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Editorial on the Research Topic
Women in carbon science and technology

This Research Topic features work presented by women principal and lead authors,
established and internationally recognized in the field of carbon science and technology, as
well as early career investigators, and captures the spirit of collaboration and
interdisciplinary nature of carbon-related research.

The advent of carbon nanomaterials in their diverse dimensionalities, from carbon dots and
fullerenes to single- or multi-walled carbon nanotubes (SWCNTs or MWCNTs), graphene
(single or few-layered) and graphene derivatives (graphene oxide, graphyne, or graphane), has
introduced a myriad of new opportunities for both fundamental and applied scientific research
and sparked industrial applications (De Volder et al., 2013). Indeed, carbon nanotubes and
graphene possess a unique set of impressivemechanical, optical, electrical, and thermal properties
(Geim and Novoselov, 2007), which make them ideal building blocks for the next-generation of
technologies. At the same time, the recent discovery of intensely fluorescent and eco-friendly
carbon nanoparticles in the visible range offers numerous applications in sensing, bio-imaging,
energy conversion, electronics, and nanomedicine (Liu et al., 2020).

Because carbon is one of the most versatile materials, it can be processed from a variety of
sources, both naturally and synthetically, and added to other materials, heterostructures, and
matrices to fabricate novel carbon-based composites with enhanced and/or tailored properties.

This Research Topic of articles presents several original works as well as a review article,
which describe and address challenges associated with carbon nanomaterials, in the ways
they are synthesized or processed, as well as their uses in a wide range of applications, from
flexible sensors to biomedical devices to sustainable water treatments, just to name a few.
With reference to this latter application field, by carbon nanotubes/nanofibers were
synthesized on an ultrabasic rock, such as serpentinite, to obtain a composite material
for removing organic pollutants, such as sulfentrazone, from water (Diogo et al.). Also,
other forms of carbon materials were shown to be an effective water treatment remedy, and
the mechanisms by which multidimensional graphene nanostructures adsorb a common
contaminant like paracetamol were elucidated (Matos et al.).
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One main trust related to graphene applications is its efficient
dispersion in solutions; this is often addressed by the use of graphene
derivatives, such as graphene oxide (GO), which offers an exciting
opportunity to be efficiently mixed with other materials, such as
polymers, due to the presence of several functional groups. To this
end, GO was shown to be incorporated into PEDOT:PSS and PEDOT
for the production of conductive inks, later used as active layers in
flexible methanol sensor devices (Neves et al.). New fabrication
processes involving GO reinforced polymers, for example, ultrahigh
molecular weight polyethylene (UHMWPE), were shown to be scalable
and, therefore, compatible with industrial settings (Amurin et al.).

In general, to tune the properties of carbon nanomaterials,
including their ability to be successfully interfaced with other
materials, their chemical structure has to be modified by proper
functionalization strategies, which can be investigated through
theoretical and experimental approaches. For example, the
theoretical investigation of the electronic properties, such as the
band structure and the spatial distributions of the electronic states in
quantum corrals resulting from fractal architectures of carbon atoms,
can guide the synthesis of novel fractal nanostructures, highlighting new
functionalization possibilities (Late and Latgé). Additionally, the
structure of GO contains oxygenated functional groups that can act
as anchor points for various species, such as biomolecules or medicines,
through different synthetic approaches, as reported by Gonçalves et al..
In general, the biomedical and medical fields can significantly benefit
from the applications of carbon nanomaterials, because of their intrinsic
biocompatibility. For example, carbon dots can be directly incorporated
into polyvinyl alcohol (PVA) to produce fluorescent films for wearable
bio-chemical sensors or therapeutic remedies (Silva et al.). They could
serve as both colorimetric pH sensors to monitor pH changes
characterizing wound healing processes or as antioxidants in the
wound treatment for developing bioactive dressings. On the other
hand, understanding the potential toxicity of carbon nanomaterials,
heterostructures, and other derivatives, is an area of intense
investigation because they are, often, interfaced with human body
and biological samples. In this respect, researchers investigated the
behavior of normal and cancer affected cells, their viability and
spreading on the bed of SWCNTs and heterostructures of SWCNTs
and ZnO nanowires (Luc et al.). While both materials were
biocompatible, the concentration of released Zn+ ions indicated to
play a critical role. In a different study, the biodistribution of
polyethylene glycol-functionalized SWCNTs was analyzed after
intravenous delivery to assess their capability to cross biological
membranes and reach specific rat brain sites, such as brain cortex
parenchyma, without acute toxic effects (Bruch et al.).

In this Research Topic, the diversity of carbon nanomaterials
and their wide-ranging applications reflect the dynamic nature of
the field. The innovative research presented here not only advances

fundamental science but also opens new avenues for technological
and biomedical applications. We hope this body of work continues
to inspire collaboration and progress in carbon-based research and
technology.

This Research Topic is dedicated to Professor Mildred
Dresselhaus (1930–2017), whose lifelong commitment to science
and technology, pioneering work in the field of carbon research, and
inspiring mentorship and support of women in science have earned
her a loving attribute of “Queen of Carbon” (Chung, 2017).
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Ultrahigh molecular weight
polyethylene-reduced graphene
oxide composite scaling up to
produce wear resistant plates
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Ana Flávia Tavares S. Pereira1,2, Nirvana Cecília Ribeiro1,3,
Daniel Bastos De Rezende1,2 and Glaura Goulart Silva1,2*
1Technology Center in Nanomaterials and Graphene (CTNano/UFMG), Belo Horizonte, Brazil, 2Federal
University of Minas Gerais (UFMG), Belo Horizonte, Brazil, 3Federal Center for Technological Education of
Minas Gerais (CEFET-MG), Belo Horizonte, Brazil

Maintaining the properties of nanocomposites obtained at the laboratory scale
when evolving to pilot and industrial scales is a great challenge. In this work, the
route for a 3000-fold increase in scale between the laboratory and production in
an industrial environment was conducted in two stages–Pilot 1 and Pilot 2–to
obtain polymeric nanocomposite plates for pilot testing. The nanocomposite was
based on ultrahigh molecular weight polyethylene (UHMWPE) and reduced
graphene oxide (rGO), and several different operations were optimized for
complete scale-up, i.e., 1) production of reduced graphite oxide (rGrO); 2)
exfoliation of rGrO; 3) milling of rGO with UHMWPE in a ball mill to produce
masterbatch; and 4) RAM extrusion to produce the plates. All these steps were
accompanied by characterizations that show the quality of the nanomaterial,
masterbatch and nanocomposite plates. The gains in nanocomposite properties
with 0.25 wt% rGO with respect to UHMWPE were ~45% in elastic modulus, ~50%
in hardness, ~25% in impact strength and 15% in abrasion wear (two-body test).
The nanocomposite surfaces after wear tests are more hydrophobic than
UHWWPE. The Pilot 1 results were generally superior to the Pilot 2 results,
probably due to the very different thicknesses of the plates, i.e., 10 mm in Pilot
1 and 40mm in Pilot 2. The improvement in different properties confirms the
multifunctionality of the nanocomposite UHMWPE/rGO now produced on a pilot
scale.

KEYWORDS

nanocomposite, reduced graphene oxide, ultrahighmolecular weight polyethylene, wear
resistance, scale up

1 Introduction

The masterbatch process has broad application because of its ability to easily produce
composites in the plastic industry with convenience and minimal air pollution (Li et al.,
2007). Color, flame-retardant, reinforcing, conducting and so forth masterbatches have been
widely applied with conventional and advanced additives (Herrera-Ramírez et al., 2017).
Reis et al. (dos Reis et al., 2023) showed an efficient methodology for obtaining polymer
nanocomposites containing carbon nanomaterials from the dilution of a masterbatch.
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Polymeric nanocomposites have been proposed to solve the
usual trade-off between stiffness and toughness occurring with the
addition of conventional fillers (Zhang et al., 2022; Greenfeld and
Wagner, 2015). Among the most explored nanofillers are carbon
nanomaterials (Spitalsky et al., 2010; Potts et al., 2011), and
graphene has been applied when wettability and tribological
properties are the main goals (Friedrich, 2018; Gao et al., 2022).

Graphene oxide (GO) and reduced graphene oxide (rGO) have
been proposed as important candidates in the large commercial
interest in graphene products (Park et al., 2017). GO can be
considered functionalized graphene with a distribution of epoxy,
ether, aldehyde, ketone, alcohol, and carboxylic acid groups (Dreyer
et al., 2010). rGO can have different degrees of oxygen functionalities
removed, thus showing behavior similar to that of GO or pristine
graphene in some cases. The quality of the dispersion of GO or rGO
is one of the critical parameters to harness the exceptional properties
of these nanofillers in polymeric composites (Johnson et al., 2015).

Ultrahigh molecular weight polyethylene (UHMWPE) is an
engineering thermoplastic applied in bearings, valves and linings
for mining, steel and food industries, and biomedical materials
(Visco et al., 2016; Li et al., 2018). The mechanical and
tribological properties of UHMWPE-rGO composites were
investigated recently by our group (Amurin et al., 2022; Soares
et al., 2022). Significant increases in wear resistance in the abrasion
and sliding modes were observed with the addition of a maximum of
0.50 wt% rGO. Moreover, the hardness and stiffness also improved
in these nanocomposites. These results were obtained on a
laboratory scale involving the test of approximately 0.5 kg of
nanocomposite. The challenge posed after the initial results was
to demonstrate the scalability of the nanocomposite production with
reproducibility of the properties obtained in the laboratory.

The work facing this challenge is reported herein, and it was
designed in two steps: 1) Pilot 1 was proposed to increase the
production of nanocomposite to 90 kg and involved the preparation
of a masterbatch with 3 wt% of rGO and the process of RAM

extrusion to produce composite plates with 10 mm thickness by
dilution of the masterbatch. This process was quite different from
the laboratory scale (Amurin et al., 2022), where the molded
composite plates were obtained by compression molding in the
final concentrations for the study (0.10, 0.25, and 0.50 wt%).
Therefore, the complete characterization of the samples was
repeated in Pilot 1 for nanocomposites at 0.10 and 0.25 wt% rGO
obtained from the masterbatch with 3 wt% dilution. The 0.50 wt%
nanocomposite did not advance for the Pilot 1 study because the
laboratory characterization already ruled out this composition due
to a decrease in properties, probably associated with an increase in
the aggregation of rGO (Amurin et al., 2022). Thereafter, 2) Pilot 2
was pursued with the production of the masterbatch to allow the
processing of 1,500 kg of the nanocomposite at 0.25 wt% of rGO. In
this stage, an important difference was also applied: the plates had
a larger thickness, 40 mm, four times the value of Pilot 1.
Characterizations were also undertaken in the plates produced, and
the results indicated that the main requirements of wear resistance
and mechanical properties were achieved after the complete scale-up
study that increased the amount of nanocomposite produced at the
laboratory scale by 3.000x. Shirvanimoghaddam et al. (Shirvan et al.,
2023) described the challenges in obtaining multifunctional
polyethylene nanocomposites with a low content of nanofiller and
how research seeks to develop scale-up processes to avoid cluster
formation, which can promote negative effects on nanocomposite
performance.

Therefore, this work reports a process that includes 1)
production of reduced graphite oxide (rGrO); 2) exfoliation of
rGrO in the liquid phase to obtain the nanofiller rGO and
introduction of UHMWPE in the liquid phase; 3) milling of rGO
with UHMWPE in a ball mill to produce masterbatch; and 4) RAM
extrusion to produce the plates in two different stages, Pilot 1 and
Pilot 2. All these steps were accompanied by characterizations that
show the quality of the nanomaterial, masterbatch and
nanocomposite plates.

GRAPHICAL ABSTRACT
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2 Experimental part

2.1 Materials

Ultrahigh molecular weight polyethylene (UHMWPE - GUR
4152 - Celanese) has specific characteristics of a high-performance
semicrystalline polymer, such as an average molar mass greater than
7.6 x 106 g mol−1, a density of 0.930 g cm−3, an intrinsic viscosity of
28 dL g−1 and a particle size of the polymeric powder of
approximately 180 µm (Celanese, 2022). The thermogravimetric
analysis curve (Supplementary Figure S1A), differential scanning
calorimetry (Supplementary Figure S1B) and FTIR spectra
(Supplementary Figure S1C) of the UHMWPE are reported in
the Supplementary Material.

Graphite powder (Gr) (Grafine 72,140–Nacional de Grafite) is a
fine crystalline powder that has a carbon content ≥72%,
moisture ≤0.3%, a guaranteed ash limit corresponding to ≤28%,
an apparent density equal to 0.38 g cm−3 and a surface area
corresponding to 5.3 m2 g−1 (de Grafite, 2023).

2.2 Synthesis and exfoliation of the filler

Graphite oxide (GrO) was synthesized from graphite according
to the modified Hummers method (Hummers and Offeman, 1958)
and then thermally reduced and expanded via a rotary furnace in a
semicontinuous process, in which reduced and expanded graphite
oxide (rGrO) was obtained (dos Reis et al., 2020). The rGrO had a
granulometry limited to less than 600 µm to control reproducibility
and quality of the filler, defined from the granulometric classification
via dry sieving with mesh openings of 600 μm, 300 μm, 90 μm,
75 μm, and 45 μm (Pavitest–Contenco).

The filler rGrO was preexfoliated in a liquid medium (ethanol)
via mechanical agitation in a high shear mixer for 30 min at a
rotation speed of 4,500 rpm in a suspension with a concentration of
5 g L−1 and a volume of 1,200 mL for Pilot 1 and 2,400 mL for Pilot 2.
Then, the preexfoliated filler was simultaneously subjected to
exfoliation in an ultrasonic bath at 60 C and mechanical agitation
(300 rpm) for 2 h, resulting in reduced graphene oxide (rGO).

2.3 Nanocomposite preparation

The production of the polymeric nanocomposite was divided
into two stages: i) homogenization of solids and ii) conformation by
RAM extrusion, as shown in Figure 1.

i. A mass of polymeric powder (388 g for Pilot 1 and 436.5 g for
Pilot 2) was added to the suspension of the rGO in ethanol and
was kept under agitation in an ultrasonic bath and mechanical
mixing simultaneously at 60 °C for 1 h. The suspension was
heated in an oven at 70 °C for 8 h to remove the solvent. The
solid material was homogenized via a solid mixture in a ball mill
(Servitech) with a rotation speed of 80 rpm for 8 h. Thus, a
masterbatch of UHMWPE-rGO was obtained at a nanofiller
concentration of 3 wt%. Ten kilograms and 150 kg of
masterbatch were produced for the Pilot 1 and Pilot 2 stages,
respectively.

ii. The production of the UHMWPE-rGO nanocomposites was
conducted with the dilution of the masterbatch to concentrations
of 0.10 wt% (Pilot 1) and 0.25 wt% (Pilot 1 and Pilot 2) in a paddle
mixer (Baron) in 30 kg batches with a mixing time of 40 min. The
plates were shaped via RAM extrusion (Baron) in an industrial
environment on a pilot scale. For Pilot 1, 30 kg of nanocomposite
containing 0.10 wt% rGO and 90 kg of nanocomposite containing
0.25 wt% nanofiller were produced. For Pilot 2, 1,500 kg of
nanocomposite containing 0.25 wt% rGO was produced. The
extrusion process consists of accommodating the nanoadditivated
polymeric powder in silos (mixed with a specific lubricant for this
extrusion process), which it directs to a cavity at the beginning of the
extruder die for sintering. Then, the piston maintains a constant
pressure until the polymer melts under a controlled temperature
(150 °C). The piston hydraulic system keeps the mass under a
constant working pressure close to 42 bar for 80 s. After this
cycle, the piston returns to fill the initial cavity of the extruder
die. The material remains in the extruder die for 150 min with
controlled cooling, resulting in plates with a thickness of 10 mm and
a width of 1.25 m being formed for Pilot 1. In the case of the plates
produced in Pilot 2, the thickness was 40 mm, and the width was
1.25 m. The same extrusion process was performed for the neat
UHMWPE to produce samples without the nanoadditive. The
quantity of masterbatches and the rGO contents for Pilot 1 and
Pilot 2 are summarized in Table 1.

2.4 Characterization techniques

Fourier transform infrared spectroscopy–FTIR was performed with
a Frontier spectrophotometer (Perkin Elmer) in ATR (Total Attenuated
Reflection)mode, scanned from 650 to 4,000 cm−1, resolution of 4 cm−1,
with 64 total scans and force of 115 N. Raman spectroscopy was carried
out in a spectrometer with a confocal microscope (Witec Alpha 300R),
and a 457 nm (1 mV) laser energy was used. Raman spectroscopy
measurements were carried out for 23 aliquots collected during the
carbon nanomaterial dispersion process. For each sample collected,
analyses were carried out at 5 different points. Some Raman spectra are
shown in Supplementary Figure S1.

Thermogravimetric analysis (TG) was carried out in TA
Instruments equipment with a heating rate of 10 °C min−1 and a
temperature range of 25°C–700 °C in a platinum crucible and
synthetic air environment. Differential scanning calorimetry
(DSC) was performed using TA instrument equipment under a
helium atmosphere at a flow rate of 100 mL min−1, a mass of
approximately 6 mg, and a temperature range of 0°C–200 C at
10 C.min-1. The crystallinity of the samples was calculated
according to Eq. (1), where ΔHm is the total heat energy per
unit mass and ΔHc is the fusion enthalpy for the 100%
crystalline sample (ΔHc = 293 J g−1) (Kanaga Karuppiah et al., 2008)

Xc %( ) � ΔHm

ΔHC
× 100 (1)

The filler and morphological structures of the polymeric
nanocomposites and pure UHMWPE polymer were investigated
by scanning electron microscopy (SEM) in an FEG scanning
electron microscope with an FIB nanofabrication system (Quanta
FEG 3D FEI) with an acceleration voltage of 5 kV. The surfaces of
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the polymeric materials were metallized with a Au/Pd film with a
thickness of 15 nm. Transmission electron microscopy (TEM) was
conducted with a Tecnai G2-20–FEI SuperTwin 200 kVmicroscope.
Atomic force microscopy (AFM) was performed with an Asylum
Research MFP-3D-AS in contact mode; aliquots from the 5 g L−1

suspension of rGO were previously prepared with a 2.5x dilution
and subsequently deposited on a mica substrate.

The tensile tests were conducted according to the ASTM
D638 standard (ASTM D638-14, 2022) in universal EMIC
equipment with a load cell of 5 kN and test speed of
10 mmmin−1. Twenty specimens were prepared for analysis of
the mechanical behavior of the pure polymer (UHMWPE) and
the nanocomposites at concentrations of 0.10 wt% and 0.25 wt%
rGO. The impact resistance test was performed with the samples
subjected to a 50 J pendulum in the impact hammer of the XJ series
impact equipment in Charpy mode, and the results refer to an
average of 90 measurements across multiple regions. Two-body
abrasive wear resistance (rotating pin-on-drum) was conducted
according to ISO 4649, in which twenty specimens were tested
(ISO 4649:2017, 2017). The equipment consists of a rotating drum
coated with specific sandpaper for abrasion with 60# grain, certified
by VSM, supplied by the company Abrasfran. The abrasive wear
resistance of the UHMWPE and nanocomposite samples was
evaluated by covering 40 m of sliding distance with rotation of
40 rpm in the drum with a normal applied force of 10 N. The results
were calculated according to Eq. (2), which determines the relative

volume loss (ΔVrel) due to the average mass loss of the tested
material (Δmt) and the average mass loss of the reference
material (Δmconst.), due to the density of the tested material (ρt)
and constant mass loss of the reference material (Δmr).

cΔVrel. cm
3( ) � Δmt g( ) ×Δmconst. g( )

ρt g cm−3( ) × Δmr g( )
(2)

The three-body abrasive wear test is based on the ASTM
G65 standard (ASTM G65-162021, 2021) and makes use of the
rubber wheel type tribometer. Method B of Standard ASTMG65was
used with high abrasion severity, using a normal force of 130 N on
the specimen surface and a rubber wheel speed of 200 rpm for
10 min. The abrasive agent used was a typical Brazilian sand with a
granulometry of 50# (ABNT NBR 7214:2015) (ABNT NBR 7214:
2015, 2015). The data obtained allow the calculation of the volume
lost in wear (Eq. (3)), which considered Vp as the volume lost in
wear, Δm as the loss of mass in wear, and ρ as the density of the
material worn.

