including enteropathogenic E. coli (EPEC),
Salmonella typhi, S. aureus, Vibrio cholerae, Enterococcus faecalis,
Hafnia alvei, and Acinetobacter baumannii. Food- and water-
borne bacteria are the cause of various acute or chronic
infections including diarrhea, cholera, salmonellosis, shigellosis,
traveler’s diarrhea, typhoid fever, pneumonia, and dysentery
(Panayidou et al., 2014). Therefore, the pathogenic bacterial
strains were used to investigate the antibacterial propensity of
our as-synthesized bAgNPs. In addition, three nonpathogenic
bacterial strains such as E. coli DH5α, E. coli K12, and
Bacillus subtilis RBW were also used in the experiment. The
antibacterial potential of bAgNPs was investigated through
determination of the diameter (in millimeter) of the zone of
inhibition (ZOI) through disk diffusion assay, determination
of minimum inhibitory concentration (MIC) value through
broth dilution method, CellToxTM green assay, and trypan
blue dye exclusion assay. Lipid peroxidation (LPO) assay
was performed to investigate the mechanism of antibacterial
propensity of bAgNPs. Furthermore, we have investigated
the hemocompatibility of bAgNPs against human as well as
rat red blood cells (RBCs). The biocompatibility of bAgNPs
was investigated in vivo using Wister rat model. The effect
of bAgNPs on liver and kidneys was investigated through
determining the level of serum ALT, AST, and γ-GT as
liver function biomarkers and serum creatinine as kidney
function biomarker.

MATERIALS AND METHODS

Materials
Silver nitrate (AgNO3), potassium bromide (KBr), EDTA,
and absolute ethanol were purchased from Sigma-Aldrich
(USA). CellToxTM Green dye was purchased from Promega
(USA). Trypan blue dye was collected from Alfa Aesar
(United Kingdom). Agar powder was purchased from Titan
Biotech Ltd. (India). Peptone, yeast extract, and sodium chloride
were collected from Unichem (China). Trichloroacetic acid
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(TCA) and thiobarbituric acid (TBA) were purchased from
Merck (Germany) and JT Baker (USA), respectively. The
biochemical analysis kits for serum AST, ALT, and γ-GT
analysis were purchased from Vitro Scient (Egypt) and the
serum creatinine determination kit was purchased from Crescent
Diagnostics (The Kingdom of Saudi Arabia). Seven pathogenic
[i.e., enteropathogenic Escherichia coli (ATCC 43887), S. typhi
(ATCC 14028), S. aureus (ATCC 25923), V. cholerae (ATCC
55057), E. faecalis (ATCC 29212), H. alvei (ATCC 51815), and
A. baumannii (ATCC 17978)] and three nonpathogenic [i.e.,
E. coli DH5α (ATCC 25922), E. coli K12 (ATCC 10798), and
B. subtilis RBW (ATCC 6051)] strains were obtained from
the Department of Biotechnology and Genetic Engineering,
Jahangirnagar University, Savar, Dhaka 1342, Bangladesh. Thirty
Wistar male rats (weighing between 170 and 180 g) were obtained
from the Department of Biochemistry and Molecular Biology,
Jahangirnagar University, Dhaka, Bangladesh.

Methods
Synthesis of Biogenic Silver Nanoparticles (bAgNPs)
A. paniculata stem extract was used to prepare biogenic
silver nanoparticles (bAgNPs) since it is cost effective and has
medicinal property. The fresh stem of A. paniculatawas collected
and pulverized, and 10% aqueous as well as 10% ethanolic
extracts were prepared according to our previously published
protocol (Polash et al., 2017). Briefly, 10mM AgNO3 solution
was prepared and mixed with the as-prepared aqueous as well
as ethanolic stem extracts separately at a ratio of 9:1 (i.e., 36ml
AgNO3 and 4ml plant extracts). The mixture of AgNO3 solution
and the extracts was incubated at 30◦C for 24 h upon constant
stirring in a dark chamber to reduce the photo activation of
AgNO3. Herein, the plant extract was used as a reducing agent
and the reduction of Ag+ to Ag0 was confirmed by the change
of color of the solution from colorless to brown (Ahmed et al.,
2016). The reaction mixture was then centrifuged at 16,873 g
for 1 h at room temperature to remove the unconjugated plant
extract and AgNO3. The supernatant was aspirated and the
bAgNPs generated by aqueous as well as ethanolic extracts
were deposited as pellet at the bottom of the tube. Finally, the
bAgNPs were washed twice with distilled water and redispersed
in distilled water.

Characterization of Biogenic Silver Nanoparticles

(bAgNPs)
The as-synthesized biogenic silver nanoparticles (bAgNPs) were
characterized using a UV-Vis spectrophotometer (Specord R© 205,
Analytik Jena, Germany) and FTIR spectroscopy (IRPrestige-
21, SHIMADZU, Japan). The hydrodynamic size and zeta
potential of bAgNPs were determined with a zeta size analyzer
(Nano-ZS90; Spectris PLC, Egham, England) after sonicating
for 30min in a bath-type sonicator. The shape, morphology,
and composition of biogenic nanoparticles were analyzed with
TEM with a field emission gun (HF-2200; Hitachi, Tokyo, Japan)
coupled with energy dispersive X-ray spectroscopy (EDAX
Genesis; AMETEK, Pennsylvania, USA) operating at 200 kV.
A scanning TEM unit with a HAADF detector and secondary

electron (SE) detector were also equipped. The nanoparticles
were neither stained with any conventional staining agent nor
coated with any conductive metal before observing them under
electron microscopy.

The powder X-ray diffraction (XRD) patterns of bAgNPs
were obtained using a powder X-ray diffractometer (GNR X-
Ray Explorer, Italy) equipped with Cu Kα (0.154 nm) at 25mA
without Ni filter. The XRD spectrum was obtained by scanning
the diffraction angle (2θ) region at 30 kV. The diffraction angle
was varied in the range of 10–50◦ and the scanning rate was 5◦/s.

Antimicrobial Activity Assay
The antimicrobial activity of the bAgNPs was investigated against
seven pathogenic (i.e., Enteropathogenic E. coli, S. typhi, S.
aureus, V. cholerae, E. faecalis, H. alvei, and Acinetobacter) and
three nonpathogenic (i.e., E. coli DH5α, E. coli K12, and B.
subtilis) bacterial strains. Among all the bacteria, S. aureus, E.
faecalis, and B. subtilis are Gram-positive, and the remaining
bacterial strains are gram negative. The antibacterial activity of
bAgNPs was determined in terms of their MIC value, ZOI in
millimeters, trypan blue dye exclusion assay, and CellToxTM

Green cytotoxicity assay.

Determination of the MIC value
TheMIC value was determined to identify the minimum amount
of bAgNPs (i.e., Aq-bAgNPs and Et-bAgNPs) required to inhibit
the growth of a particular bacterial strain. The MIC value of
the as-synthesized bAgNPs was determined according to the
broth dilution method (Mondal et al., 2017). Briefly, 990 µl of
fresh LB broth was inoculated with 10 µl of overnight grown
bacterial culture and incubated at 37◦C and 120 rpm for 4 h. After
incubation, different amounts (i.e., 0.125, 0.25, 0.5, 1, 2, 3, 4, 5,
and 6 µg) of either Aq-bAgNPs or Et-bAgNPs was added to the
bacterial culture and incubated at 37◦C and 120 rpm overnight.
The optical density (OD) of the respective bacterial culture
was then measured at 600 nm using UV-Vis spectrophotometer
(Optizen, POP, Korea) to determine the MIC values of bAgNPs.

Determination of ZOI
The antimicrobial activity of the as-synthesized Aq-bAgNPs and
Et-bAgNPs was determined by disk diffusion method (Polash
et al., 2017). Briefly, all the tested bacterial strains were cultured in
Luria Bertani (LB)medium at 37◦C and 120 rpm overnight. From
the respective bacterial culture, 100 µl was spreaded consistently
on LB agar plates. Metrical filter paper disks containing different
amounts of bAgNPs (i.e., 60, 40, and 20 µg) were placed
on the LB agar plates containing uniformly spreaded bacteria.
The LB agar plates were then incubated overnight at 37◦C for
optimum growth of bacteria. The antibacterial activity of Aq-
bAgNPs and Et-bAgNPs was determined by the presence of clear
zones surrounding the disks that were different with different
amounts of bAgNPs (i.e., Aq-bAgNPs and Et-bAgNPs) and
confirm the inhibition of the growth of bacteria. After incubation,
the diameter of the clear zones was measured using slide calipers
at different time points such as 12, 16, 20, and 24 h.
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Trypan blue dye exclusion assay
Trypan blue is a negatively charged dye and can’t pass through
the intact cell wall of bacteria. Therefore, it is used to differentiate
cell wall compromised dead bacteria from cell wall intact live
bacteria. This is because the dead cells allow the uptake of trypan
blue dye through their damaged cell membrane (Tran et al., 2011;
Ranjan Sarker et al., 2019). The trypan blue dye exclusion assay
was performed according to our previously established protocol
with little modifications (Ranjan Sarker et al., 2019). Briefly, 20µl
(1 µg/µl) of Aq-bAgNPs and Et-bAgNPs was mixed separately
with 80 µl of overnight grown culture (1 × 106 CFU/ml) of
the respective bacterial strains (i.e., seven pathogenic and three
nonpathogenic bacterial strains) and incubated at 37◦C and 120
rpm for 1.5 h. The bacterial cultures treated with bAgNPs were
mixed with 0.4% trypan blue solution at a ratio of 1:1 and
incubated at room temperature for 15min before taking images
of live and dead bacterial cells using a phase contrast microscope
(Olympus BX50 Fluorescence Microscope, Olympus, Japan) at
40×magnification.

CellToxTM green assay
CellToxTM Green is a fluorescent dye that penetrates through
the disrupted cell membrane and emits green fluorescence upon
binding with the DNA (Zhang et al., 1999). Overnight grown
bacterial culture was diluted with LB broth and the concentration
was set to 1 × 107 CFU/ml. Either Aq-bAgNPs or Et-bAgNPs
(20 µl; 1 µg/µl) were mixed with 80 µl (1 × 107 CFU/ml)
of the respective bacterial strains. Then, 900 µl of fresh LB
broth was added to bAgNPs containing bacterial culture before
incubating at 37◦C and 120 rpm for 2 h. After the incubation,
1 µl of CellToxTM Green reagent (2×) was mixed properly
with bAgNPs containing bacterial culture and incubated at room
temperature for another 30min in the dark. Twenty microliters
of the CellToxTM-treated bacterial culture was kept aside to
observe the dead cells under fluorescence microscope (Olympus
BX50 FluorescenceMicroscope, Olympus, Japan). The remaining
bacterial suspension was used to measure the fluorescence
intensity of the green fluorescent dye treated bacterial cultures
using a spectrofluorophotometer (SHIMADZU RF-6000, Japan)
at 490 nm. Biogenic AgNPs with control groups (i.e., cells
and media) were run without CellToxTM Green alongside the
treatment groups. All experiments were carried out in triplicate.

LPO Assay
The LPO potential of bAgNPs was investigated according to
previously established protocol (Singh et al., 2009; Ranjan Sarker
et al., 2019). Briefly, 1ml of each of the bacterial cultures
was mixed separately with 200 µl (i.e., 200 µg) of each of
the bAgNPs and incubated for 30 min at room temperature.
After centrifugation, 2ml of 10% TCA was mixed with the
bAgNP-treated bacterial culture and centrifuged at 10,416 g for
35min at room temperature to separate the insoluble cellular
components. The supernatant was taken out and centrifuged
again in the same relative centrifugal force (g) for 20min to
remove any protein precipitates as well as dead cells. Finally,
the supernatant containing malondialdehyde was collected in
a fresh tube and mixed with freshly prepared 4ml of 0.67%

TBA solution and incubated in a hot water bath for 10min
to facilitate the formation of malondialdehyde-TBA adduct
before cooling down to room temperature. The absorbance
of the malondialdehyde-TBA adduct was measured by UV-Vis
spectrophotometer (Specord R© 205, Analytik Jena, Germany)
at 532 nm.

Hemocompatibility Assay
The hemocompatibility of bAgNPs (i.e., Aq-bAgNPs, and
Et-bAgNPs) with human as well as rat RBCs was investigated
according to previously established protocol with some
modification (Li et al., 2014; Ranjan Sarker et al., 2019). Briefly,
6ml of human blood was collected from the left hand of donor
through venipuncture method and collected in a vacutainer
blood tube containing 10% EDTA. On the other hand, two rats
were anesthetized with 0.3 ml/250 g ketamine/xylazine (100
mg/ml ketamine + 20 mg/ml xylazine) before the collection
of blood and ∼6ml (3ml from each rat) of blood was drawn
from the inferior vena cava and collected in a vacutainer blood
tube containing 10% EDTA. RBCs of human as well as rat
were separated from serum through centrifugation at 500 g for
10min at room temperature. The serum was then discarded
and RBCs were resuspended in 5ml of phosphate buffered
saline (PBS) and centrifuged again at 500 g for 10min. The cell
suspension was washed twice with 150mM NaCl solution at
3000 g for 3min. Finally, 0.1ml of RBCs solution was mixed
with 0.4ml of different amounts of bAgNPs (i.e., 10, 20, 30,
40, 50, 60, 80, 100, 200, 400, 800, and 1,600 µg) and incubated
at 37◦C and 150 rpm for 30min. After incubation, the RBCs
and bAgNPs mixtures were centrifuged at 1,377 g for 5min
at room temperature. The supernatant was taken out and the
absorbance was measured at 570 nm. Herein, RBCs incubated
with PBS and water were considered as negative and positive
controls, respectively (Li et al., 2014). All the samples were taken
in triplicate. The percentage of hemolysis was calculated using
the following formula:

% of hemolysis =









Absorbance of sample−
Absorbance of negative control

Absorbance of positive control−
Absornbance of negative control









× 100

(1)

In vivo Cytotoxicity Assay

Intravenous delivery of bAgNPs
Wistar male rats were used for the study and 30 rats were
divided into five groups (n = 6). The rats were housed in a
hygienic environment under controlled temperature (23 ± 2◦C)
and humidity (55 ± 7%) with a 12-h day and 12-h night cycle
(Lee et al., 2018). The rats were allowed to acclimatize for a week
before the delivery of bAgNPs. According to Katarzyna et al., if
the size of AgNPs is ∼20 nm, their deposition is higher in the
tissues (e.g., liver, spleen, kidney, and brain) when compared to
that of the larger nanoparticles (Dziendzikowska et al., 2012; Yang
et al., 2017). Since the size of our as-synthesized Aq-bAgNPs and
Et-bAgNPs are 24.90 and 25.24, respectively, we fixed the highest
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dose as 5 mg/kg of rat body weight. All the rats were anesthetized
with 0.3 ml/250 g ketamine/xylazine (100 mg/ml ketamine + 20
mg/ml xylazine) before intravenous delivery of bAgNPs. Two
doses (i.e., 2 and 5 mg/kg of rat body weight) of both Aq-bAgNPs
and Et-bAgNPs were delivered through intravenous route via
tail’s vein. After the delivery of bAgNPs, the rats were kept in the
cage under the same condition for 7 days. After 7 days, blood
(∼3ml) was drawn from all the rats and centrifuged at 538 g for
10min at room temperature to separate the serum. The serum
samples were stored at −20◦C for further biochemical analysis.
The experiments in this study were approved by the Biosafety,
Biosecurity & Ethical Committee of Jahangirnagar University
(BBEC, JU/M 2019(4)1).

Investigation of liver and kidney function biomarkers
To determine whether bAgNPs have any toxic effects to rat
tissues, we measured the concentration of several enzymes
whose level usually get hiked once there is any damage
in the liver and kidneys. We measured the level of serum
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), gamma-glutamyltransferase (γ-GT), and creatinine of
the experimental rats and compared them with that of control
rats. The serum AST, ALT, and γ-GT are known as the liver
function biomarkers and creatinine is known as the kidney
function biomarker. The concentrations of all the biomarkers
were measured according to the manual provided with the
reagent kits, and the detailed protocol has been added in the
supplementary section.

Statistical Analysis
All the data were presented as the mean ± SEM. Data were
subjected to statistical analysis using one-way ANOVA with
GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA).
Post hoc test was performed using the Dunnett test. The mean
values were considered to be statistically significant at P < 0.05
(Adeyemi and Adewumi, 2014). All experiments were carried
out in triplicate, and the results presented are the average
measurements of the runs with standard deviation.

RESULTS AND DISCUSSION

Characterization of bAgNPs
The colorless AgNO3 (10mM) solution turned brown as soon
as A. paniculata stem extract was added into it and incubated
for ∼24 h (Figure 1). When aqueous stem extract was added
into AgNO3 solution, the color of the solution turned dark
brown when compared to that of brown in the case of ethanolic
stem extract. The change of color confirms the reduction of
Ag1+ to Ag0 due to the presence of secondary metabolites
including flavonoids and different types of andrographolides in
A. paniculata stem extract (Singh et al., 2018). Flavonoids and
andrographolides present in theA. paniculata stem extract would
bind to the biogenic nanoparticles surface as capping agents. The
final yield of both the bAgNPs was 9.1%. The UV-Vis spectra
confirm the synthesis of biogenic silver nanoparticles (bAgNPs)
because the absorption maximum (λmax) for Aq-bAgNPs and
Et-AgNPs is ∼412 and ∼418 nm (Figure 1), respectively, which

FIGURE 1 | UV-Vis spectra of biogenic silver nanoparticles (bAgNPs).

are almost equal to the surface plasma resonance (SPR) value of
AgNPs (i.e., 420 nm) (Ramalingam et al., 2016). At a particular
wavelength, electrons on the metal surface undergo a collective
oscillation when excited by light resulting in the strong scattering
and absorption properties of bAgNPs (Li et al., 2010). Et-
bAgNPs derived from the ethanolic extract of A. paniculata
stem appeared brown due to the presence of higher amount
of andrographolides in the ethanolic stem extract that caused
greater reduction of Ag1+ at room temperature (Daniel et al.,
2013). Therefore, a slight red shift was observed in case
of Et-bAgNPs.

The analysis of FTIR spectra confirm the presence of various
bioactive compounds having different functional groups in the
plant extract as well as in the bAgNPs (Alshaye et al., 2017;
Elamawi et al., 2018). The spectra of Aq-bAgNPs (Figure S1)
and aqueous stem extract of A. paniculata (Figure S1) revealed
strong bands at (839 and 797), (1,048 and 1,043), (1,376 and
1,398), (1,615 and 1,650), (2,915 and 2,923), and (3,342 and 3,377
cm−1) that were attributed to aromatic C–H (aryl group), C–OH
stretching, C–N stretching, carbonyl stretch, C–H asymmetric
stretching, and N–H stretching, respectively (Basseter and
Silverstein, 1992). The spectra of Et-bAgNPs (Figure S1) and
ethanolic stem extract ofA. paniculata (Figure S1) showed strong
bands at (804 and 797), (1,034 and 1,055), (1,383 and 1,394),
(1,610 and 1,655), (2,916 and 2,930), and (3,321 and 3,398 cm−1)
that were due to aromatic C–H (aryl group), C–OH stretching,
C–N stretching, carbonyl stretch, C–H asymmetric stretching,
and N–H stretching, respectively (Ahmed et al., 2016). The
intense band at 1,370 cm−1 is characteristic of silver nitrate
(Rogachev et al., 2013). The FTIR spectra clearly showed that the
hydroxyl group (-OH) and carboxyl group (-COOH) containing
bioactive compounds present in A. paniculata stem extracts act
as capping agents in the synthesis of bAgNPs. The observed
peaks were mainly attributed to flavonoids and andrographolides
present in the plant extract (Banerjee et al., 2014).

The average hydrodynamic diameter of both bAgNPs was
larger than that of their nominal particle size (Table S1).
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The hydrodynamic diameters of Aq-bAgNPs and Et-bAgNPs
were 428.2 ± 197.0 and 190.1 ± 102 nm, respectively. The
polydispersity index (PDI) of both the bAgNPs was almost
the same (i.e., 0.4). The zeta potentials of Aq-bAgNPs and Et-
bAgNPs were −22.1 ± 0.9 and −26.1 ± 1.4mV, respectively
(Table S1). The negative zeta potential of bAgNPs is due to
the adsorption of bioactive molecules onto the particle surface
(Rao and Paria, 2015).

The shape and morphology of biogenic nanoparticles were

analyzed using scanning transmission electron microscope

(STEM). For both the bAgNPs, STEM images showed that
Ag nanoparticles were surrounded with polymers and were
not directly observed. In addition, respective TEM or HAADF
images also exhibited that Ag nanoparticles were coated with
polymers and most of the nanoparticles were spherical in shape
(Figure 2). The particle size distribution (PSD) graphs (i.e.,
histogram) were drawn from the TEM images of both Aq-
bAgNPs and Et-bAgNPs (Figures 2D,H). The average size of Aq-
bAgNPs and Et-bAgNPs was 24.90 and 25.24 nm, respectively.
The hydrodynamic size of bAgNPs was larger than the size
of the same nanoparticles observed under TEM. This is
because TEM measures the size of the dried nanoparticles.
On the other hand, DLS measures the hydrodynamic size
of the particles containing conjugated/adsorbed polymers
on the surface. The stability of the nanoparticles depend
on the nature of the conjugated polymers as well as the
physicochemical properties of solvents used to disperse them
(Domingos et al., 2009). If the particles have the tendency
to agglomerate, the hydrodynamic size is usually larger. EDS
analysis confirmed that nanoparticles are composed of Ag, C,
and O (Figures 3A,B). The characteristic Ag peak was observed
at ∼3 keV. Other peaks, such as Cu and Si, are artifacts
used during the analysis by TEM grid and silicon oil for a
vacuum pump, respectively. Considering these results in EM
observation and EDS analysis, we judged that Ag nanoparticles
were coated with bioactive polymers present in A. paniculata
stem extracts.

Powder XRD analysis was performed to identify the phase,
orientation, and grain size of the as-synthesized bAgNPs (i.e.,
Aq-bAgNPs and Et-bAgNPs). Figures 3C,D clearly show the
characteristic diffraction peaks associated with the crystalline
silver. The Braggs peaks at 2θ degrees were observed at
27.68◦, 32.27◦, 38.16◦, and 46.27◦ which correspond to the
Miller indices (111), (200), (220), and (311) for both the
as-synthesized bAgNPs confirming face-centered cubic (fcc)
crystalline elemental silver. The obtained results match the
JCPDS (Joint Commission of Powder Diffraction Standards)
database bearing file no. (04-0783). Furthermore, the crystalline
grain size of the as-synthesized bAgNPs was calculated using
Scherer’s equation: D = (Kλ/βcosθ) [where D is the mean
crystalline size of the particle, K is the shape factor whose
value is 0.9, λ is the wavelength of the X-ray radiation (i.e.,
0.154 nm), β is (π/180)∗FWMH, and θ is the Bragg angle].
The average size obtained using Scherer’s equation was 23.62
and 23.81 nm for Aq-bAgNPs and Et-bAgNPs, respectively
(Chauhan and Chauhan, 2014; Nayak et al., 2016b).

Investigation of Antimicrobial Activity
MIC and ZOI
Broth dilution method was used to determine the MIC value
of the as-synthesized Aq-bAgNPs and Et-bAgNPs. In case of
Aq-bAgNPs, the lowest MIC value was 0.125µg/ml against
E. coli DH5α, S. typhi, V. cholerae, E coli K12, and H. alvei.
On the other hand, the lowest MIC value for Et-bAgNPs
was also 0.125µg/ml against B. subtilis, V. cholerae, H. alvei,
and A. baumannii (Table 1). A clear zone surrounding the
metrical filter paper disk confirmed the antibacterial/bactericidal
activity of the as-synthesized bAgNPs. The highest antibacterial
activity of Aq-bAgNPs and Et-bAgNPs was observed against
S. aureus, a Gram-positive bacteria, and the ZOI was ∼25
and 28mm in diameter, respectively (Table 1). However, the
lowest antibacterial activity of Aq-bAgNPs and Et-bAgNPs was
observed against enteropathogenic E. coli (i.e., ∼12.25mm) and
B. subtilis (i.e., ∼11.75mm), respectively. Aqueous stem extract,
ethanolic stem extract, and silver nitrate were used as control and
they showed no significant antibacterial activity against any of the
tested microorganisms (Table 1). The time-dependent (i.e., 12,
16, 20, and 24 h) as well as dose-dependent (i.e., 20, 40, and 60
µg) antimicrobial activity of our as-synthesized bAgNPs is shown
in Table S2. The diameter of clear zone (millimeter) surrounding
the disk reduced after 16 h of incubation with bAgNPs, plant
extracts, and AgNO3 in case of all the bacteria. The maximum
diameter of clear zone (millimeter) surrounding the disk was
obtained at 60 µg of bAgNPs, plant extracts, and AgNO3 in case
of all the bacteria, which is larger than the area of clear zone
for already reported biogenic silver nanoparticles (Ahmed et al.,
2016; Masum et al., 2019).

The phytoconstituents present in A. paniculata stem extracts
contain various bioactive compounds with long hydrocarbon
chain and hydroxyl as well as carboxyl groups that act as
the hydrophilic moieties. Hence, the interactions between the
bAgNPs and bacteria were mainly through noncovalent (i.e.,
hydrophobic) interactions. Therefore, the increased uptake of
negatively charged Aq-bAgNPs and Et-bAgNPs was due to their
higher hydrophobicity compared to plant extract and silver
nitrate (Bu et al., 2010; Li et al., 2014). Secondly, the interaction
between the bAgNPs and bacteria could also be due to molecular
crowding (Arakha et al., 2015). Thirdly, the basic antibacterial
mechanism of bAgNPs has been shown to be either due to the
release of silver ions or intracellular deposition of bAgNPs (Kim
et al., 2016; Hoseinnejad et al., 2018). The detailed mechanism
involves the damage of cell membrane, disruption of energy
metabolism, generation of oxidative stress due to reactive oxygen
species (ROS) generation, and inhibition of gene transcription
(Hindi et al., 2009). Silver ions released from bAgNPs interact
with sulfur- and phosphorus-containing proteins present in the
plasma membrane as well as in the bacterial cell wall through
electrostatic interactions (Hindi et al., 2009). This leads to the
pore formation in the bacterial cell membrane that executes
the outflow of bacterial intracellular contents. As a result, an
electrochemical imbalance is generated in the cells resulting
in permanent cell damage (Dakal et al., 2016). Both the Aq-
bAgNPs and Et-bAgNPs showed better antibacterial activity to
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FIGURE 2 | Analysis of the shape, morphology, and size of biogenic Ag nanoparticles (bAgNPs) with scanning transmission electron microscope (STEM). SE images

show the formation of Aq-bAgNPs (A). Scanning TEM images (B), high-angle annular dark-field (HAADF) images (Z-contrast images) (C), and histogram for particle

size distribution (D) show the formation, spherical shape, and size of Aq-bAgNPs. Similarly, SE (E), scanning TEM (F), HAADF images (G), and histogram for particle

size distribution (H) show the formation spherical shape and size of Et-bAgNPs. Scale bar: 200 nm.

FIGURE 3 | Energy dispersive X-ray (EDS) spectra of Aq-bAgNPs (A), and Et-bAgNPs (B). Peaks at ∼3 keV indicate the presence of Ag in the biogenic nanoparticles.

Powder XRD analysis of as-synthesized Aq-bAgNPs (C), and Et-bAgNPs (D).
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TABLE 1 | Zone of inhibition and MIC value for bAgNPs against bacteria.

MIC (µg) Zone of inhibition (mm) Pathogenicity

Aq-

bAgNPs

Et-

bAgNPs

Aq-bAgNPs

(60 µg)

Aqueous

plant extract

(60 µg)

Et-bAgNPs

(60 µg)

Ethanolic

plant extract

(60 µg)

AgNO3

B. subtilis 0.250 0.125 17.5 ± 1.0 8.5 ± 0.0 11.8 ± 0.3 7.5 ± 0.00 7.5 ± 0.0 Nonpathogenic

E. coli DH5α 0.125 0.250 14.0 ± 0.5 9.5 ± 0.0 16.5 ± 0.0 7.5 ± 0.0 8.3 ± 1.3 Nonpathogenic

EPEC 0.25 0.250 12.3 ± 0.8 8.0 ± 0.0 12.8 ± 0.3 7.0 ± 0.0 7.0 ± 0.0 Pathogenic

S. typhi 0.125 0.250 17.8 ± 0.8 11.0 ± 0.0 15.5 ± 1.0 10 ± 0.00 7.0 ± 0.0 Pathogenic

S. aureus 0.250 0.250 25.0 ± 0.5 8.0 ± 0.0 28.0 ± 0.0 11.5 ± 0.0 10.3 ± 0.3 Pathogenic

V. cholera 0.125 0.125 17.0 ± 0.0 7.0 ± 0.0 17.5 ± 0.0 7.0 ± 0.0 8.0 ± 0.0 Pathogenic

E. coli K12 0.125 0.25 15.0 ± 0.0 8.0 ± 0.0 16.0 ± 0.0 8.0 ± 00 9.0 ± 0.0 Nonpathogenic

E. faecalis 0.250 0.250 15.8 ± 0.3 8.5 ± 0.0 15.8 ± 0.3 7.0 ± 0.00 7.0 ± 0.00 Pathogenic

H. alvei 0.125 0.125 15.0 ± 0.0 7.5 ± 0.0 15.3 ± 0.3 7.0 ± 0.0 7.0 ± 0.0 Pathogenic

A. baumannii 0.250 0.125 17.8 ± 0.3 7.0 ± 0.0 18.3 ± 0.3 7.5 ± 0.00 11.0 ± 0.0 Pathogenic

Gram-positive bacteria (i.e., S. aureus) when compared to Gram-
negative bacteria (i.e., EPEC) because the cell wall of Gram-
positive bacteria contains a thick layer of peptidoglycan and
abundant pores through which external molecules can enter
into the cell that brings about membrane damage and cellular
death (Bu et al., 2010). The difference of antibacterial activity of
bAgNPs against particular bacterial strain could also be different
due to the differences in lipid composition, gross composition of
the membranes, or even specific protein complexes present in the
surface of the bacterial cell wall (Hayden et al., 2012).

CellToxTM Green Assay
CellToxTM Green is a DNA binding dye. It binds to DNA of cell
wall compromised bacteria and emits green fluorescence. Since
CellToxTM Green is impermeable to intact cell membrane, it is
usually used to detect dead cells only. The green fluorescence
of CellToxTM Green-treated dead bacteria was quantified using
a spectrofluorophotometer (SHIMADZU RF-6000, Japan) at
490 nm. The Et-bAgNP-treated S. aureus showed the highest
fluorescence intensity followed by Aq-bAgNP-treated S. aureus
(Figure 4A), and the intensities were ∼6.5-fold higher than
that of the untreated cells. The data support the ZOI (in
millimeters) obtained from the disk diffusion assay. The green
fluorescence of bAgNP-treated dead bacteria was also observed
under a fluorescence microscope (Figure 4B and Figures S2,
S3). The fluorescence images confirm the damage of bacterial
cell membrane after treating them with bAgNPs and the dead
bacteria appeared green.

Trypan Blue Dye Exclusion Assay
Trypan blue dye exclusion assay was performed to confirm the
damage of bacterial cell wall because of their interactions with
bAgNPs. The interaction between bAgNPs and the bacterial cell
wall took place through hydrophobic interactions that resulted in
damage on the cell wall. This paves the way for the entry of trypan
blue dye into the bacterial cytosol from their surroundings.
Consequently, the cell wall compromised or nonviable bacteria
appeared blue under the phase contrast microscope (Figures S4–
S8) (Ranjan Sarker et al., 2019).

LPO Assay
LPO assay was performed to investigate the oxidation potential
of bacterial cell membrane fatty acids by bAgNPs. The
malondialdehyde–thiobarbituric acid (MDA–TBA) adduct was
formed when bacteria were treated with both the bAgNPs (i.e.,
Aq-bAgNPs and Et-bAgNPs) because of the strong hydrophobic
interactions between bAgNPs and bacterial cell wall. Among
all the bacterial strains, the highest MDA–TBA adduct was
formed when E. coli K12, a Gram-negative bacterium, was
treated with Et-bAgNPs (Figure 5). However, E. faecalis, a Gram-
positive bacterium, showed the highest amount of MDA–TBA
adduct among all the bacterial strains treated with Aq-bAgNPs
(Figure 5). The amount of MDA adduct is different for different
bacterial strains, and it is due to the differences in the interaction
of bAgNPs with bacteria. The cell wall composition of bacteria
differs from species to species. The generation of lipid peroxide
(LPO) took place due to the oxidation of bacterial cell membrane
fatty acids by bAgNPs.

The generation of ROS is stimulated after exposure of bacterial
cell membrane to bAgNPs since transition metals put oxidative
stress on fatty acids (Li et al., 2012; Wang et al., 2017). The
ROS oxidize the bacterial membrane fatty acids to produce lipid
peroxides and the redox balance of cells favor oxidation (Wang
et al., 2017). Furthermore, ROS-mediated oxidative stress inhibits
the electron transport chain and alters bacterial metabolic
reactions (Wang et al., 2017). Thus, it stimulates the expression
of apoptotic genes and the oxidative proteins to bring about the
apoptosis of the respective bacterial cell (Wang et al., 2017).

Hemocompatibility Assay
Hemolytic potential assay was performed using human as
well as rat RBCs to investigate the hemocompatibility of the
as-synthesized bAgNPs. Both the bAgNPs showed excellent
hemocompatibility to human as well as rat RBCs (Figure 6).
Hemocompatibility of bAgNPs to human and rat RBCs was
performed using different amount (i.e., 10–1,600 µg) of both
the nanoparticles (i.e., Aq-bAgNPs and Et-bAgNPs). The HC50

values (the amount of nanoparticles required to lyse the 50%
of RBCs) of Aq-bAgNPs and Et-bAgNPs to human RBCs were
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FIGURE 4 | (A) CellToxTM Green uptake assay. The fluorescence intensity of bacteria treated with Aq-bAgNPs and Et-bAgNPs was measured at 490 nm using a

spectrofluorometer. The values presented are mean ± SE of multiple samples (n = 3). Data were analyzed using one-way ANOVA followed by Tukey’s multiple

comparison test. The fluorescence intensity of both bAgNP-treated bacteria was significantly higher than that of the plant extract treated as well as untreated bacteria

and *P < 0.05. (B) CellToxTM Green uptake assay. B. subtilis was first treated with Aq-bAgNPs (i) and Et-bAgNPs (ii). The treated bacteria were then incubated with

CellToxTM green to stain the cell wall compromised bacterial DNA, and green fluorescence was observed under a fluorescence microscope. The same experiment

was also performed for E. faecalis after treating them with Aq-bAgNPs (iii) and Et-bAgNPs (iv). Scale bar: 20µm.
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FIGURE 5 | Lipid peroxidation assay. The cell membrane fatty acid oxidation potential of biogenic silver nanoparticles was measured through MDA–TBA adduct

assay. The absorbance of MDA–TBA pink adduct was measured at 532 nm (i.e., λmax ). The values presented are mean ± SE of multiple samples (n = 3). Data were

analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. The absorbance of MDA–TBA adduct of bAgNPs treated bacteria were significantly

higher than that of the untreated bacteria (i.e., control) and *P < 0.01.

FIGURE 6 | Hemocompatibility of bAgNPs to human (A) and rat (B) red blood cells (RBCs). The HC50 values of Aq-bAgNPs and Et-bAgNPs to human RBCs were

700 and 800 µg, respectively. However, the HC50 values of Aq-bAgNPs and Et-bAgNPs to rat RBCs were 600 and 800 µg, respectively. The hemocompatibility

assay was performed three times on three different days. The values presented are mean ± SE of multiple samples (n = 3) and paired t-test was performed for

analyzing significant difference between Aq-bAgNPs and Et-bAgNPs. The hemocompatibility of bAgNPs was significantly different from each other and *P ≤ 0.05.

700 and 800 µg, respectively. However, the HC50 values of
Aq-bAgNPs and Et-bAgNPs to rat RBCs were 600 and 800
µg, respectively. The HC50 values are more than 10 times
higher than that of the amount used for the antibacterial
activity assay (i.e., 60 µg) (Figure 6). The percentage of
hemolysis for 60 µg Et-bAgNPs was 4.33 and 4.35% in the
case of human and rat RBCs, respectively. On the other
hand, the percentage of hemolysis for 60 µg Aq-bAgNPs
was 4.56 and 4.66% in the case of human and rat RBCs,
respectively. The slightly higher hemocompatibility of Et-
bAgNPs against both human and rat RBCs is due to their greater
negative zeta potential (i.e., −26mV) that results in stronger
electrostatic repulsion with the negatively charged RBCs. These
low percentage of hemolytic potential is less than that of the
acceptable hemolytic value (i.e., 5%), a value that is regarded
as critically safe for therapeutic applications of the biomaterials
(Sarika et al., 2015; Nayak et al., 2016a). The membrane
composition of rat RBCs differ significantly from that of the
human RBCs (Da Silveiracavalcante et al., 2015). Therefore,

the hemocompatibility of bAgNPs to human and rat RBCs is
different (Da Silveiracavalcante et al., 2015).

Evaluation of Rat Liver and Kidney Function

Biomarkers
The bAgNPs (i.e., Aq-bAgNPs and Et-bAgNPs) administered
through intravenous route had no significant toxic effect on
rat liver and kidneys (Figure 7). More specifically, there was
no significant difference (P > 0.05) of serum ALT, AST, γ-GT,
and creatinine level between the control and experimental rats
(Figure 7). The data showed that neither Aq-bAgNP-treated (2
and 5 mg/kg) nor Et-bAgNP-treated (2 and 5 mg/kg) rat groups
had significant influence on the aforementioned biomarkers.
Liver is a vital organ of rat and colloidal AgNPs usually get
deposited into it (Kim et al., 2007; Ahmad and Zhou, 2017).
To determine the toxic effects of bAgNPs, liver function was
investigated by measuring the level of serum ALT, AST, and
γ-GT enzymes after intravenous delivery of bAgNPs. The level
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FIGURE 7 | In vivo cytotoxicity assay. The effect of bAgNPs on liver function was investigated by measuring the levels of ALT (A), AST (B), and γ-GT (C). The effect of

bAgNPs on kidney function was also investigated by measuring the level of serum creatinine (D). The values presented are mean ± SE of multiple samples (six

animals per group). Data were analyzed by GraphPad Prism 5.0 (GraphPad software) using one-way ANOVA test. Dunnett test was used for post hoc comparison. No

significant difference was observed when treatment groups were compared with control and P > 0.05.

of ATP, a high-energy phosphate compound, decreases whenever
there is any damage in liver. The decreased ATP level provokes
the release of enzymes (ALT and AST) in the tissues. Thus,
the level of enzymes increase in the serum whenever the liver
is damaged (Gupta and Goad, 2000; Ramaiah, 2007). Gamma
glutamyltransferase (γ-GT) is an enzyme of the hepatobiliary
origin and its activity is minimal in normal hepatic tissues.
However, the level of γ-GT rises within hours of cholestasis
(impairment of bile flow) by an unknown mechanism (Ramaiah,
2007). Therefore, our data suggest that any dose of bAgNPs (up
to 5 mg/kg) is therapeutically safe for liver, since no statistically
significant change in the biomarkers was observed. On the other
hand, the toxic effect of bAgNPs on kidneys was assessed by
determining the level of serum creatinine. The low level of serum
creatinine indicates the inability of kidneys to filter the waste
products from the blood and excrete them through the urine
(Kaur et al., 2012). Intravenous administration of different doses
(up to 5 mg/kg) of bAgNPs for 7 days showed no statistically
significant difference in the level of serum creatinine. Hence,
bAgNPs did not show any toxic effect to kidneys besides their
compatibility to liver.

CONCLUSION

We synthesized biogenic silver nanoparticles (bAgNPs) in
a cost-effective and ecofriendly manner. The aqueous as
well as ethanolic extracts of A. paniculata stem were used
to synthesize Aq-bAgNPs and Et-bAgNPs, respectively. The

synthesis of bAgNPs was confirmed through UV-Vis, FTIR,
and EDS spectroscopy, and powder X-ray diffractometer. The
as-synthesized bAgNPs were characterized in terms of their
size, zeta potential, shape, and morphology. The antimicrobial
activity of bAgNPs was investigated against seven pathogenic
and three nonpathogenic bacterial strains. Both Et-bAgNPs
and Aq-bAgNPs showed the highest antimicrobial activity
against pathogenic S. aureus, a Gram-positive bacterium.
They showed the antibacterial activity through damaging the
bacterial cell wall, which was confirmed through CellToxTM

Green assay and trypan blue dye exclusion assay. After
damaging the bacterial cell wall, bAgNPs oxidize the cell
membrane fatty acids to produce lipid peroxides that
facilitate the interaction bAgNPs with DNA and other
cellular macromolecules to bring about bacterial death.
On the other hand, our as-synthesized bAgNPs showed
excellent hemocompatibility and did not show any significant
toxicity to liver and kidneys at a high dose. Therefore, it
can be concluded that our as-synthesized bAgNPs are cost
effective, have broad-spectrum antibacterial propensity and
excellent biocompatibility, and can be recommended for future
therapeutic applications.
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Conventional chemotherapy for cancer treatment is usually compromised by

shortcomings such as insufficient therapeutic outcome and undesired side effects. The

past decade has witnessed the rapid development of combination therapy by integrating

chemotherapy with hyperthermia for enhanced therapeutic efficacy. Near-infrared (NIR)

light-mediated photothermal therapy, which has advantages such as great capacity of

heat ablation and minimally invasive manner, has emerged as a powerful approach

for cancer treatment. A variety of nanomaterials absorbing NIR light to generate

heat have been developed to simultaneously act as carriers for chemotherapeutic

drugs, contributing as heat trigger for drug release and/or inducing hyperthermia

for synergistic effects. This review aims to summarize the recent development

of advanced nanomaterials in chemo-photothermal combination therapy, including

metal-, carbon-based nanomaterials and particularly organic nanomaterials. The

potential challenges and perspectives for the future development of nanomaterials-based

chemo-photothermal therapy were also discussed.

Keywords: cancer, nanomaterials, NIR responsive, chemo-photothermal therapy, synergistic effect

INTRODUCTION

Traditional chemotherapy, typically the main treatment for late stage cancer or adjunct method
for surgery in early stage cancer, usually suffers severe systemic toxicity due to the unspecific
cytotoxicity of chemotherapeutic drugs for both cancerous and normal cells (Cobley et al., 2010;
Mahmoudi et al., 2011; DeSantis et al., 2014). As a result, the outcome of chemotherapy is often
limited by safe dosage, generating insufficient drug concentration in tumor site. Moreover, drug
resistance is possibly developed to further hamper the overall efficacy during the treatment course
(Holohan et al., 2013). Thus, it is urgent to improve specific delivery to reduce side effects, and
optimize the therapeutic efficacy at a lower tolerance dose.

Hyperthermia as cancer therapy refers to the treatment of cancer through heating and has
been used in various forms since the original study pioneered by Coley in the end of nineteenth
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century (Mallory et al., 2016). Although it can be used alone,
hyperthermia is most often used in combination with other
therapeutic modalities including chemotherapy and radiation
therapy. Hyperthermia typically falls under three categories:
local hyperthermia, regional hyperthermia, and whole-body
hyperthermia. Clinical application of heat can be induced by
radiofrequency, microwave, ultrasound, or perfusion methods
(Falk and Issels, 2001). While these methods heat tissues
efficiently, they also cause either a risk of systemic toxicity from
whole-body hyperthermia exposure, require invasive surgery or
probe, ormay damage normal tissues due to non-targeted heating
in local region (Wust et al., 2002). Thus, photothermal therapy
has been proposed as a promising modality for hyperthermia
treatment. Compared with other methods, light is an ideal
external stimulus as it is easily regulated, focused, and remotely
controlled. The ease of control and focus enables better targeted
treatments and leads to less damage in healthy tissues.

NIR photothermal therapy as an emerging strategy, utilizing
NIR laser-generated heat to conduct cancer treatment, has
gained increasing attentions (Peng et al., 2011; Wu et al., 2013;
Yue et al., 2013). In NIR window, NIR light is minimally
absorbed by endogenous absorbers in tissues, which offers deeper
tissue penetration in vivo (Weissleder, 2001; Weissleder and
Ntziachristos, 2003). Besides the heat ablation for direct cell
killing in tumor, NIR light-induced mild hyperthermia can
increase vascular permeability in tumor tissues with newly
formed immature blood vessels, which brings specific drug
accumulation and enhanced cytotoxicity (Hauck et al., 2008;
Park et al., 2009). Various kinds of nano-structured materials,
including both organic and inorganic nanomaterials, have been
designed and applied for photothermal therapy as shown in
several excellent reviews (Jung et al., 2018; Khafaji et al., 2019;
Vines et al., 2019). However, due to the non-uniform heat
distribution and restricted laser power to avoid normal tissue
damage, the photothermal therapy alone is unlikely to eradicate
tumor completely (Wang H. et al., 2013; Luo et al., 2017).

To address these issues, nanomaterials-based combination of
chemotherapy and hyperthermia has exhibited the effectiveness
in optimizing the efficacy for cancer treatment (You et al.,
2012; Zheng et al., 2013; Wang L. M. et al., 2014). It is well-
known that nanomedicines can preferentially accumulate in
tumor site through passive targeting via enhanced permeability
and retention (EPR) effect, or active targeting via surface-
conjugated molecules (Jain and Stylianopoulos, 2010; Kratz
and Warnecke, 2012). Their unique physicochemical properties
also offer different pharmacokinetics and in vivo distribution
for loaded chemotherapeutic agents (Ernsting et al., 2013).
In another hand, nanomaterials-mediated NIR photothermal
therapy is finely localized inside the tumor region, and the
hyperthermia is tunable simply by controlling the timing and
intensity of the extrinsic energy source (Kim et al., 2016). It
has been widely accepted that combined chemo-photothermal
therapy based on nanomaterials exhibits remarkable advantages
over single cancer treatment. Generally, co-delivery of cytotoxic
drugs and hyperthermia can simultaneously exert two benefits to
improve cancer treatments, and combined chemo-photothermal
therapy usually generates synergistic effect. Photothermal

ablation coupled with targeted drug delivery can synergistically
enhance therapeutic index via different manner: (i) elevating
cell membrane permeability; (ii) augmenting drug cytotoxicity
(Hahn et al., 1975; Overgaard, 1976); (iii) triggering drug release
at target region. This can be especially significant in treating
cancers with multidrug resistance (MDR) (Wang L. M. et al.,
2014). So far, there have been several related reviews published,
reporting either organic or inorganic nanomaterials for chemo-
photothermal combination therapy (Zhang et al., 2013; Zhang
A. et al., 2018; Khafaji et al., 2019). Considering the rapid
development of this research area, we believe it is highly desirable
and important to systematically summarize the recent advances
in combined chemo-photothermal therapy based on both organic
and inorganic nanomaterials.

Herein, we will review the recent efforts to design and
construct nanomaterials for cancer chemo-photothermal
therapy. This topic will be presented based on the properties and
classifications of nanomaterials applied as photothermal agents
and nanocarriers. Upon briefly elaborating new progress in
metal and carbon nanomaterials mediated chemo-photothermal
therapy, organic nanomaterials-based combination therapy was
discussed in particular. Material design and formulations for
integrated drug delivery and NIR-responsive hyperthermia are
highlighted on the background of their potential capacity in
optimizing efficacy of cancer treatment.

METAL NANOMATERIALS-BASED

CHEMO-PHOTOTHERMAL THERAPY

Gold Nanoparticles
As is well-known, gold nanoparticles (AuNPs) have been
widely investigated in biomedical fields due to their unique
size- and shape-dependent optical and photothermal properties,
originating from localized surface plasmon resonance (LSPR)
where collective oscillation of electrons occurs on the surface of
AuNPs after light absorption at a certain frequency (Cobley et al.,
2011; Dreaden et al., 2012; Saha et al., 2012). Following excitation
of LSPR by NIR laser, the attenuation of resonance energy can
occur through radiative and non-radiative relaxation, generating
localized heat to surrounding medium. The heat converted
from absorbed NIR light can be used to perform hyperthermia
or trigger drug release in delivery systems (Hu et al., 2006;
Dykman and Khlebtsov, 2012; Llevot and Astruc, 2012). AuNPs
also exhibit chemical inertness and good biocompatibility in
biological tissues (Khlebtsov and Dykman, 2011). All these
properties make AuNPs a promising candidate for effective
chemo-photothermal combination therapy (Figure 1). The
synthesis of AuNPs with controlled size and morphology has
obtained various nanostructures such as gold nanorods (Xiao
et al., 2012; Ren et al., 2013; Shen et al., 2013; Manivasagan et al.,
2019), gold nanoshells (Lee et al., 2010; Liu et al., 2011), hollow
gold nanospheres (You et al., 2010, 2012), gold nanocages (Yavuz
et al., 2009; Shi et al., 2012; Feng et al., 2019), and gold nanostar
(Li M. et al., 2016; Zhang L. et al., 2016), whose LSPR absorption
features can be finely tuned to NIR region. However, weak
interactions between anticancer drugs and naked Au surface
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FIGURE 1 | AuNPs-based nanoplatforms for NIR light-responsive chemo-photothermal therapy. Hollow gold nanospheres, reproduced with permission from You

et al. (2012); Gold nanorods, reproduced with permission from Xiao et al. (2012); Gold nanocages, reproduced with permission from Yavuz et al. (2009); Gold

nanstars, reproduced with permission from Li M. et al. (2016); Gold nanoshells, reproduced with permission from Park et al. (2009); Gold Janus nanoparticles,

reproduced with permission from Zhang L. et al. (2016).

make them hardly attach to AuNPs for in vitro or in vivo co-
delivery application. Thus, extra outer/inner layer for molecule
absorption or pore-blocking strategy have been widely developed
to load drug molecules for chemo-photothermal therapy. For
example, thermo-sensitive amphiphilic block polymer, lipoic
acid conjugated poly(ethylene glycol)-b-poly(ε-caprolactone),
was employed to coat AuNRs surface for DOX loading via
hydrophobic interactions. Light-triggered drug release after
NIR irradiation was achieved due to the phase transition
of poly(ε-caprolactone) on the AuNRs surface (Zhong et al.,
2013). Mesoporous silica has also been widely explored to
decorate AuNPs for drug delivery. High surface area, tunable
pore size, and good biocompatibility make them suitable to
augment drug loading capacity. For instance, mesoporous silica-
coated AuNRs were developed to encapsulate DOX for chemo-
photothermal therapy, exhibiting light-controlled drug release

under low-intensity NIR laser irradiation (Zhang et al., 2012).
DNA molecules can also serve as capping agents on the surface
of AuNPs to realize drug encapsulation and release. DNA duplex
strands, consisting of sequential CG base pairs, provide DOX
loading sites on the AuNRs surface. Photothermal effects trigger
de-hybridization of double-strand DNA by raising temperature
higher than melting temperature to release DOX under light-
controlledmode (Xiao et al., 2012). Hollow gold nanospheres and
gold nanocages themselves could be employed as nano-carriers
to load drugs into both outer and inner space. A well-known
AuNC-based system was fabricated by coating AuNC surface
with thermo-sensitive polymer [poly-(N-isopropylacrylamide),
pNIPAAm] as pore blockers. Following temperature rise above
a certain threshold, pNIPAAm layer collapsed and the pores on
nanocages were exposed for interior drug release (Yavuz et al.,
2009). The state of the art of AuNPs-based chemo-photothermal
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FIGURE 2 | Different copper chalcogenides nanocrystals mediated chemo-photothermal therapy. (A) Schematic illustration and TEM image of PEG-Fol-Cu2S

nanoparticles, and photoexcitation mediated drug release. Reproduced with permission from Poulose et al. (2015). (B) Schematic illustration and TEM image of

Cu2−xSe@mSiO2-PEG nanoparticles, and synergistic effects on cell viability and tumor volume. Reproduced with permission from Liu et al. (2014). (C) TEM image of

PEG-Cu2−xTe nanocubes and effects of chemo-photothermal treatment on cell viability and cellular apoptosis. Reproduced with permission from Poulose et al. (2016).

therapy has been wonderfully summarized in some review
articles (Wang H. et al., 2013; Zhang et al., 2013; Ai et al., 2016;
Kim et al., 2016).

Despite the tremendous attentions and encouraging results
on AuNPs, some important issues should be addressed before
further applications. On the one hand, AuNPs are subject to
deformation upon high-power laser irradiation, leading to loss
of LSPR absorption in the NIR region (Opletal et al., 2011;
Young et al., 2012). On the other hand, the in vivo long-term
toxicity and clearance pathways of AuNPs are still uncertain
and require further study. To date, some studies have unveiled
potential factors that have effect on AuNPs cytotoxicity. It is
believed that surface charge and particle size are likely to be
the most influential factors. It was reported that half the dose
of positively charged 5 nm AuNPs were excreted after 5 days,
while only about 10% of the dose of negatively or neutrally
charged 5 nm particles were excreted (Balogh et al., 2007). Most
of AuNPs accumulations occur within liver and spleen after

intravenous injection of PEG-coated AuNRs (Glenn et al., 2010).
Moreover, chronic inflammation was observed in tissues around
these AuNPs, despite the unclear long-term consequence under
this type of chronic inflammation. In vivo observation of AuNPs
only take place up to 6 months in animal models, leaving
unanswered questions about the potential influence on health
over long time course.

Palladium Nanosheets and Copper

Chalcogenides Nanocrystals
Another noble metal-based nanostructure, Pd nanosheets, has
also been developed to conduct chemo-photothermal therapy.
Pd nanosheets exhibit tunable LSPR peaks in the NIR region, as
well as photothermal stability, thermal transformation efficiency
and biocompatibility (Huang et al., 2011). To facilitate the
hyperthermia-assisted chemotherapy, Pd nanosheets were
deposited onto hollow mesoporous silica particles or coated
with a mesoporous silica layer to achieve drug release under

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 4 October 2019 | Volume 7 | Article 29351

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Li et al. Nanomaterials-Based Chemo-Photothermal Therapy for Cancer Treatment

NIR irradiation and low pH (Fang et al., 2012a,b). Besides noble
metal-based nanomaterials, copper chalcogenides nanocrystals
have been supposed to be a promising photothermal agent in
biomedical applications. Being p-type semiconductors, copper
chalcogenides nanocrystals provide composition-dependent
LSPR in NIR region and high photothermal conversion
efficiency (Hessel et al., 2011; Lie et al., 2014). Kumar et al.
decorated Cu2S nanocrystals with polyethylene glycol (PEG)
and folate (PEG-Fol-Cu2S) to physically absorb doxorubicin
(DOX) for multimodal therapeutics against brain cancer cells
(Poulose et al., 2015). The folate targeted photothermal ablation
in synergism with photo-responsive DOX release proved to be
a rapid precision guided cancer-killing module (Figure 2A). Hu
et al. reported a low-toxic di-functional nanoplatform based
on Cu2−xSe@mSiO2-PEG core-shell nanoparticles for cancer
treatment (Liu et al., 2014). DOX was loaded into mesoporous
silica shell, and the release of DOX can be triggered by pH and
NIR laser, resulting in a synergistic effect in anti-tumor therapy.
The chemo-photothermal therapy driven by NIR radiation with
safe power density significantly improved the therapeutic efficacy
(Figure 2B). In another work, DOX loaded PEG-Cu2−xTe
nanocubes were developed for treatment of hypermethylated
breast cancer cells (Poulose et al., 2016). PEG-Cu2−xTe/DOX
nanocubes conducted highly effective chemo-photothermal-
photodynamic therapy to overcome hypermethylated cancer
cells resisting to chemotherapeutic drugs (Figure 2C).

Two-Dimensional Transition Metal

Dichalcogenides
In recent years, a class of two-dimensional transition metal
dichalcogenides (2D TMDCs) has attracted tremendous
attention. 2D TMDCs are typically made up of a layer of
transition metal atomssandwiched between two layers of
chalcogen atoms. Their generalized formula is MX2, where M
is a transition metal of groups 4-10 (Mo, W, Ti, Ta, Zr, V, Nb,
etc.) and X is a chalcogen (Chhowalla et al., 2013). Single-layered
2D TMDCs exhibit superior properties, such as strong NIR
absorbance, high photothermal conversion efficiency as well
as good photothermal stability, offering the possibility to be
excellent photothermal agents (Wang C. et al., 2016; Zhu et al.,
2017). Moreover, the ultra-high surface area of 2D TMDCs
endows themselves with efficient cargo loading ability as drug
carriers for chemotherapy.

Meng et al. prepared aptamer conjugated PEG-MoS2/Cu1.8S
nanosheets (ATPMC) as multifunctional platforms for chemo-
photothermal therapy (Meng et al., 2017). ATPMC nanoplatform
possessed superb photothermal conversion efficiency due to
the interactions of MoS2/Cu1.8S nanocomposites. DOX
loaded ATPMC displayed NIR laser-induced programmed
chemotherapy and advanced photothermal therapy, and the
targeted chemo-photothermal therapy presented excellent
antitumor efficiency (Figure 3A). In another work, flower-like
MoS2 nanoparticles coated with bovine serum albumin (BSA)
were successfully fabricated to load DOX for cancer treatment
(Chen L. et al., 2016). Fabricated MoS2@BSA-DOX exhibited
high photothermal conversion efficiency as well as intelligent

drug release. Combination of DOX release and photothermal
treatment displayed better therapeutic efficacy than single
photothermal therapy or chemotherapy (Figure 3B). Kim et al.
reported a photothermally controllable DOX-MoS2@SiO2-
PEG nanoplate as functional drug delivery carrier (Lee et al.,
2016). DOX release was facilitated by external NIR laser
irradiation under acidic pH. Enhanced anticancer effect of
DOX-MoS2@SiO2-PEG was achieved by the combination of
heat damage and enhanced DOX release as well as endosomal
escape (Figure 3C).

Beside MoS2 nanosheetes, other 2D TMDCs have also
been studied for the application of chemo-photothermal
therapy (Wang Y. et al., 2019). Jiang et al. successfully
prepared MoSe2@PDA-DOX to be applicable for multi-
modal chemo-photothermal therapy (Wang C. et al., 2016).
MoSe2@PDA-DOX nanocomposites showed high loading
efficiency and NIR-responsive DOX release. Synergistic therapy
significantly inhibited cancer cell viability, and suppressed
in vivo tumor growth (Figure 3D). In addition, Liu et al.
fabricated WS2nanosheets with iron oxide (IO) nanoparticles
on surface, subsequently coated with mesoporous silica shell
and PEG (Yang G. B. et al., 2015). The obtained WS2-IO@MS-
PEG nanocomposites exhibited high NIR light and X-ray
absorbance as well as NIR-responsive DOX release. Chemo-
photothermal therapy based on WS2-IO@MS-PEG/DOX
achieved a remarkable synergistic effect superior to the
respective mono-therapies (Figure 3E).

As other metal nanomaterials, biosafety is one of the most
concerning issues for 2D TMDCs in biomedical applications,
while the knowledge about toxicity for 2DTMDCs is very limited.
Till now, only a few 2D TMDCs have been tested for their
in vitro and in vivo cytotoxicity, and further studies should
be systematically carried out to examine their acute and long-
term cytotoxicity.

CARBON-BASED

CHEMO-PHOTOTHERMAL THERAPY

Over the past few decades, a range of carbon nanoallotropes
with surprising properties and diverse potential applications
have been discovered, such as carbon nanotubes (Iijima, 1991),
graphene (Novoselov et al., 2004), carbon dots (Xu et al., 2004),
fullerene (Kroto et al., 1985), and nanodiamonds (Niwase et al.,
1995). The majority of the interest in carbon nanomaterials
for biomedical applications relates to bio-imaging and cancer
treatment because of their extraordinary photon-to-thermal
conversion efficiency and ultrahigh surface area (Lim et al.,
2014), as well as the ability to integrate different biomolecules
and drugs on a nanoscale platform, generating advanced hybrid
delivery systems.