Vp mm3( ) � Δm g( )

ρ g cm−3( )
× 1000 (3)

The surface topographies were investigated with two- and three-
body wear tests using a Hommelwerke LV-100 profilometer with a
90° angle probe and a 5 μm radius. Five hundred one-dimensional
scans of 5 mm length, 1 μm distance and 0.5 mm s−1 speed were
performed. The results were collected through TurboWave software

FIGURE 1
Scheme of the processing steps (A) Homogenization of solids; (B) Conformation by RAM extrusion.

TABLE 1 Samples, quantities of masterbatch produced and rGO content.

Sample Quantity of masterbatch produced (kg) rGO content (%wt.)

UHMWPE - 0

Nanocomposite - Pilot 1 10 0.10 and 0.25

Nanocomposite - Pilot 2 150 0.25
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and treated by HommelMap Expert software, resulting in
topographic maps.

The surface wettability was characterized through contact
angle measurements. The sessile drop method was used in
which a drop of deionized water was deposited on the surface
before and after the abrasive wear tests. The test was carried
out in a goniometer (Data Physics OCA 15EC) operated at
20°C, and the profile of the drop obtained was collected by
SCA20 software. The reported values were the average of thirty
measurements for each sample, as described in Supplementary
Table S1.

3 Results and discussion

The main challenges faced in this work were to design a feasible
process on a large scale that guarantees the quality of the results
obtained for the nanocomposite on a laboratory scale, as described
in our previous work (Amurin et al., 2022). The main differences in
the overall scale-up routes with respect to the laboratory-scale
methodologies were the use of a rotary furnace to reduce the
graphite oxide; the increase of one order of magnitude in the
concentration of the rGO suspension for exfoliation from
0.5 g L−1 in the laboratory scale to 5 g L−1 in pilot scales; the
RAM extrusion rather than the compression molding conducted
to produce the nanocomposite plates in the pilot scales; and a
difference between the thickness of the plates produced in the
stages of scale-up, 10 mm for Pilot 1 plates and 40 mm for Pilot

2 plates. Therefore, it was necessary to monitor in Pilot 1 and Pilot
2 how all these important changes in the overall process would
impact the properties of the nanocomposites to guarantee the final
production of the 1,500 kg that were used to make available
500 plates of UHMWPE-rGO to be applied in a prototype with
strict property control in a Brazilian mining company.

The first stage was to produce well exfoliated rGO to be
dispersed in the masterbatch of UHMWPE. Starting from
graphite oxide (GrO) produced with approximately 40%
oxygenated groups, as can be observed in Figure 2B,C in the
FTIR spectra and TG plots of rGrO. To obtain reduced graphite
oxide, reduction was conducted in a rotary furnace. The use of the
rotary furnace rather than microwave reduction (Amurin et al.,
2022) was necessary to obtain the 5 kg necessary for the targeted
scale-up with a reproducible quality. The FTIR and TG results
(Figures 2B,C) indicate that the process of reduction and
simultaneous thermal expansion via a rotary furnace result in
fillers with characteristics similar to those produced by the
reduction process via microwave irradiation (Amurin et al.,
2022), leading to a filler with approximately 3% oxygenated
functions. One of the main desirable characteristics of the
material is the expansion of the graphitic layers, as it facilitates
the subsequent exfoliation of the carbon material in a solvent
medium and under ultrasonic and mechanical agitation. It can be
seen in the SEM images of Figures 2D,E that in both cases (Pilot
1 and Pilot 2), there are fillers with expanded multilayers, a
morphology that can facilitate nanofiller exfoliation in liquid
medium. Furthermore, it can be seen that the thin layers of

FIGURE 2
(A) 5.0 kg of reduced graphite oxide. Characterization of the reduced graphite oxide (rGrO) (B) FTIR spectra; (C) TG curves; (D) (F) SEM image–Pilot 1;
(E) (G) SEM image–Pilot 2.
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FIGURE 3
Production process of the nanofiller (rGO): (A) high shear exfoliation process; (B) ultrasonic bath and mechanical agitation exfoliation.
Characterization of reduced graphene oxide: (C) Average Raman spectra with 457 nm laser energy; (D) TEM image; (E) High-resolution TEM image;
(F) AFM image; (G) Nanofiller relative area distribution from AFM images.

FIGURE 4
Characterization of the UHMWPE and nanocomposite plates at 0.10 wt% and 0.25 wt% of rGO content produced in the Pilot 1 step: (A) Average
curve of stress as a function of strain; (B) impact strength; (C) hardness and (D) volume loss (two-body mode).
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graphene tend to form a stable expanded three-dimensional
network, as observed in Figures 2F,G. Therefore, the process
route adopted is highly effective for the production of rGrO on a
large scale, with quality and reproducibility.

The results presented in Figure 3 refer to the characteristics of
the nanofiller after the exfoliation process of the starting filler rGrO
(exfoliation in solvent medium by mechanical mixing in high
shear, followed by ultrasonic bath and mechanical agitation)
producing rGO. It must be considered that the concentration of
the suspension is approximately 5 g L−1 (1 order of magnitude
higher compared to laboratory-scale production (Amurin et al.,
2022)). The Raman spectra in Figure 3C are the average of an
ensemble of measurements, as explained in the Supplementary
Material. The ratio of intensities of the D band and G band of
carbonaceous materials allows the evaluation of the degree of defects
present in their structures (Ferrari et al., 2006). The ID/IG results
indicate that graphene oxide has a more defective structure than
the reduced graphite oxide and graphene oxide in our work, as
expected.

The exfoliated rGO nanofillers consist of a nanomaterial with
few layers and some folded regions, as seen in Figures 3D,E. In
addition, it has a lateral size of approximately 11 μm (Figure 3D).
The high-resolution TEM images clearly show the layers of
graphene, indicating the acquisition of two-dimensional carbon
nanomaterials, as the Raman spectrum confirms (Figure 3A). The
AFM results (Figure 3F) indicate that the nanofiller has a thickness
of less than 60 nm after drying the samples for the measurement. In
addition, the average areas of the side of the two-dimensional
nanomaterials are on the micrometric order (Figure 3G), which
is an important parameter to promote physical interaction with the
polymeric chain of UHMWPE. It is important to consider that the
process of exfoliation continues in the presence of the polymer in the
solid-state mixing in the ball mill and further in the extrusion stage.
Therefore, we propose that the final nanocomposites will have rGO
dispersed in the polymeric matrix.

Three compositions were tested during the study performed on a
laboratory scale, i.e., 0.10 wt%, 0.25 wt% and 0.50 wt% of rGO. The
nanocomposite containing 0.50 wt% rGO was not produced in this

FIGURE 5
Morphological comparison between the nanocomposite plates at 0.25 wt% rGO content in the two stages of scale-up. SEM images of (A)UHMWPE
(B) Pilot 1; (C) Pilot 2; (D) DSC curves in heating and cooling scan; (E) Crystallinity degree.
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scale-up investigation due to inferior performance at the laboratory
scale with respect to the other compositions (Amurin et al., 2022).
The agglomeration of the nanofiller at this concentration is
considered to start to influence negatively.

The masterbatch containing 3 wt% of nanofiller was diluted in
the pure polymer to obtain nanocomposites with final
concentrations of 0.10 wt% and 0.25 wt% of rGO in the Pilot
1 step, making it possible to evaluate the material with the best
performance after all changes applied to the process to allow scale
up. The set of results in Figure 4 shows that the nanocomposite
containing 0.10 wt% rGO presented inferior performance with
respect to the neat polymer in terms of impact resistance,
Figure 4B, and abrasive wear, Figure 4D. In the case of tensile
strength, Figure 4A shows that the curves of the nanocomposite with
0.10 wt% rGO and UHMWPE are similar. The nanocomposite
containing 0.25 wt% rGO showed gains in properties with respect
to UHMWPE for all evaluated properties. Therefore, the production
of the nanocomposite containing 0.25 wt% rGO in pilot scale 2 was
defined.

Figure 5 shows the comparison between the nanocomposites
produced with 0.25 wt% rGO in the two steps of scale-up. These
nanocomposites were obtained from the dilution of the masterbatch

3 wt%, and an important difference characterized the final plates
that were produced. In the Pilot 1 test, the thickness of the plates was
10 mm, and in the Pilot 2 step, they were 40 mm. Thicker plates were
produced in the Pilot 2 stage because of the need for specific
dimensions for application as a prototype. However, the
specimen for characterization obtained from the thicker plates
was extracted from the bulk, whereas the specimen in the Pilot
1 plates came from the surface.

Figure 5A displays the SEM images of the plates produced from
UHMWPE in an industrial environment. Note that the lamellar
morphology tends to be less ordered than expected for this kind of
polyolefin (Barron and Birkinshaw, 2008); however, microfibers are
present in specific regions. Figure 5B shows the images for the
nanocomposite plate produced in Pilot 1, where the lamellar
crystalline region is long-range and well-ordered, which may be
due to the influence of the rGO. In the case of the nanocomposite
produced on the Pilot 2 scale (Figure 5C), typical UHMWPE
morphologies (lamellae, microfibers and nodulus) with superior
characteristics compared to UHMWPE can be identified. Large
thicknesses and aligned lamellae are formed with a high degree
of ordering in both stages of scaling up, probably due to the
nanofiller presence. The increase in the degree of crystallinity
(Figure 5E) presents a response that corroborates the SEM images.

Table 2 summarizes the mechanical results obtained for the neat
polymer and nanocomposite plates with 0.25 wt% rGO produced in
this work. The UHMWPE was processed under similar conditions
as the nanocomposites to allow comparison. The tensile strength
and rupture strain did not show significant changes for the
nanocomposites with respect to UHMWPE. Otherwise, rigidity,
hardness and impact strength exhibited important gains by the
addition of the nanofiller. Figure 6 shows the results of the properties
that were improved by the addition of the nanofiller. Scanning
electron microscopy images of the tensile and impact strength
fracture surfaces are shown in Supplementary Figure S3, S4,

TABLE 2 Results of mechanical characterization for the plates of neat polymer
and nanocomposites with 0.25 wt% rGO in the two stages of scale-up.

Properties UHMWPE Pilot 1 Pilot 2

Tensile strength (MPa) 32 ± 1 37 ± 2 32 ± 1

Rupture Strain (%) 234 ± 11 231 ± 6 202 ± 8

Young’s Modulus (MPa) 727 ± 144 1,059 ± 128 904 ± 52

Impact strength (kJ/m2) 110 ± 11 138 ± 11 123 ± 11

Hardness (Shore D) 62 ± 2 92 ± 2 90 ± 5

FIGURE 6
(A) Comparison of impact strength, hardness and Young’s modulus among the plates of UHMWPE and nanocomposites of Pilot 1 and Pilot 2 with
0.25 wt% of rGO; (B) Dimensions of the plates from Pilot 1 and Pilot 2 scale up. In the case of pilot 2, the analysis was performed on the plate bulk.
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respectively. These images support the conclusion that the
microfibers present between the amorphous/crystalline phases
naturally reinforce the nanocomposite. Furthermore, the two-
dimensional carbon nanofiller network tends to prevent crack
propagation due to a high level of nanofiller dispersion and the
absence of clusters.

The nanocomposite plates resulting from the dilution of the
masterbatch containing 3 wt% rGO exhibit positive results and
corroborate the analyses of the nanocomposite produced at the
laboratory scale (Amurin et al., 2022), even considering all the
changes made to the process to allow scale up. The Pilot
1 nanocomposite stood out in terms of impact resistance and
rigidity, as seen in Figure 6, in which considerable gains are
observed with respect to the neat polymer plate. Pilot 2 is a
scale-up of 3,000 times with respect to the laboratory, and the
resulting nanocomposite plate still shows superior performance
compared to the neat polymer. However, Table 2 and Figure 6
show that the properties of impact resistance and rigidity are lower
compared to the Pilot 1 nanocomposite. As mentioned above for the
discussion of the structural and morphological characterization, we

hypothesized that the lower performance of the specimen produced
in Pilot 2 is because they were obtained from thicker plates that
demand longer processing times and show a lower degree of
crystallinity than the Pilot 1 samples.

The comparison of our results with the literature is possible
by considering other authors’ production on a small scale. Suñer
et al. (Suñer et al., 2015) presented an increase of approximately
15% in the modulus of elasticity for UHMWPE containing
between 0.1 and 2.0 wt% graphene oxide compared to pure
UHMWPE. A 5% increase in Shore D hardness was reported
by Aliyu et al. (Aliyu et al., 2019) with the addition of 0.5 wt%
graphene nanoplatelets (GnPs). Other works reported an increase
in the microhardness of UHMWPE for nanocomposites with
0.1–2.0 wt% GO (Suñer et al., 2015; Pang et al., 2015) and
0.7 and 3.0 wt% rGO (Çolak et al., 2020) added to the
polymer. Pang et al. (Pang et al., 2015) showed significant
increases in impact Izod, more than 3 times for the addition
of 1.0 wt% GO to UHMWPE. Our data indicate an increase for
the best cases of 35% in elastic modulus, 50% for hardness and
25% in impact strength in Charpy mode with the addition of

FIGURE 7
Wear results for the UHMWPE and nanocomposite plates at 0.25 wt% rGO from Pilot 1 and Pilot 2 scale up. (A) Volume loss–two- and three-body
abrasion; (B) 2D–image of wear surface in two-body abrasion mode; (C) Analysis of area x depth obtained from the profilometry of wear surface in two-
body abrasion mode; (D) 2D–image of wear surface in three-body abrasion mode; (E) Analysis of area x depth obtained from the profilometry of wear
surface in three-body abrasion mode.
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0.25 wt% of rGO, all associated with nanocomposite plates
produced in pilot scales. Therefore, one can affirm that this
work reports superior performance related to the literature
with respect to rigidity and hardness.

Two- and three-body abrasive wear resistances were evaluated
using pin-drum and rubber wheel tests, respectively. For both
nanocomposite plates–Pilot 1 and Pilot 2–the volume losses are
lower than the neat UHMWPE, as can be observed in Figure 7,
indicating that there was a significant increase in resistance to
abrasive wear with the addition of rGO. Tribological behavior is
extremely influenced by the severity of the test, granulometry, shape
and hardness of the abrasive agents, but both types of tests show the
same tendency of gains with rGO. However, we must consider that
the hardness is vital to enable low wear when subjected to abrasive
wear. When comparing neat polymer to nanocomposites (Pilot
1 and Pilot 2), abrasion wear performance follows a clear trend
with hardness (Somberg et al., 2023).

The two-body abrasive wear mode works with fixed abrasive
agents and provides high severity to the softer phase body wear. The
volume loss decreases for the nanocomposite plates, showing an
improvement of 15% and 9% for the Pilot 1 and Pilot
2 nanocomposites, respectively, with respect to the neat
UHMWPE. In the abrasive wear tests on three bodies (rubber
wheel), in which the abrasive agents are free to roll on the
surface that will be worn, the parameters used for the tests
followed the standard for testing metallic materials (steel), which
is quite a challenge for a polymeric plate. The three-body abrasive
wear resistance shows an improvement of 24% and 16% for the Pilot

1 and Pilot 2 nanocomposites, respectively, when compared to the
neat UHMWPE, as shown in Figure 7.

Worn surface topographies for nanocomposite plates (Pilot
1 and Pilot 2) were analyzed by profilometry, as shown in
Figures 7B,C, to identify the pattern created during abrasive
wear. Uniform wear marks, deep grooves and total material
removal occur in the case of the two-body wear test for the
surface of the neat UHMWPE. In the case of the nanocomposite
plate of Pilot 1, the wear grooves became less deep. Moreover, the
polymeric material is not completely removed by the passage of the
abrasive agent, which is more evident for the nanocomposite plate of
Pilot 2.

The rubber wheel results show deeper marks, as can be observed
in Figure 7C, mainly for the neat polymer plate. In the case of the
nanocomposite plates, the wear of the surface is less pronounced. In
general, the roughness profiles for the different wear test
configurations are very different from each other. However, the
comparison between the damage caused to the surface of the
nanocomposite and neat polymer plates indicates that the
incorporation of rGO contributes to the increase in resistance to
abrasive wear, regardless of the severity and mode of wear.

Tribological tests and topography analyses of UHMWPE
nanocomposites, or even of the pure polymer, after being
subjected to pin-on-drum and rubber wheel abrasive tests are not
reported in the literature to the best of our knowledge. However,
some authors present results of a decrease in the polymer wear rate
through pin-on-disk sliding tests with the addition of carbon
nanomaterials such as graphene nanoplatelets and GO (Aliyu

FIGURE 8
Wettability results for the UHMWPE and nanocomposite plates with 0.25 wt% of rGO from Pilot 1 and Pilot 2 scale up. (A) Contact angle; (B)
Drop–original surface; (C) Drop on wear surface from two-body test; (D) Drop on wear surface from three-body test.
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et al., 2019; Bahrami et al., 2016). Our group also reported in a recent
work for laboratory-scale UHMWPE nanocomposites containing
0.1, 0.25 and 0.50 wt% rGO gains in tribological results with pin-on-
disk sliding tests (Soares et al., 2022).

The contact angle results are shown in Figure 8 and
Supplementary Table S1. These measurements were performed
on the surfaces before wear tests and after the two types of wear
tests conducted in this work. Two important features influence the
contact angle: the hydrophobicity and the roughness of the surfaces
(Law and Zhao, 2015). The original surface results before wear tests,
Figure 8B, show an increase in the contact angle for the
nanocomposite plate produced in Pilot 1, whereas in Pilot 2, the
wettability seems similar to that of the neat polymer.

The contact angle data for the wear surfaces show, in both
types of wear tests, significant increases from close to 115° (neat
polymer) to close to 130° or more for the Pilot 1 plates. The Pilot
2 plates show a different behavior from the two-body test,
producing wear surfaces that show a decrease in wettability
and a contact angle of 135°, whereas the wear surfaces
originating from the three-body test show a contact angle
similar to that of the neat polymer plate. This result can be
interpreted as being associated with the different degrees of
severity of the two wear tests and the different thicknesses of
the plates from Pilot 1 and Pilot 2. The thicker plate of Pilot 2 is
probably being tested on a surface where the concentration of
rGO is not the same as the surface of Pilot 1.

4 Conclusion

Significant changes in the processing to advance from the
laboratory scale to the pilot scale were necessary in all
operations, i.e., graphite oxidation, rGrO exfoliation,
masterbatch production, and RAM extrusion to conform plates.
The Pilot 1 stage was carried out with a scale approximately 200x
higher than the laboratory study, and Pilot 2 concerned a scale
approximately 3,000x higher with respect to the laboratory study.
The systematic characterization of the structure, morphology, and
properties of the filler, nanofiller and nanocomposite at all stages
guarantees the best choices for the production of nanocomposite
plates with multifunctionality, which means simultaneous gains in
mechanical and tribological properties. The content of 0.25 wt%
rGO was validated as the one showing the best performance. The
plates produced in Pilot 2 were 4x thicker than the plates originating
from Pilot 1 processing. The effect of the thickness of the plates on
the mechanical and tribological properties was noticeable. Herein,
the successful scale-up of the nanocomposite UHMWPE/rGO was
demonstrated, which indicates the possibility of advancing industrial
production, considering the specific characteristics of both the
polymer and nanofiller tested in this work.
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Carbon dots-based fluorescent
films to act as a potential
antioxidant agent and
pH ratiometric sensor for skin
applications
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Messias de O. Silva1, Dimas. J. P. Lima1, Rodrigo da S. Viana3,
Jamylle N. de S. Ferro2, Marília O. F. Goulart1, Jadriane A. Xavier1

and Cintya. D. A. E. S. Barbosa1*
1Institute of Chemistry and Biotechnology, Federal University of Alagoas, Maceió, Alagoas, Brazil, 2Institute
of Biological Sciences and Health, Federal University of Alagoas, Maceió, Alagoas, Brazil, 3Technology
Center, Federal University of Alagoas, Maceió, Alagoas, Brazil

The wound healing process is accompanied by changes in pH values. Monitoring
this physicochemical parameter can indicate the effectiveness of the applied
treatment and act as early identification of wound infection. This study focuses on
the development of a fluorescent film-based polyvinyl alcohol (PVA) and carbon
dots (CDs) derived from lemon bagasse (CD-L) and ortho-phenylenediamine (CD-
oPD) named to act as antioxidants and potential ratiometric fluorescent
pH sensors, in wound applications. The I460/I550 intensity ratio, as a function of
pH value for the dual-system CDs prepared from the mixture of CD-L and CD-
oPD, named CD-L/oPD, was investigated. The fit corresponded to a sigmoidal
function in the pH range of 5–10, with a relationship having a r2 = 0.992. The
variation in the values of the I460/I550 ratio allows for the visualization of the color
change from yellowish-green to greenwith increasing pH. Through a simulated ex
vivo pig skin model, it was possible to note that the films prepared from mixed of
the CD-L and CD-oPD carbon dots incorporated in a matrix PVA named CD-L/
oPD-F was more efficient at visually discriminating color in relation to changes in
pH than the films prepared from both individual CD-L (CD-L-F) and CD-oPD (CD-
oPD-F) carbon dots. CD-L and CD-oPD demonstrated antioxidant capacity
against reactive oxygen species (ROS). The IC50 values for CD-L and CD-oPD
were 56.7 and 39.5 μg mL−1 in the DPPHC inhibition assay, and 25.1 and
63.4 μgmL−1 in the HOCl scavenging one, respectively. MTT viability assays
using human non-tumoral skin fibroblast (HFF-1) cell showed a cell survival
rate of over 80% for both CDs up to a concentration of 1,000 μg mL−1. Finally,
the developed films can act in a bifunctional way, by monitoring healing through
pH changes and by acting as an antioxidant agent in the treatment of wounds.

KEYWORDS

carbon dots, wound healing, ROS scavenger, polyvinyl alcohol, PH sensor film, dual
emission
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GRAPHICAL ABSTRACT

1 Introduction

Carbon dots are luminescent carbon nanoparticles (CNP) with
sizes smaller than 10 nm and a spherical morphology (He et al.,
2022; Wang et al., 2022). A graphitic structure forms the core, while
the surface contains functional groups characteristic of the materials
used during synthesis, mainly from the precursor (Ding et al., 2020;
He et al., 2022; Davi, L. B. O. et al., 2021). CDs exhibit excellent
optical properties, such as fluorescence in the visible spectrum, good
dispersion in water, biocompatibility, photo-stability, low toxicity,
antimicrobial activity, and low-cost synthesis (Mary et al., 2022).
These properties associated with their non-invasiveness and good
sensitivity have contributed to the development of various biological
fluorescent sensors (Omidi et al., 2017; Yang et al., 2019).

The pH in biological systems plays a critical role in maintaining
homeostasis and regulating vital processes (Mei et al., 2022). In this
sense, a number of diseases are associated with disrupted pH values,
and monitoring their changes is important to aid treatment. (Xia
et al., 2019; Macairan et al., 2020). The exudates (liquids) released in
the wounds during the healing process are capable of responding to
pH, since the pH value influences physiological processes, such as
the inflammatory response, collagen formation and angiogenesis
(Zhu et al., 2020). The skin surface has a typical pH value ranging
from 4 to 6, providing resistance against microbial invasion (Zhu
et al., 2020; Sharma et al., 2023). However, chronic wounds have a
more alkaline pH, between 7 and 9, and are more vulnerable to
bacterial infections, while acute wounds have a pH similar to that of
the skin under normal conditions, around 4 to 6, due to the activity
of neutrophils which prevent the colonization of bacteria (Kadam
et al., 2019; Zhu et al., 2020; Pang et al., 2023). In this sense, pH can
help monitoring wound healing by enabling previous information to

be provided which can contribute to effective treatment (Tang et al.,
2021).

CDs have emerged as versatile and promising materials in the
field of pH sensing. When exposed to different pH environments,
CDs exhibit alterations in their emission spectra, resulting in
changes in the wavelength of the emission or intensity (Yang
et al., 2019; Zhang et al., 2019; Ehtesabi et al., 2020; Liu et al.,
2021). pH-responsive property has positioned them as valuable tools
for pH-sensing applications in various systems (Wang et al., 2020;
Cui et al., 2021). Although studies on the treatment of wounds using
CDs are in progress, the use of these nanoparticles in the detection of
pH in wounds is rare (Omidi et al., 2017; Kasouni et al., 2021; Wu
et al., 2022; Farshidfar et al., 2023). Omidi et al. (2017) synthesized
single-channel CDs with blue emission derived from ammonium
citrate to fabricate CD/chitosan nanocomposite films for application
in wound healing. The results had shown that they were able to
detect pH variation, during in vivo stages of wound healing (rat
model). Yang et al. (2019) also prepared orange-emitting CDs using
1, 2, 4-triaminobenzene and urea (O-CDs), applied in the
monitoring of wound healing, through the detection of pH values
variation. Medical cotton cloth (MCC) was used as a support for the
O-CDs and the combined (O-CDs/MCC) system was responsive to
a pH range of 5 up 9.

However, the presence of only one emission band and/or
gradation of wavelength of the maximum emission changes with
low clarity, and difficulties to be visualized challenged the
pH detection. In light of the limitations of single-channel
nanoparticles, researchers are developing ratiometric sensors to
improve the sensitivity of CDs to pH. (Song et al., 2017; Lei
et al., 2020; Xu et al., 2020; Li et al., 2021; Silva et al., 2022).
Ratiometric fluorescent sensors typically exhibit dual emission
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bands at different wavelengths (Silva et al., 2022). A correlation is
provided from the ratios of the fluorescence intensities of the
different wavelengths of the sample, which minimizes
background interferences, improving the sensitivity, precision and
detection of the material (Li et al., 2021). In addition, ratiometric
sensors enable rapid detection due to the response of the sample,
which can also be seen with the naked eye. From this perspective,
they can be applied to the detection of ions, pH, temperature,
diseases, etc (Lei et al., 2020; Xu et al., 2020; Li et al., 2021). The
advantages of these sensors, combined with the unique properties of
CDs, allow the development of new platforms for in situ
pH detection in biological systems with high efficiency. In this
regard, the obtained results are highly promising for early diagnosis,
and treatment’s monitoring of diseases, such as chronic wounds
(Yang et al., 2019; Farshidfar et al., 2023; Sharma et al., 2023).

Additionally, the use of CDs as antioxidant agents for
therapeutic applications has been widely explored, however, in
wounds, are still not common (Huangfu et al., 2021;
Moniruzzaman et al., 2022; Roy et al., 2022; Varillas et al., 2022).
In this sense, Qu et al. (2023) synthesized positively charged CDs
from p-phenylenediamine and polyethyleneimine and studied their
ability to reduce radicals as DPPHC, COH and O2

C→ in wounds,
and results indicated that CDs effectively eliminated excess of these
radicals, and relieved excessive inflammatory responses (Qu et al.,
2023). Reactive oxygen species (ROS) are formed during normal

cellular respiration, but studies have shown that in excess they can
contribute to the development and progression of diseases resulting
from oxidative stress (Juan et al., 2021; Dong et al., 2022). According
to the intensity scale, we have the so-called physiological oxidative
stress (eustress), essential for redox signaling and excessive and toxic
oxidative stress, which causes damage to biomolecules (distress)
(Sies et al., 2017). In general, wounds healing experiences three
phases: inflammation, proliferation and maturation. In the
inflammatory phase, an excess of ROS is produced, which is
considered to be the main factor hindering skin regeneration
(Bankoti et al., 2017). Thus, distress occurs, causing oxidative
structural modifications in lipids, DNA, and proteins, leading to
necrosis at the wound site (Bankoti et al., 2017; Juan et al., 2021).

The immobilization of CDs-based colorimetric/fluorescent
pH sensors, and antioxidant agents in polymeric matrices is a
good strategy for their use as bioactive dressings (Liu et al.,
2021). In this sense, due to its properties of biocompatibility,
hydrophilicity, low cost, and known benefits in wound healing,
the synthetic polyvinyl alcohol (PVA) has been explored in the
manufacture of dressings, usually associated with other organic and
inorganic compounds (Moghaddam et al., 2021; Jin, 2022; Qu et al.,
2023).

As such, this study aims to develop biocompatible, antioxidant
fluorescent pH sensors using dual-system CDs prepared from lemon
peel bagasse (CD-L) and o-phenylenediamine (CD-oPD) to offer a

FIGURE 1
TEM micrographs for CD-L (A,B) and CD-oPD (C,D).
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real-time, in situ measurement of pH value and redox status in
wounds.

2 Experimental

2.1 Chemicals

Tahiti lemons (Citrus latifolia) were obtained from local markets
(SisGen access number: A4098F3). The chemicals
o-phenylenediamine, boric acid, acetic acid, phosphoric acid,
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide], polyvinyl alcohol (PVA-average mol wt 89,000–98,000)
and glycerol were acquired from Sigma-Aldrich (St. Louis,
United States). Deionized water (18.2 MΩ cm) obtained from the
Master System MS 2000 (Gehaka, Brazil) was used. Pig belly skin
was purchased freshly from a local butcher.

2.2 Synthesis of lemon waste-derived
carbon dots (CD-L)

The CD-L was synthesized according to the methodology
reported by Silva et al., 2023. Briefly, the aqueous extract of Tahiti

lemon was obtained using 60 g of the bagasse in 130 mL of
deionized water, stirred for 60 min at 100°C. After heating, the
mixture containing lemon bagasse was separated from the
aqueous extract by filtration through a filtered through the
fluted paper in a glass funnel. Fifty (50) mL of this resulting
solution was heated using a domestic microwave (5 min, 720 W).
Subsequently, 50 mL of deionized water was added to the solids
resulting to obtain a suspension containing the CDs, since the
solvent was completely evaporated during the reaction. The
purification was carried by centrifugation of suspension at
high speed (15,000 rpm), and filtration, using membranes of
cellulose acetate (0.22 µm). The concentration of CD-L in the
aqueous solution was ≈20 mg mL−1. Finally, they were stored in a
refrigerator at 4°C.

2.3 Synthesis of o-phenylenediamine-
derived carbon dots (CD-oPD)

The CD-oPD was obtained by a simple hydrothermal
reaction adapted from Davi et al. (2021). The reaction
consisted of a mixture of 20 mg of o-phenylenediamine and
10 mL of deionized water in a stainless steel reactor, which was
heated for 4 h at 200°C. The purification and storage of the

FIGURE 2
(A) FT-IR spectra for CD-L (blue line) and CD-oPD (green line), (B) UV-Vis absorption spectra for CD-L (blue line) and CD-oPD (green line), (C)
Photostability under UV light (365 nm) for CD-L and (D) under UV light (350 nm) for CD-oPD.
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CD-oPD was carried out according to the established protocol
for CD-L.

2.4 Film of CD-L-F, CD-oPD -F and CD-L/
oPD-F

The synthesis of the film CD-L/oPD-F was based on reported
data (Elias et al., 2023). Briefly, 150 mg of PVA dissolved in 5 mL of
deionized water under stirring at 80°C for 5 min. After cooling, 250,
125, and 60 µL of CD-L, CD-oPD, and glycerol were added to the
solution, respectively. The mixture was stirred, deposited onto a

plastic Petri dish (35 mm x 10 mm), and placed in an oven at 50°C
for 48 h. The same procedure was used to synthesize film CD-L/CD-
oPD-F, adding 250 µL of CD-L and 125 µL of CD-oPD.

2.5 Ex-vivo pH ratiometric sensor model

The pH ratiometric sensor assay using the CD-L/oPD-F film was
carried out on pig belly skin samples ex vivo. Pieces of pig skin were cut
uniformly in a 2 cm × 1.5 cm size and sprayed with different
pH solutions ranging from 5 to 9 for 15 min according to previous
studies (Tamayol et al., 2016). The CD-L-F or CD-oPD-F film was cut

FIGURE 3
Photoluminescence spectra for (A) CD-L, (B) CD-oPD and (C) CD-L/oPD and CIE chromaticity diagram for (D) CD-L, (E) CD-oPD, and (F) CD-L/oPD.

Frontiers in Carbon frontiersin.org05

Da Silva et al. 10.3389/frcrb.2023.1300811

22

https://www.frontiersin.org/journals/carbon
https://www.frontiersin.org
https://doi.org/10.3389/frcrb.2023.1300811


in 1 cm × 1 cm and supported on the skin. After 30 min, the emission
colors of the filmswere visualized through an ultraviolet lamp (360 nm).

2.6 Swelling test of the CD-L-F, CDs-oPD -F
and CD-L/oPD-F films

The swelling assay was performed to evaluate the absorption and
solubility of CD-L-F, CD-oPD-F and CD-L/oPD-F films in Britton-

Robinson buffer solution at different pH. The films were cut into
squares of 1.0 cm × 0.5 cm and immersed at intervals of time up to
90 min in a buffer solution at pH 5, 7 and 9 (≈37°C). Afterward, the
films were removed from the solution and the excess buffer solution
on the surface of the films was removed by blotting the surface with
tissue paper (this procedure was carried out in triplicate). The
swelling degree (%SW) was calculated according to Eq. 1, where
Mt represents the mass of the film at intervals of time and M0

represents the mass of the dry film at the initial time.

FIGURE 4
Photoluminescence spectra under different pH values for (A) CD-L, (B) CD-oPD and (C) CD-L/oPD and CIE chromaticity diagram for (D) CD-L, (E)
CD-oPD and (F) CD-L/oPD.
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%SW � Mt-M0

M0
x 100 (1)

2.7 Characterization of materials

For Transmission Electron Microscopy (TEM) images, a JEM-
2100 (JEOL, Japan) with a 200-kV accelerating voltage was used.
The CDs for TEM measurements were prepared by diluting them
10-fold with ultrapure water, followed by dispersion in an
ultrasonic bath, for 5 min and the resulting materials were
deposited on 400-mesh carbon-coated Cu grids. To process our
TEM microscopy images, we used ImageJ software for particle
characterization. One hundred (100) particles were counted, and,
based on this count, the average particle size for each CD
synthesized was calculated. Fourier transform infrared
spectroscopy (FTIR) spectra analysis of the CDs was carried out
using Nicolet iS05 FTIR Spectrometer (Thermo Fisher Scientific,
United States) and potassium bromide (KBr) pelleting method. To
obtain the KBr pellets of the CDs, approximately 50 µL of the
concentrated solution of CD-L and CD-oPD was dropped onto
20 mg of KBr. The sample was dried in an oven at 100°C for 24 h.
The spectral range used for analysis was 4,000 to 400 cm−1. The
ultraviolet-visible (UV-Vis) absorption spectra of the CDs were
acquired via Shimadzu UV/Vis/NIR Spectrometer UV-3600. The
UV-Vis measurements of the films were carried on the
aforementioned equipment using the solid-state system, in
which the films were previously cut into a rectangular shape of
2 cm × 1.25 cm. Fluorescence spectroscopy analysis of the CDs in
solution was carried out using a Shimadzu RF-5301PC
Fluorescence Spectrophotometer. Solid-state measurements of
the films were recorded using the Horiba-Jobin Yvon
Fluorolog-3 spectrofluorometer. The emission modulation of
CD-L and CD-oPD to obtain the ratiometric system was
performed based on the photoluminescence spectrum of the

sample and analyzed while varying the quantity of CDs. Thus,
the obtained CD-L and CD-oPD were mixed in a ratio of 2:1 to
produce the ratiometric system CD-L/oPD. The FL of the CDs
(CD-L, CD-oPD and CD-L/oPD) as a function of pH was then
measured using a Shimadzu RF-5301PC spectrofluorimeter. For
this purpose, 50 and 25 µL of CD-L and CD-oPD, respectively,
were added to 2 mL of pH solution (4–10). CD-L/oPD was
measured by mixing 50 and 100 µL of CD-L and CD-oPD,
respectively, in 2 mL of pH solution (4–10). The pH 4 to
10 solutions were prepared using Britton Robinson buffer (BR
buffer) (0.1 mol/L), which was prepared using acetic, boric and
phosphoric acids, all at a concentration of 0.4 mol/L. The acids
were mixed and analyzed in a pHmeter to obtain the required
pH value. Solutions of hydrochloric acid and sodium hydroxide
(1 mol/L) were used to calibrate the solutions from pH 4 to 10. The
photostability of the CDs was evaluated using photoluminescence
spectroscopy. 50 and 25 µL of CD-L and CD-oPD, respectively,
were added separately to 2 mL of water in a quartz cuvette. The
fluorescence intensity (FI) of CD-L and CD-oPD was recorded
under UV lamp excitation at 365 and 350 nm with emission
monitored at 450 and 550 nm, respectively. Analyses were
carried out for 60 min continuously, with the sample partially
irradiated. The CIE 1931 chromaticity color coordinates diagram
were obtained using the emission spectra of the all materials from
the software Origin Pro.

2.8 Viable cells assay

To determine the biocompatibility of CD-oPD, MTT assay was
used as previously reported (Mosmann, 1983; Silva et al., 2023).
Human skin fibroblast lineage (HFF-1) cells were grown in 96-well
plates, treated with different concentrations (0–1,000 µg mL−1) and
incubated for 24 h at 37°C, in a CO2 incubator. After that, the optical
density (OD) of the cells was measured at 540 nm using a
spectrophotometer leading to viability (%), according to Eq. 2:

Viability %( )� ODof treated cells/ODof untreated cells( )× 100

(2)
For statistical analysis of viable cell results, the ANOVA one-way

test was used and data were compared using Tukey’s method. The
statistically significant difference accepted was p < 0.05.

2.9 Hypochlorous acid (HOCl) scavenging
activity

The HOCl scavenging activity was performed according to
Lucas et al. (2021). An HOCl solution was prepared at the time
of analysis by adjusting the pH value of a 1% (v/v) NaOCl solution to
6.2 with H2SO4 addition. The reaction system consisted of the
addition of phosphate buffer (100 mM, pH 7.4), CD-L or CD-
oPD (3–100 μg mL−1) solution, dihydrorodamine solution (DHR,
5 µM), and HOCl (5 µM). Fluorescence measurements were
performed in a microplate reader (Infinite® 200 PRO, TECAN,
Männedorf, Switzerland), at 310 K, at wavelengths of 505 ±
10 nm and 530 ± 10 nm, for excitation and emission,

FIGURE 5
Sigmoidal fitting of the ratiometric fluorescent (I460/I550) CD-L/
oPD in different pH.
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respectively. The results were expressed as the half-maximal
inhibitory concentration (IC50) in μg mL−1.