Graphene/Graphene Oxide
Graphene is a two-dimension shaped carbon nanoallotrope, in
which carbon atoms are arranged in a single atom thick sheet
packed into a honeycomb lattice (Novoselov et al., 2004). The
unique feature of graphene provide tremendous tunable surface
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FIGURE 3 | 2D TMDCs for combined chemo-photothermal therapy. (A) Schematic illustration of DOX loaded ATPMC for NIR-laser irradiation-induced chemotherapy.

TEM image of MoS2/Cu1.8S nanosheets and tumor volume change with different treatments (*P < 0.01 compared with control group; #P < 0.01 compared with

ATPMCD group). Reproduced with permission from Meng et al. (2017). (B) FESEM image of MoS2@BSA nanoparticles and combined therapeutic efficacy of

MoS2@BSA-DOX in 4T1 cells (**P < 0.01 compared with MoS2@BSA-DOX + NIR group). Reproduced with permission from Chen L. et al. (2016). (C) TEM image of

MoS2@SiO2-NH2 nanoplates and NIR-induced cytotoxicity of DOX-MoS2@SiO2-PEG against HepG2 cells (**P < 0.01). Reproduced with permission from Lee et al.

(2016). (D) TEM image of MoSe2@PDA nanocomposites and tumor growth curves of different treatments. Reproduced with permission from Wang C. et al. (2016).

(E) TEM image of WS2-IO@MS-PEG and growth of 4T1 tumors in different groups of mice after various treatments (***P < 0.001, *P < 0.05). Reproduced with

permission from Yang G. B. et al. (2015).

with great mechanical Young’s modulus, fracture strength,
electrical, thermal and optical properties (Yang et al., 2010;
Feng and Liu, 2011). Graphene oxide (GO) is a highly oxidized
form of graphene that is comprised of single atom carbon sheet
with carboxylate groups on the border areas, and hydroxyl,
epoxide groups on the basal surface. Carboxylate groups provide
negatively charged surface and colloidal stability, whereas basal
planes offerπ-π interaction for the absorption of drugmolecules.
Like other nanomaterials-based photothermal agents, PEGylated
GO and reduced GO exhibit highNIR absorbance and capacity in
photothermal treatment (Robinson et al., 2011; Yang et al., 2012a;
Zaharie-Butucel et al., 2019). Meanwhile, due to the ultrahigh
surface area and delocalized π electron, many anticancer
agents such as camptothecin (CPT), DOX, and 7-ethyl-10-
hydroxycamptothecin (SN38) have been successfully loaded onto
the GO surface (Li et al., 2006; Zhang et al., 2010; Bao et al., 2011;
Pan et al., 2011). The works concerning on nano-graphene based
chemo-photothermal therapy have been well-reviewed (Yang
et al., 2013; Orecchioni et al., 2015; Rahman et al., 2015; Yang
K. et al., 2015). For biomedical application of nano-graphene,

one of the critical issues is still the potential long-term toxicity in
biological systems (Kiew et al., 2016). It is urgent to figure out that
whether and how nano-graphene would be gradually degraded in
living body, which is essentially unclear at present and needs a lot
more efforts in future studies.

Carbon Dots and Mesoporous Carbon

Nanoparticles
Carbon dots (C-dots) are quasi-spherical carbon nanoparticles
with diameters of 2–10 nm, and consist of oxygen, nitrogen
elements and other doped heteroatoms (Baker and Baker,
2010). Due to their high quantum yield, superior chemical
and photostability, low cytotoxicity and low cost, C-dots are
generally regarded as a promising candidate in cancer therapeutic
applications (Zhao et al., 2015; Zheng et al., 2015; Wang and
Qiu, 2016). Gomes et al. prepared PEG2000 passivated nitrogen-
doped C-dots (CND-P) to remotely initiate the delivery of
DOX in 3D cultured MCF-7 cells (Ardekani et al., 2017).
CND-P possessed high drug loading capacity with the ability
to release DOX under two-photon excitation. CND-P/DOX
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FIGURE 4 | C-dots- and MCNs-based chemo-photothermal therapy. (A) Schematic illustration of CND-P and cell viability with different treatments. Reproduced with

permission from Ardekani et al. (2017). (B) Schematic illustration of GdN@CQDs/GP and relative tumor volume of tumor-bearing mice after various treatments.

Reproduced with permission from Zhang et al. (2017a). (C) Schematic illustration of MCNs, and cytotoxicity assays of MDA-MB-231 cells under different treatments.

Reproduced with permission from Zhou et al. (2015). (D) Schematic illustration of FPC-NCs and in vitro cytotoxicity after various treatments. Reproduced with

permission from Wang H. et al. (2015).

mediated chemo-photothermal treatment was superior to single
treatment of CND-P or DOX in killing efficiency (Figure 4A).
Moreover, magnetofluorescent C-dots were also reported as
chemo-photothermal therapeutic agents (Zhang et al., 2017a,b).
For example, Zhou et al. prepared Gd doped magnetofluorescent
C-dots (GdN@CQDs) as drug carriers, followed with cross-
linking by genipin to form multifunctional delivery system
(GdN@CQDs/GP-DOX) with pH- and NIR-triggered drug
release (Zhang et al., 2017a). GdN@CQDs/GP demonstrated
strong NIR absorption and high photothermal conversion
efficiency. Upon laser irradiation, GdN@CQDs/GP-DOX has the
ability to achieve synergistic therapeutic effect (Figure 4B).

Recently, mesoporous carbon nanoparticles (MCNs) have
received considerable attention in the family of carbon-
nanomaterials (Fang et al., 2010). This growing interest
stems from their intrinsic properties, such as high surface
areas, large pore volumes, and well-defined surface properties,
offering significant advantages as drug carrier on the basis
of higher loading capacity and biologic inertness without
cytotoxicity (Karavasili et al., 2013). Furthermore, MCNs
could also be used as NIR-absorbing nanomaterials with
high photothermal conversion efficacy (Dong et al., 2016;
Wang X. et al., 2019). Qu et al. developed hyaluronic
acid surface-modified MCNs (MCNs-HA) as nanocarriers
for effective dual-triggered synergistic cancer therapy (Zhou
et al., 2015). This system was sensitive to both intracellular
hyaluronidase-1 and GSH level to release loaded DOX.
In combination with photothermal therapy, DOX-MCNs-
HA showed effective therapeutic efficiency toward target

cells (Figure 4C). In another study, hollow porous carbon
nanoparticles with C-dots embedded in carbon shell (FPC-NCs)
were fabricated (Wang H. et al., 2015). Such prepared FPC-NCs
demonstrated great potential to combine multiple functions for
simultaneous two-photon cell imaging, responsive drug delivery,
and photothermal therapy. DOX-loaded FPC-NCs manifested
NIR-responsive drug release and combined chemo-photothermal
therapy (Figure 4D).

ORGANIC NANOMATERIALS-BASED

CHEMO-PHOTOTHERMAL THERAPY

In spite of the excellent photothermal conversion efficiency,
the poor biodegradability and potential long-term toxicity of
inorganic nanoparticles are still major obstacles for their clinical
applications in the future (Jung et al., 2018). In this regard,
organic nanoparticles usually exhibit optimized biodegradability
and biocompatibility as an alternative approach for combined
chemo-photothermal therapy in cancer treatment (Shi et al.,
2017; Pierini et al., 2018). Additionally, organic nanoparticles
have other attractive advantages such as facile preparation
under mild conditions, desirable photothermal features based on
easily tuning molecular structures, and satisfactory drug loading
efficiency (Yue et al., 2017). In this section, we will mainly
talk about small molecular NIR dyes, conjugated polymers and
melanin-like polydopamine based organic nano-systems and
their applications in synergistic chemo-photothermal therapy.
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Small Molecular NIR Dyes
Over the past few years, small molecular NIR dyes have attracted
lots of attention mainly due to their excellent performance
in fluorescent imaging and the ease of tuning photothermal
features through elaborate chemical design and synthesis. In
principle, these organic dyes with strong NIR absorbance can
serve as photothermal agents as well (Song et al., 2015).
Therefore, nano-systems containing NIR dyes can be easily
designed as a nano-platform for multifunctional theranostics.
To date, the well-studied NIR dyes include porphyrin, cyanine
derivatives, borondipyrromethane dyes, diketopyrrolopyrrole
derivatives and so on (Cai et al., 2018). Direct use of
NIR dyes is mainly hindered by the rapid blood clearance
following with undesired aggregation caused by the poor aqueous
solubility/stability and non-specific protein adsorption (Chen
Y. J. et al., 2016). From this point of view, NIR dyes are
similar to many anticancer drugs which usually need to be
administrated in the form of nano-formulations to improve
therapeutic efficacy. Therefore, rational design of nano-systems
with drugs/NIR dyes either encapsulated or conjugated is of
great significance to achieve favorable synergistic outcomes of
chemo-photothermal therapy.

The simplest way to combine NIR dyes and chemotherapeutic
drugs is co-encapsulation in one nanoparticle by physical
interactions. Cai et al. prepared poly(lactic-co-glycolic acid)
(PLGA)-lecithin-PEG nanoparticles (DINPs) containing both
DOX and indocyanine green (ICG) by a single-step sonication
method (Zheng et al., 2013). ICG is the quintessential NIR dye
and has been approved by US Food and Drug Administration
(FDA) for several clinical applications (Sheng et al., 2013; Porcu
et al., 2016). The stability of ICG was significantly improved
by encapsulation in DINPs, thus generating higher localized
temperature than free ICG under NIR laser irradiation and
facilitating DOX release and cellular uptake. Encouragingly,
combined chemo-photothermal therapy realized successful
suppression of MCF-7 and DOX-resistant MCF-7/ADR tumor
growth as well as prevention of tumor recurrence in vivo.
Similarly, many other attempts have beenmade to co-encapsulate
various NIR dyes and drugs in different kinds of nano-
carriers like liposomes (Li et al., 2015; Feng et al., 2016; Yan
et al., 2016; Gao et al., 2018; Mu et al., 2019), polymeric
nanoparticles (Su et al., 2015; Zhu et al., 2015; Chen Y.
et al., 2017; Wang et al., 2017; Deng et al., 2018; He H.
Z. et al., 2018; Yao et al., 2018; Tan et al., 2019; Zhang
et al., 2019), protein nanoparticles (Chen et al., 2015; Lin
and Shieh, 2018; Gao et al., 2019; Pei et al., 2019), and cell
membranes (Sun et al., 2015; Li X. et al., 2018; Wan et al.,
2018; Zhang N. et al., 2018; Ye et al., 2019). For example,
Liu et al. developed “Abraxane-like” nanodrug through self-
assembly of human serum albumin (HSA), paclitaxel (PTX),
and ICG in a simple mixing manner (Chen et al., 2015). The
nanodrug remarkably improved solubility of both PTX and ICG,
achieving prolonged blood circulation time and high tumor
accumulation. The combined chemo-photothermal therapy
completely destructed subcutaneous tumors and exhibited great
therapeutic benefit in treating lung metastasis. The excellent
therapeutic effect and FDA-approved components endow this

“Abraxane-like” nanodrug with great potential for clinical use in
the future.

The simple processing method of physically co-encapsulated
nano-formulations is usually preferred for clinical translation.
However, undesirable premature leakage of drugs and NIR
dyes during administration can happen and lead to insufficient
tumor accumulation and potential adverse effects as well.
Covalent conjugation of drugs and/or NIR dyes to nano-
carriers is believed to potently address this issue. Polymeric
prodrugs with therapeutic molecules reversibly linked to polymer
chains have already been extensively studied for their longer
blood circulation time, higher tumor accumulation and better
therapeutic effect but lower systemic toxicity (Duncan, 2006;
Larson and Ghandehari, 2012; Delplace et al., 2014). Therefore,
polymeric prodrug assemblies can serve as a good platform
for co-loading of NIR dyes to perform combined chemo-
photothermal therapy. Ji et al. prepared IR-780 loaded polymeric
prodrug micelles (IPM) for overcoming multidrug resistance by
combination of chemo-photothermal therapy (Figure 5; Li Z.
H. et al., 2016). Zwitterionic polymer with DOX conjugated by
acid-cleavable hydrazone bonds can self-assemble into polymeric
prodrug micelles, simultaneously encapsulating lipophilic IR-780
dye in the hydrophobic micellar core. The prodrug micelles kept
remarkable stability at pH 7.4 while exhibited accelerated DOX
release at pH 5.0 which mimics the acidic endosome/lysosome
environment. Interestingly, IPM combined with NIR laser
irradiation can dramatically increase DOX accumulation in
cytoplasm of MCF-7/ADR cells, which should be attributed
to hyperthermia-induced enhanced cytoplasm permeability.
Significant suppression of MCF-7/ADR tumor growth can be
achieved by localized NIR laser irradiation post-intravenous
injection of IPM. Recently, several similar strategies have been
reported by encapsulating various NIR dyes in different kinds
of polymeric prodrug nanoparticles (Zhang Y. Y. et al., 2016a,b,
2018; Chen et al., 2018; Wang W. H. et al., 2018). For example,
Hu and Xing et al. prepared smart nanoplatforms by loading
ICG in enzyme-responsive cisplatin polyprodrug amphiphiles
for cascade photo-chemotherapy (Wang W. H. et al., 2018).
Zhao et al. utilized host-guest supramolecular chemistry to
fabricate reduction-sensitive CPT prodrug nanoparticles, which
can further incorporate IR825 dye to achieve simultaneous
chemo-photothermal therapy (Zhang Y. Y. et al., 2018).

Nano-systems with both drugs and NIR dyes covalently
conjugated, however, have rarely been reported. The multiple
steps that are usually necessary for conjugating two or more
molecules in one single system may be the major obstacle.
One of the very few examples is P-DOX/P-cypate hybrid
micelles, which were composed of enzyme-responsive DOX
polymeric prodrugsandcypate-linked polymers (Yu et al., 2015).
Hyperthermia effect of the hydride micelles upon NIR irradiation
significantly enhanced tumor penetration and cytosol release of
DOX, further inducing high therapeutic efficacy in combating
DOX resistance in MCF-7/ADR breast cancer.

Considering the tremendous benefits of NIR dyes-based nano-
systems whereas few applications so far, further efforts are needed
to simplify the synthesis procedures and precisely control the
loading ratios of chemical drugs and NIR dyes, thus enabling
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FIGURE 5 | Polymeric prodrug micelles as nano-carriers for NIR dye. (A) Schematic representation of IR-780 loaded polymeric prodrug micelle for

chemo-photothermal therapy to overcome drug resistance. (B) Temperature increments of IR-780 loaded micelles upon 808 nm NIR laser irradiation. (C) Subcellular

localization of free DOX, free IR-780, IPM, and IPM plus NIR laser irradiation after coincubation with MCF-7/ADR cells. (D) Quantitative evaluation of cell viability in

MCF-7/ADR cells after different treatments (*P < 0.05, **P < 0.01). (E) MCF-7/ADR tumor growth curves subjected to different treatments. Reproduced with

permission from Li Z. H. et al. (2016).

ease of availability and optimizing the synergistic effect of chemo-
photothermal therapy.

Conjugated Polymers
Conjugated polymers are well-known for their fantastic
photoelectric properties due to the existence of large π-
conjugated backbones. For a long time in the past, conjugated
polymers were extensively studied in the areas like organic
semiconductors and solar cells, but not biomedicine. It
was not until the year of 2011–2012 that two kinds of very
commonly used conjugated polymers, polyaniline (PANI) and
polypyrrole (PPy), were successfully developed as photothermal
agents for the first time (Yang et al., 2011, 2012b). Later
on, lots of semiconducting polymers were further explored
for fluorescent imaging and phototherapy (Li J. C. et al.,
2018; Zhu et al., 2018). Benefiting from the unique chemical
structures, conjugated polymers hold the advantages of excellent
photostability and high photothermal conversion efficiency.
Several excellent reviews have summarized the applications of
conjugated polymers in fluorescent imaging and phototherapy
(Xu et al., 2014; Qian et al., 2017; Li J. C. et al., 2018; Sun
et al., 2018). Conjugated polymers are generally hydrophobic
organic molecules, therefore, nano-stabilizing methods like
encapsulation in amphiphiles or covalent grafting of hydrophilic
polymers are usually necessary prior to their use in vitro and
in vivo. By further incorporation of chemical drugs, conjugated

polymers based nanomaterials can be utilized for combined
chemo-photothermal therapy.

PANI nanoparticles were firstly reported to serve as a

photothermal agent for in vitro treatment of epithelial cancer
in 2011 (Yang et al., 2011). Li et al. further prepared F127
stabilized PANI nanoparticles for in vivo tumor ablation with no
tumor regrowth observed (Zhou et al., 2013). Chemotherapeutic
drugs were encapsulated within PANI nanoparticles to perform
the combination of chemo- and photothermal therapy. For
example, Kim and Yong et al. prepared multifunctional hybrid
polymeric nanoparticles (denoted as LT-MTX/PANI NPs) by
incorporation of methotrexate (MTX) and PANI together and
further conjugation with Lanreotide (LT) for cancer targeting
(Nguyen et al., 2018). The hybrid NPs showed burst release
of MTX upon NIR light irradiation due to heat generation by
PANI. Enhanced cell apoptosis in vitro as well as improved
tumor suppression in vivo were observed by treatment of LT-
MTX/PANI NPs with NIR light irradiation.

In 2012, Liu’s group firstly reported poly(vinyl alcohol)
(PVA)-stabilized PPy nanoparticles for photothermal
therapy (Yang et al., 2012b). Then, they fabricated core-shell
structured Fe3O4@PPy-PEG-DOX nanocomposite by oxidative
polymerization of pyrrole on the surface of Fe3O4 nanoclusters
and subsequent surface modification and drug loading (Wang
C. et al., 2013). The Fe3O4 core can be used for MRI to
monitor the therapeutic effect, while the PPy shell can generate
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FIGURE 6 | Multifunctional nanoparticles for light-controlled pulsatile drug release in cancer chemo-photothermal therapy. (A) Schematic illustration of the synthesis of

CPT@DOX-UCST/PPy nanoparticles. (B) Thermal images recorded for different contents of CPT@DOX-UCST/PPy upon irradiation with 808 nm laser at different

power density. (C) In vitro CPT and DOX dual drug release profile recorded for CPT@DOX-UCST/PPy with periodic 808 nm laser illumination at 2 W/cm2.

(D) Photographs of tumor tissue of mice upon different treatments. Reproduced with permission from Yang et al. (2018).

mild hyperthermia to enhance intracellular delivery of DOX.
Remarkable anticancer effect in vivo was achieved by combined
chemo-photothermal therapy. Other groups also designed
various nano-platforms for combined chemo-photothermal
therapy by loading drugs in PPy-based nanomaterials, mainly
by physical interactions (Wang Y. et al., 2014; Wang J. et al.,
2015; Wang K. et al., 2016; Zhu et al., 2016; Chen X. J. et al.,
2017; Yao et al., 2017). Very recently, Hu et al. prepared
multifunctional PPy/micelle hybrid nanoparticles (denoted as
CPT@DOX-UCST/PPy) by polymerizing pyrrole in the shell

of polymeric micelles with upper critical solution temperature
(UCST) feature (Figure 6; Yang et al., 2018). The polymeric
micelles are exquisitely designed by tethering thermo-cleavable
DOX prodrug in the corona and encapsulating hydrophobic
CPT in the UCST micellar core. CPT@DOX-UCST/PPy had
multiple synergistic effects upon NIR light irradiation, which
showed great potential to kill three birds with one stone. First,
PPy shell can generate heat for photothermal therapy. Second,
DOX can be released by cleavage of the thermo-labile linker.
Third, CPT can also be released following micellar swelling
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FIGURE 7 | Carrier-free “Nanobomb” for on demand drug release and enhanced chemo-photothermal therapy. (A) Schematic illustration of the preparation of

DNPs/N@PDA. (B) Schematic illustration of the stable blood circulation of DNPs/N@PDA and on demand “bomb-like” drug release and enhanced

chemo-photothermal therapy triggered by NIR irradiation. (C) TEM images of DNPs/N@PDA before and after NIR laser irradiation (808 nm, 5 W/cm2 ) for 5 min.

(D) Temperature increase profiles of PBS, DNPs, DNPs@PDA, and DNPs/N@PDA with NIR laser irradiation of 808 nm (5 W/cm2, 8min). (E) Cumulative release

profiles of DOX from DNPs, DNPs@PDA, and DNPs/N@PDA in PBS with different pHs without or with NIR irradiation (808 nm, 5 W/cm2, 5min). (F) In vitro cytotoxicity

of DNPs, DNPs@PDA, and DNPs/N@PDA at pH 5.0 with NIR laser irradiation (808 nm) of 5 W/cm2 for 1min at different DOX concentrations on HeLa cells after 48 h

incubation (**p < vs. DNPs/N@PDA group with NIR irradiation). (G) Representative photos of excised tumors 21 d after treatments. Reproduced with permission from

Li M. H. et al. (2018).
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triggered by phase transition of the UCST core. Together with
the photoacoustic (PA) imaging module, CPT@DOX-UCST/PPy
can serve as a multifunctional nano-platform for combined
chemo-photothermal therapy and theranostics.

Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS), commonly used in organic electronics, was
developed by Liu’s group for photothermal therapy in 2012
(Gong et al., 2013). PEDOT:PSS-PEG nanoparticles were
prepared through layer-by-layer coating of charged polymers
followed by conjugating with branched PEG. In another work
of the same group, chemotherapeutic drugs like DOX and
SN38, as well as photodynamic agent Ce6, were encapsulated
within PEDOT:PSS-PEG nanoparticles through π-π stacking
and hydrophobic interaction. The photothermal effect of
PEDOT:PSS-PEG promoted intracellular delivery of DOX,
obtaining integrated chemo-photothermal therapy with
synergistic effect.

To achieve higher photothermal conversion efficiency,
conjugated polymers with narrow energy band gap are highly
desired as they are expected to have sharper adsorption peaks
to get greater heat generation (He Y. L. et al., 2018). The
concept of donor-acceptor (D-A) has been widely applied for
designing conjugated polymer-based field-effect transistors
and organic photovoltaics. In 2013, Levi-Polyachenko et al.
reported for the first time the use of D-A conjugated polymer
nanoparticles with low band gap for photothermal ablation
of cancer cells in vitro (MacNeill et al., 2013). Since then,
lots of D-A conjugated polymers have been synthesized for
photothermal therapy by proper design of the donor and
acceptor structures (Sun et al., 2018). Chemotherapeutic
drugs can be co-loaded with hydrophobic D-A conjugated
polymers in liposomes or polymeric micelles, or encapsulated
in micelles formed with PEG-modified D-A conjugated
polymers. These nano-formulations can thus gain significant
synergistic effect of combined chemo-photothermal therapy
upon NIR light irradiation. For example, Yang’s group reported
a D-A conjugated polymer PBIBDF-BT with alternating
isoindigo derivative bis(2-oxoindolin-3-ylidene)-benzodifuran-
dione (BIBDF) and bithiophene (BT) units (Li D. D. et al.,
2016). Hydrophobic PBIBDF-BT together with anticancer
drug DOX were simultaneously encapsulated in micelles
formed by an amphiphilic copolymer poly(ethylene glycol)-
block-poly(hexyl ethylene phosphate) (mPEG-b-PHEP).
DOX-loaded PBIBDF-BT@NPPPE nanoparticles exhibited NIR-
triggered intracellular drug release and synergistic anticancer
treatment. Liu and coworkers prepared poly[9,9-bis(4-(2-
ethylhexyl)phenyl)fluorene-alt-co-6,7-bis(4-(hexyloxy)phenyl)-
4,9-di(thiophen-2-yl)thiadiazolo-quinoxaline] (PFTTQ) with
strong absorption in the NIR region (Yuan et al., 2015). An
amphiphilic brush copolymer, decorated with 2-diazo-1,2-
naphthoquinones (DNQ) moieties and cyclic arginine-glycine-
aspartic acid (cRGD), was used to encapsulate hydrophobic
PFTTQ and DOX (forming T-PFTTQ/DOX). Upon NIR laser
irradiation, the DNQ moieties could undergo hydrophobic-
hydrophilic transformation, inducing disassembly of the micelles
and subsequent DOX release. At the same time, hyperthermia
generated by PFTTQ further contributed to the efficient killing

of cancer cells. The combination index was calculated to be
0.48, indicating the synergistic effect of T-PFTTQ/DOX for
combined chemo-photothermal therapy. Pu’s group synthesized
an amphiphilic PEG-grafted poly(cyclopentadithiophene-alt-
benzothiadiazole) (PEG-PCB), which could self-assemble into
homogenous nanoparticles and simultaneously load anticancer
drug DOX via strong hydrophobic and π-π interactions
(Jiang et al., 2017). Drug-loaded PEG-PCB (DSPN) could
serve as a multifunctional theranosticnanoagent for NIR
fluorescence/PA imaging guided chemo-photothermal therapy.
Both in vitro and in vivo results confirmed the superior
antitumor efficacy by the synergistic treatment. Similarly, Li et al.
prepared several theranosticnanosystems by co-encapsulating
diketopyrrolopyrrole-based D-A polymers with anticancer drugs
like DOX or curcumin in polymeric micelles or thermosensitive
liposomes (Cao et al., 2017a,b). These nanoparticles also
exhibited excellent PA imaging-guided chemo-photothermal
combined cancer therapy.

Polydopamine-Based Nanoparticles
Polydopamine (PDA), a melanin-like polymer, can be easily
obtained by self-polymerization of dopamine under mild
conditions. PDA was introduced by Lee and Messersmith for
the first time as a simple and powerful surface functionalization
method in 2007 (Lee et al., 2007). Lu’s group reported the
first application of PDA nanoparticles (PDA-NPs) for in vivo
photothermal ablation of tumors in 2013 (Liu et al., 2013). PDA-
NPs are well-evaluated to have advantages such as strong NIR
light absorption, high photothermal conversion efficiency as well
as remarkable biocompatibility and biodegradability. Moreover,
the surface of PDA-NPs remains high reactive activity for
further functional modification. Thiol- and amino-terminated
molecules, such as hydrophilic PEG and cancer targeting
moieties, can be covalently attached onto PDA nano-surface via
Michael addition or Schiff base reactions (Park et al., 2014).

So far, PDA-NPs have been extensively utilized as drug
delivery systems for combined chemo-photothermal therapy
(Ambekar and Kandasubramanian, 2019; Farokhi et al., 2019).
Cheng et al. synthesized PEGylated PDA-NPs (PDA-PEG)
to encapsulate anticancer drugs such as DOX and SN38
(Wang X. Y. et al., 2016). Remarkable photothermal effect of
PDA-PEG was observed upon 808 nm NIR light irradiation
along with enhanced drug release. Drug-loaded PDA-PEG was
proved to have synergetic effect on cancer cell killing in vitro
and tumor suppression in vivo. Then, alendronate (ALN)-
anchored and SN38-loaded polydopamine nanoparticles (PDA-
ALN/SN38) were prepared by the same group, successfully
regressing bone tumor and osteolysis by combined chemo-
photothermaltherapy (Wang Y. T. et al., 2018). Lu’s group
prepared PDA nanocomplex (PDA@CPx, x = 3,6,9) by
encapsulating biodegradable coordination polymer (CP) on iron-
chelated PDA nanosurface via layer-by-layer method (Chen Y.
et al., 2016). DOX loaded PDA@CP3 noncomplex was developed
for T1/T2 dual mode MRI together with synergistic chemo-
photothermal therapy both in vitro and in vivo, which showed
great potential for theranositc nanomedicine.
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TABLE 1 | Photothermal conversion efficiency of various nanomaterials applied in chemo-phototermal therapy.

Nanomaterials Photothermal conversion

efficiency (%)

NIR light (nm) References

Gold nanorods 16.92 808 Manivasagan et al., 2019

Gold Janus nanoparticles 49.5 808 Zhang L. et al., 2016

Cu2−xTe nanocubes 25.68 808 Poulose et al., 2016

Cu2S nanocrystals 25.3 800 Poulose et al., 2015

MoS2/Cu1.8S nanosheets 32.5 980 Meng et al., 2017

MoSe2 nanosheets 32.8 808 Wang C. et al., 2016

MoSe2/Bi2Se3 nanosheets 59.3 808 Wang Y. et al., 2019

Bamboo charcoal nanoparticles 29.42 808 Dong et al., 2016

Mesoporous carbon nanoparticles 27.4 808 Wang X. et al., 2019

IR780-HSA NPs 10 808 Pei et al., 2019

IR780-CSOSA 33.5 808 Tan et al., 2019

Aza-BODIPY prodrug NPs 38.3 660 Chen et al., 2018

PPy 40 808 Chen X. J. et al., 2017

PEGylated poly-(diketopyrrolopyrrole-thiophene) 76 808 Yao et al., 2017

PBIBDF-BT@NPPPE 46.7 808 Li D. D. et al., 2016

PEG grafted poly(cyclopentadithiophene-alt-benz othiadiazole) 30.8 808 Jiang et al., 2017

PDA 40 808 Liu et al., 2013

PDA 33.7 808 Ding et al., 2019

Benefiting from the excellent surface adhesive capability of
PDA, core-shell structured nanocomposites consisting of drug-
loaded polymeric core and PDA coated shell were developed
for combined chemo-photothermal therapy. Xu et al. reported
tumor targeting PLGA/PDA core-shell nanocomposites by
coating PDA on DOX loaded PLGA nanoparticles, followed
by surface PEGylation and anchoring of Anti-EGFR antibody
(He et al., 2017). The PDA shell here not only offered reactive
sites for surface decoration but also generated hyperthermia
under NIR light irradiation for both photothermal therapy and
triggering drug release to improve the synergistic chemotherapy.
Nie et al. prepared polymer/PDA nanocomposites by coating
PDA on nanoparticles formed from a thermo-sensitive block
copolymer P(MEO2MA-co-OEGMA-co-DMAEMA)-b-PLGA
(Ding et al., 2017). DOX, PTX, and small interfering RNAs were
simultaneously loaded within these nanocomposites, generating
accurately drug release in response to photothermal effect. These
multifunctional nanocomposites integrating photothermal,
chemo-, and gene therapy successfully caused regression in
triple-negative breast cancer with negligible side effects. Very
recently, Dong et al. reported a novel polypeptide nanocomposite
PNOC-PDA/DOX by coating PDA on micelles formed by S-
nitroso (SNO, a kind of heatsensitive NO donor) conjugated
polypeptide copolymer and further loading with DOX (Ding
et al., 2019). Upon NIR light irradiation, NO gas was released due
to heat-induced S-NO cleavage. The mild hyperthermia together
with NO gas therapy were proved to overcome MDR and
maximize chemotherapy. The triple chemo-NO-photothermal
therapies completely eradicated MCF-7/ADR tumors without
skin damage, scarring, and tumor recurrence within 30 days,
indicating excellent synergistic effects for reversing MDR
in tumors.

Carrier-free nanoparticles with high drug loading and on-
demand drug release have attracted increasing attention. Liu
and coworkers introduced a novel carrier-free “nanobomb” with
drug loading efficiency as high as 85.8% (Li M. H. et al., 2018).
The “nanobomb” was prepared by two simple steps: the first
is making DOX nano-precipitates (DNPs) of ca. 5 nm, and the
second is surface deposition of PDA which further induced
secondary aggregation of small DNPs to form nanodrugs with
an average size of around 70 nm (Figure 7). When exposed to
NIR laser, the PDA shell generated enough heat to produce CO2

and NH3 gases from the encapsulated NH4HCO3. PDA film
outside the DNPs was thus broken up to facilitate in situ release of
DOX for enhanced chemotherapy. The synergistic photothermal
and chemotherapy of the NIR responsive “nanobomb” achieved
excellent anticancer activity both in vitro and in vivo. Recently,
Dong’s group synthesized high drug-loading PDA-chlorambucil
conjugate nanoparticles by direct polymerizing dopamine with
a novel pH and reduction-responsive dopamine-chloroambucil
prodrug (Du et al., 2019). The PDA-chlorambucil prodrug
nanoparticles exhibited triple pH/reduction/NIR light responsive
drug release profile in vitro and achieved traceless and complete
ablation of MCF-7 tumors without recurrence within 50 days by
combined chemotherapy and mild hyperthermia.

CONCLUSION AND OUTLOOK

In this review, we summarized recent advances in NIR light
responsive nanomaterials for combined chemo-photothermal
cancer therapy. Metal-, carbon-based and organic nanomaterials
were included to discuss their design, preparation and
application in combined therapy for improving cancer
treatment. The combined chemo-photothermal therapy has
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been widely evaluated to show synergistic anticancer effect in
a “1+1>2” manner. On the one hand, hyperthermia induced
by photothermal agents upon specific NIR laser irradiation in
the tumor region can not only kill cancer cells directly, but also
serve as heat trigger to stimulate drug release in a controlled
manner and facilitate cell membrane permeability to enhance
drug uptake. On the other hand, optimized chemotherapy
by systematic administration of anticancer drugs can help
to completely eradicate tumors together with photothermal
therapy. The combined chemo-photothermal therapy has
also shown excellent performance in overcoming MDR and
lung metastasis.

In spite of the rapid development and promising potential
of nanomaterials for chemo-photothermal therapy, there
still exist several critical issues that need to be addressed.
Firstly, the photothermal conversion efficiency, which will
significantly influence the dosage of photothermal agents
and NIR light intensity/irradiation time for efficient heat
generation, differs among various nanomaterials concerned
in this review. Photothermal conversion efficiencies of several
kinds of nanomaterials are summarized in Table 1. More efforts
are needed to be put into the creation of novel nanomaterials
with favorable photothermal conversion efficiency in order
to achieve satisfactory photothermal outcome and reduce the
administration dose of nanomaterials. Secondly, though NIR
laser can reach deeper tumor tissues, the penetrated depth is
still limited. Therefore, the non-invasive photothermal therapy
seems mostly feasible for superficial tumors. For internal organ
tumors, efficient photothermal therapy can be conducted with
minimal intervention by the development of novel invasive
medical devices. Thirdly, long-term cytotoxicity of these
nanomaterials, especially those with poor biodegradability
such as carbon-based nanomaterials, remains uncertain and
deserves more attention in future studies. In this regard,
organic photothermal agents-based nanomaterials exhibit better
performance in biodegradability and biocompatibility. For
example, nano-formulations containing FDA-approved ICG are
very promising for future clinical utilization. Another concern
of cytotoxicity comes from the loaded chemotherapeutic drugs.
Though excellent anticancer efficacy can be obtained in a lower
dosage with the assistance of hyperthermia, the systematic
distribution may still induce undesired side effects. Covalently
conjugated prodrugs can significantly decrease premature release
of drugs during blood circulation before linker cleavage under

tumor physiological environment. Surface tailoring through
conjugation of targeting moieties on nanomaterials can further
enhance tumor accumulation via specific nano-cell interactions,
consequently enhancing anticancer efficacy, and reducing side
effects. Lastly, the mechanism of synergistic effect for combined
chemo-photothermal therapy needs deeper investigation
in the future. Hyperthermia has been reported to increase
vascular permeability within tumor tissues, thus promoting
drug enrichment and enhancing therapeutic outcome of
chemotherapy. Multidrug resistance is one of the major obstacles
against efficient cancer treatment by single chemotherapy.
Photothermal therapy has been proved to significantly reduce
drug efflux by inhibiting P-glycoprotein expression with
augmentation of drug sensitivity to cancer cells. Nevertheless,
molecular mechanisms beneath chemo-photothermal therapy,
involving multiple signaling pathways in cancer cells, are still
rarely to be explored. Certainly, studies on tumor biology will
help us to have better understanding about intrinsic mechanism
for drug resistance, facilitating the design of novel nanomaterials
for precise and efficient cancer treatments.

Regardless of the existing challenges, chemo-photothermal
combination therapy has shown promising results in many
experiments. With the rapid development of nanoscience,
material chemistry, and tumor biology, we believe that successful
clinical applications of nanomaterials for chemo-photothermal
cancer treatment can be expected in the future.
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Cancer is one of the leading causes of death in the world. Therefore, the development

of new advanced and targeted strategies in cancer research for early diagnosis and

treatment has become essential to improve diagnosis outcomes and reduce therapy side

effects. Graphene and more recently, MXene, are the main representatives of the family

of two-dimensional (2D) materials and are widely studied as multimodal nanoplatforms

for cancer diagnostics and treatment, in particular leveraging their potentialities as

photodynamic therapeutic agents. Indeed, due to their irreplaceable physicochemical

properties, they are virtuous allies for photodynamic therapy (PDT) in combination with

bioimaging, photothermal therapy, as well as drug and gene delivery. In this review, the

rapidly progressing literature related to the use of these promising 2Dmaterials for cancer

theranostics is described in detail, highlighting all their possible future advances in PDT.

Keywords: photodynamic therapy, theranostics, graphene, MXene, nanomedicine

INTRODUCTION

Photodynamic therapy (PDT) is a form of phototherapy aimed at achieving cell death via
the generation of cytotoxic reactive oxygen species (ROS). Although PDT is still an emerging
therapeutic modality, it has already been established as a clinically approved method for the
treatment of various malignant diseases, including cancer (Agostinis et al., 2011).

Clinically, PDT is usually used in conjunction with other forms of treatments, such as
surgery, radiotherapy (RT), and chemotherapy (CT). Due to its local activation and limited
tissue penetration, PDT has relatively low invasiveness, and in many cases, good cosmetic
results. Therefore, this therapy is particularly suitable for the treatment of exposed skin and
sensitive areas, like the head and neck. Moreover, even though it may induce prolonged
periods of skin photosensitivity, during which patients need to avoid light, it lacks the serious
adverse events (AE) seen in RT and systemic CT. Surgery represents the first-choice treatment
and, for the majority of tumor types, the only curative intervention for early diagnosed
cancer. However, since most patients are usually diagnosed at late stages, treatments such
CT and RT are then preferred. In case of inoperable disease and failure or refusal of other

67

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2019.00295
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2019.00295&domain=pdf&date_stamp=2019-10-25
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:vitalef@pennmedicine.upenn.edu
mailto:ayilmazer@ankara.edu.tr
mailto:luciagemma.delogu@unipd.it
https://doi.org/10.3389/fbioe.2019.00295
https://www.frontiersin.org/articles/10.3389/fbioe.2019.00295/full
http://loop.frontiersin.org/people/680245/overview
http://loop.frontiersin.org/people/789229/overview
http://loop.frontiersin.org/people/503749/overview


Gazzi et al. Progress and Future Challenges in 2D Theranostics

treatments, PDT can potentially be used as a standalone
treatment or in combination with other therapies due to the
absence of systemic effects and its ability to preserve the organ
function. Furthermore, unlike RT, PDT mechanisms of action
allow its use also for repeated treatments.

Currently, there are 563 registered clinical trials for PDT, of
which almost 60% are directed against cancer (www.clinicaltrials.
gov). Among the drug-device combination products, PDT was
the first one approved by the Food and Drug Administration
(FDA), being now under investigation in preclinical studies
to improve its efficacy and safety (Ferreira Dos Santos et al.,
2019). The PDT procedure requires three main components: a
photosensitizer (PS), a light source (laser), and molecular tissue
oxygen. In the context of cancer treatment, the PS is administered
locally or systemically, being accumulated in the tumor site.
Subsequently, the patient is locally irradiated with light of a
proper wavelength, with the aim to activate the PS in the presence
of molecular oxygen (Dolmans et al., 2003).

Following administration, PSs can be internalized by both
cancer and normal cells. While healthy tissues can eliminate
the PS over time, this is not possible for tumor cells due to
the lymphatic inadequacy. The resulting PS retention in tumor
tissues, together with the localized activation by irradiation,
makes PDT a selective treatment for cancer.

The treatment will result in localized oxidative photodamage,
consisting in the oxidation of a large range of cellular
biomolecules, including nucleic acids, lipids, and proteins.
Consequently, the process will lead to selective cytotoxicity,
mainly due to a severe alteration in cell signaling cascades
and gene expression regulation. The cellular response to
photodamage is closed related to several factors. Due to its
characteristics, a PS will usually accumulate toward different
cellular organelles (e.g., mitochondria and lysosomes), plasma
membrane, Golgi apparatus, or endoplasmic reticulum (ER).
Generally, three main mechanisms of photodamage-induced cell
death have been described: apoptosis, necrosis and autophagy at
the tumor site (Bacellar et al., 2015; Ferreira Dos Santos et al.,
2019). This process is also accompanied by the induction of
an acute local inflammatory reaction that participates in the
removal of dead cells, restoration of normal tissue homeostasis
and development of systemic immunity (Henderson et al., 2004;
Korbelik, 2006). This ability of PDT to activate multiple cell
death pathways enables circumvention of apoptosis-resistance in
cancer cells, one of the main problems for anticancer approaches.

The superoxide anions released in type I reactions do
not pose particular harm to biological systems directly but
contribute to the production of hydrogen peroxide, resulting
in lipid peroxidation, ultimately leading to the disruption of
cellular membranes. Thanks to the short singlet oxygen (1O2)
lifetime of ∼40 ns and its short-range action (maximum action
radius of about 20 nm), together with the localized PS light-
induced activation, PDT is a highly controllable and specific
therapy. PS localization can also modulate the subcellular site
of action of PDT. Extensive cell damages could also affect
apoptotic pathway components, and therefore apoptosis may not
be properly executed. Thanks to the autophagy process, cells
have the ability to recycle damaged cytoplasmic components

and organelles trough the creation of the “autophagosome,” a
double membrane structure that after the engulfment of the
damaged particles fuses with lysosomes in order to degrade
its contents. This autophagic process is not only considered to
be a cytoprotective mechanism, being observed also as a cell
death mechanism in response to PDT. When the apoptotic
mechanism is compromised, cell death mainly occurs through
autophagy. This seems to be also correlated with PDT dose, since
autophagy can serve as a protective mechanism or initiate the
autophagic cell-death, when using low or high doses, respectively
(Figures 1A,B). Several preclinical studies have been performed
to improve the safety and efficacy of PDT, as well as to extend
the number of the different types of diseased tissues that can be
treated, thanks to the use of next-generation PSs. The design of
second-generation PSs was aimed to develop new agents with
higher absorption wavelengths, enabling deeper organs to be
targeted thanks to enhanced penetration of light (Lou et al., 2004;
Agostinis et al., 2011; Story et al., 2013). Later, the introduction of
third-generation PSs allowed improving targeting strategies, such
as antibody-directed PS and PS-loaded nanocarriers (Agostinis
et al., 2011; Yoon et al., 2013).

Thanks to the progress of nanotechnology, the improvement
of PDT using theranostic two-dimensional (2D) nanomaterials
(NMs) is attracting growing attention. Therapeutic strategies
were combined with imaging modalities for a theranostic aim in
order to monitor the biodistribution of therapeutic agents and to
identify and/or localize the tumormass and its growth (Cho et al.,
2013; Wang et al., 2013; Ge et al., 2014; Gollavelli and Ling, 2014;
Rong et al., 2014; Kim et al., 2015; Wu et al., 2015; Yan et al.,
2015b; Guan et al., 2016; Kalluru et al., 2016; Luo et al., 2016;
Gulzar et al., 2018).

Currently, multiple combinations of various therapeutic and
diagnostic modalities are adopted to achieve a theranostic effect
(Orecchioni et al., 2015; Ji et al., 2019), and can be further
improved and expanded thanks to the development of NM-
based theranostic nanoplatforms. Among 2D NMs suitable for
this purpose, graphene and graphene-based materials (GBMs),
including few layer graphene (FLG), graphene oxide (GO),
reduced graphene oxide (rGO), nano-graphene oxide (NGO),
and graphene quantum dots (GQDs), bring the technological
innovations needed to the current societal and industrial
challenges (Boukhvalov and Katsnelson, 2008; Park and Ruoff,
2009; Gao et al., 2010; Kuila et al., 2012; Mao et al., 2012;
James and Tour, 2013; Quintana et al., 2013; Yang et al., 2013a;
Roppolo et al., 2014; Sechi et al., 2014; Servant et al., 2014;
Kim et al., 2016; Shin et al., 2016; McManus et al., 2017;
Park et al., 2017). Graphene, consisting of a single layer of
carbon atoms arranged in a honeycomb structure, exhibits a
unique combination of physiochemical properties, including
high surface area (2,630 m2 g−1), optimal thermal conductivity
(∼5,000WmK−1), remarkable optical transparency (single layer
graphene absorbs ∼2.3% of visible light), strong mechanical
strength (Young’s modulus of ∼1 TPa), and room temperature
quantum hall effect for electrons and holes (Novoselov et al.,
2012). Its 2D plane sp2 hybridization results in delocalized out
of plane π bonds providing an outstanding carrier mobility
(ranging from ∼ 200,000 to ∼500,000 cm2 V−1 s−1, in case of
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FIGURE 1 | Schematic illustration of phototherapy. (A) PDT mechanisms of action and subsequent induced cell death: apoptosis, necrosis, and autophagy. (B) PTT

mechanisms of action and subsequent cell death induced by cell membrane destruction, DNA denaturation, and angiogenesis blocking.

suspended graphene or graphene-based field effect transistors,
respectively). Due to its characteristics, graphene offers new
fascinating perspectives in nanomedicine for the development
of new therapeutic delivery approaches, imaging strategies, as
well as biosensor-based diagnostic tools (Yang et al., 2013b;
Orecchioni et al., 2014, 2015, 2016b; Avitabile et al., 2018; Fadeel
et al., 2018b).

Recently, other promising 2D NMs have attracted attention
for their possible applications in various fields, including
biomedical sciences (Chen et al., 2015; Luo et al., 2018). One
of the most recently discovered 2D materials is MXene, which
was first introduced by Gogotsi et al. in 2011 (Naguib et al.,
2011). Since then, more than 20 species of MXenes have been
successfully synthesized, and the structure/properties of more
than 70 have been predicted in silico. MXenes are composed of
early-transition-metal carbides, carbonitrides, and nitrides with
structural formula Mn + 1Xn, where M is an early transition
metal, X stands for carbon, nitrogen, or both, and n = 1–
3. MXenes are synthesized through selectively etching the A-
group element from the precursor ternary-layered carbides of
MAX phases, where A represents a group of 12–16 periodic
table elements. As a consequence of the selectively etching
of the A group with -F containing etchants, such as HF, the
resulting MXenes will be characterized by abundant surface-
terminating functional groups, e.g., hydroxyl (–OH), oxygen (–
O), or fluorine (–F), endowing their hydrophilic nature and
allowing their flexible surfacemodification and functionalization.
Thanks to the production scalability, the rich surface chemistry,
the metallic conductivity, the excellent mechanical/thermal
properties, and ease of processability, MXenes have attracted
increasing attention for a number of different applications, such
as energy storage (Lukatskaya et al., 2017), electromagnetic
interference shielding (Shahzad et al., 2016), electrocatalysts (Seh
et al., 2016), electrochemical supercapacitors (Ghidiu et al., 2015),
and Li-ion batteries (Er et al., 2014; Anasori et al., 2017), just to
name a few.

In recent years, MXenes have also been explored for their
applications in biomedicine, especially as building-blocks in
nano-biotechnology platforms. From the topological perspective,

MXenes share all the advantages of other classes of 2D
NMs, stemming from their impressive properties, such as
extreme thinness, high surface-to-volume ratio, and mechanical
toughness. Additionally, the rich chemistry on the surface
of MXenes provides abundant reactive sites for enzyme or
drug functionalization, while their volumetric capacitance and
metallic conductivity are highly desirable for low-noise and high-
fidelity biosensors (Driscoll et al., 2018). MXenes exhibit strong
absorption in the near-infrared (NIR) region, both in the first
(650–950 nm) and second biological window (1,000–1,350 nm),
where the low scattering and energy absorption allow maximum
penetration of the radiation through the tissue.

The suitability of GBMs for multiple cancer theranostic
applications is due to their unique intrinsic physicochemical
properties, making them superior nanotools compared to
the existing materials and devices used for this purpose,
such as optical transparency, high surface area, easy surface
functionalization, and low-cost production. In this contest, the
use of GBMs and MXenes has been proposed to enhance
PDT efficiency. For example, these promising materials are
able to correct some of the limits showed by the conventional
PSs required for this medical technique. Those are mainly
represented by porphyrin-based molecules, such as Chlorin e6
(Ce6), which are characterized by low solubility, photostability,
difficulties in delivery efficiency, and inability to be absorbed in
regions where the skin is the most transparent (Detty et al., 2004;
Huang, 2005). Besides providing a superior biocompatibility,
2D NMs, and in particular GO, can endow them with higher
water dispersibility (Gao et al., 2004; Michalet et al., 2005;
Resch-Genger et al., 2008), photostability, cytotoxicity, and
ROS-generation efficiency (Ge et al., 2014; Pelin et al., 2018).
Other materials, such as GQDs, are able to perform better
than conventional PDT agents due to their extremely high 1O2

quantum yield, GQDs (Ge et al., 2014).
Moreover, the particular nanostructure and the large surface

area of these 2D NMs facilitate the loading of PSs and other
targeting moieties or drugs, allowing a specific release of the
treatment and selectivity for cancer cells. Indeed, the presence
of the 2D surface characterized by delocalized π electrons and,
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FIGURE 2 | Schematic representation of the current applications in PDT for cancer theranostics based on graphene and MXene. Left panel: representation of

graphene and MXene. Middle panel: combined applications with PDT, types of conjugated molecules (for PTT), types of imaging, and examples of conjugated drugs

(for drug delivery). Right panel: types of cancer investigated in vitro and in vivo.

in particular for GO, the existence of polar functionalities (e.g.,
epoxide, carbonyl, carboxyl, and hydroxyl groups), allows high
drug loading ratios to be reached simply, even of poorly soluble
chemotherapeutic drugs, based on electrostatic or hydrophobic
interactions and π-π stacking capability, which can even achieve
200 wt% (Augustine et al., 2017). In addition, thanks to the high
surface-to-volume ratio, it is possible to reach a superior bio-
functionalization, which allows several drugs and molecules to
be added, including such fluorescent probes, genes, and targeting
moieties to specifically recognize cancer cells, making it possible
to achieve their guided and controlled release to the targeted cells.

Furthermore, thanks to the intrinsic NIR absorption
properties, GO is a suitable tool for both PDT and photothermal
therapy (PTT), obtaining a higher therapeutic efficiency through
both in situ production of ROS and tumor ablation under NIR
irradiation. Together with PDT, PTT represents an alternative
anticancer therapy thanks to the selectivity of the hyperthermic
process toward cancer cells, sparing healthy tissues. Irradiation
of plasmonic NPs accumulated in the tumor with a light of
appropriate wavelength leads the NP conduction band electrons
to undergo synchronized oscillations, allowing the conversion

of NIR light into heat. There are three mechanisms that lead to

cell death: cell membrane damage, denaturation of DNA, and

angiogenesis blocking (Figure 1B). The investigation of MXenes

as PSs for PDT is still in its infancy and, as of June 2019, most of

the published works have reported on different MXene species as

photothermal conversion agents (PTAs) for PTT (Lin et al., 2016,
2017; Dai et al., 2017; Han et al., 2018; Feng et al., 2019). Indeed,
MXenes show higher photothermal effect compared to GO; thus,

they appear particularly suitable as PTA for cancer therapy and
imaging (Lin et al., 2016, 2018).

In light of this consideration, in this review, we aim to
discuss the current state of the art of PDT in cancer theranostics
based on GBMs and MXenes, alone or in combination with
other therapies (i.e., PTT and drug delivery). A literature
mining protocol was developed to present an overview of the
literature in this context, focusing on the different types of
models, cancer, functionalization, and combined approaches. A
schematic representation of graphene- and MXene-based PDT
for cancer theranostic applications is shown in Figure 2. We then
have analyzed the future trends in PDT related to graphene and
MXene, identifying different knowledge gaps in the field.

GRAPHENE AND MXene LITERATURE
SURFING

A systematic review of the literature on graphene and MXene,
studied in biomedicine as nanotools for cancer theranostic
applications based on PDT, was performed with no time
restriction, according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
The electronic databases (PubMed, Scopus, and ToxLine) were
used as data sources, via the following keywords in several
different combinations: graphene, GBMs, FLG, GO, rGO, NGO,
GQDs, MXene, theranostic, and PDT. To help the reader, Table 1
shows all the acronyms used in the text. As an additional tool,
high-impact review articles were also considered. The list of
reported studies includes all the retrieved publications from 2008
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to January 2019. The adopted inclusion criteria were as follows:
(1) studies published in English; (2) full text articles; and (3)
the use of PDT in combination with other graphene/MXene
applications. A total of 20 eligible studies were identified through
the literature review for inclusion in the current review, 1
for MXenes and 19 for GBMs. The latter are summarized
in Table 2 based on the different types of cancer, combined
applications, species of investigation, model, and material used
in the respective study. The trend from 2011 to 2018 displays
a remarkable growing interest in graphene and GBMs for
cancer PDT.

A search on clinical trials was performed using the same
criteria; however, although there are currently 325 clinical trials
based on PDT for cancer therapy (www.clinicaltrials.gov), none
of them involves GBMs orMXenes. This result highlights that the
research on 2D nanomaterials for PDT, despite promising results
obtained in vitro and in vivo, is still at a very early stage for a
clinical translation.

The 19 manuscripts on graphene-based PDT in cancer
theranostics were analyzed with respect to type of applications
combined with PDT, model used for the study (in vivo or
in vitro), and type of cancer studied (Figure 3). Focusing on
the association of other cancer theranostic applications, it
emerged that PDT was often applied together with one or
multiple therapies and imaging modalities: the majority of
the studies (58%) concerned the simultaneous application of
PDT, imaging, and PTT, drug delivery or other therapies,
followed by the combination of PDT with PTT, drug
delivery or other therapies (32%), while only 10% of the
works used PTD associated with imaging alone (Figure 3A).
In particular, PDT was used in combination with different
imaging techniques, such as luminescence imaging (CLI),
fluorescence imaging, photoacoustic imaging (PAI), magnetic
resonance imaging (MRI), confocal microscopy (CLSM),
thermal imaging (IRT), Raman imaging, and positron emission
tomography (PET). From the analysis of the model used
in the works, it emerged that most studies were carried
out both in vitro and in vivo (48%), a large number (47%)
using only in vitro models consisting of different kinds of
cancer cells, while only 5% tested these materials exclusively
in vivo (Figure 3B).

Finally, we focused on the different types of tumors studied
(Figure 3C), identifying cervical cancer as the most investigated
(32% of publications). Indeed, according to the World Health
Organization (WHO)1, cervical cancer is the fourth most
common type of tumor in women and the eighth most
frequently occurring overall; rising with 570,000 new cases
in 2018 and representing 6.6% of all female cancers (from
world health organization www.who.int). The second largest
portion comprises works focusing on lung cancer (23%), followed
by publications concerning breast cancer (18%) and gastric
cancer (9%). Papers investigating other kinds of tumors, such
as skin, brain, liver cancer, and papilloma, make up the
remainder (5%).

1WHO. Cervical Cancer WHO. Available online at: http://www.who.int/cancer/

prevention/diagnosis-screening/cervical-cancer/en/ (accessed July 4, 2019).

TABLE 1 | List of abbreviations.

ABBREVIATIONS

AE Adverse events

Ce6 Chlorin e6

CLI Cerenkov luminescence imaging

CLSM Confocal laser scanning microscopy

CT Chemotherapy

DOX Doxorubicin

DPBF 1,3-diphenyli-sobenzofuran

DVDMS Sinoporphyrin sodium

EPR Enhanced permeability and retention

ER Endoplasmic reticulum

FDA Federal Drug Administration

GBMs Graphene based materials

GO Graphene Oxide

GQDs Graphene quantum dots

HA Hyaluronic acid

HB Hypocrellin B

hMPO human myeloperoxidase

HPPH 3-(1
′

-hexyloxyethyl)-3-devinyl pyropheophorbide-a

H2O2 Hydrogen peroxide

ICG Indocyanine green

IRT Infrared thermal imaging

LSPR Localized Surface plasmon resonance

MIRIBEL Minimum Information Reporting in Bio–Nano

Experimental Literature

miRNA MicroRNA

MRI Magnetic resonance imaging

NGO Nanographene oxide

NIR Near infrared

NMs Nanomaterials
1O2 Singlet oxigen

PAI Photoacoustic imaging

PDT Photodynamic therapy

PEG Polyethylene glycol

PEI Polyethylenimine

PET Positron emission tomography

PRISMA Preferred Reporting Items for Systematic Reviews

and Meta-Analyses

PS Photosensitizer

PTA Photothermal conversion agents

PTT Photothermal therapy

rGO Reduced graphene oxide

RT Radiotherapy

siRNA Short interfering RNA

UCL imaging Upconversion Luminescence Imaging

UCNPs Upconversion nanoparticles

WHO World health organization

ZnPc Phthalocyanine

PROGRESS IN PHOTODYNAMIC THERAPY
IN GRAPHENE- AND MXENE-MEDIATED
THERANOSTICS

GBMs have attracted attention for PDT exploiting their
optical loading properties (Avitabile et al., 2018; Viseu et al.,
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TABLE 2 | Table showing all the studies using GBMs for PDT theranostic applications.

References Type of cancer Type of

applications

Model Drug/PS Imaging Material

Tian et al. (2011) Cervical cancer PDT and drug

delivery

In vitro Chlorin e6 – GO-PEG

Huang et al. (2011) Gastric

carcinoma

PDT and drug

delivery

In vitro Chlorin e6 – FA-GO-Ce6

Zhou et al. (2012) Lung cancer PDT and drug

delivery

In vitro Hypocrellin A and

Camptothecin

– rGO

Wang et al. (2013) Papilloma,

cervical cancer

Imaging, PDT, and

PTT

In vitro and

in vivo

Doxorubicin CLSM and MRI UCNPs-NGO/ZnPc

Sahu et al. (2013) Cervical cancer PDT and PTT In vitro and

in vivo

Methylene blue – GO

Cho et al. (2013) Lung cancer Imaging, PDT, and

PTT

In vitro Chlorin e6 NIR fluorescence

imaging

GO–HA–Ce6

Rong et al. (2014) Breast cancer Imaging and PDT In vitro, in vivo,

and ex vivo

HPPH PET imaging, (NIR)

fluorescence imaging

GO-PEG-HPPH

Zhou et al. (2014) Lung cancer PDT and drug

delivery

In vitro Hypocrellin A and

Camptothecin

– HA/SN-38/GO

Gollavelli and Ling (2014) Cervical cancer Imaging, PDT, and

PTT

In vitro – Fluorescence imaging

and MRI

MFG (magnetic and

fluorescent graphene)

Ge et al. (2014) Cervical, breast

cancer

Imaging and PDT In vitro and

in vivo

– Fluorescence imaging NGs-QDs

Yan et al. (2015a) Lung cancer Imaging, PDT, and

PTT

In vitro and

in vivo

DVDMS Fluorescence imaging

and PAI

GO-PEG-DVDMS

Wu et al. (2015) Breast cancer Imaging, PDT, PTT,

and drug delivery

In vitro Indocyanine green NIR fluorescence

imaging

pGO-CuS/ICG

Yan et al. (2015b) Brain cancer Imaging, PDT and

drug delivery

In vitro, in vivo,

and ex vivo

DVDMS Fluorescence imaging GO-PEG-DVDMS

Kim et al. (2015) Cervical cancer Imaging, PDT, and

PTT

In vitro Au Raman Bioimaging PEG-Au@GON NPs

Luo et al. (2016) Lung cancer Imaging, PDT, and

PTT

In vitro and

in vivo

– Fluorescence confocal

microscope NIR

fluorescence and

thermal imaging

NGO-808

Kalluru et al. (2016) Melanoma Imaging, PDT and

PTT

In vivo – Fluorescence imaging GO-PEG-folate

Wo et al. (2016) Esophageal

squamous

carcinoma

PDT, PTT, drug

delivery, and

magneto-

mechanical

therapy

In vitro Doxorubicin – HMNS/SiO2/GQDs-

DOX

Wu et al. (2017) Breast cancer Imaging, PDT, and

PTT

In vitro and

in vivo

Chlorin e6 CLSM, thermal/PT

imaging

GO/AuNS-PEG and

GO/AuNS-PEG/Ce6

Gulzar et al. (2018) Liver and

cervical cancer

Imaging, PDT, and

PTT

In vitro, in vivo,

and ex vivo

Chlorin e6 UCL imaging NGO-UCNP-Ce6

(NUC)

The 19 selected studies were characterized on the basis of different type of cancer, application, model, drug/PS, imaging method and material.

2018). Studies in the field of theranostics started by using
GBMs as delivery vehicles for both PS and imaging agent
(Sahu et al., 2013; Gollavelli and Ling, 2014), paving the way
to the following research for a more detailed exploration
of nanotechnology-based PDT in cancer theranostics.
Graphene has been shown to adsorb light in the near
infrared (NIR) region, allowing its potential application for
cancer phototherapy to be evaluated both in vivo and in vitro
(Cho et al., 2013; Sahu et al., 2013; Wang et al., 2013; Gollavelli
and Ling, 2014; Rong et al., 2014; Kim et al., 2015; Wu et al.,

2015, 2017; Yan et al., 2015a; Kalluru et al., 2016; Luo et al., 2016;
Wo et al., 2016; Gulzar et al., 2018).

Moreover, it has been demonstrated, both in cell and animal
models, that GBMs exhibit several advantages for drug delivery,
giving the possibility of high drug loading efficiency, controlled
drug release and tumor-targeted drug delivery (Bitounis et al.,
2013; Yang et al., 2016; Zhang et al., 2016, 2017). Indeed,
different biomolecules, such as DNA, microRNA (miRNA), short
interfering RNA (siRNA), and chemotherapeutic drugs can be
loaded onto the surface of these materials for gene transfection
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FIGURE 3 | Overview of graphene-based PDT theranostics. Percentages of manuscripts (19 papers) on the basis of (A) type of applications combined with PDT,

(B) model used for the study (in vivo or in vitro), (C) type of cancer studied.

and drug delivery (Huang et al., 2011; Tian et al., 2011; Zhou et al.,
2014; Yan et al., 2015b; Wo et al., 2016; Wu et al., 2017). GBMs
and MXenes are also suitable for imaging purposes. In particular,
GO-based nanoplatforms show great potential exploitable for
imaging purposes, thanks not only to the efficient quenching
properties of GO toward several fluorescent moieties, including
dyes, quantum dots, and conjugated polymers, but also to its
ability to improve their stability, distribution, biocompatibility,
and photodynamic efficiency (Yan et al., 2015b). Other materials,
such as NGO sheets, have a photoluminescent emission in the
visible and infrared regions (Sun et al., 2008). This intrinsic
photoluminescence (PL) can be exploited for little background-
NIR live cell imaging (Sun et al., 2008). GQDs exhibit multiple
properties, ranging from their broad absorption in the visible
and NIR light range, their good aqueous dispersibility, deep-
red emission, high pH and photo-stability up to their positive
biocompatibility. In addition, GQDs display a relevant 1O2

generation yield, beyond 1.3 (almost double compared to the
other PDT agents studied in literature). Among the various
unique properties, GQDs also present an up-conversion PL (Zhu
et al., 2012a,b; Feng et al., 2017), ranging from blue to yellow
colors (Li et al., 2013). Due to all their properties, GQDs are able
to behave as a multifunctional nanoplatform for the theranostic
combination of imaging and highly efficient in vivo PDT (Ge
et al., 2014).

For these reasons, scientists attempted to exploit these
therapeutic and imaging potentialities of GBMs in cancer
theranostics to achieve targeted cancer cell killing as well as
less impairment of healthy cells. An example of PDT based
on graphene for combined applications in cancer theranostic is
reported in Figure 4.

Combined Therapy: PDT and Drug
Delivery/PTT
The development of outstanding nanoplatforms leveraging PDT
and synergistic therapies, based on drug delivery and PTT, is
currently being extensively investigated for cancer treatment.
In one of the earliest works showing the promise of GBMs in
PDT, in 2011, Tian et al. loaded polyethylene glycol (PEG)-
functionalized GO with the PS Ce6 via supramolecular π-π
stacking (Tian et al., 2011). The material was taken up by cervical

cancer cells and resulted in the formation of ROS under light
excitation. Anti-cancer activity of the GO-PEG-Ce6-mediated
PDT protocol was more pronounced compared to free Ce6.
Also, Huang et al. proposed to use GO as a delivery platform
for Ce6 (Huang et al., 2011). Like the above studies, Ce6 was
loaded onto folic acid targeted GO through π-π stacking and
hydrophobic interactions. The systemwas shown to kill MGC803
gastric cancer cells upon irradiation. Later, Zhou et al. efficiently
loaded GO with the PS hypocrellin B (HB) through π-π stacking
interaction. They showed that the material was able to generate
1O2 upon irradiation (Zhou et al., 2012). The same group
later reported that the efficiency of PS-loaded GO anticancer
activity could be even improved through its combination with
chemotherapy (Zhou et al., 2014). In particular, in this study,
hypocrellin A and 7-ethyl-10-hydroxycamptothecin were co-
loaded on GO and the resulting system induced higher cell
death in a lung cancer cell line model when exposed to
light, demonstrating that chemotherapy and PDT can work
synergistically (Zhou et al., 2012).

Later, in another study, functionalized nano-graphene oxide
(NGO) was complexed with a PS methylene blue in order to
achieve combined PTT/PDT of cancer (Sahu et al., 2013). Due
to the pluronic functionalization, material showed great stability
in biological fluids. Authors reported that the nanocomplex was
efficiently taken up by cancer cells and able to release methylene
blue in a pH-dependent manner. Only when exposed to light
did the system showed anti-cancer activity in vitro. Following
its systemic administration in tumor bearing mice, nanocomplex
was shown to accumulate in tumor. When mice were irradiated
with NIR light, it caused total ablation of tumor tissue through
the combined action of photodynamic and photothermal effects.

These studies suggested the possibility of exploiting the
properties of GBMs and MXene to perform an improved PDT
in multimodal nanosystems for cancer treatment and paved the
way up for future theranostic works.

Theranostics: Imaging and PDT
GBMs can be used not only in PDT protocols and other
combined therapies, but also for imaging purpose, allowing
the development of new theranostic nanoplatforms for cancer
diagnosis and treatment. For example, in 2014, Ge et al.
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FIGURE 4 | Example of PDT based on graphene for combined and multimodal applications in cancer theranostic. (A) Schematic illustration of NGO-808 preparation

and combined A549 tumor xenografts-targeted NIR imaging and synergistic phototherapy (PDT and PTT). (B) Thermal images showing the higher heat generation of

NGO-808 (bottom row) compared to that in blank phosphate-buffered saline (upper row) during 5min 808 nm laser irradiation. (C) In vivo NIR imaging of NGO-808 on

A549 tumor xenografts. (D) In vivo combined PDT and PTT on A549 tumor xenografts treated with NGO-808. Adapted with permission from Luo et al. (2016),

copyright 2016 American Chemical Society.

exploited the intrinsic properties of graphene quantum dots
(GQDs), such as the broad absorption from the visible to
the NIR, high pH- and photo-stability, and biocompatibility
for imaging purposes (Ge et al., 2014). In this study, GQDs
exhibited a massive 1O2 generation yield, making them efficient
multifunctional nanoplatforms for in vivo simultaneous imaging
and extremely efficient PDT of different types of cancer, including
skin melanoma and tumors located near the skin. During the
same year, Rong et al. identified PEG-functionalized GO as a
suitable nanoplatform to increase PDT efficacy and improve
long-term survival after treatment (Rong et al., 2014). This
was obtained mainly thanks to the ability of the GO-based
nanotool to serve as a carrier for the PS agent HPPH, increasing
its accumulation to the cancer site. In their in vivo studies,
the distribution and delivery were traced through fluorescent
imaging and positron emission tomography (PET) by the 64Cu
radiolabeling of HPPH. Compared to free HPPH, GO-PEG-
HPPH enhanced the photodynamic cancer cell killing ability
thanks to HPPH’s improved tumor delivery.

Theranostics: Imaging, PDT, and Drug
Delivery
In a study directed against lung cancer, a novel photo-theranostic
platform based on sinoporphyrin sodium (DVDMS) loaded on

PEGylated GO was investigated (Yan et al., 2015a). The GO-
PEG carrier improved the loaded PS DVDMS fluorescence
through intramolecular charge transfer and facilitated tumor
accumulation efficiency of DVDMS by enhanced permeability
and retention effect. The NIR absorption of GO was enhanced
by DVDMS, leading to improved photoacoustic imaging and
PTT. The in vivo intravenous injection of low doses of GO-
PEG (1 mg/kg) and of DVDMS (2 mg/kg) resulted in 100%
tumor eradication.

Theranostics: Imaging, PDT, and PTT
New advances have been made in cancer treatment to establish
a targeted protocol that covers the simultaneous application
of imaging methods for diagnosis and PTT or PDT for its
care. The theranostic progress made by the early studies led
to the development of new combined protocols involving
graphene nanoplatforms for a simultaneous imaging, PTT,
and PDT approach. Wang et al. developed a promising
integrated probe for UCL image-guided conjunctional PDT/PTT
of cancer (Wang et al., 2013). This multifunctional nanoplatform
(UCNPs-NGO/ZnPc) was composed of covalently grafted core–
shell structured upconversion nanoparticles (UCNPs) with
nanographene oxide (NGO) via bifunctional PEG loaded
with phthalocyanine (ZnPc). Authors suggested that this
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nanoplatform could be used as UCL high contrast imaging
probing of cells and whole-body for diagnosis, as well as
for PDT causing the formation of cytotoxic 1O2 under light
excitation and for PTT, by converting the 808 nm laser energy
into thermal energy (Wang et al., 2013). Another promising
platform for combined PTT/PDT directed for lung cancer was
realized by combining biocompatible HA-conjugated Ce6 with
GO (Cho et al., 2013). This dual PTT/PDT enzyme-activatable
GO–PS nanoplatform (GO–HA–Ce6) acts as a biologically
tunable agent, exploitable for NIR fluorescence imaging and
photo-induced cancer therapy (Cho et al., 2013). Another
incredible example of graphene-based combined multimodal
nanosystem for simultaneous imaging, NIR-induced PTT and
PDT was presented by Wu et al. (2017). In this research, all the
promising applications of graphene/Au-based nanohybrids have
been summed up into one single nanoplatform. They formulated
a graphene-Au nanostar hybrid NM (GO/AuNS-PEG) activated
by a single wavelength laser-mediated phototheranostic design,
based on the loading of Ce6 (GO/AuNS-PEG/Ce6) (Sahu
et al., 2013). Gollavelli et al. developed a superparamagnetic
graphene-based nanoplatform, so-called MFG-SiNc4, carrying
the hydrophobic silicon napthalocyanine bis (trihexylsilyloxide)
(SiNc4) PS (Gollavelli and Ling, 2014). The graphene used
in the study showed a wide range for NIR absorption (600–
1,200 nm). Therefore, the presence of SiNc4, working at any
wavelength within this range, facilitated the possibility of single
light induced phototherapy. In vitro and in vivo results have
shown that the simultaneous dual modal imaging and PTT/PDT
abilities of magnetic fluorescent graphene MFGeSiNc4 achieved
a significant cell killing efficacy which was a synergistic effect
of PDT and PTT. In 2016, Kalluru et al. reported for the first
time that NGO showed single-photon excitation wavelength-
dependent photoluminescence in the visible and short NIR
region, which could be exploitable for in vivo multi-color
fluorescence imaging (Kalluru et al., 2016). NGO induced the
formation of 1O2 both in vitro and in vivo for combined PDT
and PTT in melanoma. When mice with B16F0 melanoma
tumors were irradiated with NIR light at ultra-low doses, their
average half-life span was improved. In another study, with
the introduction of PS (IR-808) on nanoGO, authors were able
to combine NIR imaging synergistically with enhanced PDT
and PTT (Luo et al., 2016). Tumors were treated with PEG-
and PEI-functionalized NGO-808 and irradiated; apoptosis and
necrosis occurred, obtaining as result the complete ablation
of the tumor. Moreover, no recurrence was observed after 60
days post-irradiation.

In various studies, PEG was combined with the graphene-
based nanoplatforms to improve PDT efficacy or the material
biodistribution. For example, in 2015, Kim et al. studied the
effects of PEGylated graphene-gold nanoparticles (ZnPc-PEG-
Au@GON NPs) that, beside possessing a photothermal effect,
positively displayed multiple roles as Raman imaging agents,
delivery vehicle of ZnPc, and PS for enhanced combined
imaging, PTT, and PDT diagnosis and therapy (Kim et al.,
2015). A simultaneous and synergistic combination of PDT
and PTT was achieved as well as thermal and fluorescence
imaging. GO/AuNS-PEG composite demonstrated to produce

a high photothermal conversion efficiency due to the graphene
and gold nanostars enhanced optical absorbance in the NIR
range. The PS-assembled graphene/gold nanostar hybrid
completely eliminated the EMT6 xenografted tumors thanks to
the synergistic in vivo cancer cell killing of parallel PDT and
PTT under a single NIR laser irradiation (660 nm). Indeed,
this study further inspires new graphene-Au nanostar hybrid
applications as biocompatible nanoplatforms for imaging-guided
(fluorescence/thermal/photoacoustic imaging) multimodal
breast cancer therapy (PDT/PTT/chemotherapy/sonodynamic
therapy) (Wu et al., 2017).

More recently, Zhang et al. (2019) proposed Mo2C MXene
ad hoc synthesized in the nanosphere (NSph) topology as
a theranostic nanoagent for combined cancer dual therapy
(PTT and PDT) and imaging (photoacoustic and computerized
tomography). Also in this work, the ROS generation capability
was characterized by the modulation of DPBF absorbance at
420 nm under NIR irradiation at 1,064 nm and confirmed by
the inhibition of DPBF degradation upon addition of the ROS
quencher NaN3. In addition, synergistic PTT and PDT on
human liver carcinoma cells (HepG2) in vitro revealed more
than 80% of apoptotic cells in a dose-dependent manner,
confirming the critical contribution of ROS generation to the
efficacy of the Mo2C-mediated PTT/PDT synergistic therapy.
In vivo antitumor efficacy tested 14 days post-treatment in
HepG2 tumor bearing mice showed complete tumor ablation
and lack of regrowth after 10-min NIR exposure in the presence
of Mo2C pre-injected into the tumor, whereas control animals,
either non-irradiated or irradiated without Mo2C, showed a
4-fold increase in tumor volume. Hematologic, body weight,
and post-mortem histological analysis of explanted organ tissue
supported the safety of Mo2C NSph as an injectable PTA for
cancer theranostics.

Theranostics: Imaging, PDT, Drug Delivery,
and PTT
A low number of studies were carried to evaluate the use of GBMs
and MXenes for simultaneous imaging, PDT, drug delivery,
and PTT. In 2015, a NIR photo-triggered drug delivery system
pGO-CuS/IndoCyanine Green (ICG) exhibited high efficacy of
photothermal conversion, being a perfect candidate for highly
efficient controlled theranostic applications (i.e., bimodal PDT
and PTT therapy plus NIR imaging for a broad range of
deep-seated cancer tissues) (Wu et al., 2015). This promising
nanoplatform displayed optimal stability, high loading efficiency
of ICG, good photon energy conversion to heat and significant
1O2 generation yield under NIR laser treatment. It is able, via
passive transmembrane pathway, to readily reach the cellular
inner cytoplasm as a potent synergic platform for PDT and
PTT, killing specifically cancer cells by the appropriate tuning
the two NIR light irradiations (Wu et al., 2015). Later, Wo
et al. developed a multimodal system which was able to enclose
four different synergetic anti-cancer activities: photodynamic
toxicity, photothermal damage, chemotherapy, and magnetic
field-mediated mechanical stimulation (Wo et al., 2016). The
authors formed liposome-stabilized doxorubicin (DOX)-loaded
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FIGURE 5 | MXenes in cancer PDT. (A) Schematics of a multimodal PTT/PDT/chemotherapy synergistic platform based on Ti3C2 NSs functionalized with DOX.

Included is the synthesis if the Ti3C2 NSs from the precursor Ti3AlC2 phase, followed by the exfoliation, intercalation and functionalization steps. (B) Scanning electron

microscopy image of exfoliated Ti3C2 NSs. (C) Absorbance spectra and extinction coefficient at varying concentrations of Ti3C2 MXene. (D) ROS generation under

NIR irradiation at 808 nm in the presence of Ti3C2 and Ti3C2-DOX NS detected by DBPF absorbance assay. Reproduced with permission from Liu et al. (2017).

(E) Biodegradation of Nb2C NS. Reproduced with permission from Lin et al. (2017).

magnetic nanospheres, aimed at enhancing anti-cancer activity
through magnetic field-mediated mechanical force and NIR
laser irradiation.

Liu et al. (2017) first demonstrated the feasibility of Ti3C2

MXene nanosheets (NSs) as PSs for PDT in a PTT/PDT/chemo-
synergistic platform (Figures 5A–C). ROS generation in the
presence of Ti3C2 NSs in aqueous suspensions was investigated
using 1,3-diphenyli-sobenzofuran (DPBF) as the singlet 1O2

detector. Upon NIR irradiation of Ti3C2 NSs at 808 nm for
10min, DPBF showed a∼80% decrease in absorbance at 420 nm,
consequently revealing the generation of 1O2 (Figure 5D).
Similar ROS generation capability, although less pronounced,
was observed when Ti3C2 functionalized with DOX was
exposed to the same irradiation protocol, thus enabling the
development of combined PDT/chemotherapeutics. The exact
mechanism of 1O2 generation in Ti3C2 is still unclear and
warrants further investigations. The authors attribute it to the
energy transfer of photoexcited electrons from Ti3C2 to triplet
oxygen (ground state oxygen, 3O2), a mechanism similar to
the photodynamic behavior of GQDs (Ge et al., 2014) and
black phosphorous (Wang et al., 2015). The localized surface
plasmonic resonance (LSPR) effect might also play a role similar
to what has been reported for metals, like gold nanoparticles.
In these systems, the efficiency of energy transfer is enhanced
when the particles are in the aggregated state. Thus, the high
surface area of Ti3C2 might be particularly favorable for LSPR.
Compared to the individual therapeutic modalities, synergistic
PTT/PDT/chemotherapy with Ti3C2-DOX led to significant
improvements in therapeutic efficacy and recurrence outcomes
against human colon carcinoma (HCT-116) in vivo in tumor-
bearing mice. The abundant surface termination in the Ti3C2

NSs also enables specific functionalization to selectively target

species in the tumor microenvironment. For example, coating
Ti3C2-DOXwith hyaluronic acid increased colloidal stability and
actively targeted the surface protein CD44+ overexpressed in
breast cancer cells.

Theranostic Outcomes of the in vivo Studies

By analyzing the in vivo outcomes, it is possible to conclude
that all the studies presented very promising results for the use
of these materials in cancer theranostics, achieving a significant
(Kalluru et al., 2016; Gulzar et al., 2018) or even total cancer
ablation without tumor recurrence (Sahu et al., 2013; Wang et al.,
2013; Ge et al., 2014; Rong et al., 2014; Yan et al., 2015a,b; Luo
et al., 2016; Wu et al., 2017), as shown in Table 3. Among all the
materials, GO-based nanoplatforms were the most investigated
(5 in vivo studies out of 9), followed by NGO and GQDs (3 and
1 studies out of 9, respectively). Since GO and NGO can act both
as a photothermal agent and a delivery carrier for PSs, most the
works exploited its theranostic potential for combined PDT and
PTT. This strategy led to total cancer ablation between 14 and
21 days.

Thanks to the to the quantum confinement effect related
to their small dimensions, NGO and GQDs possess non-
blinking photoluminescence and photostability. Therefore, these
materials have been explored mainly for PDT in association
with UCL imaging (Luo et al., 2016; Gulzar et al., 2018) or
fluorescence imaging (Ge et al., 2014; Luo et al., 2016). In
particular, two studies investigated NGO for imaging-guided
PDT in combination with PTT (Luo et al., 2016; Gulzar
et al., 2018), achieving significant (Gulzar et al., 2018) or
even total (Luo et al., 2016) cancer ablation between 14
and 16 days.
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TABLE 3 | Comparison of nanomaterials and laser powers used for PDT-based cancer theranostic applications and relative outcomes in vivo.

References Tumor Laser

wavelength

Laser power

intensity

Irradiation time Starting

material

Combined

therapy

Outcome

(number of

days after the

treatment)

Sahu et al. (2013) Cervical cancer 650 nm 0.1 W/cm2 10min

(one time)

NGO PTT Total ablation

(15 days)

Ge et al. (2014) Cervical, breast

cancer

400–800 nm 0.1 W/cm2 10min

(two times)

GQDs – Total ablation

(17 days)

Rong et al. (2014) Breast cancer 671 nm 90.0 W/cm2,

0.1 W/cm2

20min

(one time)

GO – Total ablation

(60 days)

Yan et al. (2015a) Lung cancer 630 nm 16.0 W/cm2 5min

(one time)

GO PTT Total ablation

(14 days)

Yan et al. (2015b) Brain cancer 630 nm 156.0 W/cm2 –

(one time)

GO Drug delivery Total ablation

(10 days)

Luo et al. (2016) Lung

cancer

808 nm 1.0 W/cm2 5min

(one time)

NGO PTT Total ablation

(16 days)

Wu et al. (2017) Breast cancer 660 nm 0.8, 1.2 and 2.0

W/cm2

10min

(one time)

GO PTT Total ablation

(21 days)

Gulzar et al. (2018) Liver and

cervical cancer

808 nm 0.7 W/cm2 10min

(one time)

NGO PTT Partial ablation

(14 days)

Kalluru et al. (2016) Melanoma 808 nm 0.2 W/cm2 8–10min

(every day)

GO PTT Partial ablation

(14 days)

Finally, only one study evaluated the suitability of GQDs for
PDT-based cancer theranostics based on PDT (Ge et al., 2014).
The main advantage of GQDs is represented by their ability to
serve as imaging tools and perform better than conventional PDT
agents in terms of 1O2 quantum yield. However, since this result
is achieved in the visible light region, the suitability of these tools
appears to be limited to superficial tumors, such as skin cancer.

FUTURE PERSPECTIVES

Following its discovery, graphene has attracted attention of the
society in general with several expectations from the public in
the context of nanomedicine (Sechi et al., 2014), and the turn of
MXene is already on the stage.

Thanks to their chemical, physical and biological properties,
graphene and MXene have shown to be powerful tools for
PDT in cancer theranostics. Both 2D nanosystems allow
the simultaneous application of non-invasive bioimaging
and therapeutic strategies that can be associated with PDT,
including photothermal therapy, magnetic therapy, and remotely
controlled chemotherapy by drug and gene delivery.

The suitability of these promising materials as photothermal
agents for tumor therapy and imaging is due to their ability
to adsorb light in the NIR region. Moreover, the easy
functionalization capability, thanks to their high surface-to-
volume ratio, allows the loading of photosensitizer agents on
these nanoplatforms, enhancing the targeting and efficiency,
resulting in amore localized action, characterized by reduced side
effects and improved therapy.

In addition, the combination with chemotherapeutic drugs
loaded on these 2D NMs can work synergistically with PDT,
leading to an improved anticancer activity. Furthermore, the

functionalization with other agents, such as Au, endows them
with a high photothermal conversion efficiency that can further
enhance their optical absorbance in the NIR range. Beside
the therapeutic efficiency of these nanoplatforms, their stability
in aqueous matrix can also be improved thanks to their
ability to be loaded with hydrophilic molecules, such as PEG.
This aspect is of great interest in view of their intravenous
administration, since most PSs are hydrophobic and could
easily aggregate in biological fluids, with a consequent decrease
in their quantum yield and increase in immune responses
(Sibani et al., 2008; Kashef et al., 2017).

However, despite the encouraging promising results, there is
still an extensive work to be accomplished to further clarify and
prove the potentialities of GBM- and MXene-based PDT for
cancer theranostics. First of all, for the translation of these 2D
materials into clinical application, the assessment of their long-
term toxicity is required to fully characterize their safety profile.

The potential widespread use of graphene and MXene-based
materials for commercial purposes will favor their interactions
with biological and environmental components. Therefore,
several studies have been carried out to define the cyto-
and bio-compatibility of these nanomaterials in vitro and in
vivo (Fadeel et al., 2018a; Lin et al., 2018). These studies,
particularly for graphene, state that the toxicity depends on
the complex interaction of several physiochemical properties,
such as shape, size, functional groups, oxidative state, dispersion
state, synthesis methods, exposure times, as well as route and
dose of administration. Moreover, graphene can contain several
chemical contaminants and impurities coming from synthesis
(Liao et al., 2018) and post-synthesis processing steps that can
lead to graphene structure disruption and smaller carbonaceous
debris production. Therefore, these confounding aspects may
elicit variable toxicity responses (Li and Boraschi, 2016).
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In this view, various studies have been performed to better
understand and predict GBM toxicity and their potential impact
on the immune system which governs every aspect of our health,
including the way we react to therapies in cancer (Orecchioni
et al., 2014, 2016a,b, 2017; Russier et al., 2017; Fadeel et al.,
2018b). The obtained results have highlighted the importance of
material characterization as a key element for hazard assessment
as well as bio and immune compatibility. Therefore, biomedical
scientists should not consider graphene as a single material but
as a complex class of materials, taking into account the role
of physicochemical properties (e.g., lateral dimension, carbon
oxygen ratio and number of layers) while assessing the biological
effects (Fadeel et al., 2018a). Concerning MXene, preliminary
evaluations of Ti3C2 MXene biocompatibility have not evidenced
apoptosis or signs of cytotoxicity in vitro in cancer cells (Dai
et al., 2017; Lin et al., 2017; Liu et al., 2017; Han et al., 2018)
and neurons (Driscoll et al., 2018). Ti3C2 NSs injected in vivo
in the blood stream appear to be either excreted in the urine via
physiologic renal clearance pathways or retained in the tumor
site via the enhanced permeability and retention (EPR) effect,
without accumulating in the major organs. Similar findings
have been reported for the cyto-biocompatibility and systemic
safety of Ta4C3 (Dai et al., 2017; Liu et al., 2018) and Nb2C
MXenes (Lin et al., 2017). Despite all these data on MXene
biocompatibility, the assessment of its potential toxicity is still at a
very early stage. For both types of materials, new studies on their
biomedical application should take into consideration general
requirements with respect to Minimum Information Reporting
in Bio–Nano Experimental Literature (MIRIBEL) and other key
considerations on the issue of transparency and reproducibility
in nanomedicine, such as that the choice of material physical-
chemical characteristics should be tailored for their intended
use (Faria et al., 2018; Leong et al., 2019). That consideration
is even more valid in the context of cancer theranostics were
the starting properties of the material can make the difference
in the successful application of new 2D material-based cancer
treatment. Another key point is related to the materials’ fine
characterization and reproducibility, which should be considered
in every work based on engineered nanomaterials as a key aspect
to avoid hype around the potential translation into clinic (DeLoid
et al., 2017).

Beyond the toxicity context and physical-chemical material
choice, other knowledge gaps need to be filled to shed light on
the actual potentialities of these 2D NMs for cancer theranostics
and PDT in particular. Indeed, the understanding of these aspects
cannot overlook the elucidation of fundamental mechanisms
underlying the ROS generation elicited by these materials,
which is at the basis of PDT. Moreover, more efforts should
be directed into a deeper understanding of the nanoparticle-
tumor interaction, the possibility of a scaled-up synthesis, and
the development of regulatory theranostic protocols in order to
determine a personalized therapy framework.

Finally, controlling the lifetime of the nanoagents in the
body and mitigating the risks related to retention of NMs
and their byproducts could significantly advance NM-based

theranostic platforms in the translational pipeline (Orecchioni
et al., 2015). The complete clearance from the body, along with
the biodegradation of 2D nanostructures needs to be assessed
for these materials in order to be translated into clinical settings
(Andón et al., 2013; Bhattacharya et al., 2013; Farrera et al.,
2014; Kurapati et al., 2018; Mukherjee et al., 2018; Martín et al.,
2019). Although GBMs can be considered structurally persistent,
it has been proved that oxidative enzymes (i.e., peroxidases) are
capable of catalyzing the GO degradation in vitro and in vivo (Bai
et al., 2014; Kurapati et al., 2018; Mukherjee et al., 2018). Nb2C
MXene NSs can be engineered to degrade through an active
biodegradation scheme that leverages human myeloperoxidase
(hMPO), a free-radical species generating enzyme expressed by
neutrophils to carry out their antimicrobial activity (Lin et al.,
2017). In the presence of hydrogen peroxide (H2O2), hMPO
generates hypochlorous acid and reactive radical intermediates,
which degrade polymers and carbon-based materials. The
incubation of Nb2C NSs in hMPO and H2O2 enriched
medium for 24 h has been reported to cause the complete
degradation and disappearance of NSs, thus demonstrating in
vitro the feasibility of this enzyme-triggered degradation route for
MXenes (Figures 5D,E).

Overall, this review has shown that significant advances in the
theranostic use of graphene-based materials and MXenes have
been made. However, three main aspects should be carefully
taken more into account: (i) the potential not-targeted toxicity,
(ii) a choice of physical-chemical material characteristics prior
their assessment for cancer therapy, (iii) a fine characterization,
and (iv) the assessment of their potential biodegradability.
Despite that knowledge gaps in the field still need to be filled,
virtuous perspectives for GBMs and MXene were evidenced
from over 30 works here analyzed, standing out as the
most promising 2D NMs intended to change the patterns of
conventional cancer theranostics, guaranteeing new protocols for
personalized therapies.
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Pancreatic adenocarcinoma has the worst outcome among all cancer types, with

a 5-year survival rate as low as 10%. The lethal nature of this cancer is a result

of its silent onset, resistance to therapies, and rapid spreading. As a result, most

patients remain asymptomatic and present at diagnosis with an already infiltrating

and incurable disease. The tumor microenvironment, composed of a dense stroma

and of disorganized blood vessels, coupled with the dysfunctional signal pathways

in tumor cells, creates a set of physical and biological barriers that make this tumor

extremely hard-to-treat with traditional chemotherapy. Nanomedicine has great potential

in pancreatic adenocarcinoma, because of the ability of nano-formulated drugs to

overcome biological barriers and to enhance drug accumulation at the target site.

Moreover, monitoring of disease progression can be achieved by combining drug delivery

with imaging probes, resulting in early detection of metastatic patterns. This review

describes the latest development of theranostic formulations designed to concomitantly

treat and image pancreatic cancer, with a specific focus on their interaction with physical

and biological barriers.

Keywords: nanomedicine, pancreatic cancer, nanoparticle, theranostics, biological barriers

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in Europe
and in the US (Siegel et al., 2018). The 1-year overall survival is limited to a discouraging 29%,
while the overall survival at 5-year post-diagnosis is <10% (Siegel et al., 2018). The major problem
is that most patients remain asymptomatic until late in their course and present at diagnosis with
an already infiltrating and incurable disease (Smith et al., 2015). For the small percent of patients
(19%) who present at diagnosis with local, partly resectable disease the 5-year survival reaches 27%,
a prognosis that still remains dismal (Garrido-Laguna and Hidalgo, 2015).

PDAC evolves from early precursor lesions, including pancreatic intraepithelial neoplasia
(PanIN), intraductal papillary mucinous neoplasms (IPMN) and mucinous cystic neoplasia
(MCN), a highly invasive neosplasms characterized by an ovarian-type stroma and a mucin-
producing epithelium (Hruban et al., 2007; Distler et al., 2014; Pusateri and Krishna, 2018).
While PanIN often occurs as a progressive multifocal disease with hardly detectable small lesions
(Bardeesy and DePinho, 2002; Makohon-Moore and Iacobuzio-Donahue, 2016), IPMNs mostly
localize in the main pancreatic duct and in its related branches (Torisu et al., 2019).
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Several signaling pathways, such as RAS, PI3K, and Hedgehog
(Hh) are known to play a role in supporting tumorigenesis
and progression (Morris et al., 2010; Cowan and Maitra,
2014). In spite of the extensive research that led to significant
improvement in the understanding of the evolution of this
disease, little advancement has been made toward more efficient
therapeutic and early detection options for PDAC (Matsubayashi
et al., 2019). The lack of indicative clinical signs and of
disease-specific biomarkers, makes early detection extremely
difficult (Adiseshaiah et al., 2016). In addition, pharmacological
treatments remain largely ineffective, due to the difficulty in
penetrating the tumor microenvironment (Conroy et al., 2011;
Zhao et al., 2018). PDAC is characterized by a dense, desmoplastic
stroma consisting of different cellular and acellular components
(e.g., collagen and fibrin), which impedes efficient drug delivery,
generates solid stress and increases interstitial fluid pressure
(IFP), resulting in blood vessels collapse and in the generation
of a hypoxic tumor microenvironment (Rucki, 2014; Xie and Xie,
2015; Dougan, 2017).

Nanomedicine formulations, e.g., formulation of drugs into
nano-size delivery vehicles, such as liposomes and polymer
nanoparticles (NPs), represent a valuable option in PDAC
treatment by virtue of their ability to overcome biological
barriers, protect their payload from degradation, and to achieve
targeted delivery (El-Zahaby et al., 2019). Depending on their
size, shape and surface charge, NPs have been shown to passively
accumulate into tumors through the enhanced permeability and
retention (EPR) effect (Maeda, 2001) and to actively interact
with cancer cells after surface-modification with specific ligands
(Yu et al., 2009), thereby enhancing selectivity and reducing
undesired side effects of chemotherapy.

Although the EPR effect is not relevant in PDAC due to
blood vessel collapse and to the presence of a dense desmoplastic
stroma (Tanaka and Kano, 2018), several nanomedicine-based
strategies have been designed and tested for the treatment
of this disease (Adiseshaiah et al., 2016; Meng and Nel,
2018). For instance, conjugation of Gemcitabine (GEM) to
the natural lipid squalene (SQ-GEM) to form self-assembled
nanoparticles of 130 nm in size has been shown to enhance the
stability of GEM and to reduce its de-activation by cytidine
deaminase (Couvreur et al., 2008). SQ-GEM significantly reduced
metastatic colonization and enhanced survival of mice bearing
orthotopic Panc1 pancreatic tumors, compared to equivalent
doses of free GEM (Réjiba et al., 2011). Another example is
the liposomal formulation of Irinotecan (MM-398), which in
combination with 5-fluoruracin and leucovorin (5-FU/LV) is
currently recommended as second line therapy after failure of
GEM treatment (Ko et al., 2013; Wang-Gillam et al., 2019; Woo
et al., 2019).

In spite of these promising results, cell intrinsic (e.g., drug
resistance) and cell extrinsic (e.g., tumor microenvironment)
barriers should be overcome to facilitate drug accumulation in
pancreatic tumors, coupled with better diagnostic and imaging
modalities (Yang et al., 2012; Meng and Nel, 2018). A new
class of theranostic nanomedicines that combines imaging
and therapeutic options in a single platform may address
this need.

Herein, we discuss the recent advancement in the design of
nanosystems to improve imaging and treatment of PDAC.

PHYSICAL AND BIOLOGICAL BARRIERS
IN PDAC

PDAC is characterized by a thick desmoplastic stroma, composed
of several cell types (including endothelial and immune cells),
embedded in a dense matrix composed of fibrin, collagen,
hyaluronan, and fibronectin (Cowan and Maitra, 2014; Rucki,
2014). Neoplastic cells account for <20% of the tumor mass,
while the stromal volume covers up to 70% of the total tumor
volume (Yang et al., 2012).

During PDAC progression, secretion of pro-inflammatory
cytokines by tumor cells stimulates extracellular matrix (ECM)
deposition by fibroblasts and stellate stromal cells (Hwang et al.,
2008; von Ahrens et al., 2017). The continuous generation of
a dense stroma generates solid stress which, together with the
collapse of the lymphatic drainage in the center of the tumor,
contributes to the increased intratumoral IFP and the consequent
vessel compression, reduced perfusion, and generation of a
hypoxic environment (Adiseshaiah et al., 2016; Meng and Nel,
2018). As a result, approximately 80% of blood vessels in PDAC
are non-functional, poorly fenestrated, and surrounded by a
thick layer of pericytes, that impede efficient accumulation of
nanomedicines into the tumor. Moreover, pancreatic stellate cells
secrete cytokines and growth factors that generate an immune-
suppressive microenvironment (Thind et al., 2017). This feature
of stellate cells is further amplified during tumor progression,
because cancer cells induce their differentiation in two subtypes
of cancer-associated fibroblasts, respectively showing a pro-
inflammatory or a pro-fibrogenic phenotype (Öhlund et al.,
2017). This concept has been further reinforced by single cell
transcriptome analysis (Ligorio et al., 2018) performed on human
PDAC underscoring a wider fibroblast heterogeneity, which
locally influences the proliferative and metastatic potential of
cancer cells.

MODULATION OF PDAC
MICROENVIRONMENT WITH
NANOMEDICINE

As summarized in Table 1, several strategies have been
implemented to design nanomedicines that can negotiate
with the microenvironmental barriers in PDAC through
alleviation of the stroma burden (Thompson et al., 2010;
Provenzano et al., 2012; Bhaw-Luximon and Jhurry, 2015),
normalization of tumor blood vessels, or by eliciting
nanoparticle-mediated immunogenic cell death (Zhao et al.,
2016), as thoroughly discussed by Adiseshaiah et al. (2016) and
by Meng and Nel (2018).

Stroma depletion through delivery of pegylated hyaluronidase
(PEGPH2O) was shown to enhance accumulation of high
molecular weight tracers into pancreatic tumors (Jacobetz
et al., 2013). Tested in combination with Abraxane and
GEM in clinical trials with patients whose tumors had high
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TABLE 1 | Nanomedicines for imaging and/or treatment of PDAC.

Therapeutic strategy Nanocarrier Encapsulated

agents

Achieved results

Stromal depletion via hyaluronan

accumulation

Pegylated

hyaluronidase

Abraxane + GEM 45% Response rate

11.5 months median overall survival (Jacobetz et al., 2013)

Stromal depletion via hedgehog

inhibition

Polymer NPs Paclitaxel +

cyclopamine

63% higher inhibition of tumor growth (Hingorani et al., 2018)

Stromal homeostasis via PSC

reprogramming

Pegylated gold NPs Retinoic acid +

HSP47-

siRNA+GEM

Suppressive effect in sub-cutaneous and orthotopic tumor

model (Catenacci et al., 2015)

Reduction of hypoxic

microenvironment

Polymer NPs HIF1α-siRNA +

GEM

Significant reduction of tumor size and metastasis prevention

(Jaster et al., 2003)

Sensitization to radiotherapy via ROS Cerium Oxide NPs Cerium oxide Significant reduction in tumor weight and volume (Zhao et al.,

2015)

Targeted pH-driven gene silencing Polymer NPs GEM + GDC 0449 Selective internalization and enhanced intratumor

accumulation (Vassie et al., 2017)

Temperature-triggered drug release Hybrid NPs GEM 4.4-fold decreased tumor weight and reduction of tumor size

(Zeiderman et al., 2016)

Targeted intracellular hyperthermia Gold NPs Cetuximab or

PAM4

Significant reduction of tumor size after 6 weeks of combined

therapy (Ray et al., 2019)

Targeted chemotherapy + MRI Iron oxide NPs Doxorubicin/iron

oxide NPs

66.6% Inhibition of tumor growth (Mattheolabakis et al., 2015)

Targeted Enzyme Responsive Drug

Release + MRI

Iron oxide NPs GEM/iron oxide

NPs

Improved intracellular release and tumor growth inhibition up

to 50% (Tummers et al., 2018)

Magnetic hyperthermia +

chemotherapy + MRI

Polymer NPs GEM/fluorescent

iron oxide NPs

Significant tumor regression and MRI contrast enhancement

(Hoogstins et al., 2018)

Image-guided targeted photothermal

therapy

Carbon nanotubes Cyanine 7 Dynamic disease monitoring and improved median survival

time (Rosenberger et al., 2015)

Targeted intra-operative fluorescent

imaging

Polymer NPs Indocyanine green Early detection of primary tumor and splenic metastases

(Handgraaf et al., 2014)

Targeted multi-modal Imaging Polymer NPs Iron oxide NPs +

FITC

Selective tumor accumulation and active disease monitoring

(Vahrmeijer et al., 2013)

hyaluronan content, an objective response rate of 45 vs.
31% and a median overall survival of 11.5 vs. 8.5 months
was achieved in comparison with Abraxane/GEM therapy
(Hingorani et al., 2018). Inhibition of signal pathways involved
in stroma deposition, such as Hh, was implemented to facilitate
accumulation of NPs to PDAC tumor models. Zhang et al.
(2016) showed that oral administration of cyclopamine, a Hh
inhibitor, reduced fibronectin content and enhanced tumor
vascularization, resulting in a significantly higher accumulation
of NPs in subcutaneous Capan-2 xenografts. Using paclitaxel
(PTX)-loaded NPs combined with cyclopamine, they achieved a
63% increased inhibition of tumor growth (Zhang et al., 2016).
In spite of these results, the Hh inhibitor Vismodegib combined
with GEM failed to produce significant clinical benefit to patients
withmetastatic PDAC. No significant improvement in the overall
survival or in the disease free progression was observed in
comparison to standard treatment with GEM alone (Catenacci
et al., 2015).

In addition to these discouraging results, other reports have
shown that stroma depletion may facilitate cell proliferation and
worsen the metastatic spreading, thus reducing the potential
applicability of these therapies in PDAC treatment (Kiesslich
et al., 2012; Özdemir et al., 2014; Adiseshaiah et al., 2016).

As an alternative to stromal depletion, Han et al. (2018)
proposed to restore the fibrotic stromal homeostasis in PDAC
by reprogramming pancreatic stellate cells (PSCs). They reported
on the design of pH-responsive pegylated gold nanoparticles co-
loaded with all-trans retinoic acid (ATRA) and heat shock protein
47(HSP47)-small interfering RNA (siRNA). ATRA is involved in
maintaining PSCs homeostasis and quiescence, while silencing
of HSP47 has the potential to reduce collagen accumulation and,
consequently, to normalize the desmoplastic stroma (Jaster et al.,
2003; Masamune and Shimosegawa, 2009). Combined with GEM
treatment, these particles showed significant tumor suppressive
effect in both, sub-cutaneous and orthotopic, PSC/PANC-1
xenografts in mice.

Knockdown of target genes involved in drug resistance, and in
tumor invasion by RNA interference, is another possible strategy
tomodulate PDACmicroenvironment (Burnett and Rossi, 2012).
NPs have demonstrated to improve the biodistribution and to
reduce clearance of siRNAs andmicro-RNAs (miRNAs) and have
been used in combination with cytotoxic drugs, such as GEM or
Doxorubicin (Zhao et al., 2015; Gibori et al., 2018; Chen et al.,
2019).

As an example, inhibition of the hypoxia inducible
transcription factor HIF1α through siRNA combined with
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GEM release was proposed by Zhao et al. (2015). The hypoxic
microenvironment in PDAC is responsible for the activation
of genes that regulate invasion, angiogenesis, resistance to
treatment and proliferation, driven mostly by the secretion of
HIFs (Feig et al., 2012). GEM-loaded, lipid-coated polymer NPs,
where siRNA was complexed to positively charged polylysine
residues on the surface of NPs, significantly delayed the growth
of subcutaneous PANC-1 tumor xenografts, demonstrating a
synergistic effect between HIF1α down-regulation and GEM.
Moreover, the combination therapy significantly reduced
tumor size in an orthotopic PDAC model, as compared to
un-encapsulated siRNA and GEM, or with particles loaded with
GEM only. In addition, no peritoneal metastases were observed
in the group treated with the combination therapy, while all
other animals had signs of liver and peritoneal secondary tumors.

Since PDAC microenvironment generates resistance to
chemo and radiotherapy (RT), Wason et al. proposed the
delivery of cerium oxide nanoparticles (CONPs) to modulate
production of reactive oxygen species (ROS) that sensitized
PDAC cells to radiotherapy (RT) (Wason et al., 2013; Vassie
et al., 2017). CONPs-based pretreatment limited tumor growth
in an orthotopic L3.6pl tumor model in athymic nude
mice, leading to a significant reduction in tumor weight
(P = 0.0112) and volume (P = 0.0006) as compared to
RT alone.

SMART NANOMEDICINES IN PDAC
TREATMENT

Smart NPs are designed respond to environmental or external
stimuli to trigger drug release after passive or active tumor
accumulation, as schematized in Figure 1 (Zeiderman et al., 2016;
Mattu et al., 2018).

Ray et al. (2019) proposed a pH-responsive platform
based on block co-polymers of PEG-b-poly (carbonate) loaded
with GEM and the Hh inhibitor GDC 0449. These NPs
respond to the low pH of the extra- (pH 6.9–6.5) and
intra-cellular compartments (pH 5.5–4.5) in PDAC, by virtue
of the presence of tertiary amine side chains that promote
disassembly of NPs under acidic conditions. To facilitate NPs
accumulation in PDAC, the surface was modified with an
iRGD peptide that selectively targets neuropilin and integrin
receptors over-expressed by tumor cells. Successful accumulation
was achieved and NPs were detected into BxPC-3 tumor
xenografts up to 6 hours post systemic administration (Ray et al.,
2019).

Temperature-triggered drug release was proposed by
Oluwasanmi et al. (2017) after passive accumulation of NPs
into PDAC xenografts, followed by external laser irradiation.
They designed thermo-responsive hybrid NPs (HNPs) and
linked GEM through a thermosensitive linker containing the
Diels–Alder adducts, that are cleaved upon heat generation,
thus triggering GEM release at the tumor site (Gregoritza
and Brandl, 2015). When administered in vivo to BxPC-3
xenografts, the formulation showed enhanced anti-cancer
activity, demonstrated by a 4.4-fold decreased tumor weight and

reduction of tumor size when compared to GEM-loaded HNPs
without laser irradiation.

Gold NPs (Au NPs) stimulated with external radio frequency
(RF) irradiation have also been proposed for the non-invasive
intracellular hyperthermia of PDAC (Glazer et al., 2010). Au
NPs conjugated with Cetuximab or PAM4, for active targeting
of epidermal growth factor receptor1 (EGFR-1) and mucine-1
(MUC-1), were intraperitoneally administered to mice bearing
PANC-1 or Capan-1 xenografts. PAM4-conjugated Au NPs
exhibited the highest tumor internalization. When combined
with RF in the first 2 weeks of treatment, these NPs produced
a significantly higher reduction of tumor size with minimal side
effects, compared to unconjugated NPs or to conjugated NPs in
absence of the external RF.

THERANOSTIC NANOPARTICLES

Theranostic NPs have the potential to localize imaging agents
together with therapies at the tumor site (Handgraaf et al.,
2014). Early detection and surgical resection have been shown to
increase the mean 5-year survival of PDAC patients up to 31.7
± 3.6 months (Cleary et al., 2004), highlighting the possibility to
exploit the tumor-accumulation ability of NPs to deliver imaging
agents for early recognition of PDAC (Vahrmeijer et al., 2013).

Qi et al. (2018) designed a near infrared fluorescent probe
by encapsulating indocyanine green (ICG) into hyaluronic
acid (HA) NPs (NanoICG). The fluorescence emission of
ICG could be detected to a depth of 8mm in tissues and
was exploited to facilitate visualization of the infiltrating
tumor tissue. The affinity of HA for the membrane receptor
CD44 over-expressed by pancreatic cancer cells was exploited
to enhance NPs accumulation into PDAC through active
recognition mechanisms (Mattheolabakis et al., 2015). High
tumor accumulation was achieved after administration to mice
bearing a syngeneic orthotopic PDAC model. The fluorescence
signal from the encapsulated ICG allowed the detection of the
primary tumor as well as the splenic metastases to a much higher
extent when compared to free ICG, confirming the targeting-
ability of HA NPs toward PDAC.

The disease accumulation properties of NPs could be
leveraged to also facilitate disease visualization during surgery
(Qi et al., 2018). Recently, high-resolution fluorescent imaging
agents coupled to antibodies have been used in small in-patients
studies, for the detection of the primary disease or the presence of
small metastatic sites during resection surgery (Hoogstins et al.,
2018; Tummers et al., 2018). This may facilitate identification of
the resection margins and quantification of the residual disease,
albeit the clinical benefit still remains to be demonstrated.

Combination of magnetic resonance imaging (MRI) with
fluorescence imaging, by co-encapsulation of superparamagnetic
iron oxide NPs (IONPs) was also proposed. For instance, IONPs
and fluorescein isothiocyanate (FITC) were co-encapsulated
into HA NPs to exploit selective recognition of HA by CD44
receptors (Luo et al., 2019), and into NPs modified with tissue
plasminogen activator-derived peptides with high affinity toward
galectin-1, overexpressed by pancreatic cancer cells (Rosenberger
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FIGURE 1 | Smart nanoparticles for PDAC theranostic: (A) Surface-functionalized nanoparticles actively recognize tumor cells, thereby enhancing selective

accumulation. (B) Once they reach the target site, release can be triggered by applying external stimuli, such as magnetic field or irradiation. (C) Selective recognition

of cancer cells can be exploited to enhance their visualization, favoring complete eradication during surgery or disease monitoring with classic diagnostic tools, such

as PET or MRI. Image created with Biorender.

et al., 2015). Accurate monitoring of tumor growth with MRI
was achieved in both cases, after active accumulation of NPs
in tumors.

MRI imaging combined with doxorubicin (Dox)
chemotherapy was proposed for PDAC theranostic (Zhou
et al., 2015). IONPs were conjugated to human insulin-like
growth factor1 (IGF1) that selectively binds to IGF1-
receptors in pancreatic cancer cells, and loaded with
Dox. IGF1-IONPs exhibited excellent tumor penetration
ability after IV administration in an orthotopic patient-
derived tumor model. Moreover, when administered
intratumorally, these particles led to a significant inhibition
of tumor growth (66.6%), compared to treatment with
free Dox, non-targeted IONP-Dox, or PBS. Enhanced
MRI contrast was obtained for the group treated
with IGF1-IONP-Dox, while no significant contrast
was observed in non-targeted IONP-Dox, suggesting
IGF1R-mediated accumulation.

Lee et al. (2013) designed urokinase plasminogen activator
(uPAR)-modified IONPs loaded with GEM via an enzyme-
cleavable tetrapeptide linker. They achieved improved
endocytosis through active recognition of uPAR receptors,
and a consequently higher intracellular release of GEM and MRI
contrast. Moreover, inhibition of tumor growth (up to 50%) was
obtained in an orthotopic pancreatic cancer model.

IONPs have the potential to generate heat after external
irradiation (Jaidev et al., 2017). Jaidev et al. (2017) developed
polymeric NPs for MRI, magnetic hyperthermia (MHT)
and chemotherapy for application in PDAC. Poly(lactide-co-
glycolide) (PLGA)-based NPs encapsulating fluorescent IONPs
and GEM were conjugated with anti-human epidermal growth
factor receptor 2 (HER-2) antibody. When administered in
subcutaneous MIAPaCa-2 tumor models in combination with
mild hyperthermia, NPs led to a significant tumor regression;
moreover, a remarkable contrast enhancement was observed in
T2-MRI images of treated mice.
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Single-walled carbon nanotubes (SWNTs) can also convert
heat after near infrared (NIR) irradiation, resulting in localized
hyperthermia that leads to tumor cells death via ROS production
(Singh and Torti, 2013). Lu et al. (2019) formulated anti-
IGF-1R antibody functionalized SWNTs for enhanced imaging-
guided cytotoxic photothermal therapy (PTT) of PDAC. SWNTs
exhibited preferential accumulation into tumors, resulting in
dynamic monitoring of the disease. Fluorescence-guided PTT
significantly improved the survival of mice bearing an orthotopic
PDAC model, compared to groups treated with PBS or only with
NIR laser.

CONCLUSIONS AND FUTURE
DIRECTIONS

PDAC remains an incurable disease. The dense stroma, the lack
of vascular access, and the heterogeneous microenvironment,
make PDAC extremely refractory to treatment penetration,
requiring the design of smart strategies to by-pass these barriers
and to maximize treatment accumulation in the tumor (Gibori
et al., 2018).

Late disease detection worsens patient outcome, making
surgical resection ineffective. The tumor-accumulation and
targeting ability of nanomedicines could be leveraged to improve
disease detection at early stage, considerably improving survival
and enhancing the extent of surgical resection (Handgraaf
et al., 2014). Early stage detection may also result in more
efficacious nanomedicine-based treatments, for instance coupled
with stroma-depleting agents which would further potentiate
disease homing.

Local delivery is an attractive, yet poorly exploited, alternative
to treat PDAC. Local administration avoids the stroma protection
and overcomes the restricted vascular access, potentially reducing
side effects, as demonstrated by the encouraging results of the
siG12D-LODER implant (Adiseshaiah et al., 2016). SiG12D-
LODER is a biodegradable implant for the local delivery of
liposomal-encapsulated anti-KRAS siRNA that is placed near the
tumor by means of standard endoscopic surgery (Golan et al.,
2015). In a small subset of PDAC patients, stabilization of tumor
growth, and partial response was achieved in combination with

chemotherapy, suggesting the potential of this smart delivery
method (Schultheis et al., 2014).

As discussed above, extensive research has shown the potential
of nanomedicine in PDAC and some formulations, such as
albumin-bound paclitaxel (Abraxane) and liposomal irinotecan
(MM-398), reached clinical approval (Kalra et al., 2014; Goldstein
et al., 2015; von Ahrens et al., 2017). It must be noted
that although MM-398 in combination with other cytotoxic
agents improved patient survival, it failed to produce similar
improvements when used as mono-therapy (Adiseshaiah et al.,
2016; Kipps et al., 2017; Wang-Gillam et al., 2019).

Additionally, the different animal models, cell source,
tumor location (e.g., heterotopic vs. orthotopic), and
nanoparticle design used in pre-clinical research may result
in difficult comparison between published research and in the
overestimation of the results (Murtaugh, 2014; Adiseshaiah et al.,
2016; Leong et al., 2019).

Efforts toward standardization of research and treatment
protocols may further improve the potential of nanomedicine in
the field.
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Brain tumors mainly originate from glial cells and are classified as gliomas. Malignant

gliomas represent an incurable disease; indeed, after surgery and chemotherapy,

recurrence appears within a few months, and mortality has remained high in the last

decades. This is mainly due to the heterogeneity of malignant gliomas, indicating that

a single therapy is not effective for all patients. In this regard, the advent of theranostic

nanomedicine, a combination of imaging and therapeutic agents, represents a strategic

tool for themanagement of malignant brain tumors, allowing for the detection of therapies

that are specific to the single patient and avoiding overdosing the non-responders. Here,

recent theranostic nanomedicine approaches for glioma therapy are described.

Keywords: theranostic nanoplatform, brain tumors, targeted therapy, drug delivery, diagnosis

THERANOSTIC TECHNOLOGY

Theranostics is the combination of the two terms “Therapeutics” and “Diagnostics,” referring to
technologies that include both diagnostic and therapeutic applications (Figure 1). The interest
in personalized medicine, and thus, theranostic approaches used for individualized diagnosis and
treatment are gaining increasing attention (Sun, 2010; Kelkar and Reineke, 2011; Kievit and Zhang,
2011; Ahmed et al., 2012; Wang Y. et al., 2014). This technology allows us to save time and decrease
costs but, notably, also allows us to contain side effects of a single strategy (Lammers et al., 2010),
obtaining better patient outcomes (Duncan, 2003; Peer et al., 2007).

Nanoplatforms (NPS) are nanoparticles combined with drug and molecular imaging probes,
including metal nanoparticles, polymer-drug conjugates, polymer micelles, liposomes, and
dendrimers. NPS show several advantages over conventional formulations, allowing for the
conjugation or entrapment of drugs (Peer et al., 2007). Nanoparticles (NPs) are complex drug
delivery systems, which can be structurally divided into the internal layer (core), and external
layer (shell). Nanodimensions ensure that nanoparticles are able to increase drug solubility,
mitigate cytotoxicity, and improve drug pharmacokinetic profiles. The creation of nanoplatforms,
combining drugs with molecular probes, increases the drug half-life in the circulatory system,
and specifically, delivers anticancer drugs to target tissues, controlling the drug release through
detectors responsive to different stimuli such as pH, temperature, light, ultrasound, and enzymatic
activities, thus improving the delivering of the required drug concentration to the area of interest
(Tong and Cheng, 2007). By means of improving the circulating half-life, nanomedicines can
accumulate in tumors through the Enhanced Permeability and Retention (EPR) effect (Golombek
et al., 2018). In the last years, it has been reported that EPR varies among mouse models and
patients, between tumor types of the same origin, and also among tumors and metastases of the
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same patient (Harrington et al., 2001; Tanaka et al., 2017), thus
explaining the heterogeneous outcomes of nanomedicine clinical
trials. To overcome this issue, efforts should be focused on the use
of methods that can be employed to individualize and improve
nanomedicine treatments.

Despite the advantages offered by the EPR effect, the passive
targeting approach offers a limited benefit in the treatment of
gliomas and other CNS disorders. In these situations, the BBB
remains impenetrable for different nanostructures that tend to
accumulate in off-target tissues that also have vasculature gaps,
such as the liver, or lymph nodes (Nam et al., 2018).

Since theranostic approaches require the use of molecular
imaging tools, a combination of drug delivery systems with
imaging techniques, such as computed tomography (CT),
magnetic resonance imaging (MRI), optical and ultrasound
(US) imaging, positron emission tomography (PET), and single
photon emission computed tomography (SPECT), are currently
under study. All these imaging techniques, using sensible and
specific probes, can, in fact, assess drug efficacy during the drug
development procedures (Cai et al., 2006; Pysz et al., 2010; Ai,
2011; Ang et al., 2014), optimizing the right choice of imaging
tools and agents (Jokerst and Gambhir, 2011) and defining the
best combination for specific therapeutic applications.

MULTIFUNCTIONALIZED
NANOPLATFORMS

Multifunctionalized NPS are promising therapeutic approaches
in cancer therapy (Table 1). Indeed, they offer numerous
advantages over conventional agents, including specific targets,
the higher ability to solubilize hydrophobic or labile drugs,
lower systemic toxicity (resulting in better pharmacokinetics and
higher potential to image), and better treatment and prediction
of a therapeutic response. NPS utilize nanostructures, such as
nanoparticles, made from soluble or colloidal aqueous solutions

FIGURE 1 | Theranostic medicine provides new tools to improve diagnostic specificity and therapeutic effectiveness. Therefore, a nanoparticle-containing tracer can

be useful to overcome the limitations of conventional diagnostic and therapeutic techniques. CT, computed tomography; MRI, magnetic resonance imaging; USI,

ultrasound imaging; OI, optical imaging; PET, positron emission tomography; SPECT, single-photon emission computed tomography.

and with sizes ranging between 10 and 100 nm (Bhojani et al.,
2010). The small size allows them to pass via blood capillaries
and reach the specific tumor cells (Bhojani et al., 2010). They
have the advantages of modifying the nature and the number
of linkers on and within the surface of a nanoparticle and its
dimensions, thus leading to the control of the loading/releasing
of the entrapped or covalently linked drugs. The NPS can also
ameliorate the efficacy of current drugs or tracers, triggering
a selective delivery. Among NPS, those based on nanovesicles
are also biocompatible, thus increasing the maximum tolerated
dose of the drug with low toxicity. This leads to an increased
concentration of the agent inside the tumor and a simultaneous
decrease in side effects (Liong et al., 2008; Bhojani et al., 2010).
The entrapment of the drug with nanoplatforms reduces the
limit for the use of poorly soluble or poorly absorbed agents
by encapsulating them in the matrix of the NPS during the
design and synthetic processes. Furthermore, the encapsulation
prevents premature degradation of drugs or inactivation during
plasma transport. Being a multidelivery system represents one
of the most advantageous characteristics of NPS. They can
carry imaging tracers, targeting ligands, therapeutic agents, and
“cloaking” agents that avoid interference with the immune
system (reviewed in Bhojani et al., 2010; Mendes et al., 2018).