2.10 Radical superoxide anion scavenging
activity

The radical superoxide anion scavenging activity was determined
according to Lucas et al. (2021). In a 96-well plate, the following
solutions were added to the indicated final concentrations: CD-L
(3–800 μg mL−1) or CD-oPD (3–1,000 μg mL−1), NADH (166 µM),
NBT (43.3 µM) and PMS (2.7 µM). Potassium phosphate buffer
(19 mM, pH 7.4) was used to dissolve CD-L, NADH, NBT, and
PMS. Quercetin was used as a standard for comparison purposes.
The experiment was conducted at 310 K in a microplate reader, and
the absorbance was measured at 560 nm. The results were expressed
as IC50 in μg mL−1.

2.11 DPPH• scavenging assay

The evaluation of the reducing capacity of DPPHC was
conducted as previously described (Xavier et al., 2017). Briefly,
aliquots of CD-L or CD-oPD (5–100 μg mL−1) were added to a
DPPHC solution (40 μg mL−1 in methanol). Measurements were
taken at 516 nm after 30 min of incubation in the dark, using a UV-
Vis spectrophotometer (Agilent Technologies, Santa Clara, CA,
United States). The results were expressed as IC50 in μg mL−1.

3 Results and discussion

CD-L and CD-oPD were obtained by a simple and rapid method
via microwave and hydrothermal procedures, respectively (Davi
et al., 2021; Silva et al., 2023). TEM was used to provide information
about the CDs morphology and size. In this regard, the TEM images

FIGURE 6
(A) Photographs of CD-L, (B) CD-oPD and (C) CD-L/oPD under different pH variations (pH = 5–9) under 360 nm UV lamp.
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showed that both CD-L and CD-oPD exhibited spherical graphitic
morphology with uniform size dispersion, and average values of
2.54 ± 0.44 nm and 2.64 ± 0.60 nm, respectively (Figures 1A–C). In
the magnified image displayed in Figures 1B–D, the interplanar
distances typical of the graphitic structure can be observed for both
carbon dots, which exhibited values of 0.21 and 0.24 nm
corresponding to the diffraction plane (100) for CD-L and CD-
oPD, respectively (Nascimento et al., 2023).

Fourier transform infrared spectroscopy (FTIR) was used to
identify, in the CDs, the absorption peaks of the main functional
groups (Figure 2A). The FTIR spectra revealed a broad and intense
band attributed to the vibration of O-H stretching at around
3,445 and 3,330 cm−1 for CD-L and CD-oPD, respectively (He
et al., 2022; Wang et al., 2022; Venugopalan and Vidya, 2023). In
addition, for the CD-oPD this region includes the N-H axial
deformation vibration at 3,220 cm−1 (Yang et al., 2019). For both
CDs, it is also possible to observe C-H (sp3) vibrations between
2,970 and 2,700 cm−1 (Döring et al., 2022; Jing et al., 2023). CD-L
shows broad bands centered at 1722, 1,398 and 1,205 cm−1

suggestive of the presence C=O, C=C and C-N, associated with
oxygenated groups, polyaromatic in its graphitic core and surface-

functionalizing nitrogen groups, respectively (Ding et al., 2017; Ding
et al., 2019). For CD-oPD, FTIR reveals peaks characteristic of
aromatic C-N and N-H angular deformation associated with
aromatic chain bonds observed at 1,330 and 780 cm−1,
respectively (Yang et al., 2019).

UV-Vis absorption spectroscopy revealed the π-π* electronic
transitions of C=C bonds in the CD-L and CD-oPD graphitic
nucleus, with bands centered at 225, 210 and 230 nm,
respectively (Figure 2B) (Tadesse et al., 2018; Hui, 2023). In
contrast, the n-π* transitions from C=O and C-N bonds can be
observed in 278 e 320 nm for CD-L, and 290 e 430 nm for CD-oPD,
respectively (Lu et al., 2021; Gedda et al., 2023). The photostability of
the CDs was assessed using photoluminescence spectroscopy, with
the fluorescence intensity (FI) recorded under UV lamp excitation
for 60 min continuously (Figures 2C, D). The FI results for CD-L
and CD-oPD remained practically unchanged during the analyzed
period, with variations in the fluorescence signal of less than 10%
(El-Shafey and Asma, 2021; Javed and O’Carroll, 2021).

Photoluminescence spectroscopy (PL) was used to investigate
the luminescent properties of the CDs. CD-L and CD-oPD exhibit
excitation-independent emission and the fluorescence spectrum.

FIGURE 7
(A,B) Image before and after exposure to ultraviolet light, (C) flexibility tests and (D) transparency for CD-L-F, CD-oPD-F and CD-L/oPD-F.
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CD-L revealed an emission band maximum centered in the blue
region, at 450 nm (λexc = 330 nm) (Figure 3A). CD-oPD exhibits
emission in the yellowish-green region with a maximum centered at
550 nm (λexc = 420 nm) (Figure 3C). The CDs behaviors clearly
followed the chromaticity diagram, formulated by the Commission
Internationale de L’Eclairage (CIE) (Figure 3B–D). Researchers have
associated the independent emission of excitation wavelength (λexc)
to some features of CDs, such as their uniform sizes, the presence of
molecular states and/or similar groups on the surface with
passivated defects (Li et al., 2014; Singh et al., 2022; Wei et al., 2023).

Under optimized conditions, solutions of CD-L and CD-oPD
were mixed and it was possible to observe a fluorescence dual
emission with bands centered on 450 nm and 550 nm
(Figure 3E), which are consistent with the individual spectra of
CD-L and CD-oPD, respectively. CD-L/oPD color coordinate points
obtained from the CIE chromaticity diagram showed a clear
distinction between blue and yellowish-green when the excitation
wavelength increased from 370 to 420 nm (Figure 3F).

The analytical CDs response to pH variation was investigated
using PL. CD-L results demonstrate that the fluorescence intensity
rises with the pH increase from 4 to 5. On the other hand,
fluorescence intensity decreases from pH 6 to 10 (Figure 4A).
This behavior can be explained by the protonation/deprotonation
mechanism, in which, after pH 7, the oxygenated groups present on
the surface of CD-L are deprotonated, causing a decrease in their
fluorescence intensity (Ehtesabi et al., 2020; Liu et al., 2021). In
addition, the emission region did not change, remaining blue, as
shown in the images of the CIE chromaticity diagram (Figure 4B).

The emission of CD-oPD was also monitored as a function of
pH variation. Figure 4C shows that the fluorescence intensity

gradually increased up to pH 6, after which it gradually
decreased up to pH 10. This profile is similar to that of CD-L
and can be explained by the same protonation/deprotonation
mechanism. It can also be seen from the CIE chromaticity
diagram that the emission region of CD-oPD remained in the
green region (Figure 4D). Therefore, from these results, it was
shown that individual CDs are unable to monitor wound healing
efficiently, due to the difficult detection of color and/or fluorescence
variations (Song et al., 2017; Lei et al., 2020; Xu et al., 2020; Li et al.,
2021).

In this sense, a ratiometric system CD-L/oPD was developed
using an optimized mixture of CD-L and CD-oPD, where the
modulated resulting solutions show an excellent ratiometric
colorimetric response as a function of pH (Figure 4E). From
the CIE chromaticity diagram it was possible observing that the
emission of CD-L/oPD aqueous solution, even with naked eyes,
varied from yellowish-green to green (Figure 4F). The ratiometric
system showed a high sensitivity for detecting pH in the range of
5–10. This interval, as mentioned previously, is suitable for
monitoring the wound healing process. The pH response as a
function of the intensity ratio (I460/I550) fits well to a sigmoidal
curve (Figure 5), as shown in Equation 3, with an r2 = 0.992.

y� 0.24+ 0.66 − 0.24

1 + 100.67x log 0−x( )( ) (3)

On the other hand, CD-L and CD-oPD show a linear function in
the pH range from 6 to 10. The linear fitting equation was y =
763.0–22.8x with r2 = 0.991 and y =1,666.8–107.5x with r2 =
0.983 for CD-L and CD-oPD, respectively (Supplementary
Figures S1, S2).

FIGURE 8
CD-L-F, CD-oPD-F, CD-L/oPD-F films supported on pieces of pig skin with different pH values.
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The data presented in Figures 4A–C, related to the influence
of pH for CD-L, CD-oPD and CD-L/oPD, together with the
photographs of the solutions (Figures 6A–C), indicate their

corresponding trends, as expected. Hence, the CD-L results
demonstrate a blue emission with no perceptible change to the
naked eye. Similarly, the CD-oPD results reveal a consistent
yellow emission, except at pH 9, where a pale yellowish-green
color was observed. In contrast, the CD-L/oPD ratiometric
system exhibits a gradient of emission color changes from
yellowish-green to green with the pH varying from 5 to 9.

Both the individual nanocompounds, the CD-L and CD-
oPD, and the combined one, the CD-L/oPD, were incorporated
into PVA to obtain fluorescent polymeric films able to detect
pH variation. Under natural light, the films obtained were
colorless for CD-L-F and yellowish for CD-oPD-F and CD-L/
oPD-F (Figure 7A). On the other hand, under UV light, the
characteristic blue emission of CD-L was observed for CD-L-F,
and yellow and yellowish-green for CD-oPD and CD-L/oPD
films, respectively (Figure 7B). In addition, the fluorescent films
exhibited flexibility and transparency, which can be seen in
Figures 7C, D). The maximum emission wavelength of CD-L-
F and CD-oPD-F shifted towards blue compared to CDs in
solution. The maximum emission intensity of the CD-L-F film is
at 425 nm (λExc = 320 nm) (Supplementary Figure S3A), while
CD-L in solution exhibits the maximum emission at 450 nm
(λexc = 330 nm) (Figure 3A). Similarly, the maximum emission
of the CD-oPD-F film occurred at 525 nm (λExc = 410 nm)
(Supplementary Figure S3B), compared to CD-oPD in
solution with a maximum emission intensity of 550 nm
(λExc = 420 nm) (Figure 3B). Furthermore, when comparing
CD-L/oPD solution and CD-L/oPD-F film, it can be observed
that although they exhibit a similar profile in terms of the
emission spectrum in the 400–650 nm range, the relative
intensities of the emission bands at 450 and 550 nm have
changed. In this context, it is suggested that these changes in
the emission maximum or intensity ratio of the CDs in solution
and in the PVA films occur due to the formation of hydrogen
bonds between the PVA and the surface functional groups of the
CDs when the nanoparticles are stabilized in the polymer (Bandi
et al., 2018; Taspika et al., 2019). Despite the reported changes,
the emission color of the films demonstrated similar behavior to
those presented in solution.

For the simulation test, pork skin was exposed to solutions with
different pH values in the range of 5–9, Figure 8. The prepared films
were placed on the pork skin previously sprayed with different
pH solutions and after 30 min they were exposed to UV radiation
and a behavior similar to that previously found in the solution was
clearly observed. As the pH increased from 5 to 9, a color change was
observed to CD-L/oPD-F from greenish-yellow to green,
respectively.

The values of the swelling degree (%SW) at different
pH values of the films produced are shown in Figure 9.
Overall, the degree of swelling of the films increased with
pH and time reached equilibrium in 60 min. The minimum
and maximum %SW values of the films at pH 5, 7 and 9 were
47.5–59.5, 59.0–75.5 and 97.5–153.5, respectively. These values
were suitable to maintain the shape and uniform edges of the
films, after the swelling tests (Supplementary Figures S4–S6). The
swelling response as a function of pH can be attributed to
ionizable functional groups of the PVA (OH) and CDs (OH
and COOH), which promote an electrostatic repulsion and

FIGURE 9
Swelling kinetics for CD-L-F, CD-oPD-F and CD-L/oPD-L in
different pH values.
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increase interactions with water in the function of the increase of
pH (Naeem et al., 2017; Kalantari et al., 2020; Sabzi et al., 2020;
Akhlaq et al., 2021; Suhail et al., 2021). As a result, an expansion
of the film is observed creates a greater surface area available for
the diffusion of water molecules, which leads to a significant
increase in the degree of absorption of the medium. (Zafar et al.,
2023).

The antioxidant capacity of CDs has been extensively
examined and is attributed to the functional groups present
on their surface that can stabilize reactive species through
mechanisms of electron transfer or hydrogen atom transfer.
The DPPHC assay is the most commonly employed method
because it is fast, easy, and economically viable; however, it is not
a physiologically relevant reactive species. In this study, in
addition to evaluating the antioxidant capacity of CD-oPD
and CD-L against DPPHC, we also examined their potential
to eliminate two biologically relevant reactive species: O2

C− and
HOCl (Table 1).

CD-L exhibited higher antioxidant capacity against
physiological reactive species such as O2

C− and HOCl. CD-oPD
showed no elimination capacity against O2

C−, however, it
demonstrated a greater potential for capturing the DPPH radical,
with a lower IC50. CDs derived from Beta vulgaris (beet juice)
exhibited an IC50 of 231.7 μg mL−1 (Smrithi et al., 2022), value
higher than those obtained in this study, indicating greater
potential for reducing DPPHC by CD-oPD and CD-L (Table 1).

CDs derived from cloves exhibited an IC50 value (57 μg mL−1)
(Pandey et al., 2022) similar to that obtained for CD-L and
higher than that obtained for CD-oPD (Table 1). Clove-derived
CDs were also assessed against O2

C− and showed an IC50 of
53 μg mL−1 (Pandey et al., 2022), indicating greater activity
against this reactive species, compared to CD-L.

The samples were evaluated for their biocompatibility
(absence of cytotoxicity) by the MTT method. As shown in
Figure 10, cells exposed to CD-oPD showed viability greater
than 80% at all concentrations tested, similar to cells treated with
CD-L (Silva et al., 2023), corroborating the relatively negligible
cytotoxicity of the CDs in non-transformed human fibroblasts
HFF-1 cells. Cells treated with triton-X (1%) were used as a
control for reduced cell viability (28% of viable cells)
(Arechabala et al., 1999; Goiato et al., 2023). In comparison
with other CDs and nanomaterials reported in the literature, the
cell viability of CD-oPD in human fibroblasts (HFF-1 cells)
exhibited more prominent cell viability (Supplementary
Table S1).

Although carbon dots have been explored as fluorescent
pH sensors, there are still few studies on their use for monitoring
pH in wounds, since this parameter changes during the healing
process. In addition, systematic studies aimed at combining different
properties to offer both monitoring and treatment of wound healing
are still rare (Omidi et al., 2017; Yang et al., 2019; Liu et al., 2021; Liu
et al., 2021). In this sense, this work seeks to combine the use of CDs
in the form of films to act as an antioxidant agent, protective barrier
and colorimetric pH sensor in wounds with a view to their use as
bioactive dressings.

4 Conclusion

Carbon dots (CD) derived from lemon peel bagasse (L) and
o-phenylenediamine (o-PD) were prepared via simple microwave
and hydrothermal methods, respectively. The blue fluorescence of
CD-L and the yellow-green of CD-oDP were successfully explored
in the preparation of a highly efficient dual-emissive system CD-L/
oPD for pH detection. Polymeric films based on PVA and a
mixture of CD-L and CD-oPD were prepared and when applied
on pig skin, they displayed a significant change in the wavelength
of the emission line from greenish-yellow to green with the
increase of the pH values from 5 to 9. In addition, the CDs
exhibited low cytotoxicity in human fibroblasts HFF-1 cells and
relevant antioxidant capacity. Finally, the fluorescent film based on
a CD ratiometric system may have potential for monitoring the in-
situ pH of wounds.

TABLE 1 DPPHC, O2
C→ and HOCl scavenging potential (IC50, mean ± SD) of CD-L and CD-oPD.

Sample O2
C→ IC50 (µg mL−1) HOCl IC50 (µg mL−1) DPPHC IC50 (µg mL−1)

CD-L 272.8 ± 3.3 25.1 ± 0.5 56.7 ± 0.2

CD-oPD a 63.4 ± 3.8 39.5 ± 0.4

Quercetin 26.6 ± 3.7 5.6 ± 1.0 2.8 ± 0.2

aInactive until the concentration of 1,000 μg mL−1.

FIGURE 10
MTT assay results of the treatment of the HFF-1 cells with CD-
oPD (100–1,000 μg mL−1). Bars represent the mean ± standard error
of the mean (SEM) of triplicates performed in the assay. Data are
expressed as % viable cells compared to the control group
(DMEM). Results were analyzed using GraphPad Prism software using
ANOVA followed by Tukey’s post-test, *p <0.05 and **p <0.01 (DMEM
vs. treatment).
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Quasi-one-dimensional
carbon-based fractal lattices

L. L. Lage and A. Latgé*

Instituto de Física, Universidade Federal Fluminense, Niterói, Rio de Janeiro, Brazil

Fractal systems are now considered alternative routes for engineering physical
properties on the nanoscale. In particular, stable annular quantum corrals have
been demonstrated in distinct synthesis procedures and can provide interesting
localized and resonant states. We here present a theoretical description of
effective fractal lattices, mainly composed of annular Koch geometries based
on carbon atoms, and ofmore complex organicmolecules described by triangular
Sierpinski geometries. A single band tight-binding approach is considered to
derive electronic and transport properties. Fractal molecular linear chains
composed of fractal Koch quantum corrals are proposed, and their electronic
transport is discussed based on the complexity of the neighboring hopping. The
spatial charge distributions at different energies highlight the contribution of the
composing metallic and carbons atoms in the quantum corral features, serving as
a guide to new functionalization applications based on the symmetry and fractal
peculiarities of the proposed nanostructured lattices.

KEYWORDS

fractals, molecular chains, electronic and transport properties, Koch fractals, tight-
binding models

1 Introduction

A crucial size parameter for determining the physical properties of a system is its
dimensions. For example, in quasi-1D nanostructured systems such as extensively studied
graphene nanoribbons (Castro Neto et al., 2009; Wakabayashi et al., 2010; Berdonces-
Layunta et al., 2022), the electron confinement is characterized by 1D-like Van Hove
singularities in the density of states (DOS). Quantum corrals are also important nanosystems
for studying localized states and have been explored since their first synthesis in 1993
(Crommie et al., 1993). More recently, covalently linked large-sized organic quantum corrals
were made possible through bottom-up growth processes with atomic precision, revealing a
high degree of controlling localization and resonant states (Peng et al., 2021). Usually, the
localized states are highly degenerated and exhibit a set of flat bands of increasing interest to
condensed matter physics (Freeney et al., 2022; Kempkes et al., 2019).

On the other hand, fractals are fascinating natural objects and have been extensively
investigated within mathematical and theoretical frameworks, taking into account the
different focuses for discussing fractal geometries. Advances and future challenges of
fractal materials have been discussed recently by Gowrisankar and Banerjee (2021), with
advanced research proposing the application of fractal features to the dynamics of highly
nonlinear complex systems. A very good overview of fractal origins and applications is also
available in the classical book by Mandelbot (1983). The advance of experimental techniques
in synthesizing finite fractal molecules, such as self-assembly (Shang et al., 2015),
electrostatic attraction (Dai et al., 2023), have allowed a better comprehension of the
particles interacting within fractal lattices; this lies in non-integer dimensions known as
“Hausdorff dimensions”. Carbon-nanotube-based networks have been successfully designed
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to work as neural sensor devices (Browning et al., 2021), among
other interesting fractal hierarchical investigations of single-walled
carbon nanotube films (De Nicola et al., 2015) and other graphite
systems (Zhou et al., 2016). Electrons and photons (Xu et al., 2021)
moving through such lattices undergo the fractional dimension of
the structures, revealing self-similar patterns on the corresponding
band structures, density of states (DOS), and electronic
conductance. Molecular chains based on carbon Sierpinski
triangle architectures have been recently reported (Zhang Y.,
et al. 2020; Lage and Latgé,2022), exhibiting the manifestation of
different spatial charge distribution which may be explored in
functional nanodevices (de Laissardie‘re et al., 2010).