Cancer researchers have shown high interest in theranostic
approaches, particularly to detect and develop a solid nanosystem
strategy for cancer treatment and diagnosis that can be translated
into clinical practice (Cole et al., 2011).

Typical examples of the design of biocompatible
nanoplatforms used as theranostic agents are based on magnetic
nanoparticles, polymers, vesicles nanoparticles, and dendrimers.

Magnetic nanoparticles have been prepared using, for
example, IONPs (iron oxide nanoparticles) coated with a human
serum albumin. This formulation is referred as a biocompatible
material for a chemotherapeutic agent, photosensitizers, andNPS
(reviewed in Choi et al., 2012). Polymeric conjugates for drug
delivery, biodistribution, and drug efficiency were extensively
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TABLE 1 | Nanoplatforms examples and their characteristics.

Nanoplatforms Biosafety Size Loading

capacity

References

Magnetic

Nanoparticle

DOX

IONPS

Low

toxicity

10–

50 nm

High Choi et al.,

2012

Polymer-

conjugates

DOX-GEM

GADOLINIUM

HPMA

Low

toxicity

20–

70 nm

Good Vilos and

Velasquez,

2012

Nanovesicles β(CD)

SPIO

Polymericmicelles

Really low

toxicity

10–

70 nm

High Liong et al.,

2008; Bhojani

et al., 2010

Dendrimers asODN

MNP

PAMAM

Potential

toxicity

10–

40 nm

High Pan et al.,

2007

Different nanoplatforms and the respective biosafety, size, and loading capacity.

DOX-conjugated, doxorubicin; PAMAM, poly(amidoamine); IONPs, iron oxide

nanoparticles; DOX-GEM, gemcitabine (GEM), and doxorubicin (DOX); HPMA, N-2-

hydroxypropylmethacrylamide; asODN, antisense oligodeoxynucleotides; MNPs,

Magnetic Nanoparticles; SPIO, superparamagnetic iron oxide.

investigated (Vilos and Velasquez, 2012). Lammers et al.
(2010) synthesized a simultaneous delivery of doxorubicin and
gemcitabine, and they were labeled with a gadolinium HPMA
(N-2-hydroxypropylmethacrylamide) copolymer to investigate
the biodistribution of nanotheranostics using an MRI (Lammers
et al., 2010). This investigation reported that tumor-targeted
polymeric drug vectors could be utilized to deliver two different
chemotherapeutic drugs to tumors concurrently (Lammers et al.,
2010).

Polymeric micelles, nano core/shell structures constituted by
amphiphilic copolymers, were thoroughly tested as theranostic
carriers and imaging probes as well. The amphiphilic block
copolymers captured the superparamagnetic iron oxide (SPIO)
or Mn-SPIO nanoparticles and are employed for the MRI
(Lu et al., 2009; Liu et al., 2011; Xie et al., 2011; Su et al.,
2013). β-cyclodextrin (β-CD) has been successfully used to
encapsulate SPIO nanoparticles and small molecule anticancer
drugs (Su et al., 2013). Several multifunctional polymeric micelles
for tumor drug delivery and distribution have been designed,
with particular attention to the creation of a well-controlled
nanostructure. The use of polymeric micelles is advantageous
because they can entrap an elevated number of hydrophobic
drugs and contrast agents, maintaining their hydrophilic feature
as a carriers, compared to liposomes or soluble polymers.
Polymeric micelles are recognized as multifunctional delivery
systems that are able to maximize therapeutic efficacy (Vilos and
Velasquez, 2012).

Liposomes are already approved by the FDA since they
are able to incorporate drugs, such as chemotherapeutics
(Al-Jamal and Kostarelos, 2011). Approved formulations are
liposomal doxorubicin and pegylated liposomal doxorubicin,
which show low toxicity, cardiac safety, and less alopecia,
myelosuppression, nausea, and vomiting when compared to
conventional anthracyclines. The difficulty in releasing the
encapsulated drug in the target area is caused by a limit in
the liposome system. To overcome this issue, new liposome
systems have been designed that are able to induce a pH

and temperature response or the activation of certain enzymes
on liposome cavities, thus improving the drug release in the
targeted area (Lindner and Hossann, 2010; Wang D. et al.,
2014). Recently, multifunctional theranostic nanoplatforms,
using contrast agents encapsulated with liposomes, have been
developed for the simultaneous diagnosis of early stage of
disease and drug delivery, utilizing liposomes that encapsulate
contrast agents, resulting in the creation of multifunctional NPS
(Kenny et al., 2011; Na et al., 2011; Petersen et al., 2012).
A theranostic nanosystem that provides the incorporation of
magnetic nanoparticles inside the liposomes has been developed
(Fattahi et al., 2011). Thus, multifunctional theranostic liposomes
are widely used in treatment and for the detection of diseases, and
they represent a valid carrier to further improve the diagnostic
and therapeutic efficacy.

Furthermore, dendrimers are gaining increasing importance
in the theranostic field as they can, due to their size,
encapsulate several drugs or imaging tracers with high
efficiency. For instance, dendrimers can bind non-covalently
or covalently to chemotherapeutic drugs, imaging agents,
and other biologically active targeting moieties, such
as peptides, monoclonal antibodies, and folates (Boas
and Heegaard, 2004; Mintzer and Grinstaff, 2011; Lo
et al., 2013). The characteristic structure of dendrimers
can stabilize the hydrophobic nanoparticles through the
ligand exchange reaction method. Recently, multifunctional
doxorubicin (DOX)-conjugated poly(amidoamine) (PAMAM)
dendrimers have been developed with a specific platform
for targeted chemotherapy that uses pH to release the
drug to tumor cells. This multifunctional dendrimer
presented excellent biocompatibility, biodistribution,
and satisfactory cancer imaging results (Chang et al.,
2011). Dendrimers represent promising structures for
functionalization and also for conjugation with drugs
(chemotherapeutics and imaging tracers) and DNA/RNA
(Pan et al., 2007; Merkel et al., 2010; Zottel et al., 2019).

GLIOMAS

Glioma is a common type of tumor arising from glia-
supporting neurons. About 33% of all brain tumors are
gliomas and show different malignancy and differentiation
grades. Symptoms depend on the area of the brain affected
and by the degree of malignancy; they include headaches,
nausea, or vomiting, speech difficulties, vertigo, and motor
alteration. In its advanced stages, seizures may be a common
manifestation. Gliomas are classified on the basis of the
glial type but also on the genetic signature that predicts the
outcome and the response to treatment. Gliomas are classified,
according to the World Health Organization, as astrocytoma,
anaplastic astrocytoma and glioblastoma, oligodendrogliomas,
ependymomas, and mixed gliomas (Wesseling and Capper,
2018). Glioblastoma (GB) multiforme is the most malignant
and common (more than 60%) type of primary astrocytomas
(Rock et al., 2012). Despite the modern therapies to treat
GB, it is still a deadly disease with an extremely poor
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prognosis. Patients usually have a median survival of ∼14–
15 months from the diagnosis (Thakkar et al., 2014). The
standard treatment for GB is the resection of the tumor
by neurosurgery, followed by radiation, and chemotherapy
administration. However, these therapies are often ineffective,
having a high rate of recurrence and drug resistance over time,
accompanied by severe neurological deterioration of the affected
patient (Silantyev et al., 2019).

The surgical approach is often not efficient due to the
frequent persistence of tumoral foci; this leads to the recurrence
of the disease (Alphandéry et al., 2015) thanks to the high
proliferative rate and invasive behavior of GB cells. In this regard,
several studies have reported the crucial role of bulk removal
in increasing life expectancy and patient outcome (Silantyev
et al., 2019). However, even bulk removal is not completely
efficient since it is, generally, followed by relapses. For these
reasons, GB is considered a not treatable disease. Temozolomide
(TMZ) is currently the gold standard treatment for GB. Its
metabolites form a complex with alkyl guanine alkyl transferase
(O6 MGMT- DNA repair protein), leading to DNA damage;
however, some patients show resistance to TMZ. Thus, many
studies have reported the efficacy of the combination of TMZ
with different compounds, such as curcumin, resveratrol, O6-
benzylguanine, valproic acid, anti-epilectic drugs, interferon 1-
β, mesenchymal stem cells, and anti-malarial drugs [extensively
reviewed in Bahadur et al. (2019)], with reduced resistance
and increased treatment efficacy. In particular, it has been
reported that the combined administration of bone marrow-
derived mesenchymal cells (MSCs), interferon β (IF-β), and
TMZ significantly decreased tumor progression in vitro and
increased the survival of patients following synergistic effects
in vivo (Park et al., 2015). More recently, the simultaneous
administration of the inducer of autophagy, sirolimus, the
inhibitor of autophagy, Chloroquine, and TMZ on glioblastoma
cells was investigated in order to obtain lysosome disruption
and apoptotic death (Hsu et al., 2018). In the same way, several
new molecules were proposed to enhance TMZ activity in
glioblastoma both in vitro and in vivo (extensively reviewed in
Bahadur et al., 2019).

The diagnostic tools to detect brain tumors are represented
by imaging tests, mainly MRI, including different specialized
MRI scan components, including functional MRI, perfusion
MRI, and magnetic resonance spectroscopy. These tools help
us to understand tumor size and to plan treatment. Other
imaging exams may include PET, a computerized tomography
(CT) scan, and a cerebral angiogram. Molecular testing of the
tumor could also be recommended for the identification of
specific proteins, genes, and other factors (i.e., tumor markers)
distinctive to the tumor. Indeed, some biomarkers may help
in determining a patient’s prognosis, increasing the chance
of recovery. For the final and definite diagnosis, a biopsy of
the tumor’s tissue is usually necessary in order for it to be
analyzed by a pathologist (Piquer et al., 2014; Tandel et al.,
2019).

The first occurrence in tumor transformation is not
completely clarified. However, it seems that the genetic
signature is different in grade II gliomas, astrocytoma, and

oligodendroglioma. All tumors initially show the same invasive
phenotype, making it difficult to develop a unique therapy.
Progression-associated genetic modifications target cell cycle-
controlling pathways and growth promoting, causing focal
hypoxia, necrosis, and angiogenesis. Retinoblastoma protein (Rb)
mutation was identified in 20% ofmalignant gliomas (Behin et al.,
2003), although gliomas may also contain mutations in other
molecules involved in Rb signaling, including cyclin-dependent
kinase (CDK) and the cell cycle regulator cyclin-dependent
kinase inhibitor 2A, multiple tumor suppressor 1 (p16INK4A).
Most of the anaplastic astrocytoma show homozygous mutation,
deletion, and promoter hypermethylation in the INK4A/ARF
locus that encodes two tumor suppressors [p16INK4a and an
alternate reading frame tumor suppressor, p14ARF (Yamanaka,
2008)]. Moreover, it has been shown that PDGF (platelet-
derived growth factor) and platelet-derived growth factor
receptor (PDGFR) signaling are involved at the beginning of the
progression from astrocytoma to GB. In fact, elevated levels of
PDGFRα have been reported in all types of gliomas, particularly
in GB. Also, gliomas induce the overexpression of other
mitogens, including IGF-1 (Insulin like Growth factor) and EGF
(Epidermal growth factor) as well (Wong et al., 1992; Chakravarti
et al., 2002; Nicholas et al., 2006; Puputti et al., 2006; Newton,
2010). Their receptors are present as constitutively active mutant
forms in gliomas (Wong et al., 1992), leading to the activation of
numerous pathways, including PI3K/AKT PBK, phospholipase
protein C, and RAS/mitogen-activated protein kinase. In turn,
these pathways control invasion, cell proliferation, apoptosis,
and differentiation processes (Schlessinger, 2000). A common
alteration (20–40%) identified in glioblastoma that affects
the PI3K-Akt pathway is the genetic loss or mutation of
the tumor suppressor gene PTEN (Phosphatase and Tensin
homolog deleted on chromosome ten). Indeed, PTEN is a
key negative regulator of the PI3K/Akt pathway (Stambolic
et al., 1998; Cantley and Neel, 1999). In addition, gliomas
display the upregulation of angiogenic factors, such as the FGF
(fibroblast growth factor), TGF (transforming growth factor),
Interleukin 8 (IL-8), and Vascular-Endothelial Growth Factor
(VEGF) (Benoy et al., 2004; Slettenaar and Wilson, 2006; Xiao
et al., 2018). The combination of the genetic alteration of
these factors triggers a malignant glioma with an aggressive
phenotype and that is resistant to intensive therapies. In this
tumorigenic process, glioma stem cells exert a leading role
(Uchida et al., 2000; Gaya et al., 2002; Kondo et al., 2004;
Gürsel et al., 2011). Since glioma stem cells are able to self-
propagate, in order to avoid recurrence, it is fundamental
to target specifically them (Kroonen et al., 2008). The new
possibility to isolate GBM stem cells allows for new therapeutic
approaches, among which are gene replacement, knockdown,
or silencing (Kroonen et al., 2008). Since each GB patient
shows a peculiar molecular profile, the response at radio-
and chemotherapies is different. On this basis, different GB
cell lines may show a different response to Cdk inhibitors
(Caracciolo et al., 2012; Cimini et al., 2017).

GB, and other solid tumors as well, encounter metabolic
reprogramming; thus, the tumor is able to survive in hypoxic
conditions and sustain angiogenesis and hyperproliferation
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(Kroemer and Pouyssegur, 2008; Tennant et al., 2009; Fidoamore
et al., 2016; Antonosante et al., 2018).

In particular, tumor cells activate the glycolytic pathway, also
in the presence of oxygen (Warburg effect) (Frezza and Gottlieb,
2009). Indeed, tumor cells exploit the glycolytic signaling
intermediates for anabolic reactions (Gatenby and Gillies, 2004).
Only the cells subjected to these alterations are able to survive in
the tumor environment, suggesting the presence of a selection
of those with the altered metabolic phenotype (Tennant et al.,
2009). The progress in the genetic biology of gliomas, and the
recent insertion of manipulable experimental models, allows for
the development of effective targeted therapy.

TARGETED THERANOSTIC
NANOPLATFORMS FOR BRAIN CANCER
THERAPY AND IMAGING

The human brain is an extremely complicated organ, which
simultaneously regulates and supervises several functions.
Successful therapy in brain cancers is restricted because the
administered therapeutic entity cannot reach the targeted area
after systemic administration (Cheng et al., 2014), and this is
the main obstacle for the transport of the therapeutic agents
represented by the blood–brain barrier (BBB). The BBB consists
of a physical barrier, composed by vascular endothelial cells,
and is held together by tight junctions, transporters, receptors,
enzymes, and the ATP-dependent, 170-kDa efflux pump P-
glycoprotein (Sonali et al., 2016a,b,c). The BBB retains the
passage of agents with amolecular weight>500 Da but also of the
majority of small sized molecules (Wei et al., 2014; Agrawal et al.,
2017a,b). ATP-binding P-gp at the same time exerts the efflux
function for xenobiotics, and their strong expression inhibits
the passage of substrates through the BBB. The majority of
the chemotherapeutics are hydrophobic and larger in molecular
size; thus, they cannot cross the BBB spontaneously. Also,
chemotherapeutics are substrates of multidrug-resistant drug
efflux pumps, which are active on both tumor vascular cells and
the BBB (Zong et al., 2014).

Brain cancers are difficult to detect and treat during the
primary stages. The diagnosis and the detection of the volume
of the brain cancers are complex because an accumulation of
extracellular fluid (Koo et al., 2006) surrounding the tumor
region is generally present. Since the 1970s, the primary
modality to treat brain cancer includes surgical resection and/or
chemotherapy or radiotherapy (Koo et al., 2006).

Conventional diagnostic and therapeutic agents showed
improper bio-distribution andmodest pharmacokinetics, leading
to insufficient dissemination into tumors (Muthu et al., 2014a,b).
In addition, they are non-specific and can accumulate in healthy
organs, resulting in high toxicity. To overcome these issues,
the nanotheranostic approach could be very useful. Different
effective nanotheranostics brain cancer therapies have been
recognized, but they need further investigation (Lakka and
Rao, 2008; Xie et al., 2010; Keunen et al., 2011; Fan et al.,
2014; Nance et al., 2014; Arranja et al., 2017). For instance,
nanoparticle-enhanced imaging of the CNS at the subcellular

level localizes more precisely the intracranial neoplasms area
(Figure 2) (Bhojani et al., 2010). Also, nanoparticle-enhanced
neuroimaging is very useful to understand physiological
processes, including apoptosis, ischemia, inflammation, cell
differentiation, and mitosis, representing the main tool for
further research studies in neurodegenerative diseases and
stroke (reviewed in Mattei and Rehman, 2015). To study
physiological processes, many microscopic and macroscopic
imaging modalities have been established. Microscopic methods
require the invasive harvesting of tissues and imaging by
cell-based assays (i.e., for apoptosis TUNEL, Annexin V,
and Caspase Substrate Based Assays) (Cen et al., 2008).
Macroscopic imaging modalities, by contrast, visualize apoptosis
in living subjects in non-invasive modality. To date, to
study these physiological processes, various in vivo molecular
imaging technologies have been used, including Radiolabeled
Small Molecular Probes, optical imaging probes, MRI agents,
and multiple-modality methods. Microscopic and macroscopic
imaging strategies improved the understanding of various
physiological processes, or pathologies in preclinical and clinical
studies (Zeng et al., 2015).

Unfortunately, the BBB still represents a limitation for
nanotheranostic delivery (Wilhelm and Krizbai, 2014). To
facilitate in vitro studies of drug delivery to the brain, promising
in vitro BBB models have been developed based on primary
or immortalized cells or on the culture of brain endothelial
cells (Wilhelm and Krizbai, 2014; Helms et al., 2016). Valid
models can be obtained using primary porcine brain endothelial
cells and rodent co-culture models, which are characterized by
low paracellular permeability and functional efflux transporters,
mimicking the in vivo physiological complexity of the in
vivo BBB. These include triple co-culture (brain endothelial
cells with pericytes and astrocytes), dynamic, and microfluidic
models, but these models are not suitable for rapid analyses.
Great efforts have been made to deliver diagnostic agents
and drugs into the brain. Thanks to recent advances in BBB
research, new approaches have been exploited. Strategies able
to pass through the BBB and reach the brain include viral
vectors (characterized by high gene transfection efficiency),
exosomes, brain permeability enhancers, and nanoparticles
(Dong, 2018).

For example, Pilkington et al., in one of these in vitro
BBB models, tested the properties of chitosyme nanoparticulate
structures on BBB integrity, analyzing the tight junction
proteins (ZO-1, occludin) and effects on the extra cellular
matrix (Pilkington et al., 2014). In additional studies, paclitaxel
(PTX) were constructed with a cyclic Arg-Gly-Asp (RGD)
peptide as a targeting ligand to pass through the BBB by a
targeting method. The nanocarriers were tested on a 3D glioma
spheroid of glioma cells grown on agarose and showed targeted
accumulation into tumor spheroids and excellent infiltration
compared with conventional nanocarriers, suggesting a potential
use in therapeutic approaches (Jiang et al., 2013). The theranostic
nanosystems are combined with the targeting agent that identifies
definite targets of brain cancer cells and binds to and internalizes
via a specific mechanism. Several nanomaterials, including Gold
Nanoparticles (AuNPs) and Quantum Dots (QDs) have intrinsic
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FIGURE 2 | Summary scheme of nanoparticles potentially useful in theranostic nanomedicine for glioma. In this scheme, three sets (therapeutics, diagnostics, and

nanocarriers to overcome the BBB) related to the potential application of nanoparticles are reported.

diagnostic/therapeutic properties (Muthu et al., 2014a; Sonali
et al., 2018).

GOLD NANOPARTICLES

Gold Nanoparticles designed from gold cores represent a new
system for theranostic systems (Table 2). They are biocompatible
and are usually prepared as spheres, wire, rods, cubes, and cages.
AuNPs, like other inorganic nanoparticles, trigger oxidative
stress and subsequent cytotoxic effects. The spheroidal AuNPs
ultraviolet (UV) absorption is at 520 nm, while the gold nanorods
absorption is in the Infrared radiation (690–900 nm). These
intrinsic optical characteristic allow AuNPs to be utilized as
multifarious theranostic drugs for clinical applications (Xie et al.,
2010; Kumar et al., 2013). AuNPs showed a diagnostic property,
tunable core size, low toxicity, surface plasmon absorption
and ease of fabrication, and light-scattering properties (Fan
et al., 2014). AuNPs have been widely studied; for example,
Melancon et al. formulated multi-utility gold-based nanoshells
with optical and magnetic activities, which were additionally
conjugated with targeting moiety and studied as an approach
for head and neck cancer (Melancon et al., 2011). It has

been shown that AuNPs improve the treatment of gliomas; for
instance, the use of AuNPs-combined radiotherapy promoted
long-term survival with respect to radiation therapy alone
(Hainfeld et al., 2013; Joh et al., 2013). In another study, a
theranostic system for cancer treatment, which was able to
reduce the cytotoxic effect on normal cells, has been developed
based on the use of gold nanoparticles surface-functionalized

with a paclitaxel drug and biotin receptor. Two categories,

AuNPs-4 and AuNPs-5, were investigated for their peculiar
interaction with cancer cells. These nanoparticles were tested
against the immortalized NIH3T3 cells, and it was suggested
that the AuNPs-5 was more efficient (Heo et al., 2012). In
addition, AuNPs represent an encouraging candidate for tumor
margin detection, improving the surgery resection of brain
cancers (Tzeng and Green, 2013). An in-vitro study on brain
tumor cell lines showed a strong amelioration in uptake studies
of targeted particles with respect to non-targeted formulations
(Dixit et al., 2015b). Recently, matrix metalloproteinase-2-
sensitive gold-gelatin nanoparticles were developed; RGD and
octarginine were used as targeting ligands to pass through the
BBB, allowing a pH-triggered release to the glioma-specific
area. Indeed, it has been reported that gold nanotheranostic
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TABLE 2 | Nanoparticles examples with some characteristics.

Nanoparticles Biosafety Size References

Gold

nanoparticles

Low cytotoxicity 2–60 nm Fan et al.,

2014

Magnetic

nanoparticles

Potential cytotoxicity 7–20 nm Alphandéry

et al., 2015

Quantum

dots

Potential cytotoxicity 2–50 nm Onoshima

et al., 2015

Carbon

nanotubes

Potential cytotoxicity 0.4–40 nm Wang et al.,

2012

Mesoporous

silica

nanoparticles

Low cytotoxicity 20–25 nm Wang et al., 2015

Different nanoparticles and the respective biosafety and size.

targeted specific tumor areas since it is able to co-localize within
neovessels (Ruan et al., 2015). Gold theranostic micelles coated
with polyethylene glycol-polycaprolactone (PEG-PCL) exhibited
radiosensitizing efficacy for GBM therapy and can be used
as a novel contrasting agent for both MRI and CT studies
(Sun et al., 2016).

MAGNETIC NANOPARTICLES

Recently, Magnetic Nanoparticles (MNPs) have been introduced
as potential nanocarriers in targeted drug delivery at the
tumor area, having the further benefit of MRI traceability
(Table 2). The magnetic response (iron oxide core) ameliorates
the magnetic targeted delivery (Pankhurst et al., 2003; Frimpong
and Hilt, 2010). Interestingly, it has been shown that intravenous
administration of these particles is able to reach the cancer
site in an animal model. Recently, Chertok et al. reported
that magnetic nanoparticles are a useful tool for magnetically
enhanced accumulation in brain tumors and for non-invasive
MRI screening. This accumulation can be sharply improved
with magnetic targeting, as confirmed by MRI (Chertok et al.,
2008). A recent in-vivo study suggested the potential clinical
application of these nanotheranostics since MNPs overpass the
BBB in a reversible way, and the substance can reach the targeted
site (Lammers et al., 2015; Tabatabaei et al., 2015). Since 2013,
NanoTherm R© therapy has been established as a new procedure
for the focal treatment of solid tumors (Rivera Gil et al., 2010).
In this procedure, magnetic nanoparticles are introduced in
the tumor or in the resection cavity wall. These particles are
then heated by an alternating magnetic field, determining cancer
cells death. Nanoparticles are particles of iron oxide, suspended
in water, with a diameter of about 15 nm. After the in vivo
engraftment, they agglomerate and remain the tissue to be
treated. An alternating magnetic field then induces the particles
to generate heat. Depending on the temperatures reached in
the tumor site or in individual remaining cancer cells in the
resection cavity wall, and the length of treatment, cancer cells are
destroyed or made more sensitive to concomitant radiotherapy
or chemotherapy1 (Alphandéry et al., 2015).

1NanoTherm R© therapy. Available online at: https://www.magforce.com/en/

home/our_therapy/

QUANTUM DOTS

Quantum Dots (QDs) are nanoscale (<10 nm) inorganic
semiconductor nanocrystals, which represent a potential
candidate for theranostic purposes (Table 2). They emit light
which wavelength can be tuned on the basis of their shape,
composition, and size. Cadmium selenide/Zinc sulfide-based
QDs are the most used nanomaterials for diagnostic purposes.
They have a CdSe core that is overcoated with layers of ZnS
(Zhang et al., 2017). Furthermore, to gain affinity and target
the cancer site, the surface of the QDs can be covalently or
non-covalently conjugated with targeting probes, such as
various antibodies, peptides, nucleic acids, folate aptamers,
and other small molecules. One of the most suitable methods
for conjugating targeting molecules on the surface of QDs is
represented by the technique of avidin-biotin cross-linking (Tian
et al., 2011; Onoshima et al., 2015). QDs can be conjugated with
cancer cell-specific ligands, including HER2 (Ahmed et al., 2017),
highly expressed in glioblastoma, CD44, proteins, antibodies,
folic acid, and so on. Interestingly, QDs can be combined into
paramagnetic liposomal designs containing RGD peptides and
utilized as a diagnostic tool in tumor angiogenesis using MRI
(Volkov, 2015). QDs in theranostic showed a clinical potential
limit, due to their potential toxicity in humans (Derfus et al.,
2004; Kirchner et al., 2005). To overcome this problem, further
investigation is necessary to design biocompatible, excretable,
surface-modified QDs (Onoshima et al., 2015).

CARBON NANOTUBES

Carbon Nanotubes (CNTs) are composed of different layers
of graphene sheets, which form a cylindrical shape (Table 2).
CNTs can be considered as allotropes of carbon with poor
biocompatibility and slow biodegradation (Singh et al., 2016).
CNTs are useful for theranostic applications since they can
ameliorate the effect of chemotherapeutic agents and are
translatable to clinical applications (Shapira et al., 2011; Singh
et al., 2016). Once CNTs reach the targeted cells, they can
interact with DNA and proteins, altering cellular signaling, or
the mechanism of other therapeutic approaches (Ren et al., 2012;
Chakrabarti et al., 2015). The intrinsic NIR light-absorption
characteristic of CNTs has been exploited to eliminate tumor
cells in vitro, whereas their NIR photoluminescence property
has been utilized in cell imaging. In an interesting study, it has
been reported that i.v. administration of single-walled carbon
nanotubes (SWCNTs) as photo luminescent probes is a valid
tool for in vivo tumor imaging, suggesting that SWCNTs could
be used for theranostic applications. Moreover, CNTs are able
to improve the chemotherapy effect in brain tumors (Robinson
et al., 2010). In fact, recently, gold-coated surface-modified
CNTs were established as optical nanotheranostic probes, which
exhibited high potential as imaging tracers but had poor clinical
potential due to slower biodegradation (and subsequent toxicity),
as shown in in vivo nanotheranostic studies (Wang et al.,
2012). However, CNTs may trigger adverse effects, such as lipid
peroxidation, that induce inflammation and cell damage (Shapira
et al., 2011; Singh et al., 2016).
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MESOPOROUS SILICA NANOPARTICLES

Mesoporous Silica Nanoparticles (MSNPs) are also emerging
drug delivery systems. MSNPs are thoroughly investigated and
used in diagnostics because of their tunable shape and size and
since their wide surface area facilitates a high drug loading
(Table 2). Numerous drugs, including paclitaxel, camptothecin,
methotrexate, colchicine, and cysteine, have been encapsulated
in MSNPs. These encapsulated anticancer drugs are able to
precisely cause the death of tumor cells (Gary-Bobo et al., 2012;
Mamaeva et al., 2013). Thanks to the hexagonal structure,MSNPs
can incorporate numerous functional components of an ideal
theranostic approach in a single object, with different regions
for the contrasting agent, therapeutic moiety, and biomolecular
ligand. In addition, MSNPs are identified as safe materials by the
FDA and are approved for evaluation in clinical studies. Scientists
have utilized silica to integrate both IONPs and QDs, in order
to create a hybrid with both optical and magnetic properties.
MSNPs are biocompatible and biodegradable materials for
nanotheranostic applications. MSNPs that dissolved silica can be
absorbed by the biological system, metabolize, and be excreted
through urine in the form of silicic acid or oligomeric silica
species (Chen et al., 2013; Wang et al., 2015). Biomolecular
targeting agents, proteins and peptides, are conjugated to the
surface ofMSNPs to ameliorate cancer treatment efficacy. Indeed,
the surface of MSNPs was conjugated with a Tf peptide to
enhance the detection of brain glioma cells (Cheng et al., 2010;
Feng et al., 2016). Due to their efficient drug-loading capability,
rugged nature, elevated biodegradation in the body, and diverse
functionalization, MSNPs are widely used as tracers in MRIs
or contrast agents in ultrasounds for accurate targeting, and
they show positive results for brain cancer detection (Feng
et al., 2016). In an interesting study, mesenchymal stem cells
were engineered with MSNPs to treat and diagnose orthotopic
glioblastomas. In particular, the intracerebral injection of
engineered stem cells significantly improved the survival of rats
with U87MG xenografts. This effect was concomitant with a
reduction in tumor growth and proliferation and microvascular
density. In GSC1 xenografts, intra-tumoral injections of Ad-
hMSCs depleted the tumor cell population and induced
migration of resident microglial cells (Pacioni et al., 2017).
Nanotheranostics therapy was administered systemically to the
mice and allowed in vivo imaging via MRI, NIR fluorescence, and
PET; moreover, it exhibited high specificity for the glioma site
(Huang et al., 2013).

NANOPARTICLES FOR GB TREATMENT

Numerous nanostructured delivery systems have been
established for brain tumor delivery, and, on the basis of
their composition and nature, they can be divided into organic
NPS and inorganic NPS (Kumar et al., 2016; Di Martino et al.,
2017). Organic NPS (i.e., liposomes, polymeric nanoparticles,
lipid nanoparticles, and micelles), compared with the “free”
drugs, were able to efficiently cross the BBB, with favored
distribution in the brain, in both in vitro and in vivo studies
(Danhier et al., 2015; Chen et al., 2016; Kuo and Cheng,

TABLE 3 | Examples of clinical trials performed using nanoparticles drugs for

gliomas.

Drugs Diseases Phase Clinical Trial

ABI-009

(nab-rapamycin)

Recurrent high-grade

glioma; Newly

diagnosed

glioblastoma

II NCT03463265

NL CPT-11

(Nanoliposomal

CPT-11)

Recurrent high-grade

glioma

I completed NCT00734682

Ferumoxytol Recurrent high-grade

glioma

I NCT00769093

9-ING-41 Glioblastoma II NCT03678883

Pegylated

Liposomal

Doxorubicine +

Temozolomide

Glioblastoma

And diffuse intristic

pontine glioma

II completed NCT00944801

SGT-53 Recurrent glioblastoma II NCT02340156

Myocet Refractory or relapsed

malignant glioma in

children/adolescent

I NCT02861222

Drugs, disease, and clinical trials with relative phase.

2016; Liu et al., 2016; Qu et al., 2016; Wu et al., 2016; Belhadj
et al., 2017; Chai et al., 2017; Graverini et al., 2018; Jhaveri
et al., 2018) (Table 3). The main advantages of inorganic NPS
(mesoporous silica nanoparticles, gold nanoparticles, iron
oxide nanoparticles, and quantum dots) are their resistance to
enzymatic degradation, robustness, and interesting intrinsic
characteristics (Nam et al., 2013). For the treatment of GB,
different kind of NPS (lipidic, magnetic, liposomal, fluorescent,
and polymeric) have already been designed in order to cross
the BBB, and these take into account active, passive, and
stimuli-targeting perspectives (Cheng et al., 2014; Saraiva et al.,
2016; Miranda et al., 2017; Aparicio-Blanco and Torres-Suárez,
2018). Theranostic nanoparticles represent a new technological
concept that provides a combination of inorganic and organic
nanoparticles to acquire synergistic characteristics in a single
nanoparticle, exploiting the drug delivery by organic NPS
and imaging by inorganic NPS. Theranostic nanoparticles
can be used to limit toxicity due to a high and invasive
dosage, improving patient outcomes. Recently, a combined
chemo-photothermal targeted treatment of gliomas within
one nanoparticle was developed. A targeting peptide was
synthesized and characterized. In particular, as a therapeutic
component, Doxorubicin was chosen, and, as a drug and
diagnostic delivery system, a modified mesoporous silica-coated
graphene nanosheet (GSPI) was chosen. The doxorubicin-loaded
GSPI-based system showed heat-stimulating, pH-responsive,
and sustained release properties. The in vitro results were
encouraging; glioma cells showed a higher rate of death and
strong GSPI accumulation (Lee et al., 2011). Targeting AuNPs
with two or more receptor-binding peptides for glioblastoma
treatment have been established (Dixit et al., 2015a). AuNPs
conjugated with peptides (EGF and transferrin) and loaded
with the photosensitizer phthalocyanine 4 (Pc 4) displayed
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synergistic effects in human glioma cells, concomitant with
a high accumulation in the brain tumor area compared to
AuNPs alone (Dixit et al., 2015a). Many in vitro studies
reported positive effects; however, in vivo investigations based
on theranostic NPS concepts are necessary to translate into
clinical practice (Schmieder et al., 2008; Jokerst and Gambhir,
2011; Sailor and Park, 2012). In vitro and in vitro studies
for GB treatment have been reported, and include gold
nanoparticles, curcumin-loaded RDP-liposomes, curcumin-
loaded PLGA-DSPE-PEG nanoparticles, chitosan-based
nanoparticles, iron oxide nanoparticles coated with a chitosan-
PEG-polyethyleneimine copolymer, hyaluronic acid conjugated
liposomes, and others (Dixit et al., 2015a,b; Orunoglu et al.,
2017; Zhao et al., 2018). Finally, magnetic nanoparticles and
Nanotherm theranostic technology have been successfully
applied in glioblastoma patients in 27 different European
countries with double median survival in 59 patients (reviewed
in Xie et al., 2018).

All these studies reported high efficiency against glioblastoma
also in in vivo investigations, thus indicating a promising
application in diagnosis and concomitantly in therapeutic
approaches, which results from significant accumulation in the
brain tumor regions. NPS are poorly investigated in clinical trials
(Andronescu and Grumezescu, 2017). The main limitation for
using nanotechnology to diagnose and treat cancer is due to
its inability to effectively contain and regulate the activity of
NPS inside the body, comprising toxicity, biodistribution, and
pharmacokinetics (Wicki et al., 2015; Bregoli et al., 2016; Hare
et al., 2017).

CONCLUSION AND PERSPECTIVES

In the last years, the field of “theranostic medicine” has
gained increasing interest in order to improve diagnostic
and therapeutic interventions by nanotechnology resources
that exploit a combined approach (Figure 1). A nanoparticle
should contain a therapeutic agent combined with a tracer to
help monitor the effect of the therapy as well. Theranostic
is considered a potential candidate for targeted therapy and
personalized medicine because you can follow the specific
behavior of each tumor concomitant with a substantial increase
in the efficacy of the anticancer drugs. This monitoring during
the treatment course is a non-invasive method that, through
the use of theranostic strategies, allows for the implementation
of the individualization of therapeutic regimens based on each
patient’s response.

Overall, on light of the published investigations,
nanotechnology research may be a potential and valid
treatment of CNS pathologies, especially brain cancers
(Figure 2), helping to address the main issues encountered:
unclear tumoral margins, neurotoxicity of adjuvant therapies,
fibrosis and immunological responses to intracranial devices,
vascular anastomosis, multidrug resistance, BBB blockage, and
tumor cell-specificity response to pharmacological treatments.
Nanotheranostics, indeed, have shown to be a valid option for
malignant brain cancers. Thus, in this review, we reported that

nanotheranostics may represent a solid approach to be adopted
in brain cancer management. The field of theranostics is pretty
new, but considerable efforts have been made in order to develop
theranostic nanoparticles for cancer therapy and targeted
imaging. Advantages of theranostic nanoparticles include
high biosafety, prolonged half-life into the circulatory system,
concomitant loading of therapeutic and contrast agents, small
size, high surface functionalization, and the ability to perform
concomitantly diagnosis/monitoring and therapeutic approaches
in real-time. Theranostic NPS allow a specific release of cargo in
the affected site, targeting overexpressed proteins and receptors
on brain cancer cells. These functions can facilitate the progress
of innovative drugs in both preclinical and clinical phases.

Recently, multifunctional applications and combined
approaches with personalized medicine applications have
increased the hope in a successful clinical translation. Currently,
as mentioned above, the only theranostic tool approved for use
in the clinical treatment of GBM in Europe is NanoTherm R© (Shi
et al., 2017).

Overall, the goal is that multifunctional nanomedicine is an
efficient, targeted in vivo drug delivery without systemic toxicity,
and the therapeutic efficacy and the dosage can be precisely
measured with low or absent invasivity.

However, in order to translate the experimental studies to
clinical trials, further investigations are necessary, particularly
to understand the low drug-loading capacity and to optimize
the drug concentrations that reach the targeted area, and
many factors need to be optimized simultaneously for the best
clinical outcome.

In vitro and in vivo studies optimized to correctly evaluate
toxicity, biodistribution, and pharmacokinetics of NPS are
strongly requested to test the safety and efficacy of these
nanomaterials in clinical studies. Moreover, the complexity
of some nanoparticle designs and the high production costs
contribute to the lower clinical uptake of NPS (Hare et al.,
2017). The major efforts in the field of NPS should be directed
toward bridging the gap between preclinical studies and the
clinical phase.

The goal would be a better outcome for the patients thanks
to the constant monitoring prior and during treatment, which
allows for personalized cancer planning with predictable side
effects. These multifunctional modern applications may increase
a patient’s life expectancy and life quality. It is highly probably
that, in the near future, the field of nanotheranostics will emerge
and become part of the conventional therapy and diagnostic
approaches for brain cancer and other type of cancers.
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While ultrasound is most widely known for its use in diagnostic imaging, the energy

carried by ultrasound waves can be utilized to influence cell function and drug

delivery. Consequently, our ability to use ultrasound energy at a given intensity

unlocks the opportunity to use the ultrasound for therapeutic applications. Indeed, in

the last decade ultrasound-based therapies have emerged with promising treatment

modalities for several medical conditions. More recently, ultrasound in combination

with nanomedicines, i.e., nanoparticles, has been shown to have substantial potential

to enhance the efficacy of many treatments including cancer, Alzheimer disease or

osteoarthritis. The concept of ultrasound combined with drug delivery is still in its infancy

and more research is needed to unfold the mechanisms and interactions of ultrasound

with different nanoparticles types and with various cell types. Here we present the

state-of-art in ultrasound and ultrasound-assisted drug delivery with a particular focus on

cancer treatments. Notably, this review discusses the application of high intensity focus

ultrasound for non-invasive tumor ablation and immunomodulatory effects of ultrasound,

as well as the efficacy of nanoparticle-enhanced ultrasound therapies for different medical

conditions. Furthermore, this review presents safety considerations related to ultrasound

technology and gives recommendations in the context of system design and operation.

Keywords: ultrasound, nanoparticles, cancer, HIFU, targeted drug delivery

INTRODUCTION

Conventionally, ultrasound has been used for imaging and diagnostic purposes. Recent
technological advances, in particular in nanotechnology, opened new opportunities for ultrasound
to be developed into advanced medical treatments, e.g., ultrasound triggered in situ drug synthesis
and non-invasive surgery (Ferrara, 2008). Therapeutic ultrasound has already been demonstrated
to be effective for prostate, breast and liver cancer ablation, cataract removal, uterine fibroid
ablation, phacoemulsification, surgical tissue cutting, treatment of bone fractures, and transdermal
drug delivery (Miller et al., 2012). Notably, ultrasound-assisted delivery of drugs has gained
increasing attention in recent years as it permits spatially confined delivery of therapeutic
compound into target areas, such as tumors (Zhu and Torchilin, 2013). The combination of
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ultrasound and nano-drug delivery systems removes major
limitations of conventional drug delivery systems, including:

– Insufficient uptake and accumulation of nanoparticles by cells
(Blanco et al., 2015),

– Limited amount of drug delivered or released from
nanoparticles (Du et al., 2011), and

– Targeted specific delivery of drug carrying nanoparticles.

Furthermore, the combination of ultrasound with nanoparticles
has a substantial potential to enhance the efficacy of drug
delivery and reduce side effects of drugs, through improved
transcending of drug carrying particles through physiological
barriers—a major goal for advanced drug delivery systems.
These physiological barriers include endothelial lining of blood
vessels (Thakkar et al., 2012), endothelium of target tissues,
tight epithelial cell layers, tissue interstitium, plasma membrane
of cells, diffusion through cytoplasm, and ultimately entry into
the nucleus via nuclear membrane (if applicable) (Barua and
Mitragotri, 2014). In addition to these, the blood–brain barrier
(BBB) is a major obstacle for nanoparticle/drug penetration to
the brain, which could be overcome by the use of ultrasound
(Zhou et al., 2018).

BARRIERS FOR NANOPARTICLE DRUG
DELIVERY TO TUMOR

Approaches for targeted delivery in cancer may involve
systemic administration of chemotherapeutic agents encased
in nanoparticles. They may improve the effectiveness of drug
delivery and their specificity resulting in targeted drug delivery.
To improve targeting, nanoparticles can also be decorated
with molecules which specifically recognize and attach to
cancer cells. The most commonly utilized tumor specific
moieties for targeting are abnormal overexpressed receptors of
the tumors. These include endothelial growth factor receptor
(VEGFR), epidermal growth factor receptor (EGFR integrin
receptor vascular), folate receptor (FR), and human epidermal
growth factor receptor 2 (HER2) (Ko et al., 2019). The
encapsulation of therapeutic drug molecules in nanoparticles
can improve their bioavailability, bio-distribution, and can also
improve internalization into the target cell. However, despite
recent advancements in the field of nanotechnology, including
functionalization with aforementioned targeting molecules, only
∼1% of nanoparticles accumulates in tumors (Wilhelm et al.,
2016). Therefore, an effective treatment strategy for malignant
tumors remains elusive. Very low targeting efficiency could be
due to multiple physiological barriers of the tumor architecture
(Rosenblum et al., 2018). The first difficulty for nanoparticles
just after their intravenous administration, much before they
reach the tumor microenvironment is the high chance of getting
cleared by blood circulation. It can happen because nanoparticles
may be opsonized by blood proteins to be later identified by the
cells of the mononuclear phagocyte system (MPS) and finally
cleared away from circulation. The nanoparticle populations that
avoid clearance by the MPS need to diffuse out of circulation.
While nanoparticles are in circulation, they need to effectively

accumulate at the endothelial lining toward the tumor micro-
environment. Effective extravasation of nanoparticles through
the tumor microenvironment represents the second barrier for
nanoparticles. The characteristic structure of tumor tissue is
distinct compared to normal tissues. The tumor structure usually
have abnormal vasculature, show overexpression and presence
of high density of extracellular matrix (ECM). The abnormal
features of tumor are predominant reasons for inefficient delivery
of nanoparticles to tumors. The ECMof tumors consist of a cross-
linked network of collagen and elastin fibers, proteoglycans and
hyaluronic acid that forms a cross-linked gel-like structure. The
highly developed and overexpressed ECM of tumor results in
significant resistance to the diffusion of therapeutic nanoparticles
through the interstitium. Apart from this, high interstitial fluid
pressure (IFP), which is the result of rapid proliferation of cells
in a restricted area, the high permeability of tumor vasculature
and absence of the lymphatic drainage system declines the force
for nanoparticles to penetrate into tumors. These conditions
also obstructs the transport and distribution of nanoparticles
uniformly into the entire tumor volume. More importantly, the
vasculature perfusion within a tumor is quite diverse, leaving
several areas with poor vessel perfusion and low blood flow.
The situation doubtlessly increases the distance from area over
which nanoparticles must travel through to reach target cells,
resulting in delivery of nanoparticles to release of therapeutic
drug too far from the tumor and its microenvironment. All
the distinct pathological features of the tumor profoundly
retard nanoparticle delivery, accumulation, and diffusion of
nanoparticles uniformly into the tumor leading to inefficient
anti-tumor activity of the treatment (Sriraman et al., 2014; Zhang
Y. R. et al., 2019).

To overcome the above mentioned barriers there is a need
for a technique that can aid in precise delivery of drug
at a tumor site and enhance penetration of nanoparticles
into tumor volume. Ultrasound-assisted delivery of drug
loaded nanoparticles addresses aforementioned limitations by
enhancing accumulation and uptake of nanoparticles by cells,
as well as by stimulation of drug release only at targeted
site. These effects are achieved through various processes like
sonoporosis, cavitation, and hyperthermia which occur after
the interaction of ultrasound radiation concurrently with cells
as well as nanoparticles. Consequently, the use of ultrasound
has the potential to improve drug targeting, which in turn
may reduce systemic dose of drug required for successful
treatment. Therefore, ultrasound-assisted drug delivery may
reduce overall treatment side effects associated with drug toxicity
and non-targeted delivery (Mullick Chowdhury et al., 2017).
Taken together, ultrasound-based drug delivery opens new
opportunities for more effective treatments for cancer and other
medical conditions.

MUCOSAL BARRIER

Mucus is a major obstacle for drug/nanoparticle delivery.
Presence of mucus in lung, vagina, and bladder pose a challenge
for nanoparticle delivery to the diseased area through dense
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mucosal structure. For example, nanoparticle drug delivery to
lung epithelium is challenging due to array of extracellular
barriers such as mucociliary clearance and presence of thick
mucosal coating around the tissues. In the case of cystic fibrosis
a coating of infected sputum is major obstacle for delivery of
the nanoparticles to the diseased area. There are a number of
ways to overcome these hurdles such as the use of agents which
dissolves thick mucus, viscoelastic gels, agents that break tight
junctions of mucus for permission of nanoparticles efficiently to
the airway epithelium. However, the above mentioned strategies
to improve drug delivery through mucous are not effective
(Xenariou et al., 2007). In contrast, ultrasound provides a
simple and robust solution to overcome the barrier limiting
extravasation of therapeutic agent/nanoparticles into mucosal
tissues (Chen et al., 2017). The effect can be achieved because
ultrasound is associated with energy that can disrupt the mucosal
structure allowing nanoparticles to enter the tissues for local
drug delivery.

Schoellhammer et al. suggested that low-frequency ultrasound
could provide fast delivery of therapeutic agent to the colonic
mucosa. It was first explored whether low-frequency ultrasound
could improve the delivery of the drugs to the colon tissues in
Franz diffusion cells. The findings of the ex vivo experiment
revealed that treatment with low-frequency ultrasound 20 kHz
was able to increase the delivery of dextran (3 kDa) labeled
with texas red up to 7-times compared to control. Confocal
microscopy images showed that the fluorescent dextran was
uniformly diffused throughout the tissues (Schoellhammer et al.,
2017). However, until now, the use of ultrasound to improve
nanoparticle drug delivery thorough lung mucosal membrane
has not been demonstrated. The potential use of ultrasound in
transmucosal drug delivery could address the current limitation
of low transmucosal nanoparticle/drug delivery for several lung,
vaginal and bladder diseases. The presence of the mucus in
vaginal epithelium pose an obstacle for obtaining prolonged
retention, homogeneous distribution, and successful delivery
of drug molecules/nanoparticles in the vaginal tract. Most
particulate matter, including nanoparticles, get trapped by
mucous through both adhesive and steric interactions due to
mucus (Ensign et al., 2012). Mucous barriers also limits the
effectiveness of conventional drug delivery systems in treating
some bladder conditions including overactive bladder, interstitial
cystitis, bladder cancer, and urinary tract infections (Zacchè
et al., 2015). In all these situations where mucous forms a
physicochemical barrier for drug or drug carrier to reach the
target, ultrasound energy could be employed to improve trans-
mucosal drug delivery.

TUMORS WITH LOW ENHANCED
PERMEABILITY AND RETENTION (EPR)
EFFECT

Ultrasound could be employed for improving drug delivery to
the tumors with low “enhanced permeability and retention effect”
(EPR). Some tumors, and typically tumors presenting with an
extensive stromal compartment show suboptimal distribution of

nanoparticles within the tumor. These tumors are characterized
by a dense collagen network and tight perivascular cell coverage.
Therefore, the penetration of drugs and drug delivery systems
(nanoparticles) into the tumor interstitium is limited. There
has not been a huge success so far in developing strategies to
improve low EPR of such tumors. Ultrasound could be a useful
strategy for improving drug targeting to tumors with low EPR
(Theek et al., 2016). Theek, Baues et al. in their study use tumor
models (i.e., highly cellular A431 epidermoid xenografts and
highly stromal BxPC-3 pancreatic carcinoma xenografts), which
both represents relatively low levels of EPR. It was found that
the liposome concentrations were increased twice in ultrasound
treated tumors as compared to untreated tumors. The effect
was observed because of the ability of ultrasound to induce
the sonoporation effect. It enhanced the ability of liposomes to
penetrate out of the blood vessels into the tumor interstitium.
These findings show that ultrasound can improve the efficacy of
nanomedicine in tumors treatments which has low levels of EPR.

Taken together, physiological barriers restrain the effective
delivery of drugs to targeted tissues. Notably, ultrasound can be
used to improve both targeting and effectiveness of drug delivery.
Indeed, the ultrasound-mediated drug delivery has substantial
potential to improve outcomes of many therapies. However, to
move this therapeutic modality to mainstream medicine there
is a need to understand effects of ultrasound treatment on
cells, tissues, and extracellular matrixes. It is also necessary to
understand the ultrasound beam behaviors in the context of
complex hierarchical assembly of biological structures; e.g., how
the ultrasound beam passes and reflects within tissues and how it
interacts with different subtypes of tissues.

BIOPHYSICAL EFFECTS OF
ULTRASOUNDS ON CELLS

Ultrasound beams of given frequency and intensity can induce
various biophysical effects in cells or tissues that are exposed
to the energy carried by the ultrasound wave. Well-known
biophysical effects of ultrasound on cells are:

• Sonoporation,
• Cavitation, and
• Hyperthermia (Qin et al., 2018).

Each of the effects have different impacts on cell function and can
be exploited for different therapeutic applications detailed below.

Sonoporation
Sonoporation is the process where the size of pores in the
cell membrane increases as a result of mechanical impact
of ultrasound radiation/energy on cell membrane molecules.
Ultrasound physically disrupts the integrity of the membrane
assembly causing membrane poration. Tiny pores formed in
the membrane enable passive entry of drug molecules or
nanoparticles into cells (Figure 1). Consequently, ultrasound can
be used to enhance cellular internalization and accumulation of
small molecules, genes, and nanoparticles.
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FIGURE 1 | Effect of sonoporosis on cell membrane to enhance nanoparticle drug delivery to cells.

Sonoporation can be induced in cells through the cavitation
process. Cavitation is defined as tiny gas microbubbles being
created, developed, vibrated (oscillated), and disintegrated
(collapsed) in fluid under the influence of ultrasound radiations.
Cavitation occurs for both endogenous and exogenous gas
microbubbles. Endogenous gas microbubbles are naturally
occurring voids in cell cytoplasm while, exogenous gas bubbles
include synthetic gas bubbles, or microbubbles introduced
externally in the cellular microenvironment. These comprise
of spherical gas- and/or perfluorocarbon-filled cavities and
are typically stabilized by a coated surfactant, phospholipid,
and synthetic polymer or denatured human serum albumin.
Both endogenous and exogenous microbubbles can increase the
permeability of cell membranes through the formation of pores
on the membrane, which leads to sonophoresis, and regarded
as “cavitation induced sonoporation.” Microbubbles can lead to
sonoporation once certain cavitation thresholds are achieved.
When ultrasound “hits” the microbubbles it induces high-
frequency oscillation by absorbing ultrasonic energy. As a result,
a fluid jet/shock wave is formed, leading to the perturbation
of cell membrane structures. The oscillation and expansion of
microbubbles exerts shear pressure on the cell membrane which
also enhances permeability of the cell membrane, therefore this
process makes cells more accessible to nanoparticles (Figure 2)
(Hu et al., 2010). The drug delivery enhanced by the use of
microbubbles and ultrasound is regarded as “ultrasound and
microbubble (USMB) mediated drug delivery.”

Fechheimer et al. (1986) demonstrated for the first time the
ability of ultrasound to induce sonoporation for improved
delivery of DNA to mammalian cell. In this study, the
suspensions of live slime mold amoebae were exposed to
ultrasound and treated with fluorescein-labeled dextran,
normally impermeable to cells of its size. There was 40% increase
in fluorophore uptake by the ultrasound treated cells and the
concept subsequently was translated in mammalian cells for
delivering DNA (Fechheimer et al., 1987; Izadifar et al., 2019).

When cells are expose to ultrasound, complex, and often
synergistic physical and biochemical processes can take place
which include:

1. Increase in intracellular calcium transients
2. Change in plasma membrane potential
3. Production of free radicals
4. Alteration in cell membrane fluidity.

Increase in Intracellular Calcium Transients
One of the effects of ultrasound on cell membranes is
spontaneous increase in intracellular calcium transient cells
(Juffermans et al., 2006; Kumon et al., 2007; Fan et al., 2010,
2012). Increased Ca2+ plays a vital part in cell restoration after
sonoporation (Hassan et al., 2010). Moreover, calcium influx is
shown to stimulate endocytosis in cells (Yang et al., 2019). The
process is reversible and a number of studies have demonstrated
that intracellular calcium transients have been noticed to enhance
immediately and then restoring to equilibrium (Juffermans et al.,
2006; Kumon et al., 2007). Jufferman’s et al. showed that the
increased in Ca2+ influx after low intensity ultrasound-exposed
microbubbles cause the stimulation of BKCa channels followed
by local hyperpolarization of the plasma membrane.

Change in of Plasma Membrane Potential
It is well-known that there is a direct relationship between
an increase in intracellular Ca2+ levels, hyperpolarization and
an enhanced uptake of macromolecules through the process
of micropinocytosis/endocytosis (Schweizer and Ryan, 2006).
These subtle cellular alterations following ultrasound exposure
including hyperpolarization of cell membrane were observed
when cells were treated with microbubbles. It resulted in the
modulation of uptake of large therapeutic agents like plasmid
DNA (Juffermans et al., 2008).

Changes in membrane potential can be observed as either
hyperpolarization or depolarization of plasma membrane which
are associated with sonoporation. Interestingly, it was found that
the extent of sonoporation and different intensities of ultrasound
can induce diverse effects on the plasmamembrane potential. For
instance, Wang et al. study found that when cells were treated
with low intensity of ultrasound (0.64 W/cm2), depolarization in
the cell membrane potential was observed. However, when cells
were treated with ultrasound of higher intensity (2.1 W/cm2),
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FIGURE 2 | Sonoporesis mediated localized drug delivery to targeted cell.

hyperpolarization of the membrane was noticed instantly after
irradiation. Their study also detected that the hyperpolarization
effect was reversible and returned back to the control level after
180min (Wang S. et al., 2012).

Production of Free Radicals
It is well-established that intracellular reactive free
radicals/oxygen species (ROS) are generated during ultrasound
cell interaction. The production of ROS is a chemical effect of
ultrasound, specifically induced by acoustic cavitation and also
known as the sonochemical effect of ultrasound that results
in production of ROS (Feril et al., 2008). The production
of ROS during the ultrasound interaction with cells and
microbubbles is a result of localized increase in temperatures
and pressure of several thousand K, and several hundred
atmospheres, respectively, of collapsing microbubbles. Local
increase in extreme temperature and pressure leads to the
decomposition/break down of water vapor into hydroxyl radicals
and hydrogen atoms (Riesz and Kondo, 1992). Hydroxyl radicals
can form hydrogen peroxide (H2O2). H2O2 can initiate different
biochemical reactions, i.e., the cascade of production of free
radicals. As a result, there is further more formation of free
radicals like hydrogen peroxide, singlet oxygen, and superoxide
ions. Therefore, measurement of hydroxyl radicals can be used
to determine acoustic cavitation quantitatively (Riesz et al., 1990;
Wang P. et al., 2012).

Intracellular production of ROS in response to ultrasound
play a crucial part in the therapeutic application of ultrasound.
For example, low intensity ultrasound produces free radicals
that are involved in the membrane permeabilization, which
can be employed for molecular delivery of drug, genes and
nanoparticles. Thus, ultrasound interaction with tissues produces
free radicals that contribute to the production of heat that ablates
tissues, and leads to necrosis of cells. ROS can induce cell death

in tumors because of their high toxicity and more importantly
they also function as signaling molecules for apoptosis in cancer
(Hervouet et al., 2007).

A disadvantage of producing high levels of ROS is that can
cause some adverse effects like oxidative damage to healthy cells.
Other side effects includes denaturation of proteins and damage
to tissues. ROS can break DNA (double- or single-strand DNA).
The breakage in the DNA backbone essentially occurs between
oxygen and carbon atoms, causing DNA fragmentation (Wasan
et al., 1996). On one hand, ROS are essential for both cancer and
normal cells for their normal function in many processes such
as signal transduction (Manthe et al., 2010). Whereas, on the
other hand, excessive ROS can lead to carcinogenesis in healthy
cells (Ozben, 2007). Unfortunately, the exact quantity of ROS
needed to induce tumor cell death is unknown (Ozben, 2007).
Excessive apoptosis as a result of ROS production in normal
cells can also induce autoimmune disorders, cardiovascular
and neurodegenerative diseases, ischemia-reperfusion injury
in healthy cells. Therefore, ROS based therapies (including
ultrasound) ideally should be specifically destroying cancer
cells without causing toxic/harmful effects in normal cells
(Wang and Yi, 2008).

Moreover, when ultrasound is used to aid drug delivery, ROS
production may decrease the potency of a drug. This is because,
free radicals can alter the molecular structure/conformation
of the drug, thus reduce the therapeutic effectiveness of the
treatment (Zhang et al., 2010).

Alteration in Cell Membrane Fluidity
Ultrasoundwaves have the ability to interact with cell membranes
directly or indirectly which results in changes to membrane
fluidity that consequently leads to changes in cell function.
Giacinto et al. demonstrated that cell membrane fluidity changes
after exposure to ultrasound 1 (MHz) using conventional
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therapeutic ultrasound devices. In their study it was found
that the vibration modes of ultrasound can cause reversible
change in cell morphology by either compression or stretching
of the cell cytoskeleton. The effects were observed because the
cellular membrane has a natural tendency to absorb mechanical
energy from the ultrasound radiations. It causes expansion
and contraction of the intramembrane space upon exposure to
ultrasound (Di Giacinto et al., 2019). The transient modifications
of cell morphology induced by ultrasound can also result in
deformation of the plane of the lipid bilayer of the cell membrane,
and the changes in the thickness of the lipid bilayer. The
effect consequently can stimulate gated ion channels of the cell
membrane and change the electrolyte intracellular distribution
of the cells (Wiggins and Phillips, 2004).

Additionally, the membrane fluidity can reduce in reaction
to lipid peroxidation. A number of reports have confirmed
the reduction of membrane fluidity in different types of cell
membranes after of lipid peroxidation induced by ultrasound
(Kaplán et al., 2000; Solans et al., 2000; Benderitter et al., 2003).
Lipid moieties inside the plasma membrane are one of the targets
of ROS. Released ROS after ultrasound interaction with cells
often cause lipid peroxidation of plasma membrane. Specially,
polyunsaturated phospholipids present in plasma membrane are
more susceptible to lipid peroxidation, because of presence of
chains in their chemical structure (de la Haba et al., 2013). Lipid
peroxidation of the lipids disturbs the cell membrane bilayer
structure, changes membrane properties such as membrane
fluidity, and also changes the physiological functions of cell
membranes which ultimately contributes to cell membrane
damage (Catalá, 2009, 2012).

Other effects of ultrasound includes cell body shrinkage,
disruption of actin cytoskeleton organization and also cell
nucleus contraction (Wang M. et al., 2018).

Cavitation
Cavitation can be utilized to further enhance the sonoporation
effect, and for this purpose microbubbles (exogenous), can
be introduced to the cellular microenvironment. Microbubbles
are extensively used for diagnostic imaging to enhance the
contrast of ultrasound images. However, during imaging
ultrasound frequency and intensity is adjusted not to disrupt
microbubbles, which otherwise could induce undesired side
effects. Microbubbles have also been applied in drug delivery,
which take benefit of the capability of ultrasound to disrupt
microbubble in selected locations, thus triggering drug release
on demand (Unger et al., 2004). Cavitation can be classified
into two types depending on how microbubbles collapse in
response to ultrasound energy, as stable, and inertial cavitation
(Greillier et al., 2018).

Stable Cavitation
It is described as a non-linear, sustainable, and periodic
expansion and contraction of a gas bubble. During stable
cavitation, also called as non-inertial cavitation, the gas pockets
present in the liquid oscillate around an equilibrium radius and
can persist for long time. This means gas microbubbles can
shrink and expand under the influence of ultrasound for long
periods of time. The time period of microbubble oscillation lasts

until the gas content of the microbubble dissolves into the blood
and it is then rapidly cleared through exhalation from the lungs
(Khokhlova et al., 2015). Themain application of stable cavitation
is to alter vascular permeability for increased extravasation
(penetration) of nanoparticles and hence improve delivery and
deposition of drug/gene/nanoparticle to whole tissues (Kang
and Yeh, 2012). It also results in ion channel and receptor
stimulation, simultaneously, it can alter cell permeability and
action potential of the cell which facilitates drug delivery to cells
(Yang et al., 2019).

Inertial Cavitation
It can be defined as the violent collapse of bubbles, where
microbubbles collapse instantly upon application of ultrasound
(Liu D. et al., 2016). The main application of inertial cavitation
is to modulate the permeability of individual cells for enhanced
delivery of therapeutic agents (genes or drug) at the individual
cellular platform (Liu W. W. et al., 2016). Inertial cavitation
induces membrane pores of larger sizes in comparison to stable
cavitation. The pore sizes can vary from hundreds of nanometers
to a few micrometers (Wischhusen and Padilla, 2019). There are
three possible mechanisms through which inertial cavitation can
alter the permeability of subcutaneous (SC) membrane.

Modes of inertial cavitation:
A. Spherical collapse of microbubbles close to the SC membrane

radiates shock waves, which has potential to disturb the SC
lipid bilayers (Figure 3A)

B. Effect of an acoustic microjet on the SC surface. The microjet
producing a region about one-tenth of the microbubble
diameter influence the SC membrane without entering into
the surface of the membrane. The force of the microjet
may improve SC permeability by damaging SC lipid bilayers
(Figure 3B)

C. Microjets may substantially enter into the SC and improve the
SC permeability (Figure 3C) (Tezel and Mitragotri, 2003).

These effects are also referred as the non-thermal effect of
ultrasound. Notably, in non-thermal effects of ultrasound,
acoustic pressure, and velocity gradient are generated as a
result of shear stress which is produced after the application
of ultrasound. The shear stress suppresses the cohesive
strengths within the nanoparticles and ultimately ruptures
nanoparticles thus releasing their cargo at the site of action.
The microjet and microstreaming events has capability to
generate temperature increase as well as mechanical stresses
within nanoparticle structure (Figure 4). In cavitation extreme
stresses such as shockwaves and damaging free radicles are
produced which are also responsible disruption of nanoparticles
(Husseini et al., 2014).

Ultrasound-Induced Hyperthermia
Ultrasound induced hyperthermia is the rise in temperature
due to the absorption of ultrasound energy by tissue as a
result of mechanical compression and decompression. Some
portion of the mechanical energy is utilized during friction effects
and it ultimately gets transformed into heat. Ultrasound waves
cause rotation or vibration molecules in the tissue and these
movements results in frictional heat and local hyperthermia in
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FIGURE 3 | Modes of inertial cavitation [modified from Tezel and Mitragotri (2003), reference number 59 with permission]. (A) Effect of spherical collapse of

microbubble. (B) Effect of an acoustic microjet on SC membrane. (C) Effect of microjet entering into the SC membrane.

FIGURE 4 | Thermal and non-thermal (physical) effect of ultrasound on

nanoparticle.

targeted tissues (Kim et al., 2008). With hyperthermia, tissue
temperature rises to 40◦–45◦C which can be up to 60min,
the time period depends on the duration of the ultrasound
treatment (Zhu et al., 2019). In general, hyperthermia is utilized
in combination with other therapies such as chemotherapy and
radiation therapy. Hyperthermia has been successfully used for
sensitization of malignant tumors before chemotherapy to treat
several types of solid tumors (Hurwitz and Stauffer, 2014).

During hyperthermia, the fluidity of the phospholipid
bilayer of the cell membrane changes and results in altered,
often increased, permeability of cell membrane for drugs
or nanoparticles. The mild increase in temperature can also
result in deformation or complete disruption by swelling of
nanoparticles structure because of absorption of ultrasound
energy. Nanoparticles may eventually burst which helps in
enhancing release of therapeutic drug delivery at the desired sight
of action. Therefore, increased temperature can act as a “trigger”
at the site of action which could be exploited with nanoparticles.

Nanoparticles used for such purpose are composed of materials
(typically polymers or lipids) which respond to heat, hence
called as thermosensitive nanoparticles. Hence, thermosensitive
nano/micro particles can be stimulated using ultrasound to
enhance the targeted drug release.

For the fabrication of an ideal thermosensitive nanoparticle
fundamental characteristics need to be fulfilled, they are
as follows:

(i) Should comprise of phospholipids or polymers in outer
structure which are sensitive to heat

(ii) Stable entrapment of therapeutic agent at body temperature
(iii) Instant and enhanced drug release after exposure to heat

stimuli and
(iv) Supply of high concentration of drug to plasma while being

hyperthermia treatment is applied (Liu D. et al., 2016;
Garello and Terreno, 2018).

Another thermal effect of ultrasound is localized thermal
ablation, which is achieved with the use of high intensity focused
ultrasound (HIFU). Higher intensities of ultrasound (>5W/cm2)
are used for local heating of focused tissues for achieving ablation.
It is explained in detail as following.

HIGH INTENSITY FOCUSED ULTRASOUND
(HIFU)

HIFU is able to induce localized thermal ablation within the
body and which is fundamentally different to hyperthermia.
Hyperthermia involves heating of tissues up to 40◦C, whereas
HIFU irradiation induces rapid heating of targeted tissue to
temperatures >60◦C leading to coagulative necrosis (Chu and
Dupuy, 2014). For example, HIFU effectively ablates pancreatic
tumors by localized heating of tissues to temperatures as high as
65◦C, therefore abolishing the tumor cells completely (Ning et al.,
2019). Depending on the intensity, focused ultrasound can be
classified into two types: low intensity focused ultrasound (up to
3 W/cm2) (LIFU) and high intensity focused ultrasound (HIFU)
(over 5 W/cm2). Low intensity treatments are typically used
for triggering physiological responses to injury to aid healing
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processes. LIFU is used to stimulate biological reactions that help
in healing including: acceleration of soft-tissue regeneration and
inhibiting inflammatory responses (Xin et al., 2016). Along with
these applications, LIFU is applied for deep-seated tumors (Hayes
et al., 2004), as it has been widely reported that low frequency
ultrasound beam can propagate into deeper tissues in the body
(Hayes et al., 2004).

In contrast, the purpose of HIFU treatment is to selectively
destroy tissues through localized heating known as ultrasound
induced thermal ablation (Hayes et al., 2004). For HIFU, a broad
range of ultrasound frequencies are used from about 20 kHz up to
hundreds of MHz. Frequencies less than a few hundred kHz are
regarded as low frequency ultrasound, whereas frequencies equal
to and higher than 1 MHz and are regarded as high frequency
ultrasound (Erriu et al., 2014). In HIFU, hyperthermia results
from focusing of high intensity ultrasound beam on selected
areas for a certain amount of time in one area (van den Bijgaart
et al., 2017). Hyperthermic cell ablation can be very precise since
an ultrasound beam can be focused on a small area ∼1mm in
diameter and about 10mm in length (Emfietzoglou et al., 2005).

In China andKorea, HIFU has been extensively utilized for the
treatment of cancer and other conditions since the 1990s. More
recently, National Institutes of Health (NIH) (2013) recommends
HIFU as an auxiliary therapy for unresectable pancreatic ductal
adenocarcinoma (PDAC) (Ning et al., 2019). There has been
substantial successes with the application of HIFU for non-
invasive “surgery” that allows precise ablation of solid tumors,
such as breast cancer, prostate cancer, hepatocellular and
pancreatic carcinoma, uterine fibroids and bone malignancies
(Wu, 2006). The most important benefit of HIFU is that it
is less harmful than a surgical procedure. It does not require
opening and cutting the body surface to access a tumor site,
thus eliminating the need for anesthetics. It also minimizes
surgery related biological waste, morbidity, mortality, hospital
stay length, and expenses. Overall it can improve quality of life
for cancer patients (Cirincione et al., 2017).

HIFU-Induced Immunomodulation
The healthy immune system has the capability to identify a broad
range of pathogens and cancer cells. A compromised immune
system in cancer patients is one of the primary issues which
is responsible for the advancement and promotion of cancer.
Cancer cells develop various “strategies” to fully escape immune
surveillance (Costello et al., 1999) by releasing cytokines (with
immuno-suppressive capabilities) and by depleting the tumor
associated antigens (TAAs) (Lindau et al., 2013). Therefore, in
order to hinder recognition by T lymphocytes (immune cells)
of neoplastic cells, cancer cells down-regulate the expression of
tumor antigens. Moreover, cancer cells can deactivate effector
T lymphocytes by releasing immuno-suppressive cytokines
(Konjević et al., 2019). The important function of anti-
tumor immunity in cancer is the specific identification and
destruction of cancer cells by immune system of the patient.
For achieving the effect, cancer cells need to indicate tumor-
associated antigens (TAAs) and produce a tumor specific
immune response. Unfortunately, it doesn’t happen in cancer
because of a compromised immune system. Therefore, some of

the immunotherapies focus on the modulation of the immune
system through adoptive T cell transfer, T cell checkpoint
blockade, or vaccination. These immunomodulatory strategies
are rising as a potential and effective therapeutic approach with
clinical benefit for cancer patients (Ayoub et al., 2019).

Interestingly, HIFU, which can induce both mechanical
effects and hyperthermia, stimulates physiological responses of
the immune system—immunomodulation. The effects of HIFU
further extends benefits and applications of HIFU in cancer
treatment. Pre-clinical and clinical research have showed that
HIFU leads to modulation of long-term systemic host anti-
tumor immunity (Hu et al., 2007; Wu et al., 2007; Zhou et al.,
2008). HIFU-induced immunomodulation is likely to support
the removal of cancer cells left at the local treatment site, thus
suppressing local recurrence, and distant metastasis in cancer
patients with original dysfunction of anti-tumor immunity
(Cirincione et al., 2017).

The immunomodulatory function of HIFU can be explained
by the following theories:

1. After HIFU-induced thermal ablation, tumor debris remains,
and TAAs are released in response to the ablation.
These remaining debris and released TAAs can generate
hazard signal over-expression, which in combination
with each other function as tumor vaccines and enhance
tumor immunogenicity.

2. HIFU stimulates a Th1 type cell responses, which gives rise to
substantial modulation in “cell-mediated immunity.”

3. HIFU therapy works on balancing of cancer-induced
immuno-suppression in the surrounding tumor environment
(den Brok et al., 2004; Toraya-Brown and Fiering, 2014;
Cirincione et al., 2017; van den Bijgaart et al., 2017; Yang et al.,
2019; Zhu et al., 2019).

HIFU USE FOR DIFFERENT TUMOR TYPES

Uterine Fibroids
It has been discovered that cancer cells are more sensitive to
heat than normal cells (Peek and Wu, 2018). For this reason,
the use of ultrasound provides the opportunity for a non-invasive
technique to treat various cancers of both primary solid tumors
and metastatic disease. The first approved HIFU device by the
FDA was in October 2004 for the treatment of uterine fibroids
(Jain et al., 2018).

Uterine fibroids are among the most common tumors
occurring in the female genital tract, however due to their
benign nature they often grow undiagnosed for many years and
cause serious health problems such as prolonged menstruation,
abdominal pressure leading to pain and other obstetric
complications. The standard of treatment for many years has
been surgical management which leads to a full hysterectomy
thus removing the choice of fertility for these women.

An evaluation of HIFU ablation for uterine fibroids in
2017 established HIFU caused considerably less morbidity than
surgery with similar results with quality of life. This clinical study
reported 1353 women with uterine fibroids receiving HIFU for
472 hysterectomies and 586 myomectomies (Chen et al., 2018).
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Another recent study by Łozinski et al. in 2019 attempted to
see the effects of HIFU treatment whilst preserving fertility. The
results showed that HIFU does not impair ovarian function nor
negatively effects the ability to conceive due to its minimally
invasive nature. It was recommended that this therapy should
only be considered as an alternative treatment until more data
is established (Łozinski et al., 2019).

Such clinical studies are displaying the prospective uses of
HIFU and specifically in the use of cancer treatments.

Brain Cancer
HIFU with guided systems are being heralded as a “disruptive
technology” due to the possibility of overturning standard
technologies used for therapy. This is because providing therapy
to discrete brain targets whilst keeping an intact skull has been
always been a therapeutic goal (Meng et al., 2017). In the brain,
ultrasound has been used for the ablation of glioblastoma and
functional neurosurgery (Bradley, 2009). Apart from ablation
properties, ultrasound systems are proving advantageous in brain
tumor surgery due their real time imaging and 3D-navigation
properties in the head region allowing intra-operative neuro-
navigation (Wei et al., 2013).

Another application of ultrasound in the treatment of brain
cancers is through chemotherapy delivery. Many chemotherapies
have low bioavailability in the brain and have even showed
neurotoxicity due to non-specific brain uptake. Ultrasound
mediated BBB disruption to administer chemotherapy has
receivedmultiple preclinical studies and a pilot trial has started to
investigate the delivery of chemotherapeutic agent temozolomide
(Meng et al., 2017). Further details about drug delivery across
BBB below.

Breast Cancer
A predicament many surgeons currently face when removing
breast tumors is their inability to visualize the tumor in
determining clear margins between healthy and malignant
tissue. This issue leads to higher rates of reoperation to excise
the residual tumor allowing for ongoing complications. HIFU
ablation with guidance using ultrasound orMRI has the potential
to resolve this problem due to its non-invasive nature and
ability to plan through visualization and real time monitoring
(Peek et al., 2015).

Peek et al. summarizes the various HIFU devices currently in
use for application in breast and outlines several clinical trials
comparing ultrasound and MRI image guidance with positive
results (Peek and Wu, 2018). In the 2015 meta-analysis, 46% of
patients resulted in complete ablation and 30% reported near
complete ablation with <10% residual tumor. The treatment
times ranged between 78 to 171min and the most common side
effect of 40% was pain (Bea et al., 2018).

These results show that HIFU is a viable surgical technique
for removal of breast cancer. However, the issue with long
treatment times and reduction of pain is one that should
be strongly considered. The HIFU technique should look at
solutions to reduce adverse effects such as pain andmove to larger
populations of clinical trials to validate these positive results.

Pancreatic Cancer
For many pancreatic cancer patients, the time of diagnosis
is already too late and inoperable due to locally advanced
disease or metastasis. Ablative HIFU therapy has provided an
alternate primary and palliative therapy for pancreatic cancer.
Endoluminal HIFU transducers are in pre-clinical development
and will allow endoscopic placement inside the stomach or
duodenum to be precisely adjacent to the pancreas. This will
ensure greater lesion targeting and minimizes risk of damage to
soft tissue in neighboring areas (Maloney and Hwang, 2015).

Apart from ablative primary therapyHIFU is being applied for
greater drug targeting as current traditional chemotherapy drugs
are poorly effective in penetrating fibrotic and hypovascular
stroma of pancreatic adenocarcinoma (Maloney and Hwang,
2015). Preclinical and clinical studies show the use of HIFU to
deliver liposomes into pancreatic tumors applying the process
of sonoporation. The study administered pancreatic cancer
patients with a combination of gemcitabine and ultrasound with
microbubbles causing a survival rate of 17.6 vs. 8.9 months with
gemcitabine alone. The sonoporation technique indicated that
HIFU can be used to enhance penetration into the pancreatic
tumor interstitium (Rix et al., 2018).

Prostate Cancer
In the case of prostate cancer, HIFU has been used for treatment
for a long period of time with both established systems as well as
consistent developments. The HIFU transducer is placed within
the rectum or urethra and the cancer is ablated via guided-
HIFU therapy. Recently, this procedure is also being used for
partial prostate gland ablation (Rix et al., 2018). Juho et al.
evaluated the therapeutic response and complications of HIFU
for patients with localized prostate cancer. The study evaluated
clinical outcomes of 29 patients who received HFU as first-
line treatment and results showed a 100% survival rate on the
24.6 month follow up with ∼20% biochemical recurrence and
similar rate for disease progression. Overall, this study confirms
HIFU as an alternative therapy in patients with localized prostate
cancer with a low complication at follow up in the short term
(Juho et al., 2016).

Liver Cancer
It is estimated more than 80% of patients with hepatocellular
carcinoma (HCC) are poor candidates for curative surgery due
to advanced underlying cirrhosis. A minimally invasive method
such as HIFU is gaining prominence for this reason (Maloney
and Hwang, 2015). Studies of HIFU use in hepatocellular
carcinoma and secondary liver metastases in human clinical trials
have been published with significant promise in HIFU treatment
of hepatic malignancies (Dubinsky et al., 2008).

Young et al. describes a case study of a patient with
liver metastases where the tumor was not resectable and had
received systemic chemotherapy. The patient was treated with
a single HIFU session with complete lesion ablation under
general anesthesia. The outcome of this session showed a
complete remission of the metastatic liver mass (Sung et al.,
2008). HIFU therapy for liver lesions remain in at early
stages but may offer solutions to current therapeutic barriers
(Maloney and Hwang, 2015).
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ULTRASOUND INDUCED MECHANISM OF
DRUG DELIVERY IN CANCER

Cancer is a leading cause of death worldwide. Systemic
chemotherapy is the primary therapy used to treat various types
of cancers, but it is associated with undesirable side effects
and have shown unsatisfactory tumor responses. Poor tumor
responses to chemotherapy arises because of major obstacles for
the diffusion of anticancer drug to the tumor site. The main
obstacles include the diverse and unorganized tumor vasculature,
abnormal and atypical blood flow, and high interstitial pressure
within the tumor tissue. It results into low and heterogeneous
uptake of nanoparticles in tumor tissue which are one of the
main problems for successful cancer therapy using nanoparticles.
The insignificant response of tumor to therapeutic agents and
nanoparticles have strongly indicated the need for developing a
new strategic approach for improving targeted drug delivery to
tumors and minimizing systemic side effects of the treatment at
the same time.

Ultrasound has been utilized to improve the delivery of
therapeutic agents for the past three decades; it includes
chemotherapeutic drugs, proteins, and genes (Pitt et al., 2004).
There are various ways by which ultrasound improves the efficacy
of treatment, specifically by:

• Triggering the release of the drug from nanoparticles,
• Promoting uptake and accumulation of nanoparticle in cells,
• Enhancing the penetration of nanoparticles in tumors.

Triggering the Release of Drug From
Nanoparticles at Target
The exact mechanism of how ultrasound disrupts nanoparticles
and how they react to an ultrasound beam to stimulate
nanoparticles is still not fully elucidated (Zhou et al., 2014). There
are two possible mechanisms of disruption of nanoparticles by
ultrasound i.e., thermal effect and non-thermal effects. Thermal
and non-thermal mechanisms could also work as an adjunctive
stimulus during drug delivery. Therefore, multi-mechanisms
such as thermal and mechanical effects of ultrasound combines
and act simultaneously for disruption of nanoparticles (Zardad
et al., 2016). Drug delivery systems can be fabricated to react
either to the increased temperature or to the mechanical effects
of an ultrasound beam, or to both (Schroeder et al., 2009b).

Localized on Demand Triggered Drug Release
The universal drawback of cancer is unspecific drug delivery of
chemotherapeutic drug on healthy cells. One of the distinctive
characteristics of ultrasound is that it can be focused. The effect
is similar to the focusing of light through a lens which can burn
paper if focused for long time. In a same manner ultrasound can
be focused using acoustic lens to an object in liquid medium. The
focus of the ultrasound can be adjusted as small as a few cubic
millimeter (Mason, 2011). This characteristic of ultrasound can
be utilized for focusing an ultrasound beam electronically and
with accuracy on soft tissues (such as tumor) for thermal ablation
and on to nanoparticles for their disruption (Figure 5) to achieve
localized drug delivery to tumors (Wang X. et al., 2018).

FIGURE 5 | Ultrasound induced disruption of nanoparticles [modified from

reference Wang X. et al. (2018), reference number 114 with permission].

In a summary, ultrasound enables the disruption of drug
carrying nanoparticles and release of drug locally at tumor
sites. Therefore, the combination of ultrasound and ultrasound-
sensitive nanoparticles can enhance delivery of drug from
nanoparticles and selectively release drug within the focal point
of ultrasound. It can synergistically reduce the amount of dosage
required and facilitate selective tumor targeted drug delivery to
avoid undesirable side effects on healthy cells.

Promoting Uptake and Accumulation of
Nanoparticle in Cells
A major problem in cancer therapy, where drug is delivered
with the help of nanoparticles, is the very low and uneven
uptake of nanoparticles in tumor tissue. According to Wilhelum
et al. only about 0.7% of the intravenously administered dose of
nanomedicine is delivered to the tumor (Wilhelm et al., 2016).
Nanoparticle uptake of the tumor can be increased if ultrasound
is applied, which is attributed to the enhanced transport of
nanoparticles to the tumor. Furthermore, microbubble (which
are gas bubbles stabilized by coating of surfactant, polymer,
or phospholipids) in combination with ultrasound can be
utilized to enhance transport of nanoparticles/drug toward
tumor. Upon irradiation with ultrasound, the microbubbles
which are administered in the bloodstream will oscillate and
induce mechanical forces on the blood vessel wall. The externally
received mechanical energy from ultrasound can enhance the
transport of nanoparticles and drugs across the capillary wall to
enter the extracellular matrix of tumor.

Enhancing the Penetration of
Nanoparticles in Tumors
The efficacy of treatment for any disease is determined by
localized concentration of therapeutic agent and duration in
situ. For instance, in cancer drug delivery into tumor tissue is
achieved by penetrating through the capillary wall or through
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the tumor stroma to tumor cells, resulting in tumor cell death.
Unfortunately, in current chemotherapy for cancer, the localized
concentration of drug within tumor is low, and the drug
concentration in bloodstream is comparatively high. It leads to
toxicity to healthy cells, causing unwanted side effects (Wei et al.,
2019). Therefore, enhanced drug penetration in solid tumors and
reduced possible side effects on healthy cells remain a major
goal in cancer chemotherapy. The problem arises because of
overexpression of dense extracellular matrix (ECM) by tumor
cells. ECM acts as a steric barrier to transport and distribution of
nanoparticles throughout the tumor (Chauhan et al., 2011). This
issue can be addressed by using ultrasound, as mechanical energy
associated with ultrasound physically “pushing” nanoparticles
into the tumor matrix, enhancing accumulation and deeper
penetration of the particles within diseased tissue. The major
limitation of current drug delivery systems is that they can travel
only a few µm from main blood capillary inside the tumor.

For example, nanoparticles such as liposomes fail to distribute
deeper into dense tumor mass (Emfietzoglou et al., 2005). It was
studied in 2006, by Dreher et al. performed expanded study on
penetration of dextrans of 3.3–2,000 kDa molecular weights into
solid tumors. Their study revealed that diffusion of 40–70 kDa
dextrans was mostly confined to 15µm region from the closest
capillary. The permeation of 2,000 kDa dextrans was constricted
to only a 5µm from the nearby vessel wall (Dreher et al., 2006).

Kostarelos et al. (2004) also demonstrated that liposomes
mainly concentrate close to the tumor vasculature, and are unable
to penetrate deeper into dense tumor mass (Poh et al., 2015).
Poor permeation results in inadequate exposure to antitumour
therapeutics and contributes to development of chemo-resistance
and increased metastasis. Ultrasound enhances the penetration
of nanoparticles into tumor tissues to entirely and adequately
expose tumor to therapeutics. Taken together, ultrasound-based
drug delivery enhances efficacy of cancer treatment by improving
the cellular uptake of nanoparticles, enhancing penetration of
nanoparticles in tumor, and increasing the therapeutic delivery
of the drug (by disruption of the particles on the site of action)
(Hare et al., 2017).

ULTRASOUND INTERACTION WITH
NANOPARTICLES

When ultrasound radiation propagates through the body, it can
interact with cells and engineered nanoparticles used to deliver
drugs which are circulating in the blood stream or reside in
the extracellular matrix. Since the ultrasound radiation carries
a substantial energy, it simultaneously interacts with cells and
nanoparticles. The effects of interactions of ultrasound with
nanoparticles and cells are favorable for drug delivery in cancer
and synergistically enhance the effectiveness of the treatment.
Moreover, ultrasound drug delivery with nanoparticles has
a capability to overcome limitations associated with current
cancer therapies.

Since ultrasound has the ability to interact with nanoparticles,
it is possible to design drug-carrying nanoparticles that in
response to ultrasound break open and release a therapeutic
payload. Therefore, ultrasound can be used to trigger drug release

on demand from nanoparticles known as ultrasound-mediated
drug release. Besides triggering the drug release through the
disruption of the nanoparticles, ultrasound can be used to
modulate intracellular pressure, as well as to induce acoustic fluid
streaming, cavitation, and local hyperthermia. In fact, each of
these mechanisms can be used to trigger drug release from a
carrier which requires designing nanoparticles that are sensitive
to one or more of these triggers (Sirsi and Borden, 2014). For
example, co-polymer based nanoparticles such as ultrasound-
sensitive block copolymer micelle like poly ethylene glycol (PEG)
and poly propylene glycol (PPG) (Li et al., 2016) can breakdown
under the influence of ultrasound to release bolus of drug
precisely at the targeted tissues (Wang et al., 2009).

Since the outcomes of the interactions between ultrasound
and nanoparticles are different, e.g., disruption or melting
of nanoparticles (Figure 4), it implies that different cellular
pathways will be affected by each of the interactions. It offers
substantial benefit because it is possible to design nanoparticles
which act on a specific pathway that is complimentary to drug
action; e.g., thermosensitive nanoparticles for heat-controlled
drug release. When two treatment modalities are combined it
is expected that the efficacy of the treatment will be improved.
For example, combination of hyperthermia, and chemotherapy
leads to increased effectiveness in inducing cell apoptosis
(Boissenot et al., 2017).

Furthermore, ultrasound can improve the accumulation of
drug- encased nanoparticle in target tissues. The enhancement
is attributed to the mechanical energy carried by ultrasound
radiation that physically pushes nanoparticles within body.
The physical push enhances the transport of nanoparticles
toward ultrasound-exposed tissues and results in localized
accumulation and increased cellular uptake of nanoparticles
(Watson et al., 2012).

Types of Ultrasound-Sensitive Materials
and Nanoparticles
It is well-established that ultrasound can induce the degradation
of polymers to lower molecular weight. Earlier research revealed
that ultrasound induce depolymerization is a non-random
process. Generally, the polymer chain separation occurs mostly
at the chain midpoints, and larger molecules degrade the
fastest. Another noticeable characteristic of ultrasound induced
degradation is that the molecular weight reduction is the result of
splitting of the weakest chemical bond in the chain. Reich et al.
demonstrated that ultrasound intensity of 40W and above can
substantially reduce molecular weight of poly lactic acid (PLA)
and poly lactic-co-glycolic acid (PLGA), even at short treatment
duration of 30 or 20 s. EI-sherif et al. also reported that the high
frequency ultrasound of 5–10 MHz can induce decomposition of
PLGA polymer under a high frequency ultrasound. Therefore,
use of ultrasound can be an effective method for designing
of required polymers. The exact mechanism of ultrasonic
degradation remains poorly understood. However, it is now
established that the high shear fields and immediate generation
of hot spots after ultrasonic cavitation are basically accountable
for polymer degradation. It is also considered that at the level
of cavity collapse created by ultrasound beam, friction forces
and shock waves form the stresses on the surface of a polymer
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TABLE 1 | Use of nanoparticles with ultrasound to enhance efficacy of the treatment.

Nanoparticle categories Features Reference

Micelles • Able to preferentially accumulate in tumor cells due to enhanced permeability effect

• Demonstrated use for sonodynamic therapy to generate reactive oxygen species at tumor site

Horise et al., 2019

Liposomes • Easy preparation

• Good biocompatibility

• Low toxicity

• Can modify surface by PEGylation to increase circulation time

Mangraviti et al.,

2016

Solid lipid nanoparticles • Can hold a high payload

• Can hold both soluble and insoluble actives

• Greater stability than liposomal and polymeric nanoparticles

• Good biocompatibility

Özdemir et al., 2019

Sadegh Malvajerd

et al., 2019

Mesoporous silica nanoparticles • High stability

• Biodegradable

• Biocompatible

• Can also be used as contrast agents for theranostic ultrasound applications

• Can be used to sensitize tumors to effects of hyperthermia

You et al., 2016

Perfluorocarbon containing

nano-/microparticle

• Nano-sized with liquid-gas phase transition

• Can be used to form microbubbles to form cavitation effect with HIFU

• Can be encapsulated in lipid or polymer materials

Zhang Y. et al., 2019

chain, and also into the polymer coil. It results in chain bond
decomposition in large molecules in liquid (Xia et al., 2016).
Table 1 summarizes the use of nanoparticles in combination with
ultrasound to enhance efficacy of the treatment.

Micelles
Micelles are self-assembled colloidal structures made up of
amphiphilic molecules in an aqueous solution. They are formed
by a hydrophilic outer shell and are able to avoid engulfment
by the immune system (Hanafy et al., 2018), making them very
useful for targeted drug delivery especially for cancer therapy.
Polymeric micelles have received considerable interest due to
their ability to penetrate the vasculature of tumors and have
shown both high drug capacity and good efficiency in patients
with malignancies of breast and lung.

Micelles sensitive to biological stimuli such as ultrasound
offer a great opportunity for drug delivery as controllable
systems (Hanafy et al., 2018). Recently, sonodynamic therapy
with anticancer micelles and high intensity focused ultrasound
was investigated in canine cancer. This study by Horise et al.
was able to confirm the anticancer efficacy of their method
and showed its potential to become standard therapy in human
cancer (Horise et al., 2019). This study and others indicate the
potential of ultrasound waves to disrupt micelle nanocarriers
allowing diffusion of drugs in cancer targets.

Liposomes, e-Liposomes
Thermosensitive liposomes (TSLs) encapsulate a hydrophilic
drug within a core surrounded by a lipid bilayer. TSLs take
advantage of the enhanced retention and permeability effect
in tumors due to their nanosize and ability to release an
encapsulated drug in response to hyperthermia caused by
ultrasound (Jain et al., 2018). For example, the study done by
Yudina and Moonen (2012) outlines the use of doxorubicin-
loaded and paclitaxel-loaded TSLs (Yudina and Moonen, 2012).
The drug-loaded TSLs were externally triggered in response to

being treated with ultrasound through hyperthermia near their
phase transition temperature. This study demonstrated improved
effectiveness in preclinical trials for drug bioavailability and anti-
tumor effect. The hyperthermia range for TSLs are ∼40–45◦C
and it has been reported that drug delivery using TLS could
be enhanced by using prolonged hyperthermia for up to 2 h
(Elhelf et al., 2018).

Solid Lipid Nanoparticles (SLNs)
SLNs are an attractive means of drug delivery owing to
their ability to combine the advantages of both polymeric
nanoparticles and lipid structured nanoparticles such as
liposomes. This is because they are suitable to hold a high
payload of both soluble and insoluble actives; their size range is
flexible (50–1,000 nm); greater stability compared to liposomal
and polymeric nanoparticles; and are safe within the body
even for an extended period due to their low toxicity. The
SLN can be made to have a drug enriched core surrounded
by a solid lipid shell or the shell could contain the drug and
the core be made of solid lipids (Özdemir et al., 2019; Sadegh
Malvajerd et al., 2019). For these reasons SLN are very suitable
nanocarriers for drug targeting such as for penetrating the BBB
(Sadegh Malvajerd et al., 2019).

The use of solid lipid nanoparticles with ultrasound triggered
drug delivery is a novel technique. The principles of delivery
with ultrasound is applicable to this category of nanoparticles.
Timbe et al. describes guided ultrasound delivery of cisplatin-
loaded brain penetrating nanoparticles (Timbie et al., 2017).
The study hypothesized that ultrasound could enhance the
efficacy of drug-loaded brain penetrating nanoparticles for the
treatment of glioblastoma. The study was able to show a marked
improvement of delivery and distribution when compared to
the control. The novel use of ultrasound triggered SLN as
nanocarriers are an attractive option and yet to be explored in
great detail.
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Mesoporous Silica Nanoparticles
Biocompatible mesoporous silica nanoparticles (MSNs) are
inorganic nanosystems which have the ability to produce high
performance molecular imaging, drug delivery and biosensors.
In 2018, Wu et al. demonstrated doxorubicin encapsulated
MSN could be accurately delivered into brain tumors that
were concurrently triggered by focused ultrasound exposure
and resulted in significant inhibition of orthotopic brain
tumor progression (Wu et al., 2018). Hollow mesoporous
silica nanoparticles (HMSNs) have been employed as carriers
of thermos-sensitive perfluorohexane (PFH), a hydrophobic
chemotherapeutic agent to act synergistically with HIFU cancer
surgery (Chen et al., 2014). The mesopore channels in the shell
make it possible to encapsulate and continuously release the
thermosensitive PFH due to local temperature rise induced by
HIFU. The procedure of fabricating PFH loaded HMSNs is to
first use etching protocols to produce the HMSNs, then PFH
is loaded into the pore network and inner cavities using a
mild infusion procedure. After administration and exposure to
HIFU, the liquid PFH is converted into small bubbles which
swell and merge upon accumulation in the targeted tumor
tissues (Wang X. et al., 2012). This process makes use of
HIFU’s mechanical and acoustic properties to enhance ablation at
tumor sites.

Perfluorocarbon Containing Nano-/Microparticle
Perfluorochemicals (PFCs) are inert and highly fluorinated
organic compounds that can dissolve large volumes of respiratory
gases including oxygen, O2 (Li et al., 2018). High gas
solubilities of PFCs forms the foundation for an abiotic form
for intravascular oxygen delivery. PFCs are characterized by a
unique feature of chemical and biological inertness, and the
gas contents excreted easily as a vapor by exhalation when
administered in body. PFCs are intensely hydrophobic and
lipophobic in nature (Riess, 2005). Therefore, PFC liquids are
not soluble with aqueous phase, including blood, but they can
be formulated as emulsions and can be administered into the
bloodstream in a safe manner. PFC emulsion formulations
are presently being tested in clinical trials as an alternative
means for intravascular respiratory gas-carriers and tissue
oxygenating fluids, regarded as ‘blood substitutes’ (Krafft and
Riess, 2007; Chen et al., 2013). PFC compounds are responsive to
ultrasound, it was first demonstrated by Apfel, in his pioneering
work for more than two decades proving that the specifically
fabricated perfluorocarbon droplets can be transformed into
microbubbles after ultrasound application. Kripfgans et al.
also demonstrated that micrometer-sized PFP droplets can be
vaporized into gas bubbles with the application of ultrasound
(1.5–8 MHz), the process is regarded as “acoustic droplet
vaporization” (ADV) (Rapoport, 2012). It leads to formation of
microbubbles that can act as the contrast agents for diagnostic
ultrasound imaging. Perfluorocarbon can also be employed for
several other biomedical applications such as lung surfactant
replacement and ophthalmologic aids. Many other colloidal
PFC formulations of are being tested for molecular imaging
using ultrasound or magnetic resonance, and for targeted
drug delivery.

MISCELLANEOUS APPLICATIONS OF
THERAPEUTIC ULTRASOUND

Drug Delivery Through Blood Brain Barrier
The HIFU method involves the selective and localized
disruption of the BBB to increase permeability (Figure 6).
Typically, low frequency ultrasound waves have been employed
using perfluorocarbon gas microbubbles which have been
intravenously administered. The microbubbles assist in the
opening of the BBB by passaging through capillaries and
expand and collapse due to mechanical forces of the ultrasound.
Results have shown the process is safe and the disruption to the
BBB is reversible, lasting up to 4 h with no neuronal damage
(Etame et al., 2012). The 2002 Mesiwala et al. study was able
to successfully show that HIFU can transiently open the BBB
without causing associated parenchymal damage in animal
models (Mesiwala et al., 2002).

The most important consideration of HIFU in its application
to BBB is that as the frequency increases the degree of tissue
attenuation decreases which can lead to skull heating and
distortion. The risk of tissue damage is also amplified as the
degree of BBB permeability is increased. Therefore, even though
an ideal frequency of 200 kHz to 1.5 MHz has been suggested
for transcranial use, it is not comprehensively applicable and
also depends on factors such as beam pulsing and dosage of
microbubbles. Thus, considerable efforts still need to be made
in establishing protocols and safety evaluations for use in BBB
permeability for neurological applications (McMahon et al.,
2019).

Alzheimer’s Disease
As with brain tumors, overcoming the limitation the blood brain
barrier could reform many central nervous system therapies
including Alzheimer’s disease. Alzheimer’s disease treatment is
currently very limited and reversing the progression of the
disease is difficult. One of the principal mechanisms of this
disease is the accumulation of amyloid plaques which results in
loss of neurons (Chang and Chang, 2017).

A weekly study showed non-invasive opening and HIFU
treatment of the BBB at targeted bilateral hippocampal areas in
mice models allowed accumulation of endogenous antibodies
and reduced amyloid plaques by ∼20%. This HIFU therapy
exhibited a pronounced improvement of memory performance
and increases in neuronal and dendritic length (Jolesz, 2014).
Therefore, forthcoming studies need to be done using focused
ultrasound for Alzheimer’s patients.

Essential Tremor
The FDA granted approval for MR-guided focused ultrasound
mediated unilateral lesioning for the treatment essential tremor
(ET) in 2016. ET is a condition where current medical therapy is
mostly insufficient for patients will severe and disabling tremor.
Medical experience has shown reduction of tremor through
targeting the ventral intermediate nucleus of the thalamus (VIM)
with either sterotactic lesioning or deep brain stimulation.
HIFU can be used to form a brain lesion in less invasive
manner compared to surgical therapy of deep brain stimulation
(Fishman, 2017).
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FIGURE 6 | Miscellaneous application of ultrasound.

The Elias et al. describes a randomized trial of focused
ultrasound thalamotomy for ET. In this trial, 76 patients with
medication-refractory ET were included and controlled using
a sham procedure. The trial exhibited significantly reduced
hand tremor at 3 months with tremor scores improved by
47% and this effect was perceived for 12 months through
follow up. Side effects of the HIFU therapy included sensory
and gait disturbances (Elias et al., 2016). This study and FDA
approval have strong implications for future treatments of
neurological conditions.

Parkinson’s Disease
The success of MR-guided focused ultrasound has encouraged
investigators to target the VIM in tremor-dominant Parkinson’s
disease (PD) (Lee et al., 2019). A clinical trial conducted
by Bond et al. described 27 patients with tremor-dominant
PD improving 62% at the 3 month assessment on a clinical

rating scale succeeding focused ultrasound thalamotomy (Bond
et al., 2017). This trial confirmed the use of HIFU in
ET and is considered a pilot study for HIFU use in PD.
Another investigation by Martinez-Fernandez et al. investigated
the safety and preliminary efficacy of MRI-guided focused
ultrasound unilateral subthalamotomy in 10 patients with
marked asymmetric Parkinsonism. In this study there was an
improvement of 53% from baseline to 6 months in the off-
medication state and an improvement of 47% in the on-
medication state (Martínez-Fernández et al., 2018). Overall, the
ultrasound therapy was well tolerated and modestly achieved
improvement in motor features of PD. With these examples and
other categories of PD there is evidence of focused ultrasound
ablative therapy as an alternative to deep brain stimulation. These
trials and others lay a strong foundation to more randomized
controlled trials with larger cohorts to widen standard treatment
options of PD.
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Ultrasound for Antimicrobial Therapy
Bactericidal effect of ultrasound is very well-known (Yu et al.,
2012; Kobayashi et al., 2014; Cai et al., 2017; Spiteri et al., 2017).
The acoustic cavitation effect of ultrasound is believed to be
involved in damaging themicroorganism. The acoustic cavitation
can generate mechanical forces such as shock waves, shear forces,
and microjets which damage microorganisms (Ashokkumar,
2011). Another mechanism of bactericidal action of ultrasound
induced cavitation is generation of a few free radicals in aqueous
medium, which are OH. and H. because of the decomposition
of the H2O molecule. These radicals modulate the cellular
construct of the bacteria, which results into the retardation of
the bacterial action (Spiteri et al., 2017). The cavitation effect
can also be employed for the prevention of biofilm formation
on implant surface inside the body. In the antibiotic embedded
implants, the release of antibiotic can be enhanced by exposure
to ultrasound. Ultrasound radiation pressure and the stable
cavitation will generate multidirectional acoustic microstreams,
which in turn produce a high shear stress to increase the release
and delivery of embedded antibiotic from implants surfaces (Cai
et al., 2009). Low frequency focused ultrasound is a promising
method to enhance the antibiotic action on bacteria as it has
advantages such as capability of treating deep tissue targets
without surrounding tissue damage (Cai et al., 2017). However,
literature also suggests that the low intensity ultrasound alone
is not effective for complete elimination of bacteria, but the
combination of low intensity ultrasound and antibiotics hasmore
potential for antibacterial activity (Yu et al., 2012).

More recently, Liu et al. demonstrated the synergistic
effectiveness of sonodynamic therapy and immunotherapy
(sono-immunotherapy) against one of the difficult to manipulate
“methicillin-resistant Staphylococcus aureus (MRSA)” bacterial
strain. The approach not only kills bacteria but also kills bacteria-
associated virulence, therefore termed the study as “one arrow
two hawks: a dual approach to eliminating bacterial infection.”
Their study also reported that the antimicrobial sonodynamic
therapy (SDT) works with the help of sonosensitizers to produce
ROS, which are highly lethal for all bacteria without causing
resistance. However, a single SDT is not always effective
for complete bacterial eradication. Therefore, antivirulence
therapy was utilized in this study in combination with SDT.
The antivirulence treatment specially deactivated bacterial
pathogenicity by nullifying their virulence factors. In this way,
the antvirulent technique also combats immunosuppression and
preserves natural immune protection from virulence destruction.
In addition, this therapy without use of antibiotic will be gentle
on gut microbiota, without causing resistance to antibiotics and
become less cross resistant to each other (Pang et al., 2019).

Antibacterial Chemotherapy for Biofilms
Bacterial biofilms are one of the most common reasons for
contamination of various medical and biological areas. The
existence of bacterial biofilm are major issues from oral biofilms
in themouth to biofilm formation onmedical devices (Vyas et al.,
2019). Biofilms are usually very tolerant and show resistance
to conventional antimicrobial agents like antibiotics. The more
complex biofilm structure as compared to single bacterial

organisms poses difficulty for antimicrobials to diffuse through
(Bjarnsholt, 2013; Wu et al., 2015). Within the biofilm structure,
bacteria are encased in a self-produced extracellular matrix. The
matrix comprises of extracellular polymeric substances (EPS)
that in combination with carbohydrate-binding proteins, flagell,
pili, adhesive fibers and extracellular DNA serve as a stable
platform/scaffold for the three-dimensional biofilm formation.
The matrix is self-sufficient, as within the matrix nutrients
are trapped and water is efficiently retained. Enzymes released
by the bacteria can alter the EPS make up in response to
alter nutrient obtainability. Therefore, the conditions can tailor
biofilm architecture to the specific environment. As a results
of these favorable conditions, the structural constituents of the
matrix becomes thoroughly hydrated and strong due to high
tensile strength that keeps bacteria encased within the biofilm
structure (Kostakioti et al., 2013). The removal of bacterial
biofilm without causing damage to surrounding tissues remains
the goal for ultrasound assisted therapy. The current treatments
with antibiotics are not effective for removal of biofilm, as the
antibiotics are effective to only metabolically active bacteria. In
other words, the action of antibiotics may be antagonized by local
conditions around bacterial biofilm caused by accumulation of
waste products around the biofilm (Stewart and Costerton, 2001).

It has been recently proposed that the use of antimicrobials
followed by physical biofilm disruption (with the help of
shear stresses of ultrasound) could be an effective strategy for
biofilm disruption and management (Koo et al., 2017). The
mechanical energy associated with ultrasound can pull out
and kill biofilms because of cavitation and acoustic streaming
mechanisms associated with ultrasound. It is more effective
than antimicrobial agents as it has less likelihood of developing
resistance and reoccurrence of the biofilm.

DESIGN CONSIDERATIONS FOR A
RESEARCH THERAPEUTIC ULTRASOUND
SYSTEM

Some design considerations for a system supporting therapeutic
ultrasound research are explored. These systems can be designed
around a custom-designed ultrasound system or a clinical
ultrasound system. Clinical systems generally have amore limited
range of configuration parameters and provide less access to
custom software control. In this regard, it is desirable to use a
custom-designed ultrasound system purposely-built for research
or a clinical system in which special access has been granted
to enable more detailed control of the operating parameters. In
either case, several provisions are desirable depending upon the
research application. In these design considerations, we explore
both in vitro and in vivo experimental conditions.

To begin, we discuss system calibration. No matter the tissue
targeted, it is always beneficial to explore and validate the
acoustic beam properties experimentally. It can be performed
in conjunction with numerical simulations and phantom
measurements. System calibration generally requires a robotic,
motorized two-axis, or three-axis stage to systematically move
a calibrated measurement hydrophone to record the resulting
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acoustic field under specific testing conditions. In addition
to system calibration, the motorized stage may also enable
calibrated in vitro ultrasound stimulation. In this case, a petri dish
may be systematically moved to ensure appropriate exposure of
the target medium to the acoustic stimulation. With regard to in
vitro vs. in vivo experiments, the focal depth will likely require
modification, with shorter depths required for in vitro conditions
and longer depths required for in vivo conditions.

We now consider transducers whose properties will be chosen
for specific applications. With regard to ultrasound stimulation,
often a focused beam will be desired. In this case, either a
single-channel transducer with a fixed focus may be utilized or a
multi-element transducer array with more flexible focus options
may be used. The difference between these options should be
carefully considered. The single-channel transducer will certainly
be less costly, but will necessarily require relative motion of the
transducer and tissue to enable movement of the focal region. A
multi-element transducer array, on the other hand, enables one to
move the focal region within limits by steering the acoustic beam.
The offered additional flexibility may be beneficial and desirable,
depending on the specific application. A further consideration
with regard to transducer arrays is the geometrical configuration
of the array, e.g., linear, planar or an annular ring. Planar
stimulation over a relatively wider regionmay be especially useful
for in vitro testing.

With regard to in vivo experimental conditions, it is often
useful to combine either a HIFU or LIFU system with
additional imaging modalities including standard ultrasound
imaging. Standard ultrasound imaging enables passive cavitation
imaging which may be useful for therapeutic applications
involving the cavitation of microbubbles. The location of the
cavitation can then be estimated.MRI-guided focused ultrasound
(MRgFUS) couples magnetic resonance imaging with focused
ultrasound stimulation. It enables precise targeting of the
acoustic stimulation. For MRgFUS, special transducers are
required which do not significantly disturb the magnetic field
(Speicher et al., 2015).

Here in Table 2, we have summarized the ultrasound
parameters like frequency and intensity for in vivo and in vitro
lab studies. The studies include the application of ultrasound
for disruption of nanoparticles with ultrasound and ultrasound
induced sonoporation effect.

ULTRASOUND PARAMETERS

The combination of certain ultrasound parameters including
frequency, intensity, mechanical index (MI), and duration of
ultrasound exposure can influence the efficacy of ultrasound-
mediated drug delivery.

Therapeutic Ultrasound
Transducers/Devices
Ultrasound can be exposed either by using plane wave,
non-focused transducers, or focused transducers. Typically,
non-focused transducers are employed for achieving physical
effects of ultrasound applications and for enhancing transdermal

delivery by the process called as sonophoresis. Whereas, in
focused ultrasound, radiations can be focused onto a very
small area, which leads to an increase the intensity to a great
extent and therefore named as high intensity focused ultrasound
(HIFU). Focused beams are generated with specially designed
spherically-curved transducers, it permits deeper permeation and
deposition of energy deep inside the body (Zhang Y. R. et al.,
2019). The ultrasound radiation propagates through the skin
and other tissues on its way to the target over a large area
creating comparatively low spatial intensities and generating
no damage (Mullick Chowdhury et al., 2017). At the focus,
however, intensities can be 3–4 orders of magnitude higher than
at the transducer surface. Targeting of HIFU beam to specific
tissues, organs and tumors may be carried out using different
imaging modalities: diagnostic (B-scan) ultrasound (Xenariou
et al., 2007), and magnetic resonance imaging (MRI) (Chen
et al., 2017). Recent studies have also indicated that computed
tomography (CT) and optical 3D tracking (Schoellhammer et al.,
2017) can also be used for guiding HIFU exposures; however,
these imaging modalities have not yet been incorporated into
commercial HIFU devices. The advantages of using extra-
corporeal HIFU exposures, for example for tumor ablation,
compared to more invasive surgical procedures, are many-fold,
and include limited blood loss and infection, elimination of
scar formation, and a decreased risk of other complications.
Tumor ablation with HIFU can also be provided on an outpatient
basis, where cost and recovery times are significantly reduced in
comparison to other existing techniques, such as radio frequency
ablation, laser, and cryoablation (Ensign et al., 2012).

Frequency
The average ultrasound frequency utilized in drug delivery varies
from kilohertz to Megahertz levels. It depends on the type of
cells and the model animal selected for the particular experiment.
Typically, the ultrasound frequency used for drug delivery and
other therapeutic applications, is lesser than diagnostic purpose.
The higher levels of frequencies may account for cavitation
effect which arises from short-pulse, low-duty cycle diagnostic
ultrasound (Zacchè et al., 2015). The lower ranges of ultrasound
frequencies has capabilities to penetrate deeply situated tissues
as they have low attenuation effect which can ensure the
desired therapeutic effect without causing attenuation related
side effects. The frequency range used for microbubble and
ultrasound assisted treatments are also subjected to type of
microbubbles used in a particular experiment. It is because the
ultrasound frequency near to or equal to resonance frequency
of the microbubbles enhances stable microbubble cavitation
(Hu et al., 2010; Qin et al., 2018). On the other hand, high
frequency has high resolution but low tissue penetration. For
example, transdermal drug delivery (TDD), which includes an
increase in skin permeabilization, requires ultrasound waves of
55KHz]. Intravascular thrombus dissolution requires 2.2 MHz.
Even higher level of frequencies are used for cancer therapy using
hyperthermia 1–5 MHz frequency. The ultrasound frequency
used for the therapeutic purposes is lower than that for diagnostic
purposes (Joshi and Joshi, 2019). Lower frequencies of ultrasound
covers the frequencies lower than 1 MHz, whereas, erate and

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 November 2019 | Volume 7 | Article 324120

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Tharkar et al. Ultrasound-Enhanced Nanoparticle Drug Delivery

TABLE 2 | Parameters for designing of ultrasound machine for in vivo and in vitro lab studies.

Purpose Frequency and intensity Ultrasonic processor Reference Range

A. TRIGGERED DRUG RELEASE FROM NANOPARTICLES

1 Disruption of liposomes under mild

hyperthermia (thermosensitive)

Frequency: 1.0 MHz

Intensity: 1981.6 W/cm2

Therapy Imaging Probe System,

Philips Research, Briarcliff Manor,

NY

Park et al., 2013 Frequency

20-kHz−7.5 MHz

Intensity: 1.5–5.9

W/cm2 up to 1981.6

W/cm2 for

hyperthermic

nanoparticle disruption

2 Release of drugs from liposomes in

vivo using LFUS. (Low Intensity

focused Ultrasound)

Frequency: 20-kHz

Intensity: 5.9 W/cm2

VC400, Sonics & Materials,

Newtown, CT

Schroeder et al.,

2009a

3 Mesoporoussilica composite for

effective ultrasound triggered smart

drug release in vivo

Frequency: 20–50 kHz

Intensity: 1.5 W/cm2

NA Jafari et al., 2019

4 Tumor-penetrating codelivery of

siRNA and paclitaxel with

ultrasound-responsive nanobubbles

Frequency: 1 MHz

Intensity: NA

Therapeutic US system

(DCT-700, WELLD, Shenzhen,

China)

Yin et al., 2014

5 Ultrasound-sensitive siRNA-loaded

nanobubbles formed by

hetero-assembly of polymeric

micelles and liposomes

Frequency: 1 MHz,

Intensity: 2.0 W/cm2

Self-made therapeutic US

system (Institute of Ultrasound

Imaging, Chongqing Medical

University

Yin et al., 2013

6 PLGA nanoparticles for

ultrasound-mediated gene delivery in

solid tumors in vivo

Frequency: 7.5 MHz Diagnostic ultrasound system

3535 (Bruel and Kjer, Denmark)

Chumakova et al.,

2008

7 Ultrasound-mediated gene transfer

(sonoporation) in vitro and prolonged

expression of a transgene in vivo

Frequency: 40 kHz

Intensity: 1.9 W/ cm2

Sonidel SP 100 sonoporation

device (Sonidel Ltd., Ireland)

Li et al., 2009

B. SONOPORATION in vivo

8 Sonoporation enhances liposome

accumulation and penetration in

tumors with low EPR

Frequency: 16 MHz

Intensity: 0.9 W/cm2

VisualSonics Vevo2100 imaging

system (Fujifilm Sonosite, The

Netherlands)

Theek et al., 2016 Frequency: 1–16

MHz

Intensity: 0.4–to

2.0 W/cm2

9 Multiparameter evaluation of in vivo

gene delivery using

ultrasound-guided,

microbubble-enhanced sonoporation

Frequency: 1.4 MHz Siemens Antares system

(Siemens Health Care, Inc.,

Ultrasound Division, Mountain

View, CA, USA)

Shapiro et al., 2016

10 Combination of chemotherapy and

photodynamic therapy for cancer

treatment with sonoporation effects

Intensity: 2.0 W/cm2 NA Lee et al., 2018

11 Ultrasound-responsive polymeric

micelles for sonoporation-assisted

site-specific therapeutic action (Wu

et al., 2017)

Frequency: 1.90 MHz

Intensity: 0.4 W/cm2

Planar transducer (Institution of

Applied Acoustics, Shaanxi

Normal University)

Wang et al., 2013;

Wu et al., 2017

12 Epidermal growth factor

receptor-targeted sonoporation with

microbubbles enhances therapeutic

efficacy in a squamous cell carcinoma

model

Frequency: 1 MHz

Intensity: 2.0 W/cm2

Sonitron 2000 sonicator (Rich

Mar Inc., Inola, OK, USA).

Hirabayashi et al.,

2017

13 Dual-targeted and pH-sensitive

doxorubicin prodrug-microbubble

complex with ultrasound for tumor

treatment (Luo et al., 2017)

Frequency: 1 MHz

Intensity: 2 W/cm2

US system (DCT-700, WELLD,

Shenzhen, China). (Yin et al.,

2014)

Yin et al., 2014; Luo

et al., 2017

C. In vitro STUDIES

Sonoporation • Less than 100 kHz, although

frequencies up to 16 MHz

have been investigated (ter

Haar, 2007)

• Achibana et al. were the first to

image cells with pores by SEM

after exposure to low

frequency ultrasound of

255 kHz (Lentacker et al.,

2014)

• Low-frequency (24 kHz)

(Keyhani et al., 2001)

• Intensity: 0.9–1.8 W/cm2

(Khayamian et al., 2018)

• Low acoustic intensity,

consisting of 0.5, 1.0, and 1.5

W/cm2 (Shi et al., 2017)

• 1.5 W/cm2

• 0.9W/cm2 (Theek et al., 2016)

• 0.23 W/cm2 (Yu and Xu, 2014)

• Frequency: 3.33 kHz−16 MHz

• Intensity: 0.23–1.8 W/cm2

(Continued)
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TABLE 2 | Continued

Purpose Frequency and intensity Ultrasonic processor Reference Range

• Ultrasonic stimulation was

carried out for 2 s with

frequency of 20 kHz

(Khayamian et al., 2018)

• 2 MHz (Helfield et al., 2017)

• 1 MHz (Shi et al., 2017)

• 1 MHz

• 16 MHz (Theek et al., 2016)

• 1-MHz (Liao et al., 2018)

• 3.33 kHz (Bhutto et al., 2018)

• 180 kHz (Yu and Xu, 2014)

Disruption of nanoparticles • 850 kHz (Stavarache and

Paniwnyk, 2018)

• 3.3 MHz (Papa et al., 2017)

• 1 MHz (Baghbani et al., 2017)

• 3.19W (Stavarache and

Paniwnyk, 2018)

• 2.2 W/cm2 (Papa et al., 2017)

• 2 W/cm2 (Baghbani et al.,

2017)

• Frequency: 840 kHz−3.3 MHz

• Intensity: 2–3.1 W/cm2

Enhancing penetration of

nanoparticles through tumor (High

intensity)

• 1.5 MHz (Lee et al., 2017)

• 1 MHz (Wang S. et al., 2012)

• 1.5 MHz (Han et al., 2017)

• 3 MHz (Frazier et al., 2016)

• 1.16 MHz (Zhou et al., 2016)

• For liposomes in the range of

20 kHz−16 MHz (Dragicevic

and Maibach, 2018)

• 5 and 20 W/cm2 (Lee et al.,

2017)

• 2685 W/cm 2 (Wang S. et al.,

2012)

• 10 W/cm2 (Han et al., 2017)

• 816–1,411 W/cm2 (Frazier

et al., 2016)

• 705–900 W/cm2 (Zhou et al.,

2016)

• Frequency: 1.5–16 MHz

• Intensity: 5–2,685 W/cm2

high acoustic frequencies are in the range of 1–5 and 5–10 MHz,
respectively (Du et al., 2011). Table 3 summarizes the use of
nanoparticles in combination with ultrasound to enhance efficacy
of the treatment.