Here, we present a fractal version of a Koch snowflake-like
quantum corral in two symmetries: the triangular and square Koch
corrals. A topological description of the systems is depicted in Figure 1:
triangular and square Koch rings, named “TK-G (n)” and “SK-G (n)”,
respectively. The decorated rings are obtained by particular rotations in
the Koch lines, resulting in C3v and C4v symmetries, respectively. The
Koch chain dimension is calculated from D = log(N)/log(L), with N
being the number of lines between each corner and L the proportional
length-fraction of each line compared with the first order G (0), giving
D = log(4)/log(3) = log(16)/log(9) = log(64)/log(27) ≈ 1.26, respectively,
for the 1st, 2nd, and 3th generations. As expected, this dimension applies
also for the TK and SK snowflakes.

Such quasi-one-dimensional fractal geometries with triangular,
square, pentagonal, and hexagonal symmetries were experimentally
probed through chemical routes, in which nitrogen bases are connected
between metallic atoms (Ru, Fe, and Co) to construct quantum-corral
molecular architectures with trapped electrons (Wang et al., 2018; Jiang
et al., 2017; Zhang Z. et al., 2020.) With the actual engineering facilities
of varying molecular geometries mainly assembled by carbon based
composites (Peng et al., 2021), quantum corrals have become ideal
systems for studying electronic wave resonances, electronic
confinement, and other rich quantum responses. In this work, we
explore a variety of localized states in annular geometries, considering
both triangular and square Koch symmetries. We investigate electronic
properties such as transmission, band structure, and the spatial
distributions of the electronic states through density of states on

molecular chains that may be compared with STM images. The
systems are described within a tight binding framework in which
the lattice is included in a microscopy point of view, and not
following continuum models (El-Nabulsi and Anukool, 2021; El-
Nabulsi and Anukool, 2023). The theoretical approach is used to
describe synthesized chemical molecules and to prescribe possible
smart routes for application in selective transport nanodevices.

2 Theoretical model

A single-orbital tight-binding (TB) Hamiltonian is used to
describe the proposed Koch systems, given by:

H � ∑
i

εic
†
i ci + ∑

〈ij〉
tijc

†
i cj + ∑

〈〈ij〉〉
tij′ c†i cj + h.c. (1)

with εi being the on-site energy for an atom located at site i, c†i (ci)
being the creation (annihilation) operator of an electron on site i,
and ti,j and ti,j′ being the hopping energies for nearest neighbors (1N)
and second-nearest neighboring (2NN) atoms, respectively. We
discuss below the effects of considering both first and second
neighboring atoms in the Hamiltonian. For the corral lattices, we
discuss here, via fractal Koch curves, the urgency of including second
and/or further neighboring interactions which will be dictated by the
real system to be described, and by a proper comparison with the
experimental data, if available (STM images and dI/dV curves, for
instance), and with first principle calculations.

The electronic properties of the studied corrals are derived via
the eigenfunctions ψn and eigenenergies λn determination, with n
being the number of sites. The local density of states (LDOS) is
obtained using a Lorentzian function to better adjust the electronic
states as following:

LDOS E, r0( ) � 1
2π

∑
n

|ψn r0( )|2 Γ
E − λn( )2 + 0.25Γ2

, (2)

where r0 are the site positions. The total density of states (DOS) is
calculated by summing LDOS(E, r0) over all sites.

FIGURE 1
Left chart: Koch lines generations 0, 1, 2, and 3 from top to bottom, respectively. Right chart: triangular Koch TK-G (3) and square Koch SK-G (3).
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Transport properties are calculated using the Landauer
approach (Data, 1995), in which the system is decoupled into
three parts: central conductor, and right and left leads (Felix
et al., 2022; Santos et al., 2020; Chico et al., 2015). We consider
semi-infinite Koch chains as leads, perfectly matching the central
scattering region. Following the Green function formalism, we can
also obtain local DOS. The central advanced (a) and retarded (r)
Green functions are given as

Ga,r
c E( ) � ω −Hc − Σa,r

L E( ) − Σa,r
R E( )[ ]

−1, (3)
with ω = E ± iη, η being an infinitesimal energy value and Hc being
the Hamiltonian of the central part. Σa,r

L,R(E) correspond to left and
right self-energies, given by the related surface Green functions,
from which the coupling matrices are obtained via
ΓL,R(E) � i(Σr

L,R(E) − Σa
L,R(E)). Finally, to derive the electronic

conductance in Koch chains, G (E)=2e2/hT (E), we calculate the
energy-dependent transmission given by

T E( ) � Tr ΓLGr
cΓ

RGa
c[ ]. (4)

3 Results and discussions

3.1 Koch quantum corrals

We now explore square and triangular geometries, using the
Koch fractal, as basic units that comprise molecular systems. Figures
2A, B presents a comparison between the eigenenergies of TK and
SK-second generation corrals, respectively, considering first (red
curves) and second (blue curves) neighbors, with the second

hopping given by t′ = 0.5t. This particular value of hopping
energy may be overestimated compared to the smaller intensity
parameter usually adopted for graphene-based lattices (t′ = 0.1t). It
was chosen considering an inverse linear dependence with atomic
distance. Smaller values that should also be considered reduce the
changes on the electronic features compared to the single first-
neighbor model. However, as we want to highlight how changes may
be induced by considering the NN2, we consider stronger coupling
limits. It is clear from the results in Figure 2 that the two fractal
arrangements (triangular and square) have similar energy spectra
for both first and second neighbor models, although they have
different numbers of atoms. The corresponding Fermi energies are
depicted for both cases in blue and red horizontal dashed lines.
While there are available energy states crossing the Fermi level for
the 2NN model, the Fermi level is marked by an energy gap Egap = t
for the 1N description, revealing a semiconducting-like feature for
that model. A simple comparison between the G (2)-TK and SK
eigenvalue results for first neighbors shows a 6- and 12-order
degeneracy for the state E = −t, respectively, which is responsible
for the sharp peak in the corresponding electronic density of states
(red curve) in the bottom of Figure 3A.

By comparing the LDOS for both first- and second-neighbor
results at E = −t (Figure 3B), we note that the electronic density is
localized in a dimer-like charge distribution or displayed mostly
around all the corral sites, respectively. This difference occurs due to
the degeneracy lift and the subsequent formation of a bounding
state, caused by the inclusion of second-neighbor interactions that
are responsible for spreading the charges through the annular corral.
At E = −1.64t, the dimmer-like feature is preserved for the case of the
1N model, although rotated spatially relative to the E = −t example,
and preferring the external ST positions. In contrast, the charge for

FIGURE 2
Comparison between the energy spectra of (A) triangular and (B) square Koch corrals of second (left) and third (right) generations, G (2) and G (3),
respectively. Fermi levels are marked by dashed lines.
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the 2NN case is more pronounced at the internal sites of the corral
(see bottom part of Figure 3B). It is important to emphasize that,
although triangular and square Koch corrals exhibit similar
eigenspectra, as shown in 2, the charges are distributed as
expected around the sites according to each symmetry. The
charge distribution effects are also preserved in molecular Koch-
corral chains, as discussed next.

3.2 Molecular Koch-corral chains

As previously reported (Zhang Z. et al., 2020), the synthesized
corrals are usually displayed in lines very close to each other, or
sometimes physically connected (Dai et al., 2023). Therefore, in this
section we propose a TBmodel connecting the Koch corrals in order
to create a kind of molecular chain with periodic boundary

FIGURE 3
Results for a G (2)-TK using first (red curve) and second neighbors (blue curve) TB models. (A) Schematic view of the triangular corral (top) and DOS
(bottom). (B) LDOS comparison at energy values equal to E = −t and E = −1.64t, available for both cases. Parameters: t′ = 0.5t and ε = 0.

FIGURE 4
(A) G (2)-TK chain illustration with first (red lines) and second (blue lines) neighbors; (B) Corresponding G (2), G (3), and G (3)-TK electronic bands
considering only first neighbors and ε = 0.
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conditions along one single direction. Usually, the fractal dimension
in a perfectly symmetrical system promotes energy spectra with
fractal characteristics and exhibiting infinite band gaps in the
thermodynamic limit. Such characteristic features are verified by
comparing electronic band structures or the density of electronic
states of different fractal generations revealing the self-similar
aspects in energies (Lage and Latgé,2022; Pedersen, 2020). The
results for the electronic structures for three successive
generations G (2), G (3), and G (4) are shown in Figure 4 using
the 1N model. It is possible to see the occurrence of self-similarity
allusions between the band structures, highlighted by the shadow
regions (blue and yellow) in the figure, at narrower energy ranges as
we move to higher orders of Koch-corral structures. This is a
fundamental aspect of the fractal nature emerging from the
electronic properties of such systems. It is important to note that
real self-similarity patterns should require perfect fractal geometries,
as presented, for instance, in triangular Sierpinski lattices (Domany
et al., 1983; Wang, 1995; Pedersen, 2020). In the construction of the
proposed TK chains, the presence of the interfaces between the
fractal units breaks the ideal fractal symmetry of the single flakes. In
the absence of such perfect self-similarity features, we have not
explored the localization nature of the involved wavefunctions.

Figure 5A compares the electronic structure of the TK-G2
discussed in Figure 4, considering 1N (red curves) and 2NN
(blue curves) models. Remarkably, the negative energy spectrum
for the 1N model exhibits almost flat bands—that is, without
dispersion, a manifestation of high localized states. For the 2NN
approach, however, the spectrum is more dispersed. The electronic

conductance results for TK-G (2) chains described by both models
are shown in Figure 5B. As expected from the electronic bands
relative to the 1Nmodel, the transport response is mostly null for the
considered negative energy range. In a more realistic model, up to
second neighborhood, the number of available channels
increases—marked by the blue conductance in the same energy
range—due to the non-zero electronic group velocities in the energy
interval from −1.2t to zero.

Concerning to the charge distribution at E = −t (Figure 5C), it is
clear that, for the 1N model, the charges are concentrated around
particular sites that resemble the localized states for the same
geometry in the single corral (Figure 3). The wavefunction of
such states does not spread along the neighboring unit cells of
the molecular chain (Koch corrals), resulting in high localized states
and suppression of the transport response at this energy. The
situation is completely different within the 2NN model, as shown
in the results of the corresponding LDOS (right panel in Figure 3C),
highlighting the delocalization of the state through the chain.

3.3 Effective molecular quantum corrals

As mentioned in the introduction, with recent experimental
advances in the synthesis and fabrication of carbon nanocomposites,
new possible geometries can be explored that take into account the
interplay between fractal structures and regular geometries. Here, we
propose a quantum corral based on hexagonal symmetries similar to
the previously reported hexagram (Zhang Z. et al., 2020) and

FIGURE 5
TK-G2 chain results considering first (red) and up to second (blue) neighbors, respectively. (A) Electronic bands, (B) electronic conductance, and (C)
local density of states at E = −t.
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hexagonal gasket (Newkome et al., 2006). However, in our suggested
TB framework, the systems can be considered hexagonal triangular
Sierpinski corrals of different orders (HTS). They are generated by
repeating Sierpinski triangles connected to form self-similar objects
like Koch corrals, as depicted in the G (1–4) sequence (Figure 6A).
For the sake of simplicity, we first consider the nanostructures
composed of equal atoms, represented by the black dot in all the
4th first generations G (1–4). In particular, we have taken all on-site
energies in the Hamiltonian ϵi = 0 representing the carbon lattices.
The fractal dimension D of the proposed system can be calculated
through the relation (Foroutan-pour et al., 1999):

D � lim
r→0

Log N r( )[ ]
Log r−1[ ] (5)

with N® being the number of squares as a function of the size r
delimited by the image size. The box counting method (Kaurov,
2012) was used to estimate the fractal dimension, where it can be
obtained by the linear regression of the values as illustrated in the
right-hand chart in Figure 6B. The dimension estimated for the
nanostructured system proposed here is D ≈ 1.63, which is
consistent with the reported version with hexagonal units instead
of Sierpinski triangles (Devaney, 2004), where D = log(6)/log(3) ≈
1.63.The energy spectrum for the first G (1–4) generations is
depicted in the diagram shown in the right-hand panel of
Figure 6B. The corresponding degeneracy of the states is coded
by the brightness of the colored bars in a direct correspondence. For
example, at E = −2t there are 6, 42, 258, and 1,554 degenerate states
in the sequence of G (1–4), respectively, and also at E = −t for
G (2–4).

Returning to the molecular synthesized structures, due to the
presence of chemical elements in the systems other than carbon
atoms, we have chosen different on-site energies in the numerical
calculations: εC = 0.25t, εFe = −0.25t, and εRu = −0.35t.We have also
investigated (not shown here) cases in which εRu > εFe, which did not
produce significantly changes in the present results. The set of
different atomic site symmetries in the effective lattice is denoted
by circles of different colors, as illustrated in the right-hand chart in
Figure 7A. Note that other non-equivalent sites are also marked in
the figure with dashed black circles that represent sites very similar
to those marked by purple and red circles. The LDOS corresponding
to the four non-equivalent colored sites are shown in Figure 7B. The
total density of states (averaged over the total number of atoms) is
also displayed in shaded grey curves. Special charge densities over
the quantum corral sites are depicted in Figure 7C for different states
marked in the eigenenergy spectrum diagram. The spatial LDOS for
the energies E = −0.3t and 0, next to the Fermi level (EF = −0.3t), and
also for E = 1.1t, show that the main contributions comes from Fe
and C sites located in the internal hexagonal. On the other hand, for
E = −1.3t, the highest LDOS values come from the Ru atom
positions. The charge density panels are consistent with the
previous results of the LDOS versus energy presented in
Figure 7B, which highlight the charge distribution weight at the
individual atomic corral sites. The construction of higher generation
lattices would help to identify possible self-similarity manifestations
on the electronic properties. Also important is the incorporation of
spin-orbit coupling, mainly at the metallic sites, and hybridized-
orbital models to allow more realistic description of the metal
organic fractal structures (Canellas Núnez et al., 2023). Such

FIGURE 6
(A) From left to right: schematic view of G (1–4) fractal corral structures. For G (4), the colored squares distinguish G (1–4) generations. (B) Left:
numerical results for energy spectra in G (1–4); colored bar bright is directly proportional to the degeneracy order of states. Right: box counting linear fit
result.
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analysis can help in engineering the electronic responses of the
quantum Triangle Sierpinski corrals and propose appropriate
functionalization of the molecules.

4 Conclusion

This research has explored the nature of localized states in
quantum corrals created by fractal structures, based on C atoms,
such as Koch lines and Sierpinski triangles. Annular triangular
and square Koch structures were proposed within a first- and up
to second-neighbor tight-binding framework. Comparison
between the two approaches reveals the existence of spreading
electronic states around the corrals, favoring the 2NN description
for possible transport applications. The emergence of conducting
channels is revealed for the proposed corral chains, similar to
what had been previously verified for other organic molecular
fractal chains (Lage and Latgé,2022). Furthermore, quantum
corral architectures based on triangular Sierpinski units were
proposed to effectively describe synthesized organic molecular
corrals. The results revealed rich features on the electronic
properties and good agreement with STM images of the
experimental data (Zhang Y. et al., 2020). Higher order fractal
structures can be envisaged that allow investigation of self-

similarity responses. Also, more sophisticated descriptions
within the same tight-binding approach, incorporating many-
body correlation terms (spin-orbit couplings at the metallic sites
and electron-electron correlations), may be extended to better
describe complex molecular systems with transition metals. We
believe that the present research can be used to guide the
synthesis of a variety of real fractal molecular nanostructures,
highlighting the particular symmetries and possibilities of new
functionalization procedures.
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The admixture of PEDOT:PSS with Graphene Oxide (GO) in precise proportions
achieves a substantial reduction in electrical resistivity, thereby augmenting its
suitability as an electrode in organic devices. This study explores the electrical and
morphological attributes of commercial PEDOT:PSS and chemically synthesized
aqueous PEDOT ink when both are combinedwith GO. The investigation extends
to the application of these conductive inks as active layers in flexible methanol
sensing devices. Notably, a resistivity minimum is observed in the case of GO:
PEDOT:PSS 78%, while the highest response to methanol is attained with GO:
PEDOT:PSS 68%. To establish a theoretical underpinning for these findings, and
to understand the interaction between gas/vapors with nanostructuredmaterials,
a model rooted in Kirchhoff’s Circuit approach is developed, with the aim of
elucidating the factors behind the resistivity minimum and response maximum at
distinct specific mass ratios between PEDOT and GO. Calculating the equivalent
resistivity and response of the systems, the positions of minimum and maximum
points are in agreementwith the experimental data. Furthermore, the influence of
PSS in the samples is examined, unveiling diverse interaction mechanisms
between methanol molecules and the active layer, resulting in varying signals
during the exposure to alcoholic vapor. The theoretical model is subsequently
applied to these systems, demonstrating qualitative and quantitative agreement
with the experimental results.

KEYWORDS

PEDOT, graphene oxide, gas sensor, nodal analysis, organic electronics

1 Introduction

Poly (3,4-ethylenedioxythiophene), commonly referred to as PEDOT, stands out as one
of the most widely utilized conductive polymers in the realm of organic electronics. Its
prevalence owes itself to its inherent attributes of high electrical conductivity, partial
transparency and flexibility Anand et al. (2021); das Neves et al. (2019); Nie et al. (2023).
However, the hydrophobic nature of this polymer necessitates its processing in polar
solvents, including water. This requirement leads to the blending of PEDOT with soluble
molecules and necessitates the use of additional additives to stabilize dispersion. Notably,
the most prevalent combination involves polystyrene sulfonate, denoted as PSS, resulting in
the composite PEDOT:PSS. The addition of an excess of PSS serves to increase the PEDOT
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concentration in water, facilitating dispersion and enabling the
commercialization of conductive inks in varying concentrations.
Numerous studies in the literature highlight the utility of PEDOT:
PSS in the domain of organic electronic devices.

In the context of Organic Photovoltaics (OPVs), PEDOT:PSS
has found application both as a semi-transparent electrode Lee et al.
(2020) and as a hole transport layer Miranda et al. (2021); Chang
et al. (2023); de Jesus Bassi et al. (2021). This polymeric conductive
ink has also found relevance in other devices, including batteries del
Olmo et al. (2022), supercapacitors Yoonessi et al. (2019), and
Organic Light Emitting Diodes (OLED) Cinquino et al. (2022);
Gu et al. (2019). Moreover, in organic gas sensing devices, this
material serves as an active layer, enabling interactions with specific
gases or vapors. For instance, Pasupuleti et al. (2021) have proposed
the combination of these materials to detect Nitrogen Dioxide
(NO2). Similarly, Alves et al. (2022) have demonstrated the use
of PEDOT:PSS and graphene oxide for monitoring methanol in
confined spaces and, unlike the present study, it showed how a
nanostructuring process affects the devices’ efficiency.

Particularly in recent years, advancements in deposition
techniques have allowed for the fabrication of flexible devices.
Conductive polymers and their derivatives play a pivotal role in
this regard, as their application as inks enables deposition methods
such as casting, spin coating, and slot-die coating. The inherent
flexibility of these materials facilitates large-scale production
through techniques like roll-to-roll, an industrial method that
demands robust and flexible substrates. Consequently, these
devices exhibit eco-friendliness and versatility, thanks to their
plastic properties, lightweight nature, processability, and
recyclability Carneiro et al. (2023). These properties motivates
the use of acetate as a flexible substrate for sensor fabrication in
this study.