Intensity
The potential use of high intensity ultrasound (Azagury et al.,
2016) is to induce ultrasound associated heating effects that alters
the tissue function. Therefore, the FDA has recommended the
intensity that causes the heating of tissues less than a 1◦C rise
in temperature (Azagury et al., 2016; Guan and Xu, 2016; Mullick
Chowdhury et al., 2017). Generally, for drug delivery applications
intensity range of 0.3–3 W/cm2 is used. Higher intensities
ultrasound can be employed when the pulse length (pulse
cycles/ultrasound frequency) and/or pulse repetition frequency
(pulses/sec) values are reduced (Joshi and Joshi, 2019).

Mechanical Index
The mechanical index (MI) of ultrasound can be explained
as the peak negative pressure (in MPa) divided by the square
root of center frequency (in MHz). The MI is used as an
alternative variable to ultrasound intensity because they are
directly proportional to the relevant acoustic pressure. Also, the
MI gives an exact estimation of the produced cavitation, greater
MI values induce greater cavitation activity. To circumvent
undesirable thermal adverse effects in the course of ultrasound
treatment, the MI in the range of 0.2 and 1.9 is used, and the
FDA has a recommendation of the higher limit of the MI to
1.9 for clinical use of ultrasound to bypass direct tissue harm by
ultrasound (Izadifar et al., 2019).

Treatment Duration
The duration of treatment in ultrasound assisted drug delivery
and therapeutic ultrasound should be determined by the time
required for the ultrasound to generate a desirable effect without
inducing unwanted effects on the body. Moreover, the time
course of ultrasound treatment in drug delivery can be influenced
by other factors such as the situation and type of tissues
undergoing treatment, ultrasound settings (ultrasound intensity
being applied, and frequency), as well as the type of microbubbles
used (if applicable) (Juffermans et al., 2006). High pressures
of ultrasound waves can cause spontaneous inertial cavitation,
in some cases longer treatment duration can increase the drug
delivery. However, high pressures are associated with undesirable
effects on body. In a similar way, for lower pressures, the duration
required for stable oscillations of microbubbles should be to
be contemplate for achieving the most effective drug delivery
because longer treatment duration at low pressures can also
induce heating effects. Therefore, the precise treatment time
in every research protocol is different for different therapeutic
applications, and it has to be optimized for each treatment
indication (Schroeder et al., 2009b; Joshi and Joshi, 2019).

SUMMARY

Ultrasound with its tunable intensity and frequency can be
utilized in a safe manner to diagnose and treat a wide range of
medical conditions. It has been shown that ultrasound has an
immense potential to improve cancer treatment by increasing
targeting and accumulation of drugs and genes delivered to
tissues (Ng and Liu, 2002; Duvshani-Eshet and Machluf, 2005;
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TABLE 3 | Ultrasound frequencies used for various medical application.

Frequencies Applications References

>20KHz Audible region NA

19.5, 22.5, 42KHz Angioplasty Siegel et al., 1994; Goyen et al.,

2000; Wylie et al., 2009

20 KHz-1 GHzs Ocular drug delivery Zderic et al., 2002; Hariharan et al.,

2017; Lafond et al., 2017

0.25–2 MHz Drug delivery to central nervous

system

O’Reilly and Hynynen, 2012

20 kHz−16 MHz Transdermal drug delivery Mitragotri, 2017

255 KHz−5 MHz Gene delivery Yu et al., 2019

1–4 MHz Kidney stone ablation Ikeda et al., 2016

1 MHZ Topical delivery of hydrocartisone

1.5 MHz−1.0 kHz Osteoporosis Ozdemir et al., 2008

(Continued)
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TABLE 3 | Continued

Frequencies Applications References

≥1 MHz Nebulizer for pulmonary drug

delivery

Wiedmann and Ravichandran, 2001

20 kHz Colon Schoellhammer and Traverso, 2016

0·96 MHz Liver hyperthermia Lyon et al., 2018

0.5–2 MH Ablation of uterine fibroids Fan et al., 2019

<10 MHZ Diagnosis

Tzu-Yin et al., 2013; Mullick Chowdhury et al., 2016). Ultrasound
is considered non-invasive and the ultrasound radiation can be
focused onto a very small region, as small as a few millimeters.
The focal point of the ultrasound beam can penetrate deep
into body allowing very precise thermal ablation of tissues and
the enhancement of drug delivery to a selected region during
treatment (Ohmura et al., 2011; Chen and Hwang, 2013).

Furthermore, by combining ultrasound with nanoparticles, it
is possible to develop on-demand drug delivery system where
drug release is triggered with ultrasound energy that disrupts
drug-carrying nanoparticles. A combination of ultrasound with
nanoparticles to deliver drugs has already been applied for
treating Alzheimer’s disease, cardiovascular disease, infections
and cancer (Wang et al., 2015). Ultrasound-mediated drug
delivery takes advantage of the enhanced permeability of cell
membrane induced by the ultrasound—sonoporation. Increased
permeability permits more effective delivery of drug molecules
through cell membrane and through other physiological barriers,
e.g., blood brain barrier. Importantly, plasma membrane
permeabilization induced by acoustic cavitation is a transient
process and the membrane integrity usually returns to its original
configuration within seconds (Liu et al., 1998).

Despite ultrasound technology being already in place at
virtually every hospital/clinic, its use for therapeutic application
has been undervalued for long time. More recently the
use of ultrasound with microbubbles was approved by
the Food and Drug Administration (FDA) for diagnostic
applications (Mullick Chowdhury et al., 2017). Moreover,
there are many ultrasound-responsive microbubbles and
nanoparticle formulations that are undergoing clinical trials
or have been used clinically as the ultrasound contrast agents
and for the enhanced ultrasound-triggered drug release
application. For example SonoVue, Definity, Optison, and
Sonazoid are being utilized as an ultrasound contrast agent
and ThermoDox (liposomal doxorubicin) is used to enhance
temperature-triggered doxorubicin release induced by magnetic
resonance high intensity focused ultrasound (Anselmo and
Mitragotri, 2019). The increasing use of ultrasound with
microbubbles/nanoparticles in clinics supports future clinical
translation of ultrasound-enhanced nanoparticle drug delivery
for improving drug delivery and drug therapy in cancer and
several other medical conditions.

While there are many benefits of using ultrasound, the impact
of the energy of ultrasound radiation on cell integrity raises
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some concerns. Ultrasound energies higher than the cavitation
threshold can disrupt the cell membrane. A high dosage of
ultrasound can thermally and sonochemically induce permanent
damage to lipid membranes, and cause denaturation of proteins
andDNA (Domenici et al., 2013). But these perceived limitations,
can be turned into therapeutic applications which include tissue
hyperthermia and thermal ablation which are both used to
obliterate diseased tissues.

A further limitation is that ultrasound cannot be used in
all environments and there is a need to optimize the beam
conditions depending on the presence of gas within tissues
(e.g., lungs) which is an obstacle for propagation of ultrasound
waves. The organ associated movements during the ultrasound
treatment procedure is anothermajor problem, as the continuous
movements of organs cause distortion of ultrasound beam focal
point. Also, while treating deep-seated tumors in the body, there
is an issue with the ultrasound beam being attenuated or deflected
from hard tissues during its travel to the target area. For example,
in the treatment of lung cancer, the presence of both bone
(ribcage) and gas may interfere with propagating ultrasound
waves. Ultrasound reflection by bone or gas-containing tissue
may cause collateral damage and undesired skin burns when high
intensity ultrasound is used.

In summary, ultrasound has the potential to improve
treatment of cancer and other medical conditions. However,
more research and developments are needed for the design of
a therapeutic ultrasound system considering the location of the
tumor in the body. Also, a better understanding of the underlying

mechanisms of the interaction of the ultrasound beam with
different cell types is essential.
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Functional and stimuli-responsive nanofibers with an enhanced surface area/volume

ratio provide controlled and triggered drug release with higher efficacy. In

this study, chemotherapeutic agent Rose Bengal (RB) (4,5,6,7-tetrachloro-2′,

4′,5′,7′-tetraiodofluoresceindisodium)-loaded water-soluble polyvinyl alcohol (PVA)

nanofibers were synthesized by using the electrospinning method. A thin layer

of poly(4-vinylpyridine-co-ethylene glycol dimethacrylate) p(4VP-co-EGDMA) was

deposited on the RB-loaded nanofibers (PVA-RB) via initiated chemical vapor deposition

(iCVD), coating the fiber surfaces to provide controllable solubility and pH response to the

nanofibers. The uncoated and [p(4VP-co-EGDMA)-PVA] coated PVA-RB nanofiber mats

were studied at different pH values to analyze their degradation and drug release profiles.

The coated nanofibers demonstrated high stability at neutral and basic pH values for

long incubation durations of 72 h, whereas the uncoated nanofibers dissolved in <2 h.

The drug release studies showed that the RB release from coated PVA-RB nanofibers

was higher at neutral and basic pH values, and proportional to the pH of the solution,

whereas the degradation and RB release rates from the uncoated PVA-RB nanofibers

were significantly higher and did not depend on the pH of environment. Further analysis

of the release kinetics using the Peppas model showed that while polymer swelling and

dissolution were the dominant mechanisms for the uncoated nanofibers, for the coated

nanofibers, Fickian diffusion was the dominant release mechanism. The biocompatibility

and therapeutic efficiency of the coated PVA-RB nanofibers against brain cancer

was investigated on glioblastoma multiforme cancer cells (U87MG). The coated PVA

nanofibers were observed to be highly biocompatible, and they significantly stimulated

the ROS production in cells, increasing apoptosis. These promising results confirmed

the therapeutic activity of the coated PVA-RB nanofibers on brain cancer cells, and

encouraged their further evaluation as drug carrier structures in brain cancer treatment.

Keywords: initiated chemical vapor deposition, electrospinning, controlled drug delivery, pH responsive polymers,

polymer-coated nanofibers
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INTRODUCTION

Implantable patches for drug delivery have gained attention
in recent years. In particular, these patches are used in site-
specific, targeted delivery with enhanced sustained release of drug
molecules from biodegradable materials (Brown and Crawford,
2002; LaPorte et al., 2005). These devices have been developed
to overcome the common challenges in drug delivery, such as
achieving systematic delivery with therapeutically effective drug
concentrations at the specified target. Theeuwes and Nelson
(2004) developed a bilayered, patch-based device, which provided
drug delivery directly to the organ surface. The biocompatible,
drug-impermeable first layer acted as the drug reservoir, while
the drug-permeable second layer allowed drug delivery directly
to the organ. Nelson et al. (2003), on the other hand, introduced
a biodegradable fiber implant for drug release, which involved
three-dimensional matrices of predefined non-homogeneous
patterned polymeric fibers.

Electrospun nanofibers as polymeric nanocarriers are widely
used in drug delivery systems (DDS) because they have high
loading and encapsulation efficiency and they can be easily
produced in a cost-effective manner (Chakraborty et al., 2009;
Wang et al., 2010). Blending a polymer solution with a
therapeutic agent before electrospinning is the most common
technique for encapsulation. The distribution of drug molecules
andmorphology of fibers are themain factors affecting the release
behavior (Kenawy et al., 2002; Zamani et al., 2013; Tipduangta
et al., 2015).

As chemotherapeutic DDS, electrospun nanofibers are
promising due to high drug loading capacities. Poly(ethylene
glycol)–poly(L-lactic acid) (PEG–PLLA) diblock copolymer
fibers loaded with an antineoplastic drug BCNU (1,3-
bis(2-chloroethyl)-1-nitrosourea) were fabricated to
obtain controllable drug delivery directly to the tumor
microenvironment (Xu et al., 2006). High antitumor activity
for longer periods of time (72 h) was observed when the BCNU
release was from the PEG–PLLA fibers whereas with pristine
BCNU, loss of cytotoxic activity was observed in the same period
of time due to the short half-life of the drug (Xu et al., 2006).
Sharma et al. (2013) loaded insulin to poly(vinyl alcohol) PVA
and sodium alginate nanofiber-based patch for anti-diabetic drug

delivery. In vivo test of the patch on male Wistar rats showed
that the drug molecules were released in their pharmacologically

active states without any deterioration. In another study, for the
treatment of glaucoma disease, Garg et al. (2014) used PVA and
polycaprolactone (PCL) fiber mats loaded with timolol maleate
and dorzolamide hydrochloride as model drugs, achieving a very
high drug entrapment efficiency of∼100%.

Although electrospun fibers are very promising with respect
to drug delivery, in post-operation cancer treatment applications,
controlling the initial burst release and tuning the release
kinetics from fibers are the main challenges yet to be
overcome (Thakkar and Misra, 2017). In order to defeat
these challenges during cancer treatments, coaxial nanofibers
with core-shell structures have been introduced due to their
effectiveness in drug incorporation into nanofibers as reservoir-
type drug delivery carriers (He et al., 2006). Recent studies

include concentric spinneret electrospinning method for coaxial
nanofiber formation. These core-shell nanocarriers are used
mostly to control the sustained drug delivery (He et al.,
2006; Zupanc̆ic̆ et al., 2016), to release both hydrophilic and
hydrophobic drugs from the same system (Oliveira et al., 2015),
to enhance implant osseointegration and to prevent implant
infections (Song et al., 2013), and to obtain bi-component,
surface-modified, and functional graded nanofibers (Zhang
et al., 2004). Another method that has been used to overcome
these shortcomings is direct deposition onto nanofibers for the
production of coaxial structures (Chunder et al., 2007). Layer-by-
layer (LBL) deposition (Sakai et al., 2009; Li et al., 2012; Croisier
et al., 2014) and vapor phase methods, such as chemical vapor
deposition (CVD) (Zeng et al., 2005) are some examples.

Although studies reported have included controlled drug
release from various polymeric nanofibers, stimuli-responsive
and cross-linked coatings on these nanofibers have not been quite
examined. In this paper, fabrication of polymeric mat with an
outer coating layer for sustained release of Rose Bengal (RB) as
a chemotherapeutic drug was reported. PVA polymer with RB
solution was electrospun to form blend fibers. PVA is used as
the polymer matrix due to its biocompatibility and biodegradable
nature, leading to its wide utilization in drug delivery applications
(Huang and Rhim, 1993; Taepaiboon et al., 2006; Kenawy
et al., 2007; Yang et al., 2007; Jannesari et al., 2011; Bazhban
et al., 2013; Li et al., 2013; Jalvandi et al., 2017). Meanwhile,
RB (4,5,6,7-tetrachloro-2′,4′,5′,7′-tetraiodofluoresceindisodium)
is used as the chemotherapeutic drug which is a water-soluble,
photosensitive, synthetic dye used for diagnostics exhibiting
cytotoxicity in various cancer types, such as brain cancer
(Tserkovsky et al., 2012), colorectal cancer cells (Qin et al.,
2017), melanoma and breast cancer cells (Toomey et al., 2013),
and ovarian and adenovirus-transformed embryonic kidney
cancer cells (Koevary, 2012). In order to provide additional
functionalities to the electrospun fibers, surface of the fiber
mats was coated with poly(4-vinylpyridine-co-ethylene glycol
dimethacrylate) [p(4VP-co-EGDMA)], a pH-sensitive polymer,
via initiated chemical vapor deposition (iCVD). iCVD is
an all-dry, free-radical polymerization method that allows
polymerization directly on the substrate surface, initiated by
thermally decomposed radicals reacting with the monomer
molecules adsorbed on the substrate (Lau and Gleason, 2006;
Ozaydin-Ince et al., 2011). It is advantageous because of its
conformal coating ability on high-aspect-ratio surfaces, which
preserves the film thickness throughout the surface topography
(Ozaydin-Ince et al., 2011; Armagan and Ince, 2015).

In the study reported here, RB release from the p(4VP-
co-EGDMA)-coated PVA-RB nanofibers was investigated at
different pH values, and the effect of the pH-responsive polymer
coating on the release performance was studied. The degradation
profiles of the nanofibers at these pH values were investigated
to reveal their stability in cellular environment for their
potential drug carrier activity. Moreover, the time-dependent
anti-cancer activity of the coated PVA-RB nanofibers was studied
on glioblastoma multiforme brain cancer cells (U87MG). The
effects on cell viability were investigated as a preliminary study
before exploring the therapeutic effect of the fibers via DNA
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quantification by using Pico Green dye. The intracellular RB
localization and conformation of the cytoskeleton structure
of cells was monitored by using confocal microscopy. The
intracellular stress and death mechanism of the cells were
investigated to analyze their cellular response against RB
exposure. The significantly decreased cell viability and increased
intracellular ROS production confirmed the increased apoptosis.

MATERIALS AND METHODS

Materials
PVA (MW 85,000–124,000, 87–89% hydrolyzed, Aldrich) and
Tserkovsky Bengal sodium salt (dye content∼90%, Aldrich) were
used in electrospinning for fiber synthesis. The monomer 4VP
(95%, Aldrich), the cross-linker EGDMA (98%, Aldrich), and
the initiator tertbutyl peroxide (TBPO, 98%, Aldrich) were used
without purification. Phosphate-buffered saline (PBS, Aldrich)
was utilized for the release studies.

Preparation of PVA-RB Nanofiber Mats
Ten wt% PVA solution was obtained by dissolving PVA
in distilled water at 70◦C and stirred continuously for 4 h.
Homogeneous solution was observed after stirring overnight at
room temperature, at 500 rpm. PVA-RB solution was prepared by
blending 100mg/ml RB distilled water and 10 wt% PVA solutions
in RB:PVA 1:5 ratio. The loading capacity of the nanofibers was
calculated to be∼16.7%.

Electrospinning setup included syringe pump, stainless steel
spinneret needle, high voltage supply, 10 × 10 cm collector, and
2ml syringe. The distance between the needle and collector was
kept at 15 cm, and the voltage was applied at 8 kV. Flow rates
for both PVA and PVA-RB blend solutions were adjusted as
0.3 ml/h.

P(4VP-co-EGDMA) Coating of PVA-RB

Nanofibers
P(4VP-co-EGDMA) was conformally deposited on both sides
of nanofiber mats at a thickness of ∼70 nm by using iCVD.

The cross-linker EGDMA was heated to 95◦C in a metal jar,
and 4VP was kept at room temperature. The initiator was
delivered to the system at a flow rate of 1 sccm while the
flow rate of N2 gas was 1.1 sccm. The filament and substrate
temperatures were at 240 and 25◦C, respectively, throughout
the deposition. Reaction pressure was fixed at 600 mTorr.
Flow rates of 4VP and EGDMA were 2.73 and 0.14 sccm,
respectively. Si wafers were coated simultaneously as the fiber
mats, to be used in ellipsometric swelling experiments. Figure 1
shows the schematic of the coated and uncoated nanofiber mat
fabrication process.

Characterization of PVA, PVA-RB, Coated

PVA, and Coated PVA-RB Nanofibers
The PVA, PVA-RB, p(4VP-co-EGDMA)-coated PVA, and p(4VP-
co-EGDMA)-coated PVA-RB nanofibers were imaged by field
emission scanning electron microscopy (Zeiss, Leo Supra VP35)
with an accelerating voltage of 4 kV. Chemical characterization
of the fibers was performed by Fourier transform infrared
spectroscopy (Thermo-Fisher Scientific, Nicolet iS10 FTIR) with
62 scans and the resolution of 4 cm−1 over the range of 800–
4,000 cm−1.

XPS analysis was done by using Thermo Scientific K-Alpha
spectrometer by an aluminum anode (Al Kα = 1,468.3 eV) at an
electron take-off angle of 90◦ (between the sample surface and
the axis of the analyzer lens). The spectra were recorded using an
Avantage 5.9 data system. The binding energy scale was calibrated
by assigning the C1s signal at 284.5 eV.

Swelling behavior of the iCVD polymer film on Si wafer
was investigated via a spectroscopic ellipsometer (M2000D J.A.
Woollam Co. Inc.) in a liquid cell stage at room temperature
at pH values of 4, 6.5, and 9. Dynamic thickness measurements
were performed at 75◦ nominal angle of incidence within
the wavelength range of 315–718 nm for 30min. Swelling
percentages were calculated by using the formula (t – t0)

∗100/t0,
where t is the thickness of the swollen and t0 is the thickness of
the dry samples.

FIGURE 1 | Schematic representation of the synthesis of the coated and uncoated nanofiber mats. (A) Electrospinning method used for the fabrication of the

RB-loaded nanofiber mats. (B) iCVD p(4VP-co-EGDMA) deposition on the electrospun RB-loaded nanofiber mats. The inset shows the polymer-coated nanofibers.
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Degradation of PVA, PVA-RB, Coated PVA,

and Coated PVA-RB Nanofibers
The degradation behavior of PVA, PVA-RB, coated PVA, and
coated PVA-RB nanofibers was tested in PBS solution at several
pH values (pH 4.5, 6.5, and 9) following 24 and 72 h incubation
times. Themorphology of the fibers was visualized bymonitoring
the samples using SEM (Helios Nano-Lab 600i FIB/SEM, FEI).
Samples were incubated in 2-ml PBS solutions adjusted at pH
4, 6.5, and 9 for 24 and 72 h by shaking at room temperature.
Following the incubations, the samples were dried under vacuum
conditions for 24 h and prepared for SEM imaging. SEM imaging
was carried out on samples gold-sputtered for 25 s at 60 nA,
obtaining a 3 nm-thick conductive layer over the nanofibers.

Release From PVA, PVA-RB, Coated PVA,

and Coated PVA-RB Nanofibers
Coated and uncoated electrospun nanofibers were cut into 1 ×

2 cm pieces and put in 10ml PBS solutions separately at pH 4,
6.5, and 9 and placed on a shaker for the release experiments.
UV-Vis measurements were performed using NanoDrop UV-Vis
spectrophotometer (Thermo Scientific NanoDrop 2000c). For
each measurement, 100 µl of PBS solution was removed from
the solution and replaced with fresh PBS solution in the release
medium. For RB detection, the UV absorbance peak at 550 nm
was used. For each release experiment, eight sets of new samples
were prepared and UV-Vis measurements were repeated at least
twice on each sample.

The amount of RB loaded in the nanofibers was determined by
dissolving the uncoated fibers completely and measuring the RB
concentration of the solution. Release percentages of the coated
nanofibers were obtained by normalizing the concentration of RB
released from the nanofibers by the amount loaded.

Cellular Experiments of Coated PVA and

Coated PVA-RB Nanofibers
Cell Culture
U87-MG tumor cells (from ATCC) were cultured under
high glucose Dulbecco’s Modified Eagle’s Medium, added with
10% fetal bovine serum, 2mM L-glutamine, and 100 U/ml
penicillin−100µg/ml streptomycin (all reagents were from
Sigma-Aldrich) in saturated humidity, 5% CO2 atmosphere.
Experiments were performed by seeding 30,000 U87MG
cells/cm2 in 24-well multiwell polystyrene (PS) plates and by
incubating the cultures with 0.8 × 0.8 cm2 coated PVA and
coated PVA-RB nanofiber samples. For immunocytochemistry,
cells were seeded on 0.8 × 0.8 cm2 Ibidi films made hydrophilic
by O2 plasma (50W, 25 sccm for 60 s) in a Colibrì reactor
(Gambetti). Cells were exposed to nanofiber samples after
overnight incubation.

Proliferation of Coated PVA and Coated PVA-RB

Nanofiber-Exposed Cells
Cell proliferation was investigated by Pico Green assay (from
Invitrogen) at 24 and 72 h from incubation with coated PVA
and coated PVA-RB nanofiber samples. The assay enables ds-
DNA quantification in solution by fluorescence measurement

and requires cell lysis in a fixed volume of water (500 µl) by
three cycles of freezing and thawing. To the purpose, 100 µl of
working solution was mixed to 50µl of cell lysate and to 150µl of
solution containing the PicoGreen dye. Samples were incubated
in the dark for 10min, and finally fluorescence was read with
a microplate reader (Perkin Elmer Victor X3, λex = 485 nm;
λem = 535 nm).

Immunocytochemistry of Coated PVA and Coated

PVA-RB Nanofiber-Exposed Cells
U87MG cells were washed with PBS with calcium and
magnesium, and fixed with 4% paraformaldehyde (from Sigma-
Aldrich) in PBS for 20min at 4◦C. Then, cells were again rinsed
with PBS and permeabilized with 0.1% Triton X-100 (from
Sigma-Aldrich) in PBS for 30min. Specific binding sites were
saturated with 10% goat serum (GS, from Thermo Scientific)
in PBS for 1 h at 37◦C. Then, cells were incubated with a
10% GS solution containing a rabbit polyclonal IgG primary
antibody against Ki-67 (from Millipore, 1:100 diluted) for 3 h
at 37◦C. Samples were then rinsed four times with 10% GS
(5min each rinse), and cells were incubated with a 10% GS
solution containing a goat polyclonal IgG secondary antibody
(from Thermo Scientific, 1:200 diluted) and 1µM DAPI for
45min at 37◦C. After one rinse with 0.45M NaCl PBS and with
PBS, samples underwent fluorescence imaging. The number of
Ki-67 immunopositive nuclei (n) and the total number of nuclei
(m) were semi-automatically counted with ImageJ software and
the n/m ratio (expressed as average ± standard deviation) was
calculated and plotted. For statistical reasons, 10 images at low
magnification were analyzed.

Reactive Oxygen Species (ROS) and Cell Death

Mechanism Detection of Coated PVA and Coated

PVA-RB Nanofiber-Exposed Cells
To quantitatively assess oxidative stress, cell cultures were stained
with CellROX Green reagent (from Invitrogen) at 24 and 72 h
from incubation with coated PVA and coated PVA-RB nanofiber
samples. To the purpose, cells were rinsed with PBS without
calcium and magnesium, and suspended by 1min incubation
with 0.05% trypsin (from Sigma-Aldrich). Cell pellets were
obtained with 7min centrifugation at 1,000 g, and staining was
performed for 15min in the dark on 200 µl of cell suspension
in PBS with calcium and magnesium, containing 5µM CellRox
Green reagent. To quantitatively study cell viability, cell cultures
were stained with FITC Annexin V/Dead Cell Apoptosis kit
(from Invitrogen) by incubating 100 µl of cell suspension in
1× annexin-binding buffer, added with 5 µl of FITC Annexin
V solution and with 1 µl of 100µg/ml of propidium iodide.
Staining was performed for 15min in the dark. Flow cytometry
was conducted with CytoFLEX platform (Beckman Coulter, λex

= 488 nm; 500 nm < λem < 560 nm).

Statistical Analysis
Each experiment was carried out at least three times. Statistical
analysis was carried out using an unpaired Student’s t-test. The
data are expressed as the mean ± standard deviation (SD).
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Comparison with a p-value below 0.01 and 0.05 was considered
statistically significant.

RESULTS AND DISCUSSION

Characterization of PVA, PVA-RB, Coated

PVA, and Coated PVA-RB Nanofibers
SEM images of (a) uncoated PVA-RB nanofibers and (b)
coated PVA-RB nanofibers are shown in Figure 2. The average
diameter of pure PVA nanofibers is ∼425 ± 22 nm, whereas
RB-blended PVA fibers are 523 ± 39 nm in diameter. Increased
concentration in solution with RB addition resulted in larger
diameters observed (Aljehani et al., 2014). The iCVD polymer
coating on the fibers increased the average diameter to 587
± 63 nm, confirming that the thickness of the polymer
coating is∼65± 5 nm.

As confirmed by the SEM images, the structures of the
nanofibers were not damaged after the iCVD process and the

FIGURE 2 | SEM images of (A) uncoated PVA-RB nanofibers and (B)

p(4VP-co-EGDMA)-coated PVA-RB nanofibers.

FIGURE 3 | FTIR spectra of (a) PVA nanofibers, (b) PVA-RB nanofibers, (c)

p(4VP-co-EGDMA)-coated PVA-RB nanofibers, and (d) p(4VP-co-EGDMA)

thin film on Si wafer. The bands at 1,597 and 1,415 cm−1 corresponding to

the pyridine ring vibrations (indicated with asterisk) can also be observed on

the coated PVA-RB nanofibers (c) confirming the presence of the

polymer coating.

fibers could be conformally coated with the polymer layer,
enabling the fabrication of p(4VP-co-EGDMA) coated PVA-
RB nanofibers.

Swelling percentage of p(4VP-co-EGDMA) thin films on
Si wafers was determined to be 62 ± 10% at pH 4,
whereas at both pH 6.5 and pH 9, swelling was <5%,
confirming the pH response of the polymer coating. The
mesh sizes of the polymer coatings at pH values of 4, 6.5,
and 9 were calculated as 1.16, 0.69, and 0.69 nm, respectively
(Supporting Information). Swelling of the polymer at low pH
values is attributed to the protonation of 4VP in the acidic
environment, causing the chains to stretch due to electrostatic
repulsion. Deprotonation of the polymer chains at high pH
values, on the other hand, leads to the collapsed state observed
(Li et al., 2008, Wang et al., 2013).

FTIR spectra of pure PVA, PVA-RB, and p(4VP-co-EGDMA)-
coated PVA-RB nanofibers are shown in Figure 3. The absorption
bands at 1,734, 1,429, and 1,091 cm-1 are related to the C=O
double bond, CH2, and C–O–C stretching modes of pure PVA
nanofibers, respectively (Figure 3a) (Mansur et al., 2008). The
bands at 1,717, 1,457, and 1,091 cm–1 belong to the C=O double
bond, CH2, and C–O–C stretching modes of PVA for RB-PVA
nanofibers. Additional bands in RB-PVA blend nanofibers at
1,615 cm–1 belongs to the C=O double bond of carbonyl group
whereas those at 1,547, 1,444, and 1,337 cm-1 correspond to
C=C double bonds of aromatic rings (Figure 3b) (Dabrzalska
et al., 2016). The absorption band in coated PVA-RB nanofibers
at 1,719 cm-1 indicates CO double bond stretching of EGDMA,
whereas 1,599, 1,547, and 1,417 cm-1 belong to pyridine ring
vibration and 1,060 cm-1 of 4VP and 954 cm–1 indicate in-plane
and out-of-plane CH bending of 4VP (Figure 3c) (Bayari and
Yurdakul, 2000; Lau and Gleason, 2007), confirming the presence
of the polymer coatings on the nanofibers.

X-ray photoelectron spectroscopy (XPS) was used to
determine the surface composition of the PVA-RB nanofibers
within 5–10 nm from the surface. Figures 4A,B show XPS survey
scans and N1s spectrum (inset figures) of PVA-RB nanofibers
without and with iCVD coating, respectively. Peaks in Figure 4A

at 620, 532, 285, and 199 eV correspond to I3d, O1s, C1s,
and Cl2p, respectively, and indicate elemental composition of
PVA-RB. From the spectrum, the atomic ratios of the elements
on the surface of the PVA-RB nanofibers are estimated to be
67.64% C, 31.52% O, 0.35% I, and 0.49% Cl.

According to the XPS spectrum of the polymer-coated
nanofibers, depicted in Figure 4B, peaks at 530, 399, and 285 eV
correspond to O1s, N1s, and O1s, respectively. The atomic
ratios of elements on the surface of the coated nanofibers are
calculated to be 73.83% C, 25.37% O, and 0.79% N. The I and Cl
peaks could not be detected, possibly due to the presence of the
coating. The presence of N1s peak observed only in the coated
nanofibers indicates the presence of N-containing p(4VP-co-
EGDMA) coating on the nanofiber surfaces. The low percentages
can be attributed to the fact that the coatings cover mostly the
nanofibers, which are closer to the surface of the mat, leaving the
nanofibers below the surface uncoated. Therefore, XPS analysis
confirms the presence of a polymer coating on the nanofibers
exposed to the surface.
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FIGURE 4 | XPS spectra of the (A) uncoated and (B) coated PVA-RB nanofibers. N1s spectrum (inset figures) observed in (B) confirms the presence of the coating.

Degradation of PVA, PVA-RB, Coated PVA,

and Coated PVA-RB Nanofibers
The degradation behaviors of coated PVA and coated PVA-RB
nanofibers were investigated at several pH values (4, 6.5, and 9)
of PBS at increasing incubation times, as shown by SEM images
(Figure 5). Uncoated PVA-RB and PVA nanofibers completely
dissolved in <2 h at all pH values tested. Therefore, long-term
stability tests were performed on the coated PVA and coated
PVA-RB nanofibers. The SEM images show that the morphology
of the coated PVA-RB and coated PVA nanofibers was similarly
affected following the incubation.

The coated nanofibers were not stable at low pH values at
incubation times longer than 12 h (Figures 5A,D,G,J). On the
other hand, the coated nanofibers showed significantly high
stability in PBS solutions at pH 6.5 (Figures 5B,E,H,K) and at pH
9 (Figures 5C,F,I,L). The pH-dependent degradation could be
explained by the protonation of pyridine groups of p(4VP) at low
pH values (pH 4) that lead to swelling of the p(4VP-co-EGDMA)
coatings on the PVA nanofibers (Li et al., 2008). The swelling
of the polymer coating enhanced the diffusion of the acidic
solution through coating, resulting in the complete degradation
of PVA nanofibers. Higher stability of the coated PVA nanofibers
observed at high pH values (pH 6.5 and 9) could be attributed
to the collapsed state of the polymer chains, which reduces the
diffusion of the solution medium through the coating, hindering
degradation of the PVA nanofibers.

Drug Release From

p(4P-co-EGDMA)-Coated PVA-RB

Nanofibers
RB release from the polymer-coated and uncoated PVA-RB
nanofibers was investigated in PBS solution at pH 4, 6.5, and

9 (Figure 6). Release experiments from the PVA-RB nanofibers
showed that more than 80% of the RB was released in 1 h with
no significant dependence of the release rate on the pH of the
medium (Figure 6A).

The kinetics of the RB release from the coated PVA-RB

nanofibers, on the other hand, was strongly affected by the

pH of the medium (Figure 6B). At all pH values, the overall

release was <60% at the end of 1 h, indicating slower early time
release kinetics due to the coating layer on the fibers. As the pH

decreased, slower release kinetics was observed and the overall
release percentages at the end of the experiments were lower at
low pH. While 98% of the RB was released at the end of 6 h at pH
9, only 55% was released in 6 h at pH 4. The smaller mesh sizes
of the polymer coatings at low and high pH values, compared
to the size of RB molecules (hydrodynamic radius of ∼1.28 nm),
indicate that the release from the uncoated or partially dissolved
nanofibers dominates the release and that the release through the
polymer coatings is negligible.

The fast release rates and higher release percentages of RB
obtained at pH 9 compared to the release rates at lower pH
values can be attributed to smaller diameters of the nanofibers

due to the collapsed state of the polymer coating, which leads
to the increased free volume in the electrospun mat, resulting

in improved release rates. At lower pH conditions, on the
other hand, the swollen polymer coating of the nanofibers
reduces the free volume in the mat and entraps the RB
molecules, decreasing the overall release percentages and release
rates. The prolonged release observed is, thus, caused by the
longer paths the RB molecules have to diffuse through due to
swollen polymer.

In addition to the changes in the free volume, the
electrostatic interactions between the polymer coating
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FIGURE 5 | SEM images of coated PVA (A–C) and coated PVA-RB (D–F) nanofibers following 24 h of incubation, and coated PVA (G–I) and coated PVA-RB (J–L)

nanofibers following 72 h of incubation in solutions at pH 4, 6.5, and 9, respectively.

and the released RB molecules may also contribute to
the pH dependence of the release profiles at early times.
Protonation of pyridine groups of p(4VP), which has a pKa
in the range 4.5–4.7, occurs at lower pH values, leading
to an electrostatic interaction between the protonated
pyridine groups and the RB molecules. This attractive
interaction also contributes to the reduced release percentages
observed at pH 4.

A transient behavior is observed at pH 6.5 with a faster early
time release kinetics due to the collapsed polymer coating on the
fibers, resulting in larger free space and shorter diffusion lengths

for the dye molecules. However, overall release percentages at the

end of 12 h are comparable to the release percentages at pH 4, but
lower than the values obtained at pH 9.

The early time release kinetics of the polymer-coated and
uncoated PVA-RB fibers were investigated using the semi-
empirical Peppas model, which includes relaxation and phase
changes of the polymer matrix in addition to the diffusion of the
drug molecules. The Peppas model in its simplest form is given
by Korsmeyer et al. (1983):

Mt

M∞

= atn (1)

where Mt is the amount of drug released at time t, M∞ is total
amount of drug loaded, “a” is a constant that depends on the
structure and geometry of the of drug-polymer system, and
“n” is the coefficient related to the mechanism of drug release
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FIGURE 6 | RB release from (A) uncoated PVA-RB fibers and (B) coated PVA-RB fibers in PBS solutions at pH 4, 6.5, and 9. Data fitting was performed up to 60% of

RB release using Peppas equation.

(Zamani et al., 2010; Nguyen et al., 2012; Gencturk et al., 2017).
The dashed lines in Figure 5 show the fits of Equation 1 to the
early time data below 60%. The “a” and “n” values and the error
R2 obtained from the fits are given in Table 1.

The control experiments performed using the uncoated PVA-
RB nanofibers reveal a fast-release kinetics at early times, which
is not affected by the pH of the medium. The kinetic parameter
“n” is found to be∼0.77, which indicates an anomalous transport
mechanism, dominated by concentration-dependent diffusion
and dissolution of the polymer. The release kinetics from
the polymer-coated samples, on the other hand, reveals a pH
dependent behavior. At all pH conditions, the values of “n” are
less than the control samples, indicating that the Fickian diffusion
dominates over the polymer dissolutionmechanism in the coated
samples (Fu and Kao, 2010). As the pH of the release medium
increases, faster kinetics is observed as indicated by higher “n”
values. Faster kinetics at high pH values can be attributed to the
collapsed state of the coating, which leads to larger free volumes
compared to low pH conditions.

Although Peppas model was used to fit the release data, it
should be noted that the fit parameters obtained were mostly
used to study the effect of the pH on the release kinetics
and to comment on the dominant mechanisms, as opposed
to thoroughly explaining the active mechanisms. Our system
deviates from these models due to presence of an insoluble, pH-
responsive polymer coating on the top and bottom layers of the
mat. This coating impedes the full dissolution of the polymer
nanofibers, introduces electrostatic interactions, and impacts the
diffusion paths in the swollen state, thus affecting the release rate
of the drug.

Cellular Response to

p(4VP-co-EGDMA)-Coated PVA-RB

Nanofibers
Immunocytochemistry of Cells Exposed to the

Coated PVA-RB Nanofibers
The proliferation ability of the cells exposed to the coated
PVA and coated PVA-RB nanofibers were also elucidated by

TABLE 1 | The “a” and “n” values obtained from the fit of Equation 1 to the

release data of the coated and uncoated fibers.

Coated samples Uncoated samples

R2 n a R2 n a

pH 4 0.9096 0.3288 0.3829 0.9986 0.7991 0.8151

pH 6.5 0.9044 0.4110 0.3870 0.9876 0.7589 0.8693

pH 9 0.9461 0.5206 0.5503 0.9979 0.7655 0.7758

FIGURE 7 | Immunocytochemical investigation of coated PVA and coated

PVA-RB exposed cells by staining with Ki67 markers at 24 and 72 h of

incubation (analyzed with Student t-test *p < 0.05).

Ki67 antibody immunohistochemical staining that binds to
the proliferating cell marker Ki67 antigens selectively. The
results indicated that the decrease in the coated PVA nanofiber-
exposed cells was insignificant while for the cells exposed to
the coated PVA-RB nanofibers, cell proliferation decreased to
28% and 36% at the end of 24 and 72 h of incubations,
respectively (Figure 7).

ROS Production in Cells Exposed to the Coated

PVA-RB Nanofibers
As a defense mechanism, cells have the tendency to increase
ROS production when they are exposed to foreign substances.
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FIGURE 8 | ROS production in control, coated PVA and coated PVA-RB nanofiber exposed U87MG cells at 24 h (A–C) and 72 h (D–F) of incubation. Percentage of

ROS positive U87MG cells at 24 h (G) and 72 h (H) of incubation.

The increased ROS levels in mitochondria cause cellular stress,
and then stimulate further ROS production. High ROS level
in the cells activates apoptosis processes due to the hindered
cellular functions by damaged critical cell components, such
as proteins, membrane lipids, and DNA (Murphy, 2009).
In the light of the natural defense mechanism of cells,
chemotherapy drugs are generally designed as ROS stimulating
agents to activate apoptosis process. In this study, coated
PVA-RB nanofibers were investigated comparatively to coated
PVA nanofibers on U87MG brain cancer cells following 24

and 72 h of incubation, as shown in Figure 8. The results
indicated that significant ROS level increment in coated PVA-
RB fiber-exposed cells was observed (19%) after 24 and
72 h of incubation, as shown in Figures 8C,E, respectively.
However, the ROS level of coated PVA nanofiber-exposed
cells was about 5% after 24 and 72 h of incubation, as
shown in Figures 8B,D, respectively. High levels of ROS
produced in the cells exposed to the coated PVA-RB nanofibers
indicated that RB induce damage in cells, as expected from
chemotherapy drugs.
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FIGURE 9 | Cell death mechanism in control (A), coated PVA (B) and coated PVA-RB (C) nanofiber exposed U87MG cells at 24 h of incubation. (D) Percentage of

living, apoptotic and necrotic cells.

Cell Death Mechanism of Cells Exposed to the

Coated PVA-RB Nanofibers
The optimal in vitro conditions for cell death that mimic the
organism were provided by Fink and Cookson (2005) to analyze
the effects of structures on the death mechanism. Effects of the
coated PVA-RB and coated PVA nanofibers were investigated on
U87MG brain cancer cells, which were labeled with annexin-
V and PI as indicators of apoptosis and necrosis, as reported
in Figure 9.

The results showed that of all the cells exposed to coated
PVA-RB nanofibers, 70% was alive, while 10, 12, and 7% of
cells were in late apoptosis, apoptosis, and necrosis after 24 h
of incubation, respectively (Figure 9C). On the other hand, 92%
of the cells exposed to coated PVA nanofiber-exposed cells were
alive, while 5% of the cells were in necrosis and 1% of cells were
in late apoptosis after 72 h of incubation (Figure 9B). The results
confirmed that RB-loaded nanofibers cause serious apoptotic and
late apoptotic effects in glioblastoma cells, as targeted in cancer
therapy applications.

CONCLUSION

A pH-responsive nanofiber mat loaded with RB was produced as
a potential controlled drug delivery system for post-operational
cancer treatments. A thin layer of pH-responsive cross-linked
p(4VP-co-EGDMA) polymer was coated on PVA-RB blend
nanofibers to attain pH response to the fibers and to tune

the release kinetics. The vapor-based iCVD technique was
successfully employed for the conformal deposition of the
polymer coating without damaging the nanofiber mat. The
coating layer enabled the control of the degradation and release
kinetics of the nanofibers by tuning the pH of the medium. The
iCVD was demonstrated to be a successful technique to coat the
nanofibers with stimuli-responsive, functional polymer films to
attain additional properties to the fibers.

The therapeutic efficiency of coated PVA-RB nanofibers
against brain cancer was investigated comparatively against the
coated PVA nanofibers, to analyze the anti-cancer effect of
RB released from the fibers. The results indicated that coated
PVA-RB nanofibers selectively decreased cell proliferation and
stimulated cell death in apoptotic direction by increasing ROS
production in the cells at long-term incubation as desired in
chemotherapeutic applications.
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Two-dimensional boron nitride nanostructures (2D-BNNs) have been increasingly

investigated for their applications in several scientific and technological areas. This

considerable interest is due to their unique physicochemical properties, which include

high hydrophobicity, heat and electrical insulation, resistance to oxidation, antioxidation

capacity, thermal conductivity, high chemical stability, mechanical strength, and hydrogen

storage capacity. They are also used as fillers, antibacterial agents, protective coating

agents, lubricants, boron neutron capture therapy agents, nanocarriers for drug delivery,

and for the receptor phase in chemosensors. The investigations for their use in medicine

and biomedicine are very promising, including cancer therapy and wound healing. In this

review, 2D-BNNs synthesis and their surface modification strategies, biocompatibility,

and bioapplication studies are discussed. Finally, a perspective for the future use of these

novel nanomaterials in the biomedical field is provided.

Keywords: two-dimensional boron nitride nanoparticles, synthesis, functionalization, biocompatibility,

bioapplication

INTRODUCTION

It is generally considered that boron nitride (BN)-based nanomaterials are not naturally formed,
but the cubic crystalline boron nitrides (cBNs) are found in some rare mineral sites of Tibet and
China, which suggests their natural occurrence (Du Frane et al., 2016; Yin et al., 2016). Today,
most BN nanomaterials are synthesized in laboratories and are composed of an equal number of
boron (B) and nitrogen (N) atoms that have specific conformations leading to different structure
crystallinity (Pakdel et al., 2012). As the most stable form of BNs, hexagonal boron nitrides (hBNs)
have strong covalent bonds between B-N atoms with a graphene-like structure. The 2D BN layers
are held together through van der Waals interactions (Weng et al., 2016). On the other hand, in
the rhomboedral (rBNs), diamond-like (cBNs), and wurzite boron nitrides (wBNs), B and N atoms
are sp3 hybridized, binding to the neighboring BN3 tetrahedrons at different angles restraining the
identical pattern of B and N atoms. The varying crystallinity in BN structures are obtained under
different experimental conditions, such as temperature and pressure (Merlo et al., 2018). While
hBNs and rBNs are produced at ambient pressure and at high temperature, wBNs form hBNs
under high pressure at room temperature. cBNs are prepared from hBNs under high pressure at
high temperature (Han, 2010).

BN nanomaterials are the structural analogs of graphene. The main difference between
BN-based nanomaterials and their C counterparts is the nature of the bonds between the
atoms. The bond C-C in carbon nanomaterials has a pure covalent character, while B-N
bonds present a partially ionic character due to the e− pairs in sp2 hybridized B-N. The
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e− pairs are more confined to N atoms owing to their
high electronegativity in BN-based nanomaterials that strongly
affect mechanical, optical, and electronic properties (Arenal
and Lopez-Bezanilla, 2015; Jiang et al., 2015). Therefore,
BN-based nanomaterials can improve thermal conductivity
(Chang et al., 2005) and the mechanical (Sen and Çulha,
2015; Emanet et al., 2016) and antioxidant (Chen et al.,
2004; Li et al., 2018) properties of several composites. High
thermal conductivity and improved mechanical properties,
including high tensile strength and elasticity, which BN-based
nanomaterials can provide, are in high demand, for example
for the construction of tissue-mimicking biomaterials used in
transplantation (Jo et al., 2013). The finding that BN-based
nanomaterials might have piezoelectric properties may allow for
the generation of novel biomaterials used in tissue-engineering
processing (Merlo et al., 2018). Another important property
includes making BN-based nanomaterials more favorable for
additives, as compared to their C counterparts, is their
electrical insulation.

In recent years, BN-based nanomaterials have grasped the
attention of researchers for their possible use in medical
applications due to their good biocompatibility (Chen et al.,
2009; Salvetti et al., 2015; Li et al., 2017) and high chemical
and mechanical stability (Lahiri et al., 2011; Liu et al.,
2015). In addition, their cellular internalization allowed the
researchers to investigate their possible use as drug and
gene carriers (Horvath et al., 2011). The therapeutic effects
of boron compounds in cancer treatment also made the
BN-based nanomaterials interesting structures as controlled
release boron sources (Li et al., 2017). They have also
been widely used in cosmetics, lubricants, insulators, and
microwave-transparent materials (Jiang et al., 2015). cBNs are
also called white diamonds because of their high Young’s
modulus compared to diamonds. They are used to cut
many industrial ferrous materials, and they do not react
with the related alloys, as is the case with diamonds (Han,
2010).

One-dimensional (1D) nanotubes and nanoribbons,
two-dimensional (2D) nanospheres and nanosheets, and
three-dimensional (3D) nanoporous BNs are typical
examples of BN nanomaterials (Jiang et al., 2015). Among
these nanomaterials, low dimensional nanomaterials show
quantum confinement and interfacial effects compared to
3D nanomaterials. There is therefore a significant effort
to use these nanomaterials with unusual physicochemical
properties in novel applications (Pakdel et al., 2012).
Moreover, several physical forms of the 2D nanospheres,
including nanocages, nanococoons, and hollow BNs, have
been synthesized, as shown in Figure 1, thereby providing an
opportunity to choose a suitable form of 2D nanostructure for the
desired applications.

In this review, synthesis methods of 2D-BNNs will
be discussed first, and then their functionalization,
biocompatibility, and bioapplications in drug delivery,
composites, cosmetics, therapeutics, and pharmaceuticals will
be discussed.

SYNTHESIS OF 2D-BNNs

The synthesis of different forms of 2D-BNNs is widely
investigated in the literature, and the most relevant ones to the
subject of this review are discussed here. Table 1 shows some of
the methods and experimental conditions used to synthesize 2D-
BNNs. As seen, several B and N precursors were used to obtain
BN-based nanomaterials with different sizes and shapes.

2D-BN nanococoons are produced through a synthesis
approach typical of that followed for boron nitride nanotubes
(BNNTs) using an arc discharge method already established in
2000 (Cuming and Zettl, 2000). Although this method is the
easiest bulk quantity carbon nanotube production method, it was
not efficient to be used for production of BN-based nanomaterials
because of their non-conductive nature. To establish electrical
conductivity, the use of a metal was reported in the literature
(Chopra et al., 1995). However, it resulted in accumulation of
high amounts of metal impurities in the synthesis environment.
In the case of the 2D-BN nanococoons mentioned above, 99%
elemental boron as a boron precursor, with 1% nickel and
cobalt acting as a catalyst, was brought into close contact
with electrodes. The synthesis procedure generated clustered
nanocrystals individually coated with multi-layer graphite-like
BNs. The authors managed to remove the interiors of the
nanocrystal from the BN cage structures to obtain hollow
BN “nanococoons.”

BN spheres are one of the commonly reported structures,
and the chemical vapor deposition (CVD) is a golden-standard
synthesis method. For example, hexagonal BN spheres were
synthesized through a two-step procedure using CVD (Wood
et al., 2006). In the first step, B-N-O particles were synthesized
from trimethyl borate (B(OMe)3) and ammonia precursors;
then, oxygen atoms were removed from spheres by heating
them under an ammonia atmosphere at high temperature. Tang
et al. claimed that the (OMe)3BNH3 complex was produced
in place of removing oxygen atoms from the structure at the
second step (Tang et al., 2008). Another intermediate phase was
therefore introduced to produce BN spheres. The BN ceramics
were formed using dehydrogenative hydrolysis from BH3NH3 to
eliminate hydrogen. At the end, B-O impurities generated the
nuclear center of BN spheres with a size range of 50–400 nm
(Tang et al., 2008). In a further study, argon (Ar) gas was exploited
instead of NH3, allowing B-O evaporation from the inner part
of nanospheres during the second phase of the synthesis to
obtain hollow BN nanomaterials in a hexagonal lattice structure
(Li et al., 2017).

The synthesis of nearly monodisperse 2D-hexagonal boron
nitride nanoparticles (2D-BNNs) was achieved via a modified
solid-state metathesis reaction route (Lian et al., 2010). In the
study, sulfur was used as catalyst to produce 2D-BNNs at a
relatively low temperature of 250◦C. With this information
on hand, the synthesis was attempted using ammonium
borofluoride (NH4BF4), with sodium azide (NaN3) used as
precursors and sulfur as a catalyst. The mixture was ball milled,
and then pressed at 250◦C for 20 h. Finally, the product was
washed with hydrochloric acid (HCl), benzene (C6H6), and
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FIGURE 1 | Schematical representation of several physical forms of BN nanospheres. Reproduced with Permission from Tian et al. (2013) and Zhang et al. (2012).

TABLE 1 | Reaction conditions and methods to produce 2D-BNNs.

Precursors Environmental

conditions

Catalyst Methods Purifying Product References

Boron-rich conducting

electrodes

N2 gas Nickel,

cobalt

Plasma-arc

discharge

None hBN

Nanococoons

Cuming and Zettl, 2000

(B(OMe)3) NH3 gas,

800–1,500◦C

None CVD None BN spheres Wood et al., 2006; Tang

et al., 2008

(B(OMe)3) NH3 and Ar gas,

800–1,500◦C

None CVD None Hollow BNs Li et al., 2017

NH4BF4 and NaN3 N2 gas, 250◦C, 450

MPa

S Ball milling (HCl), C6H6,

ddH2O

hBN Lian et al., 2010

H3BO3, C3H6N6 NH3 gas, 1600◦C None CVD None BN Ansaloni and Sousa, 2013

Carbon nanocages,

B2O3

NH3 gas,

1350-1450◦C

None Elemental

substitution

reaction

None BN and BCN

nanocages

Suryavanshi et al., 2014

Boron powder NH3 gas Fes/Fe2O3 TCVD None BN

nanosheets

Ansaloni and Sousa, 2013

H3BO3, Colemanite,

B2O3

NH3 gas, 1300◦C None CVD None hBN Sen et al., 2018

deionized water to remove iron, sulfur, and water-soluble salt
impurities, respectively. Nearly monodisperse 2D-BNNs, in the
size range of 35–45 nm, were obtained progressing the synthesis
efforts toward a high yielding low-energy state.

The ceramic structure of 2D-BNNs has become an interesting
material used in cosmetic formulations to provide better lubricity
and other uses, such as blocking UV radiation. Thus, their
synthesis in large quantities is necessary. Addressing this issue, a
two-step synthesis procedure was reported (Ansaloni and Sousa,
2013). In this procedure, first, boric acid (H3BO3) and melamine
(C3H6N6) solutions were prepared and mixed for 48 h. Then,
their precipitate was filtered and dried at 37◦C. The obtained
product, B4N3O2H (precursor of 2D-BNNs), was first heated to

500◦C, and, then, it was placed in an aluminum boat to heat
at 1,600◦C under ammonia gas flow for 2 h. This procedure
yielded large amounts of hBN-based 2D-BNNs, and their infrared
light absorption ability was very good at making these materials
powerful additives for sunscreen application. The synthesis of
spherical BN and BCNs was also reported. The synthesis was
accomplished via an elemental substitution reaction, as shown in
Figure 2, where carbon nanocages were used as a template, and
boron trioxide (B2O3) was used as a boron source (Suryavanshi
et al., 2014). They were mixed and heated under an NH3 gas
flow for a substitution reaction. Microspheres with a size range of
1–3µm were formed with interconnected holes, suggesting the
elemental substitution of B and N atoms in place of C atoms.
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FIGURE 2 | HRSEM and HRTEM images of 2D-BNN and 2D-BCNN

nanocages (A,C: 2D-BNN; B,D: 2D-BCNN). Reproduced with Permission

from Suryavanshi et al. (2014).

The obtained product had a highly crystalline wall structure and
uniform pore size distribution, further confirming the elemental
substitution process.

Considering their biocompatibility and low cytotoxicity, BN-
based nanomaterials can also be used in biological applications,
including imaging. In one report, it was shown that hBN-
patterned 2D-BN nanosheets had luminescent properties
(Ansaloni and Sousa, 2013). They were synthesized from boron
powders with NH3 gas as precursors and FeS/Fe2O3 as catalysts
via a thermal chemical vapor deposition (TCVD) method,
and they were well-characterized, using several spectroscopic
and imaging techniques to ensure the structural elucidation of
the material (Ansaloni and Sousa, 2013). We also successfully
synthesized hBNs with a one-step synthesis method using
H3BO3, colemanite, or B2O3, as boron precursors (Sen et al.,
2018). The synthesis was performed via the CVD method under
ammonia gas flow at 1,300◦C for 2 h. In this synthesis method,
we did not use a catalyst, creating the opportunity to prepare
completely pure hBNs. We also found that the boron source had
an influence on their crystallinity, stability, and biodegradability
in suspensions mimicking oxidative and hydrolytic degradation
environments. We have concluded that an appropriate boron
precursor should have been chosen depending on the target
application when the crystallinity of the product is critical.

Based on the synthesis methods reported to date, it is clear
that the synthesis parameters, including precursors, temperature,
and pressure, are acutely important to the structure of 2D-BNNs
and have a significant effect on their crystal and morphological
structures. Thus, the synthesis method vs. the target application
should be carefully considered. At the moment, we are not at the
point where the synthesis method and the structural relationship
are clearly established. More work is needed to address this
point for the full benefits of these novel structures. Although a
certain level of success has been achieved, a significant effort to

develop a universal approach satisfying desired product quality
is necessary.

FUNCTIONALIZATION OF 2D-BNNs

Chemical Functionalization of 2D-BNNs
The functionalization of 2D-BNNs is specifically aimed at
improving their applicability in biomedical applications through
several routes. 2D-BNNs are composed of an equal number
of sp2 hybridized, covalently linked B and N atoms, which
generate a highly stable hexagonal BN network. Differences in
electronegativity in B and N atoms result in also making the
structure interesting from a functionalization point of view.
Electron pairs in their sp2 hybridization are closer to N atoms
due to their higher electronegativity making B atoms more
electron deficient and favorable for covalent functionalization
(Ikuno et al., 2007). Both N and B atoms are targeted for
functionalization at the layer edges or defects. Either a hydroxyl
group is attached to B or N atoms are converted to -NH2 groups.

A summary of recent reports demonstrating the
functionalization of 2D-BNNs and their final products is
provided in Table 2. Despite the promising progress in the
functionalization strategies, the yield is still lower than the
desired target. This can perhaps be explained with the highly
stable and inert chemical structure of 2D-BNNs.

In one hydroxylation study, a simple sonication in deionized
water was used to generate -OH on B atoms, which was
named as a “clean” method (Lin et al., 2011). The formation of
hydroxyl groups was confirmed from the FT-IR spectra through
the peaks that appeared at around 3,414 cm−1. In another
study, the formation of -OH groups on B atoms was attempted
in the solution phase by forming oxygen radicals (Sainsbury
et al., 2012). This procedure involves two steps; first, chemically
grafting alkoxyl groups on 2D-BNNs, followed by the hydrolytic
de-functionalization of the groups, using acidic solutions to
obtain the hydroxyl groups. From the TGA analysis, it was
found that about 4 wt% of boron atoms in the lattice were
functionalized by taking the tert-butoxy groups into account.
Along a BN sheet edge, the presence of four boron atoms at
every nanometer was predicted, which means that sheet-edge
boron atoms are 0.044% of the total atoms in the nanosheets.
Since TGA analysis indicates that about 4% of boron atoms are
functionalized, about two orders of magnitude difference suggest
the functionalization of the center atoms of the nanosheets
through the proposed oxygen radical assertion functionalization
mechanism. Lee et al. proposed a scalable exfoliation process for
the hydroxylation of 2D-BNNs using a ball-milling method with
sodium hydroxide (Lee et al., 2015). This sodium hydroxide-
assisted ball-milling process generated a higher yield (18%)
of 2D-BNN hydroxylation, and they were stably dispersed in
various aqueous environments that were essential for biomedical
applications. In a new and interesting method, BNs with high
hydroxylation degrees using thermal substitution of C atomswith
boric acid substructures in graphitic carbon nitrides (g-C3N4)
were prepared. The synthesized BN(OH)x (x = 0.6–0.9) was
highly water soluble and porous. The suspension was prepared
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TABLE 2 | Several functionalization approaches of 2D-BNNs.

Precursors Chemicals Method Purification Product References

BN ddH2O Sonication None BN-OH Lin et al., 2011

BN Alkoxyl groups Solution phase oxygen

radical functionalization

Hydrolytic

defunctionalization

BN-OH Sainsbury et al., 2012

BN Sodium hydroxide Ball milling method None BN-OH Lee et al., 2015

BN N3C4 Reverse reaction

(elemental substitution

reaction)

None BN-OH Weng et al., 2014

BN PEG Exfoliation None BN-NH2 Lin et al., 2009

BN Urea Ball milling method None BN-NH2 Lei et al., 2015

by dispersing it as high as 2.0mg mL−1 in water, and it was stable
and highly transparent (Weng et al., 2014).