Despite the advantages that PSS imparts in terms of water
dispersibility and ink stabilization, it’s important to note that PSS
is an insulating polymer that can potentially compromise the full
electrical properties of PEDOT. Numerous studies have
demonstrated that additional treatments can significantly
enhance electrical conductivity, often by orders of magnitude.
One common approach involves the incorporation of carbon
nano-materials, such as Graphene Oxide (GO). For instance,
Borges et al. (2019) have shown that there exists an optimal mass
ratio between GO and PEDOT where conductivity improves
significantly, attributed to chain polymer alignment and
additional doping facilitated by GO. Another strategy to augment
PEDOT properties involves the use of polar solvents to remove PSS
from samples, thereby improving the organization of polymeric
films das Neves et al. (2019).

So it would be interesting to propose new fabrication routes that
do not require further treatments. PEDOT, being inherently
hydrophobic, presents challenges in achieving water dispersibility,
although not insurmountable ones. das Neves et al. (2021) have
demonstrated the production of substantial quantities of PEDOT
aqueous dispersion through monomer polymerization in
acetonitrile, employing Iron (III) chloride without additional
surfactants or insulating polymers, and utilizing Cl − as a
counter-ion. This opens up the possibility of producing a
PEDOT conductive ink without the need for PSS and the
subsequent steps required to remove the insulating polymer. In

this study, it is replicated an established method for polymerizing
PEDOT aqueous conductive ink das Neves et al. (2021) and
introduce a novel approach that substitutes GO for PSS,
investigating the effect of PSS in PEDOT-based samples.

The developed conductive inks composed of PEDOT and GO
are applied in this study as active layers for flexible devices to
monitor alcohol in a confined set up environment. Furthermore, this
study reveals the interaction differences between active layers using
PSS (commercial inks) and without this insulating polymer
(polymerized samples). The methanol sensor devices employed in
this study rely on an active layer that adsorbs chemical species,
yielding a real-time amplified electrical response. A significant
advantage of organic sensing devices lies in their operation at
room temperature, in contrast to inorganic counterparts, which
often require much higher temperatures exceeding 100°C Alves et al.
(2022); Afzal (2019). The use of room temperature devices holds
particular appeal, especially in confined space environments, as it
demands less energy and reduces the risk of accidents, and the
sensors presented in this study are characterized at 21°C.

Many contaminants in such environments consist of volatile
compounds, and these can be effectively detected using composites
like PEDOT-based thin films Vigna et al. (2021); Fujita et al. (2022).
GO dispersions can enhance these composites’ electrical
conductivity das Neves et al. (2019), transconductance, and
response by increasing surface area and organizing polymer
chains Alves et al. (2022). Alcoholic vapors such as methanol are
frequently encountered in confined spaces like grain silos and fuel
tanks Alves et al. (2022); Wu et al. (2022) and the presence of this
toxic and flammable compound at specific concentrations or during
extended exposures poses hazards to human health Hashemi
et al. (2022).

This paper aims to investigate the interaction between
alcoholic vapors and nanostructured materials, as the response
varies depending on the constituents of the active layer.
Additionally, the impact of PSS in the inks is examined by
comparing commercial PEDOT:PSS with chemically synthesized
PEDOT and their blends with GO. These thin films find
application in organic and flexible sensor devices designed for
monitoring methanol levels in confined spaces. This exploration
provides a deeper understanding of the roles played by PSS and GO
as dopants for PEDOT, both from experimental and theoretical
perspectives.

2 Methodology

2.1 Materials

A commercial aqueous solution of PEDOT:PSS was procured
from Sigma-Aldrich with a concentration of 1.3 wt% of polymer in
water, containing 500 μg L−1 of PEDOT and 800 μg L−1 of PSS.
Graphite was obtained from Nacional de Grafite (Graflake 99580,
99.8% carbon). Additionally, 3,4-ethylenedioxythiophene (EDOT)
(99%), acetonitrile (HPLC, 99%), and anhydrous iron (III) chloride
(FeCl3, 97%) were sourced from Sigma-Aldrich. Deionized water
(18 MΩ) was obtained using Elga Purelab Flex equipment. Flexible
substrates were produced from conventional acetate
transparency sheets.
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2.2 Preparation of PEDOT, GO: PEDOT and
GO: PEDOT: PSS

The PEDOT aqueous dispersion was obtained through the
oxidative polymerization of EDOT using FeCl3 in acetonitrile,
followed by a series of washing steps with acetonitrile and
deionized water, as detailed in das Neves et al. (2021). Additional
information regarding the synthesis of PEDOT can be found in the
Supplementary Information. An aqueous PEDOT ink was prepared
by isolating the wet solid from the aforementioned synthesis
procedure described in the Supplementary Information.
Specifically, 1.25 g of wet solid PEDOT was placed in a 100 mL
round-bottom glass flask, along with 50 mL of deionized water, and
subjected to 1 h of bath sonication, with cooling facilitated by the
addition of small ice portions. The GO aqueous dispersion was
generated through the oxidation of graphite, followed by liquid
exfoliation and centrifugation, ultimately resulting in the desired
graphene oxide dispersion. The graphite oxidation procedure was
carried out following Hummers’modified method established in the
literature Mehl et al. (2014). Further details regarding the
preparation of the GO aqueous dispersion can be found in the
Supplementary Information. Additional information regarding the
properties of GO can be found in the cited literature Mehl et al.
(2014); Borges et al. (2019); das Neves et al. (2019).

To create the GO:PEDOT aqueous dispersion, 1.25 g of wet
polymerized solid PEDOT was combined with 37 mL of GO
aqueous dispersion (0.05 mg mL−1) and 13 mL of deionized water
in a 100 mL round-bottom glass flask. The mixture was subjected to
1 h of ultrasound bath sonication, with cooling aided by small ice
portions. Following ultrasound sonication, the PEDOT and GO:
PEDOT inks were stored in glass vials.

The GO:PEDOT:PSS conductive inks were formulated by
adding varying volumes (30, 60, 90, 120, 150, and 300 μL) of
commercial PEDOT:PSS to 3 mL of GO aqueous dispersion. The
mixture underwent 24 h of vigorous magnetic stirring, as previously
described in Borges et al. (2019); das Neves et al. (2019); Holakoei
et al. (2020). These samples were denoted as GO:PEDOT:PSS,
followed by the respective percentage, corresponding to the
concentration of PEDOT relative to GO. This concentration was
calculated based on the molar mass and mass ratio established in
prior studies, resulting in the following percentages: GO:PEDOT:
PSS 40%, 59%, 68%, 74%, 78%, and 88%. The 100% sample
represents pure PEDOT:PSS. Notably, GO:PEDOT:PSS 78%
exhibits a mass ratio of 5.8 × 10−2 of GO/PEDOT, which is
reported as the optimal proportion concerning electrical
conductivity and optical transmittance on glass substrates Borges
et al. (2019); das Neves et al. (2019).

2.3 Preparation of substrates and deposition
of thin films

Interdigitated electrodes were meticulously prepared on
commercial flexible acetate substrates using standard
photolithography techniques, following the methodology outlined
in Eising et al. (2017); Alves et al. (2022). These electrodes consisted
of sputtered chromium followed by gold thin films, featuring an
active area of 10 mm2 and a band spacing of 100 μm. The

configuration of the interdigitated electrodes is visually depicted
in Figure 1. Electrical contacts were securely attached to the
electrodes using silver conductive epoxy adhesive (model 8331S-
14G by MG Chemicals) and subsequently dried on a hot plate at
65°C for a duration of 3 h.

To create various gas sensors, a drop-casting approach was
employed, depositing 10 μL of PEDOT, GO:PEDOT, GO:PEDOT:
PSS, and neat PEDOT:PSS on the electrodes. The deposited thin
films were left to dry at room temperature for a period of 24 h.
Following the drying process, the thin films underwent thermal
annealing at 40°C, utilizing a heating plate (IKA, model C-MAG HS
7), for 5 min. All of these procedures were carried out under
standard room atmospheric conditions.

For thin films intended for morphological and electrical
characterization, the same steps were followed. However, these
films were deposited on 1 cm2 acetate substrates without
interdigitated electrodes.

2.4 Samples and sensors characterization

Morphological characterization was conducted utilizing
Scanning Electron Microscopy (SEM) images, acquired with a
TESCAN MIRA 3 FEG-SEM microscope operating at 10 kV and
a working distance of 5 mm. Stubs with carbon paper were
employed, ensuring electrical contact through copper
adhesive ribbon.

Sheet resistance values were determined through four-probe
measurements performed on acetate substrates utilizing Jandel
Universal probe equipment. For each sample, these
measurements were carried out 10 times, employing both
forward and reverse electrical currents bias for each
measurement. Subsequently, electrical conductivity was calculated
using the relation σ � 1

Rs × t, where Rs represents the sheet resistance,
and t denotes the thickness of the thin films. Thickness values were
obtained through profilometry using a Veeco Dektak
150 instrument.

FIGURE 1
Interdigitated electrode in acetate, prepared using
photolithography, to be used as substrate for the sensing device.
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Dynamic Light Scattering (DLS) measurements were conducted
using a Malvern Zetasizer Nano Zs, model ZEN 3600, operating at
25°C with a 633 nm laser. A total of 20 measurements were
performed for 10 s each, with an equilibrium time of 30 s.
Particle sizes were calculated using the Mark-Houwink model.
Zeta potential was determined using a Malvern Zetasizer Nano S
at 25°C, involving 3 measurements for each sample, with
20 acquisitions each and an equilibrium time of 30 s.

The sensor response, represented as the change in electrical
resistance, was characterized by calculating the absolute value of
the difference between the electrical resistance of the device when
exposed to the analyzed gas (R) and the electrical resistance
under dry air conditions (R0). This value was then divided by
R0 and presented as a percentage. To assess the response of the
sensors to methanol (CH3OH) in dry air, a setup consisting of a
sensor probe within a tubular system was employed. Gas intake
was controlled using a flowmeter and solenoid valves, as
previously described in other studies Eising et al. (2017); Alves
et al. (2022). All sensors were tested five times over a span of
2 weeks. The established methanol concentration was maintained
at 1,000 ppm.

Using a multimeter (Agilent 34401A), the electrical
resistance of the device and its changes during gas flow were
continuously monitored in a controlled environment with 0%
air humidity and a temperature of 21°C. The set up maintains air
humidity through rotameters and dry air flowing through
sample environment, while room temperature is controlled
by an air conditioner and monitored using an
LM35 connected to the system. Previous studies showed that
21°C is the optimum temperature that these sensors present a
higher response. The same for air humidity, where if water is
present, it can hinder methanol influence by swelling effect
Alves et al. (2022). The samples were subjected to cycles of dry
air for 3 min, followed by air containing the defined methanol
concentration for 2 min. The device’s measurements and gas
intake were simultaneously controlled using a non-commercial
software application.

2.5 Theoretical approach

There are very few theoretical descriptions based on real-world
networks in which their physical characteristics are accounted for.
Figure 2 depicts an example of a random network that resembles
the connectivity of the PEDOT:PSS system. The problem of
modelling such systems begins with the lack of information one
can derive about connectivity. Most of these techniques are
computationally very demanding as the physical characteristics
depend on not just connectivity but material properties, and
density to say a few.

O’Callaghan et al. (2016) showed that an effective medium
approach provides a simple, but equivalent, way to evaluate
properties of disordered networks with the help of an ordered
square lattice network. In this study, it is considered a square
lattice of dimensions 100 × 100. Every node is labeled as GO,
PEDOT or PSS, and the weight of links, i.e., resistance encodes
the interactions between those constituents.

The equivalent resistance between the two points on the network
can be calculated as Eq. 1

Rx,y � M−1
x,x +M−1

y,y −M−1
x,y −M−1

y,x( ) (1)

Here, Rx,y is the equivalent resistance between the electrodes
placed at site x and y. M is Kirchoff’s matrix that encodes the
connectivity and interaction between the entities contributing to
electronic transport.

To begin with, it is considered a system where each node was
assigned to be GO, and as a result, all the links present in the network
are identical to one another. Due to the insulating behavior of the
Graphene Oxide the resistivity of such system is high. Adding PEDOT
and/or PSS to the network reduces the concentration of GO nodes as it
is introduced low-resistance links in the system. The resistivity
associated with a purely GO network is significantly higher than the
PEDOT:PSS doped system. As the concentration of PEDOT:PSS
increases the resistivity of the network drops due to the highly
conductive PEDOT-GO behavior. The addition of PEDOT:PSS to
the GO system creates a competition of resistances that dominates
the equivalent resistivity of the network. Aminimum is identified when
the resistance distribution of both GO and PEDOT dominates the
equivalent resistance. This perfectly resembles the resistivity minimum
position determined in the experiments.

The simplicity of the model facilitates the integration of
methanol for assessing the sensing behavior. Interaction with
methanol can be modeled in the form of changes in the
resistance of the links between neighboring nodes. The specific
values assigned to each link are based on experimental data,
reflecting the differences in resistance during exposure to methanol.

3 Results and discussions

3.1 Optimized samples—resistivity
and response

The conductive inks containing commercial PEDOT:PSS were
prepared by incorporating varying amounts of the polymeric
compound into an aqueous Graphene Oxide (GO) dispersion.

FIGURE 2
Random network (RNW) to depict a GO:PEDOT:PSS system.
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The resulting materials were deposited on flexible acetate substrates
for subsequent electrical and morphological characterization.

Previous studies have established that achieving a specific mass
ratio of 5.8 × 10−2 between GO and PEDOT:PSS results in a
minimum electrical resistivity. While this material has been used
in Organic Photovoltaics Lima et al. (2016), the behavior was
initially explored by Borges et al. (2019). They found that the
sample with this precise mass ratio exhibited improved
orientation of the thiophene groups within the PEDOT structure
compared to lower and higher concentrations of PEDOT:PSS. This
observation partially elucidates why the addition of a small amount
of PEDOT:PSS to a GO aqueous dispersion, which inherently
possesses insulator properties, leads to a more conductive
compound than the conductor itself.

Figure 3 illustrates the normalized electrical resistivity values,
represented by the black-dashed line, calculated using the sheet
resistance, obtained from four-probe measurement, and the
thicknesses of the thin films, that are around 250 nm. The results
indicate that the lowest electrical resistivity is achieved with GO:
PEDOT:PSS 78%. This concentration corresponds to the previously
mentioned sample in the literature that aligns with the assigned
mass ratio.

das Neves et al. (2019) conducted a study characterizing this
optimized compound, investigating its morphological, optical, and
electrical properties. In their research, they introduced a treatment
that selectively removed a controlled amount of PSS, resulting in a
more conductive thin film. Furthermore, both studies delved into
charge transfer times, employing Resonant Auger Spectroscopy.
Remarkably, the same sample that exhibited the minimum
electrical resistivity also displayed a significantly reduced charge
transfer time, determined using the Core Hole Clock method. This
consistency aligns with the electrical measurements, reinforcing the
pattern seen in the optimized sample.

The present study includes an additional characterization by
replicating the ethyleneglycol treatment developed by das Neves and

coauthors das Neves et al. (2019). The treatment involves dip-
casting the dried thin films in ethyleneglycol followed by water,
effectively removing PSS. Interestingly, the treatment reaffirmed
that the minimum concentration remains consistent at GO:PEDOT:
PSS 78%, as depicted in Supplementary Figure S1. The persistent
occurrence of the minimum concentration is a topic of investigation
in this present study and will be further discussed using the
theoretical approach.

Methanol devices were fabricated using the interdigitated
electrodes described in the experimental section. The electrode
surfaces were coated by depositing 10 μL of each conductive ink,
which included PEDOT, GO:PEDOT, PEDOT:PSS, and GO:
PEDOT:PSS, with varying ratios between the components. In
brief, the monitoring process commenced after the active layer
was dried, and the devices were exposed to a controlled flow of
the monitored vapor, all while maintaining a constant electrical
current of 1 mA. The response was then determined by analyzing
the variation in electrical resistance over time.

In the study conducted Alves et al. (2022), it was reported that
the most favorable response to methanol vapor occurred with a mass
ratio of 68% for GO:PEDOT:PSS, even though the highest electrical
conductivity was observed at 78%. These findings, derived from
sensors fabricated on glass substrates, aimed to explore a
nanostructuring procedure to enhance sensing activity. In the
current investigation, flexible methanol sensors are presented,
employing the same method to produce GO:PEDOT:PSS inks,
including the identical mass ratios previously published. The
response rate results achieved with flexible devices, represented
by the red-solid line in Figure 3, align with those reported by
Alves et al. (2022). While there are slight variations in the
response values compared to the previously cited study that
employed the same inks, these differences, although less efficient,
fall within the same order of magnitude. These variations can be
attributed to the flexible nature of the devices, where surface
interactions between the inks and the substrates contribute to
differences in thin film morphology, including thickness and
exposed active area. These factors directly influence the
interaction between methanol and the active layers. Nonetheless,
it is crucial to note that the qualitative behavior remains consistent.

The composite GO:PEDOT: PSS at a mass ratio of 68%,
demonstrates the most favorable response, achieving a response
of approximately 18%. Owing to this heightened response,
subsequent experimental results involving GO and PEDOT:PSS
will reference this specific percentage and the numerical value in
the sample name will be omitted. Upon comparing the two curves, it
becomes evident that beyond the concentration of 80%, the response
remains independent of resistivity.

PEDOT:PSS represents an established commercial conductive
ink that has found application in organic electronics for several
decades. PEDOT, being hydrophobic, requires additives like
stabilizers, surfactants, or negatively charged polyelectrolytes,
such as PSS, to enable its dispersion in water. However, the
electrical insulating properties of PSS can limit the full potential
of PEDOT. Numerous published studies Lo et al. (2022); Saxena
et al. (2019); Ouyang (2013) have explored the impact of PSS on
PEDOT-based samples, highlighting its doping effect on PEDOT
polymeric chains. Certain studies, such as the one conducted by das
Neves et al. (2021), have introduced a synthesis route resulting in a

FIGURE 3
Black and dashed line shows the normalized resistivity values and
Red and straight line shows the sensor response, both for GO:PEDOT:
PSS 40, 59, 68, 74, 78, 88% and neat PEDOT:PSS deposited on acetate
substrates. The response values corresponds to flexible sensor
devices fabricated on interdigitated electrodes on top of acetate
substrates.
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pure PEDOT sample in water, utilizing electrostatic repulsion to
stabilize the dispersion. This process yields electrical conductivity
levels approaching that of commercial PEDOT:PSS. This study
replicate both the aforementioned PEDOT synthesis route and
introduce a new method incorporating GO. The aim is not only
to compare morphology and electrical properties but also to
investigate the mechanism of gas sensing devices. This
comparison encompasses commercial PEDOT:PSS and the
polymerized aqueous conductive ink PEDOT, both of which
include GO in their composition.

3.2 Coloidal and morphological properties

GO:PEDOT samples exhibit an average particle size of
approximately 480 nm, which is 300 nm larger than the reported
size of PEDOT das Neves et al. (2021) and the DLS graph is depicted
in Supplementary Figure S2. The ζ potential for this ink is +45.8 mV,
indicating a metastable state, similar to the equilibrium state of the
aqueous PEDOT ink. GO:PEDOT samples can be stored in glass
flasks at low temperatures (4°C) for up to 4 months without
coagulation, providing ample usability. The electrical resistivity of
GO:PEDOT samples is approximately 0.35 Ωcm−1, whereas for
PEDOT samples, it stands at 0.45 Ωcm−1. These resistivity values
were calculated for samples with thicknesses of 290 nm and 230 nm,
respectively. These results are within the same order of magnitude as
previous characterizations presented in the literature for PEDOT
aqueous ink deposited on glass substrates das Neves et al. (2021).
Notably, the difference lies in the present study, where the thin films
are deposited via drop casting on flexible acetate substrates. These
electrical measurements indicate that the resistivity of the
polymerized compounds remains competitive with the
commercial PEDOT:PSS.