Generating amine groups from N atoms in the structure
of 2D-BNNs was first studied by Lin et al. by inducing the
exfoliation of 2D-BNNs into some layers or monolayers to obtain
electron-deficient B atoms for amine group formation through
Lewis-base interactions (Lin et al., 2009). The synthesized amine
group-functionalized 2D-BNNs were significantly soluble in
water and common organic solvents. In another study, amine
functionalization was performed by urea-assisted exfoliation of
the 2D-BNNs using, once again, mechano-chemical reactions.
The 2D-BNNs and urea were ball-milled under nitrogen
atmosphere to generate amino groups (Lei et al., 2015).

BIOCOMPATIBILITY OF 2D-BNNs

Biocompatibility is a crucial step that should be clarified in
order to identify any potential adverse effects before using
nanomaterials can be used for biomedical applications. Although
2D-BNNs have been employed in biomedical applications, there
is no clear consensus for their biocompatibility so far. In some
studies, it has been found that the toxicity of the hBNs is
dependent on cell type, dosage, and aspect ratio. In an attempt
to evaluate the biocompatibility of hBNs, Lu et al. reported
that the concentrations of 2D-BNNs up to 100µg/mL with
lateral size dimensions of 30–60 nm did not significantly affect
the viability of HEK-293T and Chinese hamster ovary (CHO)
cell lines (Lu et al., 2016). The findings were based on MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
a tetrazole] colorimetric assay after 48 h incubation as shown in
Figure 3. Furthermore, 2D-BNNs did not increase the apoptotic
rate of both cell lines suggesting the safe use of 2D-BNNs in
living systems. In another study, 2D-BNNs with average particle
size of 121 nm were tested using Madin-Darby Canine Kidney
(MDCK) and human normal skin fibroblast (CRL 2120) cell lines
(Kivanç et al., 2018). The cell viability was assessed again using
MTT, sulforhodamine B (SRB), and PicoGreen assays. The results
indicated that the 2D-BNNs could be used up to 100µg/mL
on both cell lines without showing any cytotoxicity. The study
concluded that 2D-BNNs could be considered potentially safe for
oral care products (Kivanç et al., 2018).

FIGURE 3 | MTT assays on (A) HEK-293T and (B) CHO cell cultures

incubated for 48 h with different concentrations of h-BN nanoplates. Results

are presented as mean value ± standard error; n = 3 for the MTT assays.

Republished with the permission of [Royal Society of Chemistry], from Lu et al.

(2016); permission conveyed through Copyright Clearance Center, Inc.

Li et al. investigated 2D-BNNs with lateral size dimensions
of 50–60 nm on androgen-sensitive LNCaP and androgen-
independent DU145 prostate cancer cell lines up to 25µg/mL
with 3 and 6 days of incubations (Li et al., 2017). The cell viability
was assessed using WST-8, annexin V-FITC/propidium iodide
(PI), and LDH assays. It was found that 2D-BNNs crystallinity
affected the B release, and this consequently decreased the
cell viability at increasing concentrations and incubation times,
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also inducing apoptosis. The results suggested that 2D-BNNs
could be used as a novel therapeutic agent in prostate cancer
treatment. Further, Mateti et al. performed MTS and 2,2-
diphenyl-1-picrylhydrazyl (DPPH)-free radical assays to evaluate
the cytotoxicity and biocompatibility of 2D-BNNs (Mateti et al.,
2018). Micrometer-sized 2D-BNNs with a concentration of 1
mg/mL showed that they are biocompatible on the SaOS2 cell
line (a human osteosarcoma cell line). However, 2D-BNNs with
a concentration of 1 mg/mL and a diameter smaller than 1µm
showed lesser biocompatibility and produced ROS. Bright-field
microscopy images of SaOS2 cells also supported the findings
obtained from biocompatibility studies, as shown in Figure 4.
Figure 4C shows that the diameter of 2D-BNNs is around 1µm,
and the thickness is around 100 nm (referring to as NS1).
Figure 4D shows smaller 2D-BNNs with a diameter of 100 nm
and a thickness of ∼3 nm (referring to NS2). Figure 4E shows
the NP1, which has a diameter in 110 nm, and the smaller
nanoparticles that have diameters in the range of 10–40 nm
(referred to as NP2) were shown in Figure 4F. In conclusion, this
study revealed that the biocompatibility of 2D-BNNs depends on
structure, size, and shape, which was similar to the findings of the
biocompatibility studies in the case of all other nanomaterials.
Furthermore, the boron radicals that occur in the edges of the
BN nanosheets could be the cause of ROS leading to cell death.

In another study, the cell viability of hBNs and water-soluble
hydroxyl-functionalized hBNs (hBN-OH) that have a size range
of 50–100 nm in diameter were tested on the KB (human cervix

FIGURE 4 | Bright-field microscopy images of SaOS2 cells cultured in the

presence of (A) standard culture medium (control), (B) bulk BN, (C) nanosheet

NS1, (D) nanosheet NS2, (E) nanoparticle NP1, and (F) nanoparticle NP2.

Reproduced with Permission from Mateti et al. (2018).

carcinoma) cells up to 500µg/mL concentrations using an MTT
assay. Even at the higher concentrations, no toxicity was observed
after 24 h incubation, thereby suggesting the use of hBN-OH for
imaging and in vitro detection applications (Nurunnabi et al.,
2016).

There is a limited number of biocompatibility studies in the
literature so far, and all are in vitro. The results of these reports
are summarized in Table 3. In all of the studies, the 2D-BNNs
are claimed to be non-toxic, but their biocompatibility clearly
depends on several parameters, including cell type, dose, type
of dispersion surfactant, and their lateral size dimensions. In
summary, we can conclude that 2D-BNNs have no significant
adverse effects on the cell proliferation, metabolism, and viability
but further in vivo studies should be performed to reach more
concrete conclusions.

BIOAPPLICATIONS OF 2D-BNNs

2D-BNNs in Drug Delivery Applications
A successful drug carrier requires the fulfillment of certain
constraints, including low toxicity, flexibility, and stability in
biological environments, and the successful carrying and release
of drug molecules into cells at the target tissue. Numerous
nanomaterials including polymeric and non-polymeric ones
have been investigated for their drug carrier potentials since
nanomedicine concept has been introduced. As the nature of
BN based nanomaterials started to be better understood, as
shown in Table 4, they have also been gained interest for drug
delivery applications. Here, we will discuss their potential use as
drug carriers in the light of reported studies so far after a brief
introduction to the challenges in drug delivery.

All nanocarriers should pass through a number of biological
barriers at organism and cellular levels. Therefore, an ideal carrier
should have certain properties including stability, flexibility, size
and shape, low toxicity and biodegradability as mentioned above
for their full consideration as a nanocarrier. At the organism
level, a nanocarrier should be able to carry a drug into the
target region without drug leakage from the structure. Once the
drug-loaded carrier reaches the target tissue, passing through the
barriers, including the reticuloendothelial system (RES), at an
organism level, it should trigger endocytosis pathways for cellular
internalization at a cellular level, and it should then release its
cargo into cells (Soma et al., 1999). Considering the properties of
an ideal nanocarrier, 2D-BNNs can be good candidates through
several of their unique properties, including flexibility, stability,
and biocompatibility.

It is now clear that the size of the nanoparticles should be small
enough to travel in the narrow blood vessels and penetrate into
tumor tissue while also being large enough so as not to fenestrate
into the endothelial lining (Champion et al., 2007). Therefore,
spherical 2D-BNNs, in the size range of 20–200 nm, are good
candidates to be used as carriers due to their biocompatible
nature that allows them to interact with the hydrophobic sites
of drug molecules (Emanet et al., 2017). Moreover, 2D-BNNs can
be synthesized in different sizes that allow for the investigation of
BNs for optimum drug loading and delivery performance.
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TABLE 3 | Cytocompatibility of 2D-BNNs on culture cell lines.

Dispersion agent Cell lines Toxicity assays Incubation

time

Results References

None HEK-293T and CHO MTT and annexin

V-FITC/PI

2 days Nontoxic ≤ 100µg/mL,

no apoptosis

Lu et al., 2016

None CRL 2120 and

MDCK

MTT, SRB colorimetric,

PicoGreen

1 or 2 days Nontoxic ≤ 100µg/mL for

both cell lines

Kivanç et al., 2018

None LNCaP and DU145 WST-8, annexin

V-FITC/PI, LDH

3 or 6 days Time-dependent toxicity,

induce apoptosis

Li et al., 2017

None SaOS2 MTS, DPPH assay 7 days Size-dependent toxicity

and ROS production

Mateti et al., 2018

None and hBN-OH KB MTT 1 days Nontoxic ≤ 500µg/mL Nurunnabi et al., 2016

2D-BNNs were first used as carriers to improve
immunostimulator vaccines, CpG oligonucleotides, allergy
immunotherapies, and cancer and infection treatment (Zhang
et al., 2012). The CpG oligonucleotides are similar to DNAmotifs
in bacteria that stimulate a similar immune response in the body
(Pisetsky, 1996). The interaction of CpG oligonucleotides with
TLR9 antigen-presenting cells activates two distinct signaling
pathways, in which two transcription factors, NFκB and IRF-7,
are translocated to the nucleus, thereby leading to the induction
of genes encoding pro-inflammatory cytokines [interleukin
(IL)-6 and IL-12] and/or type I interferons (interferon-α)
(Wagner, 2002). In the study, 2D-BN nanospheres interacted
with CpG oligonucleotides, and they were investigated in
immunotherapy applications (Zhang et al., 2012). Due to
the electrostatic repulsion between negatively charged CpG
oligonucleotides and 2D-BNNs, the 2D-BNNs were first coated
with peptides composed of several amino acid combinations.
A 12 amino acid-long peptide with a tyrosine residue (Y) at
the 8th position from the N-terminus played a crucial role
in the affinity to 2D-BNNs. The peptide-bound 2D-BNNs
were internalized into the cells successfully and showed no
toxicity to the peripheral blood mononuclear cells. Using the
peptide as a cross-linker, the CpG oligonucleotide-binding
efficiency was, to 2D-BNNs, 5-fold higher than the directly
binding efficiency of CpG on 2D-BNNs. Moreover, the 2D-
BNNs-loaded peptide-CpG conjugates had great capacity to
stimulate IL6 and TNF-α production from cells. The increased
cytokine production capacity could be attributed to the higher
binding capacity and strong interaction of CpG oligonucleotides
to 2D-BNNs.

In a follow-up study, CpG oligonucleotides and 2D-
BNNs interactions were studied after coating 2D-BNNs with
positively charged chitosan to provide electrostatic attractions,
as schematically shown in Figure 5 (Zhang et al., 2013). The
chitosan was chosen as low (60–120 kDa), medium (110–
150 kDa), and high (140–220 kDa) molecular weights to
compare the CpG oligonucleotide-binding yield to chitosan-
BNNs and their immunostimulatory effects. The results
indicated that the CpG oligonucleotide-binding yield was
higher to the high molecular weight chitosan-coated 2D-
BNNs as well as their increased cellular uptake due to
the high positive charge of the structure. However, the

low molecular weight chitosan-BNNs interacted with CpG
created a higher immunostimulatory effect by increasing
the cytokines (IL-6 and TNF-α) in TLR9 cells even more
than the positive control (lipofectamine-CpGs) (Zhang et al.,
2013).

In another study, the porous structure of 2D-BN nanospheres
was utilized as a nanocontainer for Dox, a commonly used
chemotherapeutic drug (Sukhorukova et al., 2015). The loaded
Dox was stable at neutral pHs (pH 7.4) and Dox was
significantly released from 2D-BNNs at low pHs (pH 4.5–
5.5), suggesting that the release in the cell will be effective.
Efficient cellular internalization and Dox release are two
important factors qualifying the structure as a potential carrier.
Moreover, the cell viability tests showed the 2D-BNN-Dox
structures were highly toxic for neoplastic IAR-6-1 cancer cells
(Sukhorukova et al., 2015).

Feng et al. developed a targeted drug delivery system using
folic acid (FA)-conjugated 2D-BN nanospheres (Feng et al.,
2016). The FA molecules were grafted on 2D-BNNs via an
esterification reaction. The biocompatibility results indicated that
the 2D-BNNs-FA structures were not significantly cytotoxic on
HeLa cells up to 100µg/mL. The 2D-BNNs-FA structure was
loaded with Dox. The 2D-BNNs-FA/Dox complexes also had
high stability at pH 7.4 while also exhibiting a high Dox release
performance at low pH values (pH 5.0). Besides, the cytotoxicity
results indicated that the 2D-BNNs-FA/Dox structures have a
greater cytotoxic effect on HeLa cells due to the overexpressed
FA receptors. Therefore, the 2D-BNNs-FA/DOX complexes were
recognized as a high performance Dox internalization agent as
chemotherapeutic drug for HeLa cells (Feng et al., 2016). In a
follow-up study, FA molecules were conjugated to the 2D-BNNs
with a three-step procedure that included FA pre-activation
by N,N

′

-dicyclohexylcarbodiimide (DCC), BNN modification
with AgNPs to provide coupling of FA to BNNPs, and their
further modification with L-cysteine to provide -NH2 ends
(Permyakova et al., 2017). The final product was an FA-bound
2D-BNN structure (FA-Cyst-Ag/BNNs). The carboxyl-groups of
FA were preactivated with DCC. Cyst, possessing a pair of cystine
electrons (R–S–, Lewis base), donated its electron to the Ag+
(Lewis acid), leading to the formation of a zero-oxidation state
of Ag atoms that resulted in chemically bonded Ag–S bonds via
hydrocarbon chains of the cysteine. In the last stage, FA was
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TABLE 4 | Bioapplications of 2D-BNNs.

2D-BN Nanomaterial Application Result References

BNNS/CpG oligonucleotides Drug delivery, immunotherapy Show great capacity to stimulate IL6 and TNF-α production,

increased cytokine production

Zhang et al., 2012

Chitosan coated BNNS/CpG

oligonucleotides

Drug delivery,

immunostimulatory

Higher immunostimulatory effects increasing cytokines (IL-6 and

TNF-α) in TLR9 cells even more than positive control

(lipofectamine-CpGs)

Zhang et al., 2013

BNNPs-Dox Drug delivery Efficient cellular internalization of BNNP-Dox and serious Dox

release

Sukhorukova et al., 2015

BNNS-FA/Dox Drug delivery pH dependent Dox release, greater cytotoxic effect on HeLa cells Feng et al., 2016

FA-Cyst-Ag/BNNPs Drug delivery Positive effects on cancer cell targeting Permyakova et al., 2017

Dox-hBN Drug delivery pH dependent Dox release Emanet et al., 2017

AuNPs-BNNs Drug delivery Attractive materials for cancer drug delivery and photodynamic

therapy

Jedrzejczak-Silicka et al.,

2018

2D-BN nanoparticles Drug delivery, spectroscopic

marker

Tumor cell perturbation Gnatyuk et al., 2018

DOX@PAH-cit–BNNS Drug delivery Decreased cell viability in both MCF-7 and HeLa cells more than

free DOX

Feng et al., 2018

BNNP/PPF Bone tissue engineering Enhanced mechanical strength and adsorption of collagen I

protein, improved ECM deposition, cell attachment and spreading

for bone grafts

Farshid et al., 2015

BNNSs/AKM scaffolds Bone tissue engineering Increase compressive strength and fracture toughness Shuai et al., 2015

hBNs/gelatin ESM Orthopedic applications, tissue

engineering,

Biocompatible and biodegradable scaffolds for orthopedic

applications

Nagarajan et al., 2017

OH-BNNS/PVA Drug delivery, artificial

cartilages

Controllable reinforcements in both mechanical and thermal

responses

Jing et al., 2017

PEEK/hBN Nanocomposite Improved mechanical and thermo mechanical properties Liu et al., 2015

hBNs-impregnated silane Bioimplant 5-fold improvement in the corrosion resistance in simulated human

body fluid even after 96 h

Al-Saadi et al., 2017

Hollow BNs Prostate cancer treatment More suppressive effects on tumors as compared to the PTX

drugs

Li et al., 2017

hBNs Lubricant Better lubrication and maximum performance in LPEF Turkoglu et al., 2005

hBNs Lubricant Most effective lubricant based on LFEP-lubricant concentration

profile, higher concentration of hBN caused lower mechanical

properties

Ugurlu and Turkoglu, 2008

BN nanoparticles Cosmetic Improved skin appearance by not only blurring lines and wrinkles

but also providing coverage of age spots, blemishes and

discolorations

Butts et al., 2007

BN fillers Cosmetic Enhanced filling properties and illusion about smoothness of skin

by hiding the wrinkles

Newman et al., 2015

BN nanoparticles/coated with

amino acids and mineral oils

Cosmetic Improved ingredients of cosmetic product Koshida et al., 2019

FIGURE 5 | Using a boron nitride nanosphere (BNNS)-binding peptide as a linker molecule, BNNS are able to efficiently deliver immunostimulatory CpG ODNs into

cells and significantly enhance the immune response. Reproduced with Permission from Zhang et al. (2012).
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grafted to the surface of BNNPs under a condensation reaction
between amino groups of Cyst-Ag/BNNPs and carboxyl groups
of FA using DCC. The study found that conjugating FA to the
structure did not alter the targeting efficiency of FA.

In our group, hBNs were investigated as drug carriers by
loading them with Dox (Emanet et al., 2017). The nature of the
interaction between hBNs and Dox was non-covalent through
the aromatic rings of Dox. The optimal loading was achieved
at neutral and basic pH values with respect to acidic pH values.
The Dox release studies indicated that the Dox-hBN conjugates
were highly stable at around pH 7, while the Dox release from
2D-BNNs was triggered at low pH (pH 4).

The spectral changes of the cell membrane and cytoplasm,
along with the cellular internalization of Dox-loaded 2D-BNNs,
were used as a marker to monitor the cellular uptake of a
nanocarrier (Gnatyuk et al., 2018). The luminescence of the
2D-BNNs-Dox was monitored using confocal microscopy to
visualize the time-dependent cellular localization, as shown in
Figure 6. The anticancer efficiency of the structure was also
investigated using IR and Raman spectroscopy. The luminescent
effect of the 2D-BNNs was revealed in the LNCaP cells, especially
when the cells were seeded on a gold substrate. The cellular
internalization was completed at the first hour of incubation
and realized from the strong spectral changes in Raman spectra
obtained from the membrane lipid of the cells. Then, the
normalized spectral results obtained from the second hour
to 10 h of study claimed the localization of the 2D-BNN in
cytoplasm until nuclear internalization was completed after
10 h of incubation.

Silicka et al. investigated the drug delivery performance
of gold nanoparticle-functionalized hexagonal-based 2D-BNNs
(AuNP-BNNs) on L929 andMCF-7 cell lines (Jedrzejczak-Silicka
et al., 2018). They found that the mitochondrial and lysosomal
activities of the cells were significantly reduced at long incubation
times of 48 and 72 h. They concluded that that conjugates
of 2D-BNNs with AuNPs are promising materials for cancer
drug delivery and are photodynamic. Feng et al. reported the
development of a highly pH-responsive carrier structures using

FIGURE 6 | Visualization of LNCaP cells by confocal microscopy: (A) cells

treated with modified 2D-BN nanoparticles and (B) reference cells (green

fluorescence: FITC, blue fluorescence: Hoechst 33258). (Gnatyuk et al., 2018):

Published by The Royal Society of Chemistry.

2D-BN nanospheres for efficient drug release inside tumor cells
(Feng et al., 2018). In the study, 2D-BNNs were functionalized
with charge-reversal poly (allylamine hydrochloride)-citraconic
anhydride (PAH-cit) following the hydroxylation and amino
group modification of the 2D-BNNs. Then, the developed PAH-
cit-BNNs was loaded with Doxmolecules, which was 8-fold more
efficient than loading free 2D-BNNs. Moreover, the DOX@PAH-
cit–BNNs complexes caused a serious cell viability decrease
(around 20%) in both MCF-7 and HeLa cancer cells of more
than free DOX (around 40–50%) and DOX@PAH-cit (around
60–70%) structures (Feng et al., 2018).

Thus, far, all studies have aimed at understanding the potential
of this novel material at a cellular level. In general, all studies
found that 2D-BNNs have low cytotoxicity or are not toxic at
all. The other interesting finding was the pH-dependent drug
binding and release. The optimal loading was achieved at neutral
and basic pHs, while low pH triggered the increased release of
the drug from 2D-BNNs. This can be an important point for
effective release after uptake into the cells since intracellular
compartments such as lysosomes are acidic. Furthermore, the
conjugation of 2D-BNNs with folate and transferrin helped
the effective targeting of cancer cells. The results indicated
that the model drug, Dox, also accumulated in the nucleus of
the cells as desired. Moreover, increased cytokine production
could be attributed to the higher binding capacity and strong
interaction of CpG oligonucleotides to 2D-BNNs. This evidence
strongly suggested that 2D-BNNs are a potential candidate as
an effective carrier for chemotherapy and immunostimulating
drugs to improve their therapeutic efficiency and to reduce their
side effects.

2D-BNNs in Biomaterial Applications
BN nanostructures are used to enhance the properties of
composites due to their superior mechanical properties.
Their dielectric properties, allowing a composite to
maintain its electrical properties, can also be advantageous
(Weng et al., 2014).

Farshid et al. used 0.2 wt% BNNTs and boron nitride
nanoplatelets (BNNs) to obtain biodegradable poly(propylene
fumarate) (PPF) nanocomposites for bone tissue engineering
(Farshid et al., 2015). The results indicated that both
nanomaterials significantly enhanced the mechanical strength
of the polymer and the adsorption of the collagen I protein
compared to the control PPF. Moreover, the cytocompatible
polymeric nanocomposites showed improved extracellular
matrix (ECM) deposition, cell attachment, and spreading,
suggesting the use of the developed nanocomposites as bone
grafts (Farshid et al., 2015). In another study, akermanite (AKM)
scaffolds were fabricated using 0.5, 1, and 1.5 wt% 2D-BN
nanosheets (Shuai et al., 2015). The significant increase in both
the compressive strength and fracture toughness were found
when the concentration of 2D-BNNs were increased from 0.5
to 1.0 wt%. Furthermore, the cell adhesion and proliferation
studies on human osteosarcoma cells (MG63) and bone marrow
stromal cells (BMSCs) indicated the cytocompatibility of the
scaffolds for up to 7 days, as shown in Figure 7. The results
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FIGURE 7 | SEM images of BMSCs seeded scaffolds for (a) 1, (b) 3, (c) 5,

and (d) 7 days. Reproduced with Permission from Shuai et al. (2015).

indicated the potential of AKM scaffolds, including 2D-BNNs, in
tissue engineering.

Gelatin electrospun mats (ESM) were fabricated using 0.1,
1, and 5 wt% hexagonal 2D-BNNs to improve mechanical
properties (Nagarajan et al., 2017). The effects of cell adhesion,
proliferation, biocompatibility, and osteoblast gene expression on
osteosarcoma cell lines showed that the ESM are biocompatible
and biodegradable, and that 2D-BNNs-reinforced gelatin
scaffolds can be used for orthopedic applications thanks to the
improved (3-fold) Young’s modulus (Nagarajan et al., 2017). Jing
et al. used 0.03, 0.06, 0.09, and 0.12 wt% hydroxylated 2D-BNNs
(OH-BNNs) to fabricate poly(vinyl alcohol) (PVA) hydrogels
(Jing et al., 2017). In this study, changing the content of OH-
BNNs provided controllable reinforcements to both mechanical
and thermal responses. Furthermore, the cytocompatibility of
the hydrogels was tested using MTS and live/dead assays. The
results suggested that OH-BNNs/PVA hydrogels have potential
in tissue engineering, drug delivery, and artificial cartilages.

The composite of 2D-BNNs (using 1, 2, 3, 4, and 5 wt%) with
poly(ether-ether-ketone) (PEEK) showed improved mechanical
and thermo-mechanical properties since hBNs possess a high
elastic modulus, excellent lubrication properties, and good
thermal conductivity (Liu et al., 2015). In another study, 2D-
BNNs-impregnated silane was added into magnesium (Mg)
alloys to enhance the resistance of the corrosion for bioimplant
applications (Al-Saadi et al., 2017). The results showed a 5-fold
improvement in corrosion resistance in simulated human body
fluid even after 96 h.

According to the results obtained from the biomaterials
applications, it can be concluded that 2D-BNNs can be used
as additives in nanocomposites or scaffold materials in tissue
engineering and regenerative medicine since they enhance
the mechanical and thermal properties of composite materials
without interfering the electrical features of the polymer due to
the high Young’s modulus of BN nanostructures.

Therapeutic Agents
Boron-including compounds such as calcium fructoborate,
borax, boric acid (BA), boronic acid, and their esters were widely
studied for their potential use in cancer treatment (Hegsted
et al., 1991). These studies showed that boron-including
compounds have remarkable inhibitory effects on cancer cell
proliferation (Korkmaz et al., 2007; Scorei and Popa, 2010).
BA, as a chemical form of boron in physiological conditions,
has a tendency to make ester bonds with the hydroxyl groups
of organic compounds (Van Duin et al., 1984). Therefore,
hydroxyl groups that include structures such as carbohydrates
are good candidates for the internalization of BA into their
structure (Hausdorf et al., 1988). When the complexation
is performed with structurally and functionally important
carbohydrates, it manipulates the presence and activity of
certain biological structures (Raven, 1980). These biomolecules
include diadenosine phosphates (signal nucleotide) and S-
adenosylmethionine used in methylation reactions of DNA,
RNA, proteins, and phospholipids (Grill and Himmelbach,
1998; Ralston and Hunt, 2001). However, the systemic
administration of soluble boron compounds frustrates the
therapeutic effects of the structure owing to their short half-life
in organisms.

The behavior of 2D-BNNs in biological media has a great
importance since they may show their desired or undesired
effects through their interaction with cellular compounds. For
instance, 2D-BNNs, which are used as therapeutic agents, should
be flexible enough to pass through barriers of reticuloendothelial
system (RES) and should be stable enough to resist early
degradation. In addition, the possible role of their degradation
product should be clarified from therapeutic and adverse effect
perspectives. However, it is not clear what the degradation
products of BN-based nanomaterials might be. There is
strong evidence that they will slowly degrade in biological
media (Li et al., 2017; Sen et al., 2018). Based on ab
initio calculations of several h-BN phases and c-BN phase
nanostructures, the stability of both phases changed depending
on the energy differences between the stacking geometries
and inter-layer spacing, which can be altered with pressure
or temperature (Mosuang and Lowther, 2002). As predicted
from this study, our experimental findings strongly suggest that
the crystallinity has an influence on the stability of hBNs in
solution, and the degradation rate changed with the crystallinity
(Sen et al., 2018). The question of the degradation products
remains elusive at the moment. When the structure of BN
nanomaterials is considered, it is logical to assume the products
are either B or N compounds. From the B atom point of
view, considering BA as one of the degradation products
is realistic.

In a study, three different kinds of hexagonal-based
hollow 2D-BNNs, grouped depending on their degradation
performance, were investigated as boron reservoirs against
prostate cancer, as shown in Figure 8 (Li et al., 2017). The low
crystallinity (BNNs-a), moderate crystallinity (BNNs-b), and
high crystallinity (BNNs-c) effects of structures were evaluated
on androgen-dependent LNCaP prostate cancer cells. Moreover,
the chemical form of boron in physiological conditions, BA,
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FIGURE 8 | Effects of hollow 2D-BNNs on cellular and in vivo subcutaneously injected prostate cancer models. (A) BA or hollow 2D-BNNs with controlled B release

resulting into different LDH release and caspase-3/7 activity in LNCaP prostate cancer, which is responsible for necrosis and apoptosis, respectively; (B) effects of

saline, BA, and hollow BNNs-b spheres on mice pre-injected with LNCaP prostate cancer cells (Li et al., 2017).

was used as control owing to the degradation product of hollow
2D-BNNs. This study indicated that hollow BNNs-b spheres
lead to a significantly higher fraction of apoptosis and necrosis
rather than BA or with respect to the BNNs-a spheres with
low crystallinity. Furthermore, hollow BNNs-b spheres and
PTX drugs, commonly used drug for prostate cancer, were
tested on LNCaP cell-injected male BALB/c-nu/nu mice models.
The results indicated that hollow BNNs-b spheres showed
more suppressive effects on tumors as compared to the PTX
drugs. Besides, the hematological tests performed on hollow
BNNs-b spheres injected in healthy C57/BL6 mice shows their
biocompatible nature.

These progressive studies clarifying the underlying
mechanism of biodegradation may provide tremendous
opportunities to choose desired 2D-BNNs for targeted therapy.
Moreover, in the light of the preliminary results on prostate
cancer, the molecular mechanism of therapeutic efficiency
should be further studied in detail to have an insight into their
possible effects, not only on prostate cancer, but also on other
cancer types.

Pharmaceutical Agents
In pharmaceutical applications, a variety of lubrication agents
has been studied to improve physical and chemical solid drug
properties. The friction between the interfaces of the drug surface
and the die wall of the inner surface of the tablets must be
decreased to prevent the sticking of drug to the die while
enhancing the softness and tensile strength of drug tablets.
Therefore, appropriate lubricants should be used to improve
the fluidity, filling properties, and efficiency of drug tables
(Aoshima et al., 2005). In addition, the lubricants should be
biocompatible, chemically inert, sustainable, and reproducible
from batch to batch, and they should not cause adverse effects on
the final dosage form (Miller and York, 1988). Considering the

unique properties of 2D-BNNs, they are suitable nanostructures
to be used as lubrication agents. Besides, their inertness also
makes them suitable candidates for their use as lubricant agents
(Wang et al., 2018).

The first study of hexagonal 2D-BNNs as lubricants was
performed by Turkoglu et al. in 2005 (Turkoglu et al., 2005).
The required lower punch force (LPEF) was tested on 2D-
BNNs-including lubricants by comparing them with magnesium
stearate (MGST), stearic acid (STAC), and glyceryl behenate
(COMP). Based on the LPEF results, a better lubrication was
obtained from 1% 2D-BNNs and MGST compared to the ones
made from STAC and COMP. Moreover, the 2% MGST showed
maximum performance in LPEF when it was mixed with 2D-
BNNs that decreased LPEF to 50% as compared to only MGST-
including ones (Turkoglu et al., 2005).

Later, several concentrations (0.5, 1.0, and 2.0 %) of STAC,

COMP, hBN, and MGST lubricants were tested for their

performance in LPEF applications (Ugurlu and Turkoglu, 2008).
Tensile strengths of compacted tablets were measured by

applying a diametrical load across the edge of tablets. The
deformation mechanism of the tablets was also tested during
compression. The study found that 2% of STAC and COMP did
not decrease the LPEF as much as 0.5% of 2D-BNNs and MGST.
2D-BNNs and MGST were the most effective lubricants based on
the LFEP-lubricant concentration profile. Moreover, the higher
concentration of 2D-BNNs caused lower mechanical properties
of tablets because of their hydrophobic character (Ugurlu and
Turkoglu, 2008).

These studies showed that 2D-BNNs decreased LPEF

in lubricants by improving the effects on disintegration
time and tablet tensile strength, thus demonstrating their

improved lubrication potential with respect to MGST.
These results are encouraging for their use as lubricants in
pharmaceutical applications.
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Cosmetic Applications
The cosmetic research to improve product properties is growing
very fast. There are many materials utilized in cosmetic products
(Arraudeau et al., 2003). However, they have a tendency to
accumulate in furrows and wrinkles in the skin so that it further
emphasizes the wrinkles instead of showing smoother skin by
hiding the wrinkles. Moreover, spherical powders, including
silica, polyethylene, and polymethylmethacrylate (PMMA), are
utilized as skin shiners and wrinkles hiders by blurring the
appearance of skin through the use of the structure’s light-
scattering properties (Macchio et al., 1988; Lemperle et al., 1998;
Pölloth, 2005).

The earliest use of BNs in cosmetics was reported as being
a slip modifier, but it was not indicated which crystal form was
used (Gottschalck and Breslawec, 2012). However, it is assumed
that it is the hBN form because the pursued functionality in
cosmetics corresponds to the properties of this crystal form, and
BN used in cosmetics is not listed as a nanomaterial. In addition,
it has been reported that the average particle size of hBNs used
in cosmetics ranges from 1 to 47mm depending on their trade
names and grade (Monice et al., 2015). The assumption made
by the industry was, perhaps, not due to a lack of awareness of
their unique properties as nanomaterials but just because of their
lubricating properties.

Based on the US Food and Drug Administration (FDA), hBNs
are used in more than 650 cosmetic formulations, including
lipstick, eye shadows, foundation agent, blush, shampoo, and
hair conditioner, as transparent raw fillers. They enhance
skin appearance by not only blurring lines and wrinkles but
also by providing coverage of the age spots, blemishes, and
discolorations (Butts et al., 2007). 2D-BNNs fillers are also
used in cosmetic products combined with other materials,
including spherical silica, PMMA, and titanium. Apart from
their filling properties, it was surprising to observe that they
created an illusion of smoothness on the skin by hiding the
wrinkles, thereby making them promising agents in cosmetic
applications (Newman et al., 2015). Moreover, the 2D-BNNs
could be coated with special amino acids and mineral oils that
improve the ingredients of the cosmetic product (Koshida et al.,
2019).

The use of 2D-BNNs in cosmetic application is now
welcomed due to their biocompatibility and transparency, which
is highly desired in white formulations. Furthermore, 2D-
BNNs could be easily dispersed in oily cosmetic formulations
due to their hydrophobicity, and this consequently improved
the formulation’s homogeneity. As their properties are better
understood, their use in more cosmetic products will appear.

CONCLUSION AND FUTURE

PERSPECTIVES

As highlighted in this review, 2D-BNNs are considered
good candidates for a wide range of biomedical and bio-
related applications, such as in drug and gene delivery,
biomaterials, pharmaceutics, and cosmetics, due to their excellent

physicochemical properties. Considering the synthesis of 2D-
BNNs, it is important to choose appropriate precursors since
the structure, crystallinity, and purity of the final product
strongly depends on the B precursor and catalyst. The other
experimental parameters, including temperature and pressure,
are important for crystallinity and product quality. Not being able
to synthesize at large-scale and high-temperature requirements
are still bottlenecks for their widespread use. It is clear that
more research efforts should be devoted to the development of
synthesis procedures at lower temperatures. The high chemical
stability and hydrophobicity of the 2D-BNNs result into their
poor dispersibility in aqueous media, which hinders the reliable
assessment of their effects on living systems. Significant effort
has therefore been dedicated to their functionalization for
dispersions in physiological solutions and their interactions with
other biomaterials. Moreover, biocompatibility investigations of
2D-BNNs have been performed to clarify their acceptability in
biomedical applications. Although it is found that 2D-BNNs
are non-toxic in in vitro studies, depending on the cell types,
concentrations, and lateral size dimensions, in vivo investigations
should be further performed in future studies in order to reach
more concrete conclusions.

The possibility of functionalizing 2D-BNNs though their –OH
or –NH2 groups with a variety of molecular structures makes
them suitable carriers. The short half-life of boron compounds
in biological systems—caused by their fast metabolism—is a
significant problem in therapeutic applications. Using 2D-BNNs
in place of these compounds might be a good option in order
to maintain the sustained released of boron into the biological
system. The superior mechanical properties of 2D-BNNs are
utilized to strengthen polymeric structures. The dispersion
problem of highly hydrophobic 2D-BNNs in polymer mixtures
could be overcome with their surface modifications with a
suitable molecular structure. Using 2D-BNNs as additives in
cosmetic products has already shown improvements in product
quality and the functionalization of these novel materials to
match their chemical compatibility in formulations can add
another dimension for their use in cosmetics. Although the
findings indicate that these nanomaterials are quite promising,
researchers should put more effort into better understanding the
role and behavior of BNs in a biological matrix to be able use them
in biomedical applications. Finally, the establishment of a clear
structure–function relationship is necessary to fully benefit from
the unique properties of these novel materials in a wide range
of applications.
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Roberta Rigolio 1, Michela Ceriani 2† and Francesca Re 1*†
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Despite advances in cancer therapies, nanomedicine approaches including the treatment

of glioblastoma (GBM), the most common, aggressive brain tumor, remains inefficient.

These failures are likely attributable to the complex and not yet completely known biology

of this tumor, which is responsible for its strong invasiveness, high degree of metastasis,

high proliferation potential, and resistance to radiation and chemotherapy. The intimate

connection through which the cells communicate between them plays an important role

in these biological processes. In this scenario, tunneling nanotubes (TnTs) are recently

gaining importance as a key feature in tumor progression and in particular in the re-growth

of GBM after surgery. In this context, we firstly identified structural differences of TnTs

formed by U87-MG cells, as model of GBM cells, in comparison with those formed

by normal human astrocytes (NHA), used as a model of healthy cells. Successively,

we have studied the possibility to exploit U87-MG TnTs as drug-delivery channels in

cancer therapy, using liposomes composed of cholesterol/sphingomyelin and surface

functionalized with mApoE and chlorotoxin peptides (Mf-LIP) as nanovehicle model. The

results showed that U87-MG cells formed almost exclusively thick and long protrusions,

whereas NHA formed more thin and short TnTs. Considering that thick TnTs are more

efficient in transport of vesicles and organelles, we showed that fluorescent-labeled

Mf-LIP can be transported via TnTs between U87-MG cells and with less extent through

the protrusions formed by NHA cells. Our results demonstrate that nanotubes are

potentially useful as drug-delivery channels for cancer therapy, facilitating the intercellular

redistribution of this drug in close and far away cells, thus reaching isolated tumor niches

that are hardly targeted by simple drug diffusion in the brain parenchyma. Moreover, the

differences identified in TnTs formed by GBM and NHA cells can be exploited to increase

treatment precision and specificity.

Keywords: glioblastoma, liposomes, tunneling nanotubes, doxorubicin, nanoparticles, nanomedicine
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INTRODUCTION

The limits of conventional therapies against tumors, in terms
of effectiveness/damage ratio, lead to the development and
application in clinics of different nanotechnological drugs in
the last 25 years (Stupp et al., 2009). Many advancements have
been achieved in this field, but different issues, such as the
complexities and heterogeneity of tumor biology, still remain
unsolved. Gliomas, intrinsic brain tumors, are a dissimilar group
of oncological diseases for which there is currently no cure,
and only very limited progress has been made in the control
of the disease course over the past three decades (Westphal
and Lamszus, 2011). Among gliomas, glioblastoma multiforme
(GBM, also called grade IV astrocytoma) is one of the most
deadly brain tumors, with a short median patient survival and
a very limited response to therapies (Louis et al., 2016). In this
context, many efforts are underway toward the development
of new therapeutic approaches and nanomedicine seems to be
one of the most promising. Nevertheless, many obstacles have
not been overcome yet. GBM has a very complex pathogenesis
that involves alterations of several key cellular pathways, diffuse
invasiveness, and capacity to escape therapies. An important
component of tumor growth is communication within cancer
cells and with other cells in the microenvironments, which
strengthen tumor progression and resistance to radiotherapy and
chemotherapy (Broekman et al., 2018).

Normal and tumor cells exploit different communication
modalities, and one of them is represented by the physical
connection via tunneling nanotubes (TnTs) and microtubes
(TmTs), which form a cytoplasmic continuum between cells
and allow the transport of non-secretable molecules and
organelles. In particular, TnTs can mediate the transfer of cellular
vesicles (Rustom et al., 2004; Önfelt et al., 2006), mitochondria
(Ahmad et al., 2014), lysosomes (Abounit et al., 2016), miRNAs
(Thayanithy et al., 2014), single proteins (Schiller et al., 2013),
and viral particles (Sowinski et al., 2008) between cells, also
very distant from each other (>100µm of distance). TnTs are
transient transcellular channels with a diameter of 50–200 nm, a
length up to several cell diameters with variable lifetimes ranging
from <60min up to many hours (Carone et al., 2015).

Lou et al. (2012a,b) firstly described the presence of TnTs
in human primary tumors and in many cancer cell lines,
highlighting the key role of these membranous structures in
cancer cell pathogenesis and invasion. The involvement of TnTs
and TmTs has also been indicated in the re-growth of GBM after
surgery and in conferring resistance to chemotherapy (Moschoi
et al., 2016; Weil et al., 2017). Although TnTs are not apparent
in some glioma cellular models (Van der Vos et al., 2016), they
may represent a new tool for bidirectional intercellular transfer
of drug-loaded nanoparticles.

In this context, there are some data supporting the direct cell-
to-cell transfer of nanoparticles through TnTs, and this strategy
may be exploited to increase the range of drug delivery between
cancer cells (Epperla et al., 2015; Sisakhtnezhad and Khosravi,
2015; Deng et al., 2018). One of the peculiarity of GBM is the
presence of glioma stem cells both within the tumor bulk, which
are able to reconstitute a whole tumor after surgical resection

(Fan et al., 2010; Lin et al., 2010), and in other brain regions,
where minor stem-cell niches represent a pool from which new
tumor cells originate (Gould, 2017). Then, targeting primary
GBMwith nanotherapeuticsmay allow the possibility to reach via
TnTs isolated, infiltrating tumor cells (stem cells included) that
are hardly reached by drug diffusion in the brain parenchyma.

This study aims to evaluate in vitro the possible intercellular
transport of multifunctional liposomes (LIP) via TnTs between
human primary glioblastoma cell line. We have recently designed
LIP carrying doxorubicin, as an anti-cancer drug model, and
dually functionalized with apoE-derived peptide and with
chlorotoxin (ClTx), as GBM targeting ligands (DeBin et al., 1993;
Maletínská et al., 2000; Lyons et al., 2002; Xiang et al., 2011; Ojeda
et al., 2016). The ability of LIP functionalized with apoE-derived
peptide (namely, mApoE) to cross the blood–brain barrier both
in vitro and in vivo, was already reported (Re et al., 2011; Balducci
et al., 2014; Bana et al., 2014; Dal Magro et al., 2018).

LIP trafficking via TnTs in GBM cells has not been reported
yet. Moreover, we compared the heterogeneity of TnTs, in terms
of structure, morphology, size, and abundance between GBM
cells and human healthy astrocytes, with the aim to increase the
precision and specificity of treatments.

MATERIALS AND METHODS

Materials
Cholesterol (Chol), doxorubicin (DOX), thiazolyl blue
tetrazolium bromide, 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), Triton X-100, ultra-low-
range molecular weight marker (MW 1,060–26,600),
EZBlue Gel Staining Reagent, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI probe),
TRITC-phalloidin, and mouse monoclonal anti-β-tubulin
antibody were purchased from Sigma Aldrich (Milan,
Italy). 1,2-Distearoyl-sn-glycero-3-phospho-ethanolamine-
N[maleimide(polyethyleneglycol)-2000] (mal-PEG-DSPE) and
sphingomyelin from bovine brain (Sm) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). BODIPYTM

FL C 12-sphingomyelin (BODIPY-Sm) was purchased
from Thermo Fisher Scientific. 1,2-Distearoyl-sn-glycero-3-
phospho-ethanolamine-N[(polyethyleneglycol)-2000] n-hy
droxysuccinimide ester (NHS-PEG-DSPE) was purchased from
Nanocs (Boston, USA). Ultrapure and deionized water was
obtained from Direct-Q5 system (Millipore, Italy). mApoE
peptide (CWG-LRKLRKRLLR, MW 1,698.18 g/mol) and ClTx
(MW 4,004 g/mol) were synthetized by KareBay Biochem
(Monmouth Junction, NJ, USA). Dialysis membranes (cutoff
12,000–14,000 Da) were purchased from Medicell International
Ltd (London, UK). Penicillin–streptomycin (P/S) solution
100× was purchased from Euroclone (Milan, Italy); phosphate-
buffered saline (PBS) 1×, collagen, trypsin/EDTA solution, and
NuPAGE Bis-Tris (4–12%) were from Invitrogen. All other
chemicals were of analytical grade and were obtained from either
Sigma Aldrich or Merck. Alexa Fluor 488 goat anti-mouse IgG
and CellTrace Far Red Dye (CT) were from Life Technologies.
3,3′-Dioctadecyloxacarbocyanine perchlorate (DiO) was from
Sigma Aldrich (Milan, Italy).
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Preparation of Chlorotoxin–PEG-DSPE
ClTx-lipid was prepared as described in Xiang et al. (2011)
with small modifications. Briefly, 0.1 µmol of NHS-PEG-DSPE
in CHCl3/MeOH (2:1, vol/vol) was dried under N2 to remove
organic solvents. Then 5 eq (0.5 µmol) of ClTx dissolved in
10mM of Hepes and 150mM of NaCl pH 7.4 was added to the
dried lipid. The reaction was conducted under gentle stirring for
90min at room temperature. The resulting solution was dialyzed
against MilliQ water for 2 days in a dialysis tube (molecular
weight cutoff [MWCO] = 12–14,000 Da) to remove unreacted
ClTx and then lyophilized overnight.

Preparation Multifunctional Liposomes
LIP were composed of sphingomyelin, cholesterol (1:1, mol/mol)
added with 2.5 mol% of mal-PEG-PE, for the covalent
binding of mApoE peptide, and with 0.5 mol% of BODIPY-
Sm as fluorescent probe (Re et al., 2010, 2011). LIP were
prepared in 10mM of Hepes and 150mM of NaCl pH 7.4
by extrusion procedure through polycarbonate membranes
of 100-nm-diameter pores, under N2. mApoE peptide was
covalently attached on LIP surface by thiol–maleimide coupling,
as previously described (Re et al., 2010, 2011). ClTx-lipid was
added to mApoE-LIP by post-insertion technique, following
the procedure previously described (Mare et al., 2018). This
sample will be referred as Mf-LIP. As controls, LIP composed
of sphingomyelin and cholesterol (1:1, mol/mol) were prepared
in ammonium sulfate (500mM, pH 5.5) by extrusion procedure
as described above. LIP were dialyzed against 10mM of Hepes
and 150mM of NaCl pH 7.4, overnight, and then incubated
with DOX (1.5 µmol of DOX/10 µmol of total lipids) for 1 h at
65◦C to allow the incorporation of DOX in the LIP core. This
sample will be referred to as DOX-LIP. Mf-LIP and DOX-LIP
were purified with a Sepharose G-25 fine column (25 × 1 cm)
to remove unbounded and unincorporated materials.

Characterization of Multifunctional
Liposomes
After purification, the amount recovered for each compound
was determined by different techniques. Briefly, phospholipids
content was quantified by Stewart Assay (Stewart, 1980);
the amount of ClTx and mApoE on LIP surface was
assessed by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). DOX loading was quantified
spectrofluorometrically (λex = 495 nm; λem = 592 nm)
after vesicle disruption with 0.1% Triton X-100. The DOX
encapsulation yield in LIP was calculated by comparing
fluorescence intensities with a previously established calibration
curve of free DOX in 10mM of Hepes and 150mM of NaCl
pH 7.4. Size and polydispersity index (PDI) were analyzed
by dynamic light scattering (DLS) technique (Brookhaven
Instruments Corporation, Holtsville, NY, USA). ζ -Potential was
determined by using an interferometric Doppler velocimetry
with the same instrument equipped with ZetaPALS device. LIP
stability was measured in 10mM of Hepes and 150mM of NaCl
pH 7.4 by observing size and PDI by DLS for 1 week.

Cell Cultures
U87-MG glioblastoma cells were purchased fromAmerican Type
Culture Collection (ATCC, VA, USA) and were grown in DMEM
high glucose, 10% fetal bovine serum (FBS), 1% P/S, and 1%
glutamine (Tamborini et al., 2016). Normal human astrocytes
(NHA), purchased from Lonza (Walkersville, Maryland, USA),
were maintained in astrocyte basal medium supplemented with
AGM BulletKitTM. All cell lines were cultured at 37◦C under a
humidified atmosphere containing 5% CO2.

Tunneling Nanotube Analysis by Confocal
Microscopy
NHA and U87-MG cells were seeded at a density of 5 ×

103 or 1.5 × 104 cells/cm2, respectively, on porcine gelatin
pretreated coverslips. One day after seeding, cells were treated
for 1 or 24 h with free DOX (15 or 25µg/ml) or with DOX-
LIP (15µg/ml of DOX and 200 nmol of total lipids) or with
fluorescent-labeled Mf-LIP (200 nmol of total lipids) at 37◦C
in 5% CO2. Untreated cells were used as a control. After
treatment, cells were then left for 2 h in each culture complete
medium and then stained for 20min with 1.9 µl/ml of DiI in
PBS (membrane/endocytic vesicles), or with 5 µl/ml of DiO
in PBS, to label cell membranes, TnTs included, according
to the manufacturer’s instructions. Cells were then fixed for
8min with 3.7% paraformaldehyde in PBS. Fluorescence images
were examined with a 40× magnification on A1R Nikon
(Nikon, Tokyo, Japan) laser scanning confocal microscope. Cells
were carefully scored for the presence of TnTs. About 200
cells for each experiment were analyzed. TnTs were counted.
Experiments were performed in triplicate. Images were analyzed
by ImageJ software.

Cellular Uptake of Doxorubicin-Liposomes
and Multifunctional Liposomes
U87-MG cells were seeded on a 6-well plate (5 × 103 cells/cm2);
and after 2 days of culture, cells were treated with free DOX
(15µg/ml) or LIP formulations (DOX 15µg/ml) for 1 and 3 h.
At the two different time points, free DOX and LIP formulations
were removed, and the cells were washed with PBS, detached,
and treated with lysis buffer (50mM of Tris–HCl pH 7.4,
150mM of NaCl, 2mM of EDTA, 1% Triton X-100, 0.1% SDS,
and 1mM of DTT). Samples were centrifuged at 12,000 rpm
for 15min at 4◦C and the DOX fluorescence (λex = 495 nm;
λem = 592 nm) in the pellets was measured by Jasco FP-8500
spectrofluorometer. Results were expressed as DOX fluorescence
in pellets/DOX fluorescence in initial sample×100 and indicated
as cell uptake (%).

High-throughput images of living U87-MG cells on a 96-
well plate (3 × 104 cells/cm2) were acquired automatically
with an Operetta R© High Content Imaging System (PerkinElmer,
UK). After 2 days of culture, cells were treated with free DOX
(15µg/ml) or LIP formulations (DOX 15µg/ml), and the uptake
was evaluated by acquiring images at three different time points
(0, 1, and 3 h). Before imaging, cells were washed three times
with PBS. Images were acquired in the DOX channel and in the
brightfield channel, using a 40× air objective lens and standard
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instrument filters. Ten different fields were imaged in each
well. The image were then analyzed by the Harmony R© analysis
software (PerkinElmer, UK).

Actin, Tubulin, and DAPI Staining
NHA and U87-MG cells were plated at a density of 5 ×

103 or 1.5 × 104 cells/cm2, respectively, on porcine gelatin
pretreated coverslips. One day after seeding, cells were fixed
for 10min with 3.7% paraformaldehyde in PBS, permeabilized
for 4min with 0.1% Triton X-100/PBS, and finally stained with
different antibodies. In particular, cells were treated with TRITC-
phalloidin (1:40 in 1% BSA/PBS) for actin staining, as described
previously (Ceriani et al., 2007). For tubulin staining, cells
were incubated with mouse monoclonal anti-β-tubulin primary
antibody (1:150 in 1% BSA/PBS) for 1 h at 37◦C. Then cells
were washed and incubated with the secondary antibody Alexa
Fluor 488 goat anti-mouse IgG (1:200 in 1% BSA/PBS) for 45min
at 37◦C.

For nuclei staining, U87-MG and NHA cells were plated
on gelatin pretreated coverslips. Cells were leaved in culture
complete medium for 48 h and then incubated with 15µg/ml of
free DOX for 1 h. Cells were then stained for 20min with DiO
(5 µl/ml), fixed, permeabilized, and colored with DAPI (Sigma)
(1µg/ml) for 10min at room temperature.

Fluorescence-Activated Cell Sorting
Analysis of Cell-to-Cell Liposome Transfer
U87-MG cells and NHA cells were seeded on 12-well plates at
a cell density of 6.5 × 103 and 15 × 104 cells/cm2, respectively.
Three days after seeding, “donor” cells were incubated with
BODIPY-Sm Mf-LIP (200 nmol of total lipids) for 1 h at 37◦C,
whereas “acceptor” cells were treated with CellTrace Far Red Dye
(CT) at 1µM for NHA and 10µM for U87-MG cells for 30min.
Cells were detached, and the following co-culture between
“donor” and “acceptor” cells was set up: U87-MG (donor) →
NHA (acceptor); U87-MG (donor) → U87-MG (acceptor); and
NHA (donor) → NHA (acceptor). Co-culture were maintained
for 24 h at 37◦C. Cell-to-cell transfer of Mf-LIP was assessed
by fluorescence-activated cell sorting (FACS) (FACSCantoI BD
Biosciences) analysis. At least 50,000 events were acquired in an
operator-defined gate designed on a physical parameter (forward
versus side scatter [FSC vs. SSC]) dot plot. The fluorescence
intensity analysis on fluorescein isothiocyanate (FITC) (to detect
BODIPY) and allophycocyanin (APC) (to detect CT) histogram
was performed on a single cell gate defined on a FSC-H vs. FSC-A
dot plot. The reported data refer only to the double FITC/APC-
positive events among this population, representing the Mf-LIP
transfer to “acceptor” cells.

Statistical Analysis
For TnT quantification, data were analyzed by Student t-test.
Data were expressed as a mean ± standard error (SE). For
percentage distribution of thin and thick TnTs, data were
analyzed by two-way or one-way ANOVA followed respectively
by Sidak’s multiple comparisons test or Dunnett’s post-hoc test.

All experiments were conducted at least in triplicate. All
the analyses were performed with GraphPad Prism 8 software

(license number: GP8-1519368-RFQS-B8CB4). Differences were
considered significant at ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

RESULTS

Characterization of Liposomes
The results showed that DOX-LIP displayed a diameter of 121 ±
6 nmwith a PDI value of 0.098± 0.01; the ζ -potential was−19.32
± 0.58mV. Mf-LIP showed a diameter of 187 ± 5 nm with a
PDI value of 0.087± 0.05; the ζ -potential was−14.5± 0.43mV.
These parameters remained constant for 1 week within the
experimental error (<2.7% of variation). For both preparations,
the total lipid recovery after purification was 79.5 ± 8%. For Mf-
LIP, the yield of functionalization with mApoE and ClTx was 88.5

FIGURE 1 | U87-MG and normal human astrocyte (NHA) cells form thin and

thick tunneling nanotubes (TnTs). U87-MG cells (A) or NHA cells (B) were

plated on gelatin pretreated coverslips and then fixed and stained with

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) (1.9

µl/ml) to detect TnTs. Fluorescence images were acquired by a 40×

magnification on A1R Nikon laser scanning confocal microscope. The images

show the maximum projection obtained from the z-projections shown in

Figures S1, S2. White arrows indicate thin TnTs, whereas white triangles

indicate thick TnTs. Scale bar: 10µm. Magnified views of protrusions are

shown.
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± 10% (corresponding to 2.2 mol% of mApoE/total lipids) and
71.2 ± 3% (corresponding to 1.42 mol% of ClTx/total lipids),
respectively. For DOX-LIP, the incorporation yield of DOX was

FIGURE 2 | Percentage distribution of thin and thick tunneling nanotubes

(TnTs) in U87-MG and normal human astrocyte (NHA) cells. Percentage of

U87-MG cells and NHA cells forming thin or thick TnTs on total cells is shown.

At least 200 cells were analyzed per group in three independent experiments.

Data are expressed as mean ± SE from three independent experiments. Data

were analyzed by two-way ANOVA followed by Sidak’s multiple comparisons

test; *p < 0.05.

70 ± 6%, corresponding to 80 ± 5 µg of DOX/µmol of lipids.
These results derived from at least five different batches.

U87-MG Cells, Compared With Normal
Human Astrocytes, Form Tunneling
Nanotubes With Different Thickness
To investigate if U87-MG cells (model of GBM tumor cells) are
able to form in vitro intercellular connections with characteristics
of TnTs, and if they are different from those formed by NHA
cells (model of normal healthy astrocytes), we used confocal
microscopy technique and 3D reconstruction. Both cell types
form protrusions connecting distant cells with characteristics of
TnTs (Figure 1), which were not in contact with the substratum
(Figures S1, S2). To allow for a quantitative determination, the
observed membrane protrusions of about 200 cells were scored
for each cell line. The results showed that the number of cells
forming TnTs is comparable between U87-MG and NHA (44 ±

6.6 and 57 ± 3.5%, respectively) (Figure S3). Confocal images
show the presence of TnTs of different thickness, very thin
(≤0.7µm, measuring a minimum of 100–200 nm) and thick
(≥0.7µm, up to 1µm) (Gerdes et al., 2007). More interestingly,
we detected significant differences in both thin and thick TnTs:
U87-MG cells formed almost exclusively thick protrusions,
whereas NHA formed either thin and thick TnTs (Figure 2).
The measurement of TnT diameter by light microscopy was
not accurate owing to the resolution limit. Confocal microscopy
showed that some TnTs reach thicknesses of over 700 nm, which
could be due to incorporation of additional components inside

FIGURE 3 | Characterization of tunneling nanotubes (TnTs) in U87-MG cells. U87-MG cells were plated on gelatin pretreated coverslips. Cells were fixed,

permeabilized, and immunostained with either the anti-β-tubulin antibody (1:150) or TRITC-phalloidin (1:40) to detect microtubules and actin filaments. Fluorescence

images were captured by confocal microscopy. White triangles indicate thick TnTs, and white arrows indicate thin TnTs. Magnified views of protrusions are shown for

each channel. Scale bar: 10µm.
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FIGURE 4 | Characterization of tunneling nanotubes (TnTs) in normal human

astrocyte (NHA) cells. NHA cells were plated on gelatin pretreated coverslips.

Cells were fixed, permeabilized, and immunostained with either the

anti-β-tubulin antibody (1:150) or TRITC-phalloidin (1:40) to detect

microtubules and actin filaments. Fluorescence images were captured by

confocal microscopy. White triangles indicate thick TnTs, and white arrows

indicate thin TnTs. Magnified views of protrusions are shown for each channel.

Scale bar: 10µm.

the TnTs, such as microtubules, as previously suggested (Önfelt
et al., 2006).

To evaluate the presence of tubulin, typical marker for thick
TnTs, and of actin, typical marker for thin TnTs (D’Aloia et al.,
2018), U87-GM and NHA cells were stained with anti-tubulin
fluorescent antibody and fluorescent phalloidin.

The results showed that U87-MG cells were able to form thick
TnTs, which contained both actin and tubulin (Figure 3). NHA
cells were able to form thick TnTs made of actin and tubulin, but
they also established thin TnTs, which were positive only to actin
staining (Figure 4).

Doxorubicin Treatment Induced Changes
in the Tunneling Nanotube Thickness of
U87-MG Cells
To evaluate the ability of U87-MG and NHA to exchange DOX
via TnTs, cells were treated with two different doses of free DOX.
Treatments with 25µg/ml of DOX for 24 h induced a strong
toxic effect on both cell types, hindering the image analysis (data
not shown). Then, all the subsequent experiments were carried
out by incubating cells with 15µg/ml of DOX for 1 h. Analysis
performed at confocal microscope showed that DOX (λex =

495 nm; λem = 592 nm) localizes principally at the nucleus

in both cell lines (Figure 5; Figure S4), as expected (de Lange
et al., 1992), but it was not detectable along TnT structures. The
quantitative determination of TnTs revealed that the % of cells
forming TnTs was not affected by the treatment with free DOX
(Figures 6A,B), for both the cell types used.

Comparing the thickness of TnTs, the DOX treatment onU87-
MG cells induced the formation of about 80% of thin TnTs, with
a strong reduction of thick TnTs (Figure 6C). By prolonging the
incubation time up to 24 h, TnTs disappeared and U87-GM cells
died (Figure S5).

No significant changes in TnTs thickness were detected
for NHA, which remained comparable with untreated
NHA (Figure 6D).