SEM images are displayed in Figure 4. Thin films of PEDOT (a)
and GO:PEDOT:PSS 68% (c) exhibit homogeneity and even
distribution on the substrates. In contrast, Figure 4B presents the
GO:PEDOT sample, characterized by numerous clusters that may
have formed during the polymerization process. These clusters
appear to be comprised of GO sheets covered by a polymeric
mass of PEDOT. These results align with previously published
findings das Neves et al. (2021); Borges et al. (2019); das Neves

et al. (2019); Alves et al. (2022). Figure 4A illustrates the polymeric
mass of PEDOT nanoparticles, while Figure 4C highlights the
polymeric appearance of the sample with exposed GO sheets
spanning the substrate. Supplementary Figure S3 provides
additional images for various concentrations of GO:PEDOT:PSS
and includes PEDOT and GO:PEDOT comparison in a
500 nm scale.

3.3 Response over time

Figure 5 presents the percentage values, representing the sensor
response, over time, comparing inks with and without PSS. The
cycles denote exposure to methanol followed by dry air, each at a
concentration of 1,000 ppm, complemented by additional cycles
following the same pattern. In a previous study Alves et al. (2022)
varied the methanol concentration from 1 × 103 to 450 × 103 ppm in
order to calculate Freundlich Isotherm. It was concluded that GO:
PEDOT:PSS exhibited a higher affinity than the commercial active
layer, corroborating the reported results in this work. As expected,
higher methanol concentrations presented higher response as the
atmosphere is much more saturated. Moreover, it was demonstrated
that below this minimum concentration, neat PEDOT:PSS active
layer shows no response. Based on this prior characterization, the
methanol concentration of 1,000 ppm was chosen to conduct the
present analyzes.

The calculated percentage efficiency varies among the tested
materials, with GO:PEDOT:PSS exhibiting the highest efficiency at
18%, followed by the PEDOT:PSS sample at around 4%, and both
PEDOT and GO:PEDOT at approximately 2% and 1.5%,
respectively. These results emphasize the increase in efficiency
achieved by incorporating GO only in samples containing PSS, as
previously predicted, reaffirming the necessity of this insulating
component to enhance the doping effect by GO. This significant
improvement can still be attributed to the larger surface area offered
by GO sheets, facilitating enhanced adsorption of methanol
molecules and, consequently, resulting in higher efficiency
compared to active layers composed only of PEDOT:PSS or PEDOT.

Despite the presence of functional groups in GO, which may
impede its electrical conductivity, several studies have demonstrated
the interaction between PEDOT and GO, resulting in polymer chain

FIGURE 4
Scanning Electron Microscopy images for (A) PEDOT, (B)GO:PEDOT, and (C)GO:PEDOT:PSS 68% deposited on acetate substrates by drop casting.
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alignment and improved electrical conductivity Holakoei et al.
(2020); das Neves et al. (2019); Borges et al. (2019); Alves et al.
(2022). Additionally, these studies have revealed that GO effectively
separates the PEDOT and PSS components, exposing PEDOT on
the surface of the thin film. This exposure promotes a more intense
interaction with methanol, consequently increasing sensor activity.

Furthermore, Alves et al. (2022) elucidated an additional doping
effect engendered by the interaction between GO and PEDOT,
facilitating the movement of more free charges that can interact
with the monitored gas or vapor. An examination of SEM images
reveals that the GO:PEDOT:PSS sample exposes GO sheets on the
thin film’s surface, correlating the heightened efficiency with the
expanded surface area enabled by GO Hasani et al. (2015).
Conversely, in GO:PEDOT samples, clusters of GO coated with
PEDOT are observable. While GO:PEDOT exhibits a similar
efficiency percentage when compared to polymerized samples,
this can be attributed to the presence of clusters hinders even
with the increased availability of charges. However, the response
value does not approach that of GO:PEDOT:PSS due to inadequate
cluster connectivity. Eising et al. (2021) demonstrated that cluster
size and connectivity impact the response to exposed gas/vapor. In
cases where clusters are large and well-connected, the electrical inner
resistance increases while the electrical contact resistance decreases
in relation to the contact area between clusters. The cluster sizes in
this study are comparable; however, the distribution does not permit
proper interconnection, resulting in a transduction mechanism
reliant on the bulky polymeric mass. Consequently, the efficiency
remains akin to that of a pure PEDOT sensor, despite the
supplementary doping effect on the polymer chains.

Despite the superior performance of the commercial ink
containing GO, it is noteworthy that, in the absence of GO, the
polymerized PEDOT ink exhibits a comparable level of efficiency to
that of the commercial PEDOT:PSS. The production of the
polymerized aqueous PEDOT ink exclusively relies on water as a
solvent, eliminating the need for stabilizers and surfactants. This
characteristic not only enhances its ecological appeal but also
contributes significantly to reduce production costs das Neves

et al. (2021). Furthermore, the sensors manufactured using the
internally produced PEDOT exhibit enhanced stability compared
to their commercial counterparts, with faster saturation times. This
stability is evident in the absence of any observable drift in the
resistance curves. The efficiency values of active layers using the
commercial polymers slightly drops over time in addition to the
observed drift aspect. Eising et al. (2021) observed the same behavior
for polyaniline and carbon nanotubes and suggested that it can be
associated to local heating due to the current flow during the
measurement procedure. Since PSS presents insulator properties,
this effect can be pronounced in the samples containing
this polymer.

Furthermore, it is worth noting that in the case of commercial
samples containing PSS, their resistance increases upon exposure to
methanol. Conversely, for the polymerized samples without PSS, the
resistance decreases during exposure. This contrasting behavior can
be attributed to various factors, including the swelling effect
observed in samples containing PSS. Polar solvents like methanol
and water can infiltrate the active layer due to interactions with PSS,
which is a hygroscopic material. This infiltration leads to a
separation of the polymeric chains, resulting in reduced
connectivity and electrical conductivity Zeng et al. (2010); Yoon
and Khang (2016). Additionally, the consumption of free charges
plays a crucial role due to the reduction in methanol molecules,
which increases the resistance of the devices Alves et al. (2022). In
opposite, the absence of PSS maymitigate the swelling effect, and the
decrease in resistance can be associated with the reorganization of
charges, facilitated by the polymer being in a doped and conductive
state das Neves et al. (2021). These phenomena will be further
examined through theoretical modeling.

3.4 Theoretical modeling

The systems incorporating a graphene oxide network along with
PEDOT and PSS can be analyzed using a theoretical framework to
elucidate the observed outcomes. In this investigation, a GO network

FIGURE 5
Response rate of the different devices in function of time and exposure to methanol for samples (A) Commercial ink PEDOT:PSS and chemically
synthesized PEDOT and (B) Commercial ink PEDOT:PSS and chemically synthesized PEDOT, both with GO in its composition.
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was employed to calculate the resistance or resistivity of the samples
through the utilization of the Kirchoff matrix. The number of
PEDOT and PSS entities was systematically altered to study their
influence on the electrical properties of the network. It is important
to note that the number of PEDOT and PSS components was
maintained at the levels specified by the manufacturer,
amounting to 0.5% for PEDOT and 0.8% for PSS, except when
considering isolated PEDOT.

This simple model reveals the existence of an optimal
concentration of PEDOT and GO, leading to the minimum
resistivity. The graph in Figure 6 illustrates the outcomes
obtained from a square lattice representation.

This result is consistent with the experimental data reported in
this study and referenced in prior literature throughout the text.
Despite the addition of PEDOT:PSS to the GO aqueous dispersion,
and its corresponding lower volume fraction in the blend, the
calculated ratios between the components, in terms of molar
concentration, suggest that the optimal ratio is approximately
78% of PEDOT, a value remarkably close to the minimum value
determined using the theoretical model, and it is showed by the
black-dashed line.

The graph in Supplementary Figure S4 indicates a slightly
different result for a random network. As expected, the
minimum spot has changed to a lower value, approximately 65%,
owing to the enhanced connectivity between the components
compared to the square lattice. Nevertheless, these results are
promising, considering the simplicity of this model and the
proximity of the findings to those obtained with the square
lattice representation, where connectivity is constrained to a
maximum of 4.

These outcomes suggest a competition among the resistivities of
the components within the network. Both GO and PSS are electrical
insulators, with PEDOT being the conductive constituent in this
blend. This competition in resistivities results in a global minimum.
Prior to this optimal concentration, there isn’t enough PEDOT to

significantly enhance electrical conductivity, and both GO and PSS
act as insulator pathways for charge carriers. Beyond this optimum
concentration, the electrical conductivity of the sample approaches
that of pure PEDOT. This conclusion aligns with the findings of
Alves et al. (2022) and das Neves et al. (2019), where it is explicitly
demonstrated that GO dopes PEDOT, increasing the number of free
charges and, consequently, the electrical conductivity for this
specific mass ratio. Furthermore, both sets of authors discuss the
morphological changes induced by GO in the polymeric chains,
contributing to improved electrical conductivity due to the
synergistic effects of induced charge, polymer orientation, and
morphology enhancement.

The identical network representation can also be employed to
illustrate the sensor’s response in the presence of methanol
molecules. Figure 6 displays the response of the modeled sensors
by the red-solid line, wherein the resistance links between the nodes
are altered to signify methanol exposure, ensuring that the alcohol is
distributed throughout every component, as per the saturated
atmosphere during the experimental measurements.

The response reaches its maximum value at a concentration of
approximately 65%, with both the Resistivity and Response curves
following the pattern shown in Figure 3. It closely aligns with the
performance of the GO:PEDOT:PSS 68% sample, and the findings
are consistent with the research conducted by Alves et al. (2022).
This behavior mirrors the pattern observed for the resistivity
minimum. Despite both GO and PSS interact with methanol, the
sensor’s active layer must conduct the signal to the external circuit,
and both GO and PSS are considered electrical insulators. PEDOT,
being the conductive polymer, also interacts with the alcoholic vapor
and efficiently carries the signals for monitoring. Alves et al. (2022)
demonstrated that GO, by increasing the number of free charges,
enhances the sensing activity, especially in specific concentrations.
With a higher quantity of available charges, methanol molecules can
consume these polarons, leading to an increase in the electrical
resistance of the device and consequently enhancing the
sensing activity.

Using this model improved to investigate the sensing activity, it
was compared the samples with and without PSS. As depicted in
Figure 5, when exposed to methanol molecules, the GO:PEDOT and
PEDOT samples exhibit a decrease in electrical resistance, indicating
sensor activity. However, in the presence of PSS within the system,
the resistance increases, as indicated in both Figures 5A, B.

Alves et al. (2022) employed Density Functional Theory (DFT)
to investigate the behavior of samples containing PSS when exposed
to methanol. PSS is an insulating polymer often added to enhance
the dispersibility of PEDOT in water while also doping PEDOT,
increasing the number of empty states and facilitating hole mobility.
However, polar molecules present in the surrounding atmosphere
have the capacity to diminish this doping effect and, consequently,
the electrical conductivity of the PEDOT chain.

In addition to these findings, the DFT data indicated a more
pronounced doping effect when GO is introduced into the system,
contributing to the increased efficiency with a favorable average
adsorption energy. The authors suggested that GO enhances the
availability of polarons. Consequently, the higher efficiency was
attributed to GO:PEDOT:PSS samples due to the presence of GO,
which amplifies the disruption of PEDOT doping caused by
methanol molecules. Furthermore, the DFT results also revealed

FIGURE 6
Normalized Resistivity values for the square lattice network
representation of GO:PEDOT:PSS systems, indicated by the black-
dashed line, showing the minimum in a determined concentration of
PEDOT. Red-solid line represents the results for the Normalized
Response Rate for methanol exposure, revealing the behaviour for
different concentrations of PEDOT in GO network.
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interactions between GO, PEDOT, and PSS with methanol
molecules through oxygenated groups. The mechanism, therefore,
involves a process of PEDOT dedoping as a result of the
consumption of available polarons by methanol molecules. In
this case, methanol functions as a reducing agent, consistent with
its chemical structure Saaedi et al. (2019); Singh and Sharma (2022).

In the current study, the application of the samemodel presented in
the discussed results above is proposed. Supplementary Figure S5
illustrates the results for samples both with and without PSS. These
findings demonstrate a qualitative alignment between the experimental
data and the theoretical approach. While a comprehensive explanation
for these results remains elusive and requires further investigation,
certain observations can be made. Notably, the presence of PSS
influences the resistance of the network. Both GO and PSS exhibit
high electrical resistances, but PSS is an insulator polymer, whereas GO
contains specific functional groups with insulating properties.
Consequently, GO represents a component with high electrical
resistance but also features regions that can conduct electricity,
thereby engendering the desired interplay between resistances within
the network, resulting in the observed contrasting behavior.
Furthermore, the model posits that all components interact with
methanol molecules, thereby giving rise to the step functions
observed during exposure to the alcoholic vapor.

Methanol is recognized as a reducing agent, and changes in
resistance within gas sensing devices are often associated with either
doping or dedoping processes. Typically, an increase in resistance
corresponds to a dedoping process, while a decrease implies doping.
In this context, for methanol to reduce the electrical resistance, it should
contribute charge carriers to PEDOT, effectively acting as an oxidizing
agent. However, this is an unusual scenario, as it typically demands a
substantial amount of energy to facilitate such a process. Additionally,
catalytic reactions, which involve oxidizing agents for alcohols, do not
apply in this case. Lin and Fan (2020) have discussed analogous
behavior, where a decrease in resistance occurs in chemiresistive
Carbon Dioxide (CO2) gas sensors. In their study, CO2 donates free
electrons to the device, thereby increasing the number of free charges
and subsequently enhancing electrical conductivity. Another aspect
relevant to this specific case of charge flow in PEDOT samples relates to
the redistribution of charges on the thin film’s surface. The polymerized
PEDOT in question exists in a doped state with polaron and bipolaron
structures, as observed by das Neves et al. (2021). This rebalancing of
charges can delocalize charge carriers and create new pathways,
temporarily increasing the electrical conductivity of PEDOT samples.
This reorganization results in the decrease of resistance during the
exposure to methanol vapors instead of charge exchange as proposed
for PEDOT:PSS-based samples.

4 Conclusion

This study investigated the utility of conductive inks composed of
GO, PEDOT, and PEDOT:PSS, which were applied to flexible acetate
substrates as active layers for methanol sensor devices. Electrical
measurements revealed a minimum resistivity point corresponding
to GO:PED-OT:PSS 78%, while the highest response to methanol,
reaching up to 18%, was observed with GO:PEDOT:PSS 68%.
Although the greatest values for both conductivity and response
were associated with a commercial ink containing PSS, sensors

crafted from the synthesized aqueous conductive ink consisting of
pure PEDOT and GO:PEDOT demonstrated stability with
sensitivities up to 2%. Furthermore, sensors with and without PSS
exhibited different interaction mechanisms with the active layers.
Flexible devices produced using commercial PEDOT:PSS experienced
an increase in resistance upon exposure to methanol molecules, while
pure PEDOT demonstrated a decrease in resistance values.
Additionally, a model was developed to explore the
aforementioned challenges, offering explanations for the global
minimum in electrical resistivity and the maximum response. This
approach employed a Kirchoff matrix within a square lattice
representation and supported both qualitative and quantitative
interpretations of the experimental data. The model illustrated the
competition between the resistances of PEDOT, PSS, and GO, given
that PEDOT is conductive while the latter two are insulators.
Moreover, the model qualitatively represented the behavior of
sensors with and without PSS, accounting for both resistance
increase and decrease, respectively. This simple model effectively
addressed the three research questions posed in this study, with
the square lattice representation serving as a simplified yet
powerful method for studying such systems, yielding results
consistent with larger systems.
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The omnipresence of emerging contaminants in the aquatic environment is
indisputable. These contaminants include chemical substances not removed
in traditional water and sewage treatment processes. To ensure the quality of
water and healthy aquatic ecosystems, new treatment technologies andmaterials
are essential to effectively control the presence of these contaminants in the
aquatic environment. More than that, it is important to know how molecules
interact with these new materials. A low-cost alternative currently available is
adsorption. Despite this method being widely studied, describing the interaction
mechanisms between the materials and the analytes is not usual, limiting the
obtainment of more efficient materials. Thus, the objective of this work was to
understand, in a theoretical-experimental way, the forms of interaction in the
adsorption of the drug paracetamol, widely used worldwide, in materials based
on graphene with different chemical and structural properties. For this, kinetic
and isothermal experimental studies were carried out using four materials that
contemplated different dimensions, pore sizes, and oxidation degrees. In
theoretical studies, density functional theory (DFT) simulations were
performed to cover quantum details, revealing how paracetamol interacts
with different graphene structures. According to theoretical studies, binding
energies, binding distances, and charge transfer between oxidized graphene
and paracetamol drug are compatible with physical adsorption, strongly
dependent on the type and number of functional groups on the graphene
surface. These results agree with the experimental data where the highest
adsorptions were observed precisely for materials containing a higher
proportion of functional groups and where these groups are more available
(more porous), with adsorptive capacities reaching 235.7 mg/g. Our findings
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contribute to scientific knowledge about using graphene structures as an
adsorbent material, providing a solid basis for future studies and developing
more efficient and advanced water treatment technologies.

KEYWORDS

contaminants, density functional theory, functional groups, oxidized graphene, simulation

1 Introduction

Graphene, graphene oxide (GO), and reduced graphene oxide
(2D-rGO) have been widely used as adsorbents to remove different
classes of contaminants from water (Ersan et al., 2017; Bolisetty
et al., 2019; Liu et al., 2019; Yousefi et al., 2019; Alves et al., 2021).
This application is highlighted for this type of material due to its
unique properties, such as high specific surface area and amphiphilic
structure, in materials with polar groups (Alves et al., 2021; Huang
et al., 2021). Pristine graphene, besides its limitations in obtaining
(Wang et al., 2020), has limited applications due to its
hydrophobicity and its unique π-π interactions. GO and rGO, on
the other hand, improve the accessibility of contaminants in
aqueous systems and extend material-analyte interactions
through hydrogen bonding and electrostatic interactions
(Deshwal et al., 2023; Fan et al., 2023). Despite the range of these
materials in removing contaminants, their applications are limited
by agglomeration or re-stacking of graphene sheets through strong
π-π and van der Waals interactions between the sheets. This process
results in a reduction in surface area, poor dispersion in aqueous
media, and a consequent reduction in adsorption efficiency (Shan
et al., 2017; Alves et al., 2021; Lin et al., 2021; Wong et al., 2022). In
addition, due to their two-dimensional structure, these materials can
be easily leached into water bodies, being affected by a difficult
recovery process.

An alternative to solve these problems is using three-
dimensional materials of reduced graphene oxide (3D-rGO).
These materials have interconnected pores formed by the
disorderly bonding of two-dimensional reduced graphene oxide
sheets (Shan et al., 2017). These materials are a solution to the
problems mentioned above and have excellent mechanical
properties, specific surface areas, and high porosity (Torabi Fard
et al., 2022). Based on their structures and properties, these materials
have been applied in different contaminant removal methods, such
as photocatalysis, advanced Fenton oxidation, capacitive
deionization (Jung et al., 2018; Wang et al., 2019; Yang et al.,
2020; Yu et al., 2022), and especially adsorption (Bruckmann
et al., 2022; Leão et al., 2022; Leão et al., 2023). This water
treatment method is widely used due to its simplicity and high
efficiency (Hiew et al., 2019). In the case of three-dimensional
graphene materials and their derivatives, relevant and desirable
adsorptive capacities have been found for different contaminants
(Torabi Fard et al., 2022), such as metals, dyes (Liu and Qiu, 2020;
Lin et al., 2021; Sun et al., 2021), organic solvents, oils (Liu and Qiu,
2020; Wong et al., 2022), pesticides (Guo et al., 2021), and drugs. In
the case of drugs, different classes have been removed through the
adsorption process, using three-dimensional materials based on
graphene, decorated or not. Recent studies show, for example,
the use of three-dimensional reduced graphene oxide
functionalized with caffeic acid in the removal of norfloxacin

(220.99 mg g−1) and ketoprofen (125.37 mg g−1) (Lu et al., 2020);
when functionalized with chitosan, a similar material was able to
remove up to 14.4 mg g−1 of sulfamethazine (Hamed et al., 2022).
The synergistic effects of 3D-rGO/MnO2 were evaluated in
removing and degrading tetracycline from water, which can
remove up to 91% of this drug (Song et al., 2019). The 3D-rGO
has also been applied to efficiently remove ibuprofen, diclofenac and
naproxen with efficiencies of up to 526 mg g−1 (Umbreen
et al., 2018).

Pharmaceutical products are not fully eliminated in
conventional water and sewage treatments and are destined for
water resources. There, they can impact the organisms that live in
that ecosystem and humans (Villaescusa et al., 2011; Hamed et al.,
2022). A drug that has attracted attention due to its characteristics is
paracetamol (PCM), also known as acetaminophen, the most widely
used analgesic worldwide (Villaescusa et al., 2011; van den Driesche
et al., 2015; Hiew et al., 2022). When ingested, paracetamol cannot
be completely metabolized, and approximately 20% of the drug is
excreted into the environment as metabolites, ending up in water
bodies and effluent treatment plants. During the disinfection process
of water or effluents, paracetamol may be reactive with hypochlorite,
generating significantly toxic compounds (Bedner and MacCrehan,
2006). In addition, several studies suggest that paracetamol may
have endocrine-disrupting effects at all stages of human
development, being able to act as an anti-androgenic substance
and causing male reproductive disorders (van den Driesche et al.,
2015; Albert et al., 2013; Kristensen et al., 2016; Kristensen et al.,
2011; Kristensen et al., 2012). In addition to the wide use and risks
attributed to this drug, there is also a low number of studies
evaluating its removal using adsorption since conventional water
treatment techniques (Villaescusa et al., 2011; Hamed et al., 2022).
Paracetamol adsorption has been described on silica, alumina
(Lorphensri et al., 2006), aquifer sand (Hamed et al., 2022), and
carbon materials such as coconut activated carbon (Fernandez et al.,
2015), rice husk (Paredes-Laverde et al., 2019), and tea leaves (Wong
et al., 2018), grape stalk, yohimbe bark and cork bark (Villaescusa
et al., 2011), multi-walled carbon nanotubes (Yanyan et al., 2018)
and graphene oxide (Moussavi et al., 2016). At the same time, no
studies report the use of graphene-based three-dimensional
materials, which had their previously mentioned advantages.

Simultaneously, to find new materials capable of efficiently
removing this drug, it is necessary to determine the interaction
mechanisms between the material and the analyte. These
determinations can be carried out using computer simulations,
where one can simulate the interaction with materials that
present different degrees of oxidation or pore sizes, for example,.
In this sense, the objective of this work was to experimentally
evaluate the efficiency of 3D-rGO materials with different degrees
of oxidation of the structure and a two-dimensional graphene oxide
material (2D-rGO) in the adsorption of the analgesic paracetamol.
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Furthermore, the experimental results were compared with ab initio
computer simulations to elucidate the mechanisms involved in the
material-analyte interaction.

2 Experimental

2.1 Experimental setup and details

2.1.1 Obtaining 2D graphene-based material
Two-dimensional reduced graphene oxide was obtained from

the chemical oxidation of graphite, followed by exfoliation to obtain
graphene oxide. The reducing agent ascorbic acid was used at a
concentration of 25 mmol L−1 150 mL of GO dispersion
(1 mg mL−1) and the corresponding amount of reducing agent
were added to a round bottom flask and kept at reflux for 3 h.
At the end of the process, the material obtained was washed several
times with distilled water.

2.1.2 Obtaining 3D graphene-based materials
The three-dimensional materials of reduced graphene oxide (3D-

rGO) were obtained as described by Leão et al. (Leão et al., 2022), from
the chemical oxidation of graphite followed by exfoliation in an
ultrasound bath (SP Labor, model SP-UL, frequency 50 kHz) to
obtain graphene oxide. A dispersion of this graphene oxide at a
concentration of 1 mg mL−1 was used to obtain 3D-rGO. This was
obtained from a thermochemical process using the ascorbic acid-
reducing agent at different concentrations (0, 5, and 25 mmol L−1).
The corresponding amount of reducing agent and 50 mL of GO
dispersion were added to 100 mL beakers, mixed, and taken to an
autoclave (Stermax Digital Super Top, 21 L) at 120 C for 90 min. At the
end of the process, the monoliths were removed and washed with
distilled water, ready for use as a hydrogel. The entire synthesis process
takes about 2 h.

The abbreviations for reference to the samples in this work are
3D-rGO for three-dimensional reduced graphene oxide. The second
part of the acronym refers to different concentrations of reducing
agent (0, 5 and 25 mmol L−1); for example, 3D-rGO0 is used for 3D
reduced material without ascorbic acid, and so on.

2.1.3 Materials characterization
The complete characterization of these materials is better

described in our previous work (Leão et al., 2022). In this
previously published work, the characterizations of X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), Raman Spectroscopy, Thermogravimetry (TGA) and zero
charge point pH (pHZCP) are presented. To avoid repetitions, in this
work, the characterization of 3D-rGO0, 3D-rGO5, 3D-rGO25 and
2D-rGO was performed using Scanning Electron Microscopy
(SEM), Brunauer–Emmett–Teller (BET) specific surface area
values, and indirect potentiometric titration.

For Scanning Electron Microscopy, a MIRA 3 FEG-SEM
microscope was used. The samples were placed on double-sided
copper tapes previously glued on the sample holder. All samples
were metalized with chromium; the source voltage was 15 kV. The
BET method obtained the surface area using a Quantachrome
Instrument, NOVA 4200e, United States. The indirect
potentiometric titration was performed according to Hanelt et al.

(2011) (Hanelt et al., 2011). The materials were kept in a NaOH
0.0025 mol L−1 solution, standardized with potassium biphthalate, for
24 h. At the end of this time, the solution was filtered and titrated with
HCl 0.001 mol L−1, using KCl 0.01 mol L−1 as a supporting electrolyte.

2.1.4 Adsorption experimental studies
The kinetic study used 8 mg of each material, left in contact with

5 mL of PCM 50 mg L−1. At predetermined time intervals and until
equilibrium, the concentration of PCM in the solution was
determined. From the data obtained, the adsorptive capacity of
the materials was calculated using Equation (1) (Thue et al., 2018),
where Qe, is the adsorptive capacity in mg g−1, Ce and Cf are the
initial and final concentrations of the solution (mg L−1), V is the
volume of solution (L) and m is the mass of the adsorbent (g). The
obtained results were fitted to non-linear kinetic models of general
order, pseudo-first order and pseudo-second order.

Qe � Ce − Cf( ) × V

m
(1)

As for the equilibrium isotherms, 8 mg of adsorbent was kept in
contact with 5 mL of PCM at 50, 100, 250, 500, 1,000, 1,500 and
2000 mg L−1 concentrations. After 5 h, the final drug concentration
in the solution was determined. The adsorptive capacity was
determined from Equation (1), and the data were fitted to the
non-linear isothermal models of Langmuir, Freundlich and Sips.

All experiments were conducted at an ambient temperature of
approximately 25 C, with constant stirring at 150 rpm. Solution
concentrations were determined using a Kasuaki IL-593-S UV-Vis
spectrophotometer at a wavelength of 242 nm. All experiments were
performed in triplicates.

3 Computational model and details

3.1 Ab initio simulations

The ab initio simulation was performed using SIESTA code (Soler
et al., 2002). They were evaluated through first-principles calculations
based on DFT (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) to
obtain electronic, structural, and energetic properties. In all calculations,
we used the local density approximation (LDA) parameterized by
Perdew and Zunger to describe the exchange–correlation potential.
LDA is more suitable than the Generalized Gradient Approximation
(GGA) to study weakly interacting systems and also the presence of π-
stacking interactions on sp2-likematerials. It is also important to outline
that similar LDA calculations have been employed successfully in our
group to describe the most diverse types of systems related to Gr-
molecule interactions, resulting in an excellent tool for the connection
between theory and experiments. Additionally, the present
methodology used in this work allowed us for a feasible comparison
with previously published work by our team, where the LDA results for
binding energy and bond distance are very close to the experimental one
(Jauris et al., 2017; de Oliveira et al., 2021; Bruckmann et al., 2022; Leão
et al., 2023).

The interactions between the core and the valence electrons were
employed through Troullier–Martins pseudopotentials (Troullier and
Martins, 1991), whereas the molecular orbitals made use of a localized
double zeta plus polarization (DZP) (Sankey and Niklewski, 1989) basis
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set through a limited energy shift of 0.05 eV. The cutoff of 200 Ry in the
grid integration represents the charge density for all interactions.
Mulliken population analysis evaluated the electronic charge transfer
between paracetamol (PCM) and graphene (Gr).

The structural optimization was performed by a conjugate
gradient method. All atomic coordinates were allowed to move
until the residual forces were less than 0.05 eV/Å. The
computational method and simulation parameters were similar to
those used in our previous work (de Oliveira et al., 2021; Bruckmann
et al., 2022; Leão et al., 2023). These structures can describe
qualitatively the results by combining simulations and
experimental data for molecule adsorption.

Thus, the structures studied were graphene functionalized with one
epoxy/two epoxy groups (Gr[O]/Gr[2O]), one hydroxyl/two hydroxyl

groups (Gr[OH]/Gr[2OH]), and one carboxyl/two carboxyl groups (Gr
[COOH]/Gr[2COOH]), where each of them interacts with PCM (CAS
103-90-2; C8H9NO2). Three different pairs Gr[O]/Gr[2O], Gr[OH]/Gr
[2OH], and Gr[COOH]/Gr[2COOH], were used in the simulation and
represent the type and quantity of functional groups in the graphene
model used. They reflect possible functional groups present in reduced
graphene oxide structures. We do not use the same functional groups
simultaneously, so it would be possible to evaluate their individual
collaboration. These models were chosen to explain the effect of the type
and quantity of functional groups on the PCM adsorption mechanism
on three-dimensional materials based on graphene, whose structural
differences aremainly due to the amount and kind of oxygenated groups.

The optimized structures can be seen in Supplementary Figure S1.
We use several different configurations for every system associated with
PCM. Notably, only the most stable configurations are presented in this
work. The final binding energies (EB) were calculated according to
Equation 2, which is based on the Basis Set Superposition Error (BSSE)
(Boys and Bernardi, 1970),

EB � - E Gr + PCM( )-E Grghost + PCM( )-E Gr + PCMghost( )[ ]

(2)
where EB is the binding energy, EB(Gr + PCM) is the total energy of
the Gr plus PCMmolecule. The subscript “ghost” corresponds to the
additional basis wave functions centered at the position of the Gr or
at the PCM molecule but without any atomic potential. The
minimum distance (DB) values between the PCM and the Gr

FIGURE 1
Scanning Electron Microscopy of 2D-rGO (A), 3D-rGO0 (B), 3D-rGO5 (C), and 3D-rGO25 (D) materials.

TABLE 1 Properties of the materials obtained according to the
characterizations performed (Leão et al., 2022).

Material Concentration of COOH
(mmol g−1)

Specific surface
area (m2 g−1)

2D-rGO - 91.6

3D-rGO0 10.62 ± 1.84 172.274

3D-rGO5 3.08 ± 0.12 163.198

3D-rGO25 2.52 ± 1.34 62.807
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were obtained from the nearest atoms. The bond distance (DB)
values between PCM and Gr are obtained from the minimum
interatomic distance between the systems. In this paper, to
quantify an interaction such as physical or chemical adsorption,

we considered parameters such as charge transfer, bond distance,
and detailed analysis from the electronic energy levels of the systems,
similar to those used in previous works (Vendrame et al., 2019;
Concu et al., 2020; Leão et al., 2022; Leão et al., 2023).

FIGURE 2
Adsorption kinetics of paracetamol in 2D-rGO (A), 3D-rGO0 (B); 3D-rGO5 (C), and 3D-rGO25 (D).

TABLE 2 The kinetic parameters for paracetamol adsorption by 2D-rGO, 3D-rGO0, 3D-rGO5, and 3D-rGO25.

2D-rGO 3D-rGO0 3D-rGO5 3D-rGO25

General-order

kN(min−1.(g.mg−1)n−1) 9.46 × 10−5 0.005 0.003 0.002

qe (mg.g−1) 33.529 23,998 30,517 26,938

n 2.140 1,770 1,233 1,213

t1/2 (min) 203,829 16,693 123,602 188,380

R2
adj 0.9925 0.9949 0.9978 0.9973

SD 0.719 0.476 0.447 0.420

Pseudo-second order

k2(g.mg−1.min−1) 1.590 × 10−4 0.003 1,886 × 10−4 1,282 × 10−4

qe (mg.g−1) 32.634 24,417 34,902 31,544

t1/2 (min) 192,728 15,910 151,871 247,299

R2
adj 0.9930 0.9950 0.9911 0.9937

SD 0.7013 0.474 0.8956 0.642
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4 Results and discussion

4.1 Material characterization

As already mentioned, a detailed version of the characterization
of these materials can be found in the article that describes the
process of synthesis and characterization of these materials
(Leão et al., 2022). The SEM images of the four studied materials
are shown in Figure 1. The structural difference between 2D-rGO
(Figure 1A) and 3D materials can be observed. While the first one
appears as small sheets, the others have these sheets interconnected
disorderly, forming a three-dimensional porous network. It is also
possible to observe significant differences among the 3D materials
(Figure 1B–D). The greater the amount of reducing agent added, the
greater the compaction of the structure, which has smaller cavities.
Thus, it can be expected that different behaviors are found for the
materials due to their morphology. Self-assembling graphene oxide
sheets form 3D graphene network structures through hydrogen
bonding, electrostatic interaction, or π-π interactions. Wang et al.
(2019) Considering the self-assembly mechanism of graphene
hydrogels via hydrothermal routes, the pore size results from the
size of the bubbles formed during the process. It must be considered
that a greater degree of oxygen functionalization promotes greater
interaction with the polar solvent, leaving larger hydrate pores.
However, when the reduction process removes the hydrophilic

groups, the water in the pore decreases, consequently allowing
for higher structure compaction.

The results of the concentration of functional groups (Table 1)
show that the greater the amount of reducing agent added, the
smaller the number of oxygenated groups. These results are
corroborated by the FTIR spectra available in (Leão et al., 2022).
Likewise, for 3Dmaterials, the greater the amount of reducing agent,
the smaller the material-specific surface areas; the 2D-rGO material
has an intermediate surface, closer to the 3D-rGO25material–which
is the 3D version closest to it. The combination of these results shows
that the variation in the amount of reducing agent used interferes
with the chemical structure and the morphology of the materials.

4.2 Experimental adsorption results

From the experimental adsorption studies, it was possible to
compare the efficiencies of the materials as follows. The kinetic
study, shown in Figure 2, and detailed data in Table 2, show that the
behavior of the adsorption rate is influenced by the synthesis method
and the concentration of the reducing agent, that is, the presence of
functional groups. Reaching adsorption equilibrium was
approximately 5 h for 3D-rGO0, 12 h for 3D-rGO5, 20 h for 3D-
rGO25 and 24 h for 2D-rGO. Respectively, for the four materials, t1/
2 was 15.9, 123.6, 188.4 and 192.7 min. This last value represents the

FIGURE 3
Adsorption isotherms of paracetamol in 2D-rGO (A), 3D-rGO0 (B); 3D-rGO5 (C), and 3D-rGO25 (D).
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time required for 50% of the analyte to be adsorbed and is used to
compare the different materials (Thue et al., 2018).

From these results, we can infer that the 3D-rGO0 material can
adsorb PCM faster, followed by the 3D-rGO5, 3D-rGO25, and 2D-rGO
materials. Similar behavior has been described previously in our articles
(Vijayaraghavan et al., 2006; Leão et al., 2022) in the adsorption of
safranin and methylene blue dyes. We verified, then, that the behavior
obtained for the dyes can be extended to the drug PCM. As in previous
works, adsorption takes place more quickly inmaterials where there is a
greater amount of oxygenated functional groups and the presence of
larger cavities and/or pores. Additionally, the 3D-rGO0 material
presents different behavior due to its granular structure. This
structural configuration allows a larger material area to interact with
the PCM, accelerating the adsorptive process. In the case of other
materials, the intra-particle diffusion processmust be responsible for the
increased velocity inmaterials with larger pore sizes. As seen previously,

the greater the amount of reducing agent added during synthesis, the
smaller the cavities/pores, and the more compact the structure. At the
same time, smaller amounts of oxygenated functional groups are
available for interaction with the analytes. Such conditions guarantee
the order of adsorption speed in the studied materials.

Adsorption isotherms were constructed to determine the
adsorptive capacity of the materials for the drug PCM (Figure 3).
The adsorptive capacities of 235.7, 176.8, 175.1 and 157.6 mg g−1

were determined for 3D-rGO5, 3D-rGO25, 2D-rGO, and 3D-
rGO0 materials, respectively (Table 3). An important
observation point is the isothermal models that best fit each
result. While all three three-dimensional materials showed a
better fit to the Langmuir isothermal model, only 2D-rGO
showed a better fit to the Sips isothermal model. This result
indicates that their dimensionality influences the adsorptive
behavior of the materials. While the Langmuir model

TABLE 3 Isotherm parameters for paracetamol adsorption using 2D-rGO, 3D-rGO0, 3D-rGO5 and 3D-rGO25 adsorbent.

2D-rGO 3D-rGO0 3D-rGO5 3D-rGO25

Langmuir

Qmax (mg.g−1) 213,48 157,647 235,692 176,765

KL (L.mg−1) 0.0020 0.0043 0.0028 0.0028

R2
adj 0,8677 0,8404 0,9372 0,9647

SD 26,531 22,869 20,140 11,067

Freundlich

KF (mg.g−1(mg.L−1)−1/nF) 5,703 13,148 9,685 7,291

nF 2,204 3,130 2,459 2,463

R2
adj 0.7937 0.8095 0.8850 0.9226

SD 33,136 24,986 27,244 16,394

Sips

Qmax (mg.g−1) 175,098 157,647 215,902 172,335

Ks (L.mg−1) 4,431 × 10−5 0.004 0.001 0.002

ns 0.583 1 0.827 0.953

R2
adj 0.8678 0.8085 0.9280 0.9579

SD 26,528 25,051 21,562 12,091

TABLE 4 Binding distance (DB), charge transfer [nq (e−)], Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO)
difference (nHL), and binding Q21 energy (EB). The positive signal in the charge transfer indicates that the Gr is a charge donor. The bold values correspond
to the most stable structures.

Configuration DB (Å) Δq (e−) ΔHL (eV) EB (eV)

Gr[O]+PCM-I 2.33 (OGr