Multifunctional Liposomes, Compared
With Normal Human Astrocytes, Were
Preferentially Located in the Thickest
Tunneling Nanotubes of U87-MG
The cellular uptake of Mf-LIP (LIP bi-functionalized with
mApoE and ClTX) by U87-MG was evaluated by confocal
microscopy and fluorescence measurements. The results showed
that Mf-LIP displayed a three-fold increase of cellular uptake,
compared with DOX-LIP used as a control (Figure S6). Both
DOX-LIP and Mf-LIP were localized only in thickest TnTs
(Figures 7, 8). Contrarily, NHA cells were able to uptake
only a small amount of DOX-LIP and Mf-LIP. Also in
these cells, LIP were localized only in thick TnTs (Figures 9,
10). The treatment of U87-MG cells with DOX-LIP did
not affect the % of cells forming TnTs (Figure S7A) but
strongly increased thin TnTs, with a significant reduction of
thick TnTs (Figures 11A,B), similar to the effect exerted by
free DOX.

The treatment of U87-MG and NHA cells, compared with
untreated cells, with Mf-LIP did not change the percentage
of thin and thick TnTs (Figures 11C,D). Also the treatment
with Mf-LIP did not affect the % of cells forming TnTs
(Figure S7A) neither the ratio between thin and thick TnTs
(Figures 11C,D). No differences were detected in TnTs formed
by NHA cells after incubation with DOX-LIP or Mf-LIP
(Figure S7B; Figures 6, 11C,D). Finally, to evaluate the integrity
of LIP inside to TnTs, double-labeled Mf-LIP (containing
BODIPY-Sm and DOX) were used. As it is shown in Figure 12,
the co-localization of both fluorescent signals was detected in
TnTs from both U87-MG and NHA cells.

Multifunctional Liposomes Were
Preferentially Exchanged via Tunneling
Nanotubes Between U87-MG Co-cultured
Cells
In order to prove the ability of cells to mutually exchange Mf-
LIP, co-culture mixtures between U87-MG and NHAwere set up.
U87-MG or NHA cells were incubated with fluorescent-labeled
Mf-LIP in order to generate Mf-LIP-loaded “donor” populations.
U87-MG or NHA cells were labeled with a fluorescent cell dye
to generate detectable “acceptor” populations. Then, different
co-cultures of “donor” and “acceptor” cells were prepared
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FIGURE 5 | Doxorubicin localizes into the nucleus of U87-MG and normal human astrocyte (NHA) cells. U87-MG cells (A) and NHA cells (B) were plated on gelatin

pretreated coverslips, incubated with 15µg/ml of DOX for 1 h, and then stained with 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO) (5 µl/ml) to detect tunneling

nanotubes (TnTs). Cells were fixed, and fluorescence images were captured with a 40× magnification on A1R Nikon laser scanning confocal microscope. White

triangles indicate thin TnTs. Magnified views of thin TnT protrusions are shown. Scale bar: 10µm. DOX = doxorubicin.

FIGURE 6 | Percentage of cells forming tunneling nanotubes (TnTs) after DOX treatment. Percentage of U87-MG cells (A) and normal human astrocytes (NHA) cells

(B) forming TnTs on total cells is shown. At least 200 cells were analyzed per group in three independent experiments. Data are expressed as mean ± SE from three

independent experiments. Data were analyzed by Student t-test; n.s., not significant. DOX, doxorubicin; CTR, control untreated cells. (C,D) Percentage distribution of

thin and thick TnTs in U87-MG (C) and NHA (D) cells on total cells, after treatment with DOX. At least 200 cells were analyzed per group in three independent

experiments. Data are expressed as mean ± SE from three independent experiments. Data were analyzed by two-way ANOVA followed by Sidak’s multiple

comparisons test; n.s., not significant; ***p < 0.001.

(Figure 13A). The cell-to-cell transfer of Mf-LIP was assessed by
FACS analysis to detect the co-presence of the two fluorescent
signals in the “acceptor” cells (Figures 13B–D).

The results showed that Mf-LIP were transferred via
TnTs between NHA (donor) → NHA (acceptor) with a
low rate, as demonstrated by the detection of 5 ± 0.6% of
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FIGURE 7 | Localization of DOX-LIP in U87-MG tunneling nanotubes (TnTs). U87-MG cells were plated on gelatin pretreated coverslips. Cells were left in culture

complete medium for 48 h and then incubated with DOX-LIP (15µg/ml of DOX and 200 nmol of total lipids) for 1 h. Cells were later stained for 20min with

3,3′-dioctadecyloxacarbocyanine perchlorate (DiO) (5 µl/ml) and fixed, and fluorescence images were captured with a 40× magnification on A1R Nikon laser scanning

confocal microscope. Black triangles indicate the DOX-LIP in thick TnTs. Magnified views of protrusions and black-and-white images are shown. Scale bar: 10µm.

DOX-LIP, liposomes embedding doxorubicin.
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FIGURE 8 | Localization of Mf-LIP in U87-MG tunneling nanotubes (TnTs). U87-MG cells were plated on gelatin pretreated coverslips. Cells were left in culture

complete medium for 48 h, and then cells were incubated with Mf-LIP (200 nmol of total lipids) for 1 h. Cells were later stained for 20min with

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) (1.9 µl/ml). Cells were fixed, and fluorescence images were captured with a 40×

magnification on A1R Nikon laser scanning confocal microscope. Black-and-white image is also shown. Scale bar: 10µm. Mf-LIP, multifunctional liposomes.

FIGURE 9 | Localization of DOX-LIP in normal human astrocytes (NHA) tunneling nanotubes (TnTs). NHA cells were seeded on gelatin pretreated coverslips. Cells

were left in culture complete medium for 48 h and then incubated with DOX-LIP (15µg/ml of DOX and 200 nmol of total lipids) for 1 h. Cells were later stained for

20min with 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO) (5 µl/ml) and fixed, and fluorescence images were captured with a 40× magnification on A1R Nikon

laser scanning confocal microscope. Scale bar: 10µm. DOX-LIP, liposomes embedding doxorubicin.

double fluorescent cells over the total cells. In comparison,
the rate of Mf-LIP exchange of U87-MG (donor) →

NHA (acceptor) was lower (3.8 ± 0.2% of Mf-LIP positive
“acceptor” NHA).

Interestingly, the results showed that U87-MG cells were
more efficient in transferring Mf-LIP between them than were
U87-MG (donor) → NHA (acceptor), as demonstrated by the
detection of 8.2 ± 1.5% of Mf-LIP positive “acceptor” U87-
MG (Figure 13E).

DISCUSSION

In the context of searching more effective therapies against GBM,
which remains an incurable brain tumor, we focus our attention
on the cell communication. Intercellular communication
plays an important role in tumor progression, invasiveness,
and resistance to conventional treatments (Broekman et al.,
2018). Among the different ways that cells used to exchange
non-secretable messages, TnTs and TmTs are involved in
the re-growth of GBM after surgery and in conferring
resistance to radiotherapy and chemotherapy (Moschoi

et al., 2016; Weil et al., 2017). Starting from our expertise in
the design of nanoparticles, we synthesized and characterized
LIP carry doxorubicin, as an anti-cancer drug model, and
dually functionalized with mApoE and with ClTx, as GBM
targeting ligands (DeBin et al., 1993; Maletínská et al., 2000;
Lyons et al., 2002; Ojeda et al., 2016; Formicola et al., 2019).
The ability of human primary glioblastoma cell line (U87-
MG), in comparison with NHA, to exchange Mf-LIP via
TnTs has been investigated. Mf-LIP characterization has
shown that the different batches herein prepared were highly
reproducible and stable over time, with the yield of the
reactions comparable with those of previously reported ones
(Re et al., 2010, 2011; Formicola et al., 2019).

As it is reported in literature that TnTs are not observed
in some glioma cellular models (Van der Vos et al., 2016), we
checked if U87-MG cells and NHA cells herein used were able
to form TnTs in vitro. The results showed that both types of cells
were able to communicate between them by TnTs, as already
reported (Zhang and Zhang, 2015; Rostami et al., 2017; Reindl
et al., 2019), and the percentage of cells forming TnTs was similar
between U87-MG and NHA cells.
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FIGURE 10 | Localization of Mf-LIP in normal human astrocytes (NHA) tunneling nanotubes (TnTs). NHA cells were plated on gelatin pretreated coverslips. Cells were

left in culture complete medium for 48 h and then incubated with Mf-LIP (200 nmol of total lipids) for 1 h. Cells were later stained for 20min with

1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) (1.9 µl/ml). Cells were fixed, and fluorescence images were captured with a 40×

magnification on A1R Nikon laser scanning confocal microscope. Black triangles indicate the presence of Mf-LIP in thick TnTs. Magnified views of protrusions and

black-and-white images are shown. Scale bar: 10µm. Mf-LIP, multifunctional liposomes.

FIGURE 11 | Percentage distribution of thin and thick tunneling nanotubes (TnTs) in U87-MG and normal human astrocytes (NHA) cells after treatment with liposomes

embedding doxorubicin (DOX-LIP) or multifunctional liposomes (Mf-LIP). Percentage distribution of thin and thick TnTs in U87-MG (A) and NHA (B) cells after

treatment with DOX-LIP. Percentage distribution of thin and thick TnTs in U87-MG (C) and NHA (D) cells after treatment with Mf-LIP. At least 200 cells were analyzed

per group in three independent experiments. Data are expressed as mean ± SE from three independent experiments. Data were analyzed by two-way ANOVA

followed by Sidak’s multiple comparisons test; n.s., not significant; **p < 0.01.
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FIGURE 12 | Multifunctional liposomes (Mf-LIP) embedding doxorubicin (DOX) localized in tunneling nanotubes (TnTs) formed by U87-MG and normal human

astrocytes (NHA) cells. U87-MG (A) and NHA (B) cells were plated on gelatin pretreated coverslips. Cells were left in culture complete medium for 48 h and then

incubated with Mf-LIP embedding DOX (15µg/ml of DOX and 200 nmol of total lipids) for 1 h. Cells were fixed and fluorescence images were captured with a 40×

magnification on A1R Nikon laser scanning confocal microscope. Scale bar: 10µm. BODIPY-Sm = sphingomyelin present in Mf-LIP conjugate with fluorophore

BODIPY.

As TnTs have been grouped into two main classes, very
thin (≤0.7µm, measuring a minimum of 100–200 nm) and
thick (≥0.7µm, up to 1µm; Gerdes et al., 2007), we
analyzed the heterogeneity of TnTs formed by U87-MG
and NHA.

Structural analysis and the comparison of the thickness of
TnTs formed by these cells have shown that U87-MG cells formed

almost exclusively thick protrusions, whereas NHA formed either
thin or thick TnTs.

Considering that thick TnTs are more efficient in transport
of molecules and organelles (Veranic et al., 2008; Mittal et al.,
2019), this difference couldmay be exploited to increase the range
of drug delivery between cancer cells. Moreover, TnTs are also
classified according to their different morphology/function in
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FIGURE 13 | Fluorescence-activated cell sorting (FACS) analysis of multifunctional liposomes (Mf-LIP) exchange in co-culture systems. (A) representative image of the

experimental set-up: “donor” cells were incubated with BODIPY-Sm Mf-LIP (200 nmol total lipids) for 1 h at 37◦C, whereas “acceptor” cells were treated with CellTrace

Far Red Dye (CT) at 1µM for normal human astrocytes (NHA) and 10µM for U87-MG cells for 30min. Cells were detached, and the following co-culture between

“donor” and “acceptor” cells was set up: U87-MG (donor) → NHA (acceptor); U87-MG (donor) → U87-MG (acceptor); NHA (donor) → NHA (acceptor); and NHA

(donor) → U87-MG (acceptor). Cell-to-cell transfer of Mf-LIP was assessed by FACS analysis. (B) The events to be analyzed (red dots) were selected on a physical

parameter dot plot using an operator-defined gate. A further analysis was performed on a FSC-A vs. FSC-H dot plot to focus on the signal derived from single cells

(not included). (C) The gated events were analyzed for fluorescence intensity on a fluorescein isothiocyanate (FITC) (BODIPY) and an allophycocyanin (APC) (Cell

Trace) channel. (D) For each fluorescence, a single positive events’ population was selected on the corresponding histograms, and the intersection highlights the

double-positive events on a BODIPY vs. Cell Trace dot plot (purple dots). (E) Percentage of dually fluorescent “acceptor” cells that received Mf-LIP from the

corresponding “donor” population. N = 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 by Student t-test.

TnT type I, short dynamic structures, containing actin filament
and engaged in exploring the surrounding microenvironment,
and TnT type II, which are longer and more stable processes,
containing actin and tubulin filaments and apparently involved
in organelles shuttle (Veranic et al., 2008). Here, reported
immunofluorescence experiments staining actin and tubulin
showed that U87-MG mainly formed TnT type II, compared
with NHA, which formed mostly TnT type I. Accordingly, U87-
MG cells were able to better exchange Mf-LIP, as shown by the

detection of LIP-associated fluorescence in thick TnTs. Moreover,
we showed that the LIP surface functionalization with mApoE
and ClTx strongly increased the cell uptake by U87-MG, whereas
no differences were detected with NHA in terms of LIP uptake.
This suggest that the presence of these two ligands may promote
a more specific targeting of cancer cells, probably owing to the
overexpression of lipoprotein (LDL)-receptor by U87-MG cells
(DeBin et al., 1993; Maletínská et al., 2000), which is the target
ligand of mApoE peptide, and ClTx, which has been shown to
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selectively bind a specific chloride channel on glioma cell surface
(Lyons et al., 2002; Xiang et al., 2011; Ojeda et al., 2016).

Moreover, the encapsulation of DOX in LIP facilitates its
passage through TnTs, with respect to free DOX, which remains
almost exclusively localized in the nuclear region. Considering
that cells physiologically produced TnTs under stress conditions
(e.g., hypoxia conditions, drugs, and oxidative stress), we assessed
the effect of DOX treatment on TnTs formed by U87-MG
cells. The results showed that free DOX and DOX-LIP induced
the formation of thin TnTs, with a strong reduction of thick
TnTs, and by prolonging the incubation time, TnTs disappeared
and U87-MG cells died as also shown for other cell types
(Rustom, 2016). By comparing these results with those obtained
in NHA cells, Mf-LIP were localized in TnTs with a little
extent, and the few LIP inside in NHA’s TnTs were again
localized in the thick ones. This corroborates the fact that
thick TnTs are mainly involved in the intercellular trafficking of
drug-loaded LIP.

More appealing is that the structural difference between TnTs
formed by GBM cells and NHA could be useful to design precise
and specific nanotherapeutics.

As a proof-of-concept, the ability of cells to mutually
exchange Mf-LIP was evaluated in different co-culture mixtures.
Interestingly, the results showed that U87-MG cells were more
efficient in transferringMf-LIP between them, compared with the
Mf-LIP exchange between healthy astrocytes. More excitingly,
the transport of Mf-LIP via TnTs preferentially occurred from
U87-MG to U87-MG, than toward NHA. This opens the
possibility to exploit TnTs as drug-delivery channels, thus
improving the cancer therapy. In particular, this strategy can be
useful to reach isolated, infiltrating tumor cells that are hardly
targeted by drug diffusion in the brain parenchyma. Nowadays,
few papers are available showing the involvement of TnTs-
mediated intercellular transport of nanoparticles (Kristl et al.,
2013; Epperla et al., 2015; Deng et al., 2018), and none of them is
dedicated to the comparison between healthy and tumor cells in
nanoparticles trafficking. It is important to highlight that all the
results herein reported were obtained using one GBM-derived
cell line, which are not fully representative of human GBM.

For this reason, the validation of these results will be further
performed on patient-derived glioblastoma cells, with stem cells
included. Moreover, even with the detected TnTs connecting
distant cells without being in contact with the substratum
(as shown by z-stack imaging), the same analysis conducted
in a 3D context could be beneficial to deeply investigate
this issue.

In conclusion, the understanding of the possible intercellular
delivery of nanotherapeutics cargo via TnTs can significantly
influence the approaches to treat specific diseases.
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Fine-tuning loading and release of therapeutic and imaging agents associated with

polymeric matrices is a fundamental step in the preclinical development of novel

nanomedicines. Here, 1,000 × 400 nm Discoidal Polymeric Nanoconstructs (DPNs)

were realized via a top-down, template-based fabrication approach, mixing together

poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol)-diacrylate (PEG-DA) chains

in a single polymer paste. Two different loading strategies were tested, namely the

“direct loading” and the “absorption loading.” In the first case, the agent was directly

mixed with the polymeric paste to realize DPNs whereas, in the second case, DPNs

were first lyophilized and then rehydrated upon exposure to a concentrated aqueous

solution of the agent. Under these two loading conditions, the encapsulation efficiencies

and release profiles of different agents were systematically assessed. Specifically,

six agents were realized by conjugating lipid chains (DSPE) or polymeric chains

(PEG) to the near-infrared imaging molecule Cy5 (DSPE-Cy5A and DSPE-Cy5B); the

chemotherapeutic molecules methotrexate (DSPE-MTX and PEG-MTX) and doxorubicin

(LA-DOX and DSPE-DOX). Moderately hydrophobic compounds with low molecular

weights (MW) returned encapsulation efficiencies as high as 80% for the absorption

loading. In general, direct loading was associated with encapsulation efficiencies lower

than 1%. The agent hydrophobicity and MW were shown to be critical also in tailoring

the release profiles from DPNs. On triple-negative breast cancer cells (MDA-MB-231),

absorption loaded DOX-DPNs showed cytotoxic activities comparable to free DOX but

slightly delayed in time. Preliminary in vivo studies demonstrated the high stability of

Cy5-DPNs. Collectively, these results demonstrate that the pharmacological properties

of DPNs can be finely optimized by changing the loading strategies (direct vs. absorption)

and compound attributes (hydrophobicity and molecular weight).
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INTRODUCTION

Nano-based pharmacotherapy deals with the safe, targeted
and efficient administration of nanoparticles carrying diverse
therapeutic and imaging agents for the treatment and detection
of a variety of pathologies, including cancer, cardiovascular,
neurological and infectious diseases (Chen et al., 2016).
Man-made nanoparticles with a size ranging between a few
nanometers and a few micrometers have the potential to
optimize the therapeutic efficacy and imaging efficiency of
small molecules and biological compounds while minimizing
off-target effects (Katsube et al., 2014). Over conventional
molecular agents, the encapsulation of therapeutic and imaging
compounds into nanoparticles offers several key advantages
(Peer et al., 2007; Ahmad et al., 2014). First, nanoparticles
enable the systemic administration of agents with poor water
solubility, without compromising their chemical structure and
preserving their curative and contrast enhancing features.
Second, nanoparticles protect delicate biological compounds,
such as the various forms of nucleic acids, from a fast
enzymatic degradation in blood. Third, the composition, size,
shape, and surface properties of the nanoparticles can be
tailored, generally, during the fabrication process, thus providing
multiple tools to improve delivery to the targeted tissue
while minimizing non-specific deposition in healthy, biological
districts. Fourth, the release of drugs from nanoparticles can
be tuned for an optimal and sustained therapeutic activity
(Lu et al., 2008; Slowing et al., 2008; Agasti et al., 2009).

Traditionally, spherical nanoparticles have been extensively
used for the treatment and imaging of cancer, relying on
the Enhanced Permeability and Retention effect (Maeda et al.,
2000). Indeed, sufficiently small nanoparticles (<200 nm) would
cross the hyperpermeable tumor blood vessels (enhanced
permeability) and accumulate within the tumor parenchyma
due to the lack of lymphatic drainage (retention). However,
clinical and pre-clinical studies are starting to demonstrate the
significant variability of the EPR effect within patients and
along the overall development of the disease (Natfji et al., 2017).
As such, relying exclusively on the EPR effect to reach the
malignant tissue may not always be a successful strategy. More
recently, non-spherical particles have been proposed as an
alternative drug delivery means to efficiently target the tumor
microvasculature and release thereof a variety of therapeutic
cargos. These non-spherical nanoparticles could take up different
shapes, including rods (Huo et al., 2008), discs (Key et al., 2013),
ellipsoids (Desai et al., 2018), and others (Toy et al., 2014).
Within this scenario, the authors have previously demonstrated
a new nanotechnological platform—the Discoidal Polymeric
Nanoconstructs (DPNs). Similarly to red blood cells, DPNs tend
to resist sequestration by professional phagocytic cells, such us
hepatic Kupffer cells and splenic macrophages (Palomba et al.,
2018). This DPN feature results in longer circulation times

and increased probability to lodge within the tortuous and low

perfused tumor microvasculature (Key et al., 2015).
The Discoidal Polymeric Nanoconstructs are realized with

a top-down, template-based approach, where the size, shape,
surface properties and mechanical stiffness can be readily and

independently modulated (Key et al., 2013; Palange et al., 2017;
Palomba et al., 2018). DPNs are made out of poly(lactic-co-
glycolic acid) (PLGA) and polyethylene glycol (PEG) chains
entangled together to form a hydrogel matrix. Indeed, given
the modular fabrication strategy, other synthetic and natural
polymeric materials can be used for realizing DPNs, including
polycaprolactone, chitosan, hyaluronic acid, and a variety of
block-copolymers. PLGA and PEG were selected for their well-
known biodegradation and excretion profiles, even in human
subjects (Bobo et al., 2016; Park et al., 2019). The geometrical
and mechanical configurations of DPNs have been selected
to enhance lodging within the malignant tissue by taking
advantage of the high vascular tortuosity and low perfusion of
tumor capillaries. However, as per any drug delivery system,
the accumulation within the tumor microvasculature must be
followed by the controlled and sustained release of therapeutic
agents directly toward the diseased tissue. As such, in this work,
the authors focus their efforts on characterizing and optimizing
the pharmacological properties of DPNs.

Here, a systematic analysis of the loading and release for
a variety of imaging and therapeutic agents encapsulated
into DPNs is conducted. After characterizing the physico-
chemical properties of the nanoconstructs, six different
compounds are realized by conjugating directly 1,2-Distearoyl-
sn-glycero-3-phosphorylethanolamine (DSPE) lipid chains
or 1 kDa PEG chains with the near-infrared molecules Cy5
or the chemotherapeutic molecules methotrexate (MTX) and
doxorubicin (DOX). The resulting six compounds present
different molecular weights and hydrophobicity levels as
compared to the original, free molecules. Then, two different
loading strategies are introduced named as “direct loading” and
“absorption loading.” The six compounds are entrapped within
the polymeric matrix of DPNs using both loading strategies,
and the encapsulation efficiencies and release profiles are
consequently assessed. Finally, the pharmacological and imaging
properties of DPNs are documented in vitro on triple-negative
breast cancer cells (MDA-MB-231) and in vivo in healthy
mice, respectively.

MATERIALS AND METHODOLOGY

Materials
Silicon wafers (thickness of 525 ± 20µm, resistivity 20–30 �

cm, type-orient P/Bar <100>) and the Photoresist AZ 5214
E were purchased from Si-Mat silicon materials (Kaufering,
Germany) and Microchemicals (Ulm, Germany), respectively.
Hexamethylsilazane (Primer H.M.D.S.) was purchased from
Technic. The AZ 726 MIF Developer was purchased from
Merk. 1H, 1H, 2H, 2H-Perfluorooctyltrichlorosilane 97% and
Methotrexate were purchased from Alfa Aesar. Sylgard 184 kit
as polydimethylsiloxane (PDMS) and elastomer were purchased
from Dow Coming Corp (Midland, MI, US). Doxorubicin,
Poly(vinyl alcohol) (Mw 9,000–10,000, 80% hydrolyzed),
Poly(DL-lactide-co-glycolide) acid (PLGA, lactide:glycolide
50:50, Mw 38,000–54,000), Poly(ethylene glycol) dimethacrylate
(Mn 750) (PEG dimethacrylate), and 2-Hydroxy-40-
(2-hydroxyethoxy)-2-methylpropiophenone (Photo-initiator)
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were purchased from Sigma (St. Louis, MO, USA). Cyanine5
NHS ester and water-soluble sulfo-Cyanine 5 NHS ester were
purchased from Luminoprobe (Hunt Valley, MD, US). All the
reagents and solvents were used without further purification.

Fabrication of the Templates
A master silicon template with circular wells of ∼1,000 nm in
diameter by 400 nm in thickness was realized. The geometrical
pattern of the template was designed using the LASI software.
An AZ5214E resist was written via a laser writer system at
405 nm (Heidelberg Instruments DWL66FS). The primer and
the resist were deposited over the silicon wafer by spin coating
(Sawatec) (10 s at 500 rpm and 60 s at 4,000 rpm) resulting in a
final thickness of about 1,400 nm. This coating was baked on a
hot plate at 110◦C for 1min and then exposed to the Direct Laser
Writer working with a defocusing value of 1,700 nm and laser
intensity of 0.75mW. The substrate was developed for 4min.
The pattern was transferred to the underlying silicon substrate by
deep reactive ion etching with SF6/O2 plasma for 60 s (Sentech
SI500 Instrument GmbH RIE). The resist was removed in a
piranha solution for 5min (ratio 4:1 between sulfuric acid and
hydroxide peroxide). The resulting silicon master template was
imaged with Scanning Electron Microscopy (Helios Nanolab
650 Dual Beam, Fei company). A silanization step (200µl) was
also included by placing the substrate in a vacuum chamber
under a nitrogen atmosphere for 1 h. Once the silicon master
template was obtained, the following step required the realization
of a polydimethylsiloxane (PDMS) replica. The silicon master
template was fixed on a Petri dish (d = 10 cm). A solution of
PDMS and curing agent was realized with a ratio 10:1. This
solution was cast over the Si wafer to produce a second template
presenting cylindrical pillars, which resembled the same size and
shape of the wells in the original master Si template. The mixture
was polymerized at 60◦ for 3 h. This process was repeated seven
times to generate seven different PDMS templates. Then,∼30mg
of PDMS (10:1) were poured over these replicas to form a unique
structure with the size of a Petri dish (d = 15 cm). The final step
required the realization of a sacrificial template of poly(vinyl)
alcohol (PVA). A 5% PVA solution was deposited over the PDMS
replica template to generate a third template. This presented
circular wells just like the original master Si template. Upon
complete drying in an oven for 3 h at 60◦C, the PVA solution
became a thin film and was peeled off the PDMS template.

Fabrication of Discoidal Polymeric

Nanoconstructs
For the fabrication of DPNs, 30mg of poly(lactic-co-glycolic
acid) (PLGA) were dissolved in chloroform (CHCl3) and mixed
with 6mg of polyethylene glycol (PEG) diacrylate and 10µg
of 2-Hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone
(photoinitiator). Thirty microgram of DSPE-Cy5 were also
added to provide sufficient fluorescent optical contrast. The
resulting polymeric paste was carefully deposited in the wells
of the sacrificial PVA template and exposed to UV-light for
polymerization. The resulting PVA film, loaded with the above
polymeric paste, was immersed in water and left to stir for 3 h.
This step led to the dissolution of the PVA and the release of
DPNs in the aqueous solution. DPNs were eventually collected

via centrifugation and membrane filtration to remove residual
fragments of PVA.

Loading of the Discoidal Polymeric

Nanoconstructs
Two loading protocols were developed, namely “direct loading”
and “absorption loading.” In “direct loading,” the imaging and/or
therapeutic agents of interest were dispersed within the original
polymeric paste and directly distributed in the wells of the
PVA template. In “absorption loading,” the collected DPNs were
lyophilized to form a powder. This was eventually dispersed in
an aqueous solution carrying the imaging and/or therapeutic
agents of interest. Re-hydration led to the rapid absorption
of the molecules within the hydrogel structure of DPNs.
The concentration of DPNs, imaging agents and therapeutic
molecules, the volume of the aqueous solution was systematically
varied to identify optimal loading conditions.

Prodrug Synthesis
DSPE-Cyanine-5
DSPE-Cy5-A and DSPE-Cy5-B were synthesized as reported by
Lee and coworkers with some modifications (Lee et al., 2017).
15mg of DSPE-NH2 were dissolved in 3mL of dichloromethane
(DCM) and 1.5mL of MeOH. 0.98 eq of Cyanine-5 NHS ester
was dissolved in 200ml of dimethylformamide (DMF) and added
to the previous solution. A catalytic amount of triethylamine
(TEA) was added to the reaction and left to stir for 16 h. The
resulting product was precipitated with cold diethyl ether, then
washed three times with cold diethyl ether obtaining the final
compound with a yield of 90%.

DSPE-Methotrexate
Fifteen milligram of DSPE-NH2 were dissolved in 3mL
of dichloromethane (DCM) and 1.5mL of MeOH. 0.98
eq of Methotrexate ester was dissolved in 200ml of
dimethylformamide (DMF) and added to the previous solution.
A catalytic amount of triethylamine (TEA) was added to the
reaction and was left to stir for 16 h. The intended product was
precipitated with cold diethyl ether, then washed three times with
cold diethyl ether getting the final product with a yield of 90%.

PEG-Methotrexate
Twenty milligram of PEG-NH2 (1,000 Da) were dissolved in
3mL of dichloromethane (DCM) and 1.5mL of MeOH. 0.98 eq
of Methotrexate was dissolved in 200ml of dimethylformamide
(DMF) and added to the previous solution. A catalytic amount of
triethylamine (TEA) was added to the reaction and was left to stir
for 16 h. The intended product was precipitated with cold diethyl
ether, then washed three times with cold diethyl ether getting the
final product with a yield of 90%.

Linoleic Acid-Doxorubicin
LA-DOX was synthesized as reported by Fernandes et al.
(2016) with some modifications. Briefly, an aqueous solution
of Doxorubicin hydrochloride (5mg/mL) was neutralized with
a solution of sodium bicarbonate solution (50mg/mL). A
linoleic acid solution (50mg/mL) in ethanol was incubated with
EDC/NHS (molar ratio of 3:1) for 1 h under magnetic rotation
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at room temperature. The obtained solution was added drop by
drop to the above mixture while stirring. After 12 h, the mixture
was centrifuged (127,000 rpm, 30min). The red pellet was washed
with distilled water three times, removing the unreacted water-
soluble Doxorubicin. Finally, the red pellet was collected and
dried under vacuum.

DSPE-Doxorubicin
An aqueous solution of Doxorubicin hydrochloride (5mg/mL)
was neutralized with a solution of sodium bicarbonate solution
(50mg/mL). A DSPE-succinic-acid (50mg/mL) in ethanol was
incubated with EDC/NHS (molar ratio of 3:1) for 1 h under
magnetic rotation at room temperature. The obtained solution
was added drop by drop to the abovemixture while stirring. After
12 h, the mixture was centrifuged (127,000 rpm, 30min). The red
pellet was washed with distilled water three times, removing the
unreacted water-soluble Doxorubicin. Finally, the red pellet was
collected and dried under vacuum.

Particle Size and Shape Characterization
The size and shape of all silicon, PDMS, and PVA templates
were characterized via Scanning Electron Microscope (Helios
Nanolab 650). Ultra-high resolution SEM images were acquired
at high vacuum conditions after 10 nm aurum coating using
a Q150T ES sputter-coater (Quorum). DPNs still embedded
within the PVA templates were observed using an A1
confocal microscope (Nikon) equipped with 63× oil immersion
objective. For EM characterization, a DPNs solution was
dried on a carbon-copper grid and coated with 10–20 nm
of carbon before Transmission Electron Microscope imaging
(JEOL JEM 1011 TEM working at 100 KV). The ζ-potential was
calculated using DLS (Malvern, UK).

Loading and Release Studies
To calculate the amount of drug inside DNPs, samples were
lyophilized and dissolved in acetonitrile (ACN). All samples were
analyzed by HPLC at 240 nm UV absorbance (Agilent 1260
Infinity, Germany). The encapsulation efficiency was defined as
the percentage weight ratio between the drug amount loaded
inside DPNs at the end of their preparation and the initial input
amount of the drug. For the release studies, 200µL of DPN
solution was poured into Slide-A-Lyzer MINI dialysis microtube
with a molecular cut off of 10 kDa (Thermo Scientific) and
dialyzed against 4 L of H2O at 37◦C. For each time point, in
triplicate, DPNs were collected and destroyed with ACN to
release the molecule of interest. Samples were analyze depending
on an HPLC (Agilent 1260 Infinity, Germany) at 340 nm UV
absorbance for MTX prodrugs, and 490 nm and 646 for LA-DOX
and Cy5, respectively.

Cell Culture and Viability
The human Triple-Negative Breast Cancer MDA-MB231 cell
line was obtained from the American Type Culture Collection
(ATCC). Cells were cultured in Eagle’s minimal essential
medium (EMEM) (ATCC, USA) containing 10% FBS (Gibco,
Thermo Fisher Scientific, USA), 1% penicillin/streptomycin
(Sigma-Aldrich, USA), under a humid atmosphere (37◦C, 5%
CO2, 95% air). Upon reaching appropriate confluence, cells

were passed. Cell viability was determined via an MTT assay,
which detects the reduction of MTT [3-(4,5-dimethylthiazolyl)-
2,5-diphenyltetrazolium bromide] (Sigma-Aldrich, USA) by
mitochondrial dehydrogenase to blue formazan product. This
reflects the normal function of mitochondria and, hence, the
measurement of cytotoxicity and cell viability. Briefly, 2 ×

105 cells/well were seeded in 96-well plates and incubated
at 37◦C, 5% CO2, for 24 h. Next, the medium was replaced
with EMEM containing the corresponding concentrations of
Doxorubicin (DOX), doxorubicin pro-drug [LA-DOX, DSPE-
DOX, (LA-DOX) DPNs and (DSPE-DOX) DPNs)] (0.1–
50µM), Methotrexate (MTX) andMethotrexate prodrugs [PEG-
MTX, DSPE-MTX (0–100µM) and (DSPE-MTX) DPNs (0.01–
0.5µM)]. After 24, 48, 72, and 96 h of incubation, the MTT
solution (5.0 mg/mL PBS) was added to each well and incubated
at 37◦C for 4 h. The resulting formazan crystals were dissolved
by adding ethanol (200µL/well), and the absorbance was read
at 570 nm using a microplate reader (Tecan, CH). Controls (i.e.,
cells that had received no drug) were normalized to 100%, and
readings from treated cells were expressed as the percentage
of viability inhibition. Five replicates were considered for each
data point.

Confocal Fluorescent Microscopy Imaging
Cellular uptake and intracellular localization were observed in
MDA-MB-231 cells for DOX, LA-DOX, and DPNs. Briefly, 2.0×
104 cells were seeded into eachwell of a Nunc Lab-Tek II chamber
slide system (Thermo Fisher Scientific, USA) with standard
culturing conditions (37◦C, 5% O2). After 24 h, the medium was
removed, and cells were washed in PBS for 5min (Thermo Fisher
Scientific, USA). Cell fixation was performed using a 4% solution
of paraformaldehyde (Santa Cruz Biotechnology, USA) for 5min.
Actin was stained with Alexa Fluor 488 Phalloidin (green color)
(Thermo Fisher Scientific, USA), and nuclei were stained with
DAPI (blue color) (Thermo Fisher Scientific, USA). Doxorubicin
and DSPE-DOX DPNs were visualized in red.

In-vivo Studies
DPNs loaded with DSPE-Cy5-B were injected into week old
C57B/6J female mice (Charles River). Animals were grouped in
ventilated cages and able to freely access to food and water. They
were maintained under controlled conditions: temperature (21
± 2◦C), humidity (50 ± 10%) and light (10 and 14 hours of
light and dark respectively). The accumulation of systemically
injected DSPE-Cy5-B DPNs within the different organs was
assessed longitudinally by using the whole animal, near infra-red
fluorescent (NIRF) imaging at 0.5, 1, 2, 6, 24 and 48 h. Also, at
48 h post-injection, the major organs were imaging ex-vivo.

RESULTS AND DISCUSSION

Fabrication and Physico-Chemical

Characterization of the Discoidal

Polymeric Nanoconstructs (DPNs)
A versatile fabrication strategy was used to realize polymeric
nanoconstructs with controlled geometrical and mechanical
features, including the size, shape, surface properties, and
mechanical stiffness–the 4S parameters. These features can be
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FIGURE 1 | Geometrical characterization of Discoidal Polymeric Nanoconstructs (DPNs). (A) Scanning electron microscope (SEM) images of the silicon templates

(left); SEM images of the PDMS templates (center); schematic of the DPN fabrication steps, including loading of the PLGA/PEG polymer mixture, polymerization,

sacrificial template dissolution and DPN collection (right). (B) Confocal microscopy images of a PVA template filled with DOX-loaded DPNs (left) and individual, 3D

reconstructed DOX-loaded DPNs (right). (C) SEM (left) and Transmission Electron Microscopy (right) images of DPNs.

independently tuned in the fabrication process to affect the
therapeutic and imaging performances, as shown by the authors
and other investigators (Key et al., 2013; Palomba et al., 2018).
The first step in DPNs fabrication is the realization of a master
silicon template through a Direct Laser Writer lithographic
process. The silicon template appears as a matrix of wells
reproducing the geometry of DPNs (Figure 1A, left inset). Then,
the silicon master template is used as a mold to realize a PDMS
replica. The PDMS replica exhibits arrays of pillars with the same
geometry of the wells in the silicon template. Finally, a sacrificial
PVA template is obtained by replicating the PDMS template.
DPNs are made out of a mixture of poly(lactic-co-glycolic acid)
(PLGA), polyethylene glycol diacrylate (PEG-DA), photoinitiator
(PI), and the therapeutic or imaging agent of interest. For the
preparation of DPNs, the polymer mixture of PLGA, PEG-DA,
and PI is directly applied and spread over the PVA template
to fill the multiple wells (Figure 1A, right inset). This loaded
template is then exposed to UV-light for the polymerization
of PEG-DA chains. Eventually, the PVA film is immersed in

an aqueous solution and dissolved after stirring (Figure 1A,
right inset) to release the DPNs. The final steps, including
centrifugation and filtration, are used to remove residual PVA
fragments. Figure 1B presents confocal fluorescent images of a
PVA template loadedwith amixture of PLGA/PEG and LA-DOX.
A uniform distribution of “red dots” within the structure can be
appreciated. These “red dots” correspond to the DPNs before the
dissolution of the PVA template and are loaded quite uniformly
with LA-DOX, returning the reddish color. Finally, electron
microscopy images (Figure 1C) show the actual geometry of
DPNs that exhibits an average diameter of ∼1,250 ± 19.36 nm
and a height of 469.14± 27.5 nm.

Loading Therapeutic and Imaging Agents

Into Discoidal Polymeric

Nanoconstructs (DPNs)
The dispersion of functional molecules, such as therapeutic
and imaging agents, within the polymeric structure of DPNs
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FIGURE 2 | Schematic representation of Discoidal Polymeric Nanoconstructs and prodrugs. (A) Schematic representation of DPNs, highlighting their porous structure

and PLGA-PEG chain entanglement. (B) Structural representation of the six synthesized pro-drugs. (C) Schematic representation of the “absorption loading” method

for encapsulating prodrugs into DPNs.
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(Figure 2A) was achieved following two different strategies: a
“direct method,” where the agent is dissolved in the organic
solvent and directly mixed with the PLGA, PEG and PI paste
prior to deposition over the PVA template; an “absorption
method,” where the agent is dispersed in a higher concentrated
water solution, which is then exposed to the lyophilized powder
of DPNs. In direct loading, the agent needs to be soluble and
stable in an organic solvent whereas, for the absorption method,
the agent needs to be soluble in water at high concentrations
without forming micellar structures. As such the proposed
different loading methods can be applied to different functional
agents, even sequentially.

DSPE-Cy5-A was the first compound to be loaded into
the DPNs (Figure 2B). The Cyanine 5 (Cy5) molecule is a
well-known and extensively used near infra-red molecule
that can be easily detected in vitro, using a conventional
fluorescent microscope, and in vivo, using a whole animal
fluorescent imaging system. DSPE-Cy5-A was synthesized by
reacting 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-amino (DSPE-NH2) with Cy5 pre-activated with
N-Hydroxysuccinimide (NHS) on the terminal carboxylic
acid. The compound DSPE-Cy5-A resulted in being less
hydrophobic than free Cy5-A. A more hydrophobic Cy5,
which lacks the sulfoxide groups, increased, even more, the
hydrophobicity of the compound and was used to prepare
DSPE-Cy5-B (Figure 2B). The same protocol was used for
the synthesis. Then, methotrexate (MTX) and doxorubicin
(DOX) were considered. These are two chemotherapeutic
molecules with different solubility properties in physiological
solutions. MTX is hydrophobic whereas DOX is hydrophilic.
A similar protocol as per the Cy5 was used to prepare the
prodrug DSPE-MTX (Figure 2B). MTX was pre-activated
with a mixture of DCC and NHS, before conjugation with
DSPE-NH2. With MTX, the hydrophobicity of the resulting
compound was modulated by changing the lipid chain DSPE
with PEG 1 kDa (Figure 2B), to increase the hydrophilicity of
the resulting MTX prodrug. The synthesis protocol was the same
as described above. Then, Doxorubicin (DOX) was considered,
which is currently the most frequently used treatment for
triple-negative breast cancer (Denard et al., 2018). In this case,
the protocol to generate the DOX prodrug was modified, in
that DOX has no carboxylic acid group available, but rather
an amine group. Therefore, first, the hydrochloridric form of
DOX was neutralized with a solution of sodium bicarbonate.
Then, linoleic acid was pre-activated with EDC and NHS, and
added to the solution. Given the low water solubility of the
resulting compound, it was collected via precipitation. The
same procedure was used for the preparation of the DSPE-DOX
(Figure 2B), replacing the linoleic acid with the DSPE-succinic
acid. After preparing all these compounds and prodrugs, the
loading steps were performed.

“Direct loading” is the most straightforward procedure. The
main requirement for the agent to be “direct loaded” is its
solubility and stability in organic solvents, like dichloromethane
(DCM), chloroform (CHCl3), or acetonitrile (ACN). The
compound is directly mixed with the original polymeric
paste forming the DPNs and applied over the PVA template.

A drawback of this straightforward loading procedure is
the low encapsulation efficiency (EE), which is due to the
yielding in the preparation of DPNs and the hydrophilicity-
hydrophobicity ratio of the loaded agent. As per the yielding,
it should be noted that a portion of the loaded agent and
polymeric paste are wasted during the deposition onto the
PVA wells. As per the hydrophilicity-hydrophobicity ratio,
it should be remarked that more hydrophilic compounds
(lower LogP) tend to rapidly escape the DPN polymeric
matrix during the purification and collection steps that
occur in water.

“Absorption loading” consists in exposing a concentrated
aqueous solution of the agent to lyophilized DPNs (Figure 2C).
During the rapid re-hydration phase, DPNs avidly recall within
their polymeric structure water, which was enriched with the
molecules of the agent to be loaded. A fine balance between
compound hydrophilicity and hydrophobicity is required for
this loading strategy. Note that, after absorption, the higher
molecular-weight hydrophobic prodrugs would more easily
stay entrapped within the core of the DPNs as compared to
their free counterparts, thus limiting their interaction with the
aqueous environment.

Optimizing the “Absorption Loading” Into

Discoidal Polymeric Nanoconstructs

(DPNs)
Based on the above reasoning, the encapsulation efficiency (EE)
into DPNs would vary for each prodrug and loading strategy.
In the “direct loading,” EE can be optimized by improving the
filling of the wells in the PVA template and limiting the losses
of polymeric paste out of the wells during the deposition phase.
This optimization process is out of the scope of this work. As
per the “absorption loading,” three independent parameters can
be systematically modified to modulate EE. These parameters
are: the exposure time of the lyophilized DPNs to the aqueous
solution (rehydration time); the mass of prodrug in the aqueous
solution; the volume of the aqueous solution. For studying the
contribution of the rehydration time, lyophilized DPNs were
exposed to a 20µL concentrated solution of 1 mg/mL DSPE-
Cy5-B for 1, 3, 6, and 10min. After exposure, water was added to
the mixture followed by a centrifugation step to remove the non-
absorbedDSPE-Cy5-Bmolecules. This was quantified via UV-Vis
spectroscopy. The results showed that Cy5 loading stayed around
75% and no variation with the exposure time was observed
(Figure 3A, left column). Also, DPNs size and ζ-potential did
not change during the process demonstrating that DPNs did
not suffer any significant damage induced by lyophilization and
rehydration (Figure 3A, right column). Based on this data, 1min
of rehydration time was considered to be sufficient to load a
significant amount of DSPE-Cy5-B. “Absorption Loading” is
also affected by the volume of the aqueous solution and the
concentration of the therapeutic agent. Therefore, after fixing
the volume of DSPE-Cy5-B solution (20µL) and the exposure
time (1min), the agent concentration was reduced from 1 to
0.9, 0.75, 0.5, and 0.25mg/mL. Even in this case, the compound
concentration did not significantly affect the loaded amount
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FIGURE 3 | Optimization of Absorption Loading and Encapsulation Efficiency into Discoidal Polymeric Nanoconstructs. Variation of the encapsulation efficiency and

DPN size and surface ζ-potential as a function of (A) the rehydration time; (B) the pro-drug mass; and (C) the volume of the rehydration solution. (D) Encapsulation

efficiencies for the six different pro-drugs and two different loading methods (“direct method”—green bars and “absorption method”—blue bars).
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of DSPE-Cy5-B, which stayed around 75% (Figure 3B, left
column). A modest change in DPNs size was observed with
a decreasing concentration of the compound (Figure 3B, right
column). At low concentrations, DPNs acquired a larger size
(860 nm, at 0.25mg/ml) compared to the higher concentrations
(720 nm at 1mg/mL). This could be related to the intercalation
of the compound within the DPN polymeric matrix that would
pull it toward the core resulting in a slightly smaller and
more compact structure. The last independent parameter to
be analyzed was the volume of rehydration. In this case, the
compound concentration (1mg/ml of DSPE-Cy5-B) and the
exposure time (1min) were fixed, whereas the volume varied
between 10, 20, 30, 50, and 100 µL. Results show that with
a volume increase, the loading of the DSPE-Cy5-B decreases
(Figure 3C, left column). Indeed, lower volumes mean more
DSPE-Cy5-B located in the vicinity of the DPN surface, thus
leading to higher loading upon absorption. DPN size and ζ-
potential were not affected by the volume variation (Figure 3C,
right column).

Summing all this data up, it can be concluded that
optimal loading via absorption is achieved by minimizing
rehydration volumes andmaximizing the mass of the compound.
Importantly, the compound should be sufficiently hydrophilic to
be dispersed in water and moderately hydrophobic to stay within
the DPN matrix upon exposure to the aqueous environment.
Thus, for this loading strategy, it is crucial to realize prodrugs
with the right hydrophilic-hydrophobic ratio and molecular
weight. The bar chart in Figure 3D summarizes the results
obtained in terms of EE for the different loading strategies
and tested compounds. The DSPE-Cy5A and B present high
EE under the absorption loading strategy, reaching values
as high as ∼80%. Because of the DSPE derivation, these
compounds are slightly less hydrophilic and have a larger
molecular weight as compared to the original free molecules
(Cy5A and B). These two features favor DSPE-Cy5 loading
into DPNs during the absorption phase and limit their release
during the purification steps and the in vivo application. This
ideal combination of hydrophobicity/hydrophilicity ratio and
the proper molecular weight is not achieved with the MTX
prodrugs. The DSPE-MTX is significantly hydrophobic, with a
LogP of 13.84, and cannot be efficiently resuspended in water
returning an EE = 1.2%. On the other hand, the 1 kDa PEG-
MTX has a LogP of −3.31, which allows efficient resuspension
in water. However, the large molecular weight of the resulting
compound opposes absorption during the DPN rehydration,
thus returning a moderate EE of ∼3%. The beneficial effect
of identifying the right hydrophobicity/hydrophilicity ratio
is again demonstrated in the case of DOX. LA-DOX is
significantly hydrophobic with a LogP of 6.59. This leads
to an EE of ∼7%, which incidentally is higher than that
obtained for the more hydrophobic DSPE-MTX. Notably, DSPE-
DOX has a LogP of −14.42, returning an EE of ∼40%.
Figure 3D also shows how direct loading, in the current
configuration, is far less efficient than absorption loading.
This data confirms that the hydrophobicity/hydrophilicity ratio
and molecular weight of the prodrug are critical features to
optimize loading.

Release Profiles of Prodrugs From

Discoidal Polymeric Nanoconstructs

(DPNs)
Release studies were conducted for all loaded prodrugs under
the sink condition by exposing a known amount of DPNs to a
4 L aqueous solution. Starting with DSPE-Cy5-A (Figure 4A), an
initial burst release was observed over the first 10 h with ∼70
and 80% of the agent leaking out of DPNs for the absorption
and direct methods, respectively. At 72 h, the DSPE-Cy5-A
loaded via the absorption method was fully released out of
DPNs as compared to a 90% release for the direct method.
Indeed, the DSPE-Cy5-A suffers of a high water solubility, which
would justify the observed rapid release profile. Moreover, in
the absorption method, most of the DSPE-Cy5-A molecules are
likely trapped near the DPN surface, which indeed facilitates
their release in the surrounding aqueous environment. On the
other hand, the direct loading of DSPE-Cy5-A favors its uniform
distribution within the DPN polymeric matrix, thus slowing
down the release rate. A different behavior is observed for
the more hydrophobic compound DSPE-Cy5-B (Figure 4B).
Over the first 10 h, only 35 and 12% of the loaded DSPE-
Cy5-B are released out of DPNs for the absorption and direct
methods, respectively. At 72 h, these two values become 60
and 35%, respectively. The slower release of DSPE Cy5-B
as compared to DSPE Cy5-A should be ascribed entirely to
the different hydrophobic/hydrophilic ratio, which is in favor
of the Cy5-B compound. Notably, the direct method is still
characterized by a lower release rate, likely because of the
uniform distribution of the compound within the DPN polymer
matrix. The release profiles for DSPE-MTX and PEG-MTX are
presented in Figures 4C,D, respectively. Due to the different
hydrophobicity level, these compounds present a different release
behavior as opposed to DSPE-Cy5. The release of DSPE-MTX
was characterized by an initial burst over the first 6 h with 50% of
the drug being released for both loading methods. Interestingly,
the release of DSPE-MTX was observed to plateau around 60%
at about 24 h. A similar observation applies for PEG-MTX but
only for the direct method loading. For the absorption loaded
PEG-MTX, the compound leaked out of the DPN matrix in a
sustained fashion over the whole period of observation. Note
that DSPE-MTX is the most hydrophobic compound realized
in this work and, as such, upon direct loading into DPNs, it
prefers to stay associated within the PLGA/PEG matrix. This
would explain the plateau observed in Figure 4C. Interestingly,
the value of the plateau is similar for both direct loaded DSPE-
MTX and 1 kDa PEG-MTX, thus confirming the importance
of modulating the compound hydrophobicity. On the other
hand, the absorption loaded 1 kDa PEG-MTX, which is mostly
confined to the DPN surface given its high molecular weight,
escapes the particle matrix just as DSPE-Cy5-B. The LA-DOX
release is documented in Figure 4E. The release profiles for the
direct and absorption loaded compound are quite similar to a
moderate burst release within the first 24 h. Indeed, this initial
burst was lower than for the MTX as, over the first 10 h, 55 and
50% of the LA-DOX was released via the absorption method
and direct method, respectively. Then, a total of 70 and 65%
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FIGURE 4 | Release profiles of the prodrugs from Discoidal Polymeric Nanoconstructs. Release profiles for (A) DSPE-Cy5-A; (B) DSPE-Cy5-B; (C) DSPE-MTX;

(D) PEG-MTX; (E) LA-DOX; and (F) DSPE-DOX loaded into DPNs via the “direct method” (• green line) and the “absorption method” (N blue line).

LA-DOX was released at 24 h, respectively. The DSPE-DOX
(Figure 4F) was only loaded through the absorption method,
given its hydrophilicity. After the first hour, 80% of DSPE-DOX
was already released out of DPNs. Note that DSPE-DOX is
more soluble in water than LA-DOX, and this would explain
the faster release rates documented for the first compound as
compared to the second compound. This data confirms that the

hydrophobicity/hydrophilicity ratio and molecular weight of the
prodrugs play a critical role also in optimizing the release profiles.

Cell Viability Studies for the Prodrugs and

Discoidal Polymeric Nanoconstructs
Using the MTT cell proliferation assay, the cytotoxic activity of
prodrugs and DPNs was tested on MDA-MB-231 breast cancer
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FIGURE 5 | Cytotoxic activity of DOX prodrugs and DOX-loaded Discoidal Polymeric Nanoconstructs. (A) Cell viability analysis of free-DOX, DSPE-DOX, DSPE-DOX

DPNs, and LA-DOX at 24, 48, 72, and 96 h of incubation time on triple-negative breast cancer cells (MDA-MB-231). (B) Representative confocal microscopy images

of free-DOX, DSPE-DOX, DSPE-DOX DPNs, and LA-DOX in MDA-MB-231 at 96 h of incubation time. (C) Summarizing table listing the IC50 values for free-DOX,

DSPE-DOX, DSPE-DOX DPNs, and LA-DOX onto MDA-MB-231 at 24, 48, 72, and 96 h of incubation time.
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FIGURE 6 | Preliminary biodistribution studies of Discoidal Polymeric Nanoconstructs in healthy wild type C57BL/6 mice. (A) Whole animal optical fluorescent images

at different time points post-DSPE-Cy5-DPN tail vein injection. (B) Ex vivo optical fluorescent images of harvested organs—Liver (L), Spleen (S), Kidneys (K), Intestine

(I), Heart (H), Lungs (LU), and Brain (B) for DSPE-Cy5-DPNs (n = 4).

cells at 24, 48, 72 and 96 h (Supplementary Figures 1A–E).
In line with the existing literature, free MTX and PEG-MTX
manifested a modest cytotoxicity (Wei et al., 2019). On the
other hand, DSPE-MTX presented a much lower IC50, ranging
between a few tens of nanomolars to a few micromolars

(Supplementary Figures 1A–C). However, the intrinsically low

cytotoxicity of the drug together with themoderate encapsulation

efficiency in DPNs return an insufficiently high cell killing

activity for MTX-loaded DPNs (Supplementary Figure 1D).
Consequently, cell viability analyses were mostly focused on
DOX prodrugs and DOX-DPNs. In general, LA-DOX prodrug
treatments were associated with a delayed response as compared
to the free DOX. Specifically, at 24 h, the IC50 increased
from 17.8µM for the free DOX to 34.01µM for LA-DOX
(Figures 5A–C). This trend was documented for all tested
conditions and should be ascribed to the hydrolyzation of
the amide bond between DOX and oleic acid, which indeed
requires times to progress. Importantly, LA-DOXDPNs were still
associated with similar values of cell-killing potential. Only at
24 h, the IC50 values associated with LA-DOXDPNs were higher
than for free LA-DOX (Figure 5C). As per DSPE-DOX, the loss
in activity was even higher. At 24 h, the IC50 increased from
17.8µM for free DOX to 196µM for DSPE-DOX (Figure 5C).
Even at 96 h, there was a reduction in IC50 of about 50 times
as compared to DOX and 5 times as compared to LA-DOX.
However, the IC50 values for the DSPE-DOX and LA-DOX
loaded DPNs were documented to be quite similar at 48, 72,
and 96 h of incubation time (Figure 5C). Similar results were

found by Sui and co-workers for free DOX and its prodrug
(DOX-PEG) (Gou et al., 2013).

In order to characterize drug uptake in triple-negative
breast cancer, the MDA-MB-231 cells were incubated
with free DOX, prodrugs (DSPE-DOX and LA-DOX) and
prodrug-loaded DPNs for 24, 48, 72, and 96 h. Representative
confocal fluorescent images are provided in Figure 5B and
Supplementary Figures 2–5. Both free DOX and free LA-DOX
were observed to rapidly enter the cell and distribute within the
cytosol around the cell nuclei. This process was also observed
for the DSPE-DOX and the DPNs loaded with DSPE-DOX and
LA-DOX. However, in these latter three cases, cell internalization
was significantly delayed in time. In the case of DSPE-DOX,
this delay should be ascribed to the lower efficiency of this
prodrug in permeating through the cell membrane, as opposed
to DOX and LA-DOX. In the case of prodrugs-loaded DPNs,
the delay is due to the fact that, first, the prodrug would beed to
be released from the nanoconstructs into the surrounding
solution, and, after that, the prodrug would permeate
across the cell membrane and eventually reach the cytosol
(Supplementary Figures 2–5).

Pre-clinical Biodistribution Studies for the

Discoidal Polymeric Nanoconstructs

(DPNs)
DPNs directly loaded with DSPE-Cy5-B were administered
into immunocompetent black mice via tail vein injection. The
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accumulation of DSPE-Cy5-B DPNs in the different organs was
assessed longitudinally by using a whole animal, near infra-red
fluorescent (NIRF) imaging system (Figure 6A). Representative
images were taken at 0.5, 1, 2, 6, 24, and 48 h post-tail vein
injection. Also, at 48 h, the major organs, such as the liver,
spleen, kidneys, heart, lungs, and brain, were harvested and
imaged ex-vivo (Figure 6B). Given the absence of tumor mass or
any other diseased tissues, DPNs were observed to accumulate
within the abdominal cavity over time (Figure 6A). The lack
of fluorescence signal in the bladder during the experimental
observations would confirm the stable association of the DSPE-
Cy5-B molecules with the structure of DPNs. However, it should
be highlighted that a moderate reduction in the Cy5 signal is
observed in the abdominal cavity (Figure 6A), which would
suggest a modest but sustained release of Cy5 from DPNs in
agreement with the release studies of Figure 4B for the directly
loaded molecule. The insets of Figure 6B confirm that the DPN
accumulation in the liver. Indeed, this was expected as liver would
be the natural site of particle accumulation given the lack of any
diseased tissue.

CONCLUSION

Two different loading strategies were documented to encapsulate
hydrophobic and hydrophilic imaging and therapeutic
compounds within the polymeric matrix of Discoidal Polymeric
Nanoconstructs (DPNs). Two near-infrared imaging molecules
were considered, namely Cy5-A and Cy5-B, together with two
therapeutic molecules, methotrexate (MTX) and doxorubicin
(DOX). The hydrophobicity/hydrophilicity ratio and molecular
weight of these molecules were modulated by conjugating them
directly with lipid (DSPE) and polymeric chains (PEG 1 kDa). In
the “direct loading” method, the compounds were first dissolved
in the polymeric paste forming the DPNs and then, together
with this paste, applied to the PVA template. This approach
suffered from the current sub-optimal fabrication yielding of
DPNs returning encapsulation efficiencies lower than 1%. In
the “absorption method,” the compounds were resuspended in
water at high concentrations (1mg/ml) and dragged inside the
polymeric matrix of DPNs upon rehydration. This approach
required a fine-tuning between the compound hydrophobicity
and molecular weight and returned encapsulation efficiencies
as high as 80%. Specifically, the highest encapsulation was
documented for compounds with a moderate hydrophobicity
and low molecular weights. These two features were also shown
to affect the release profiles of the loaded compounds. In
general, direct loading was associated with lower release rates as
compared to absorption loading for a given compound. This was
ascribed to the fact that the compounds in the absorption loading
are mostly confined in the vicinity of the DPN surface and are
therefore more rapidly released into the surrounding aqueous
environment. Differently, in direct loading, the compounds
are uniformly distributed within the polymeric matrix. The
cytotoxicity properties of MTX and DOX loaded DPNs were
tested on triple-negative breast cancer cells (MDA-MB-231). As
expected, it was documented a delay in the cytotoxic activity

in vitro mostly due to the hydrolyzation and release of the
compounds from DPNs. Finally, in preliminary biodistribution
studies, it was shown that direct loaded Cy5 compounds would
stay firmly associated with DPNs during circulation and slowly
leak out over an observational period of 48 h. Collectively, these
results demonstrate that the pharmacological properties of DPNs
can be finely tuned during the fabrication process by changing
the loading strategies (direct vs. absorption) and compound
properties (hydrophobicity and molecular weight). Future
studies will focus more on further optimizing the loading and
release conditions and pre-clinically demonstrate the therapeutic
and imaging performance of this drug delivery platform in
different disease models.
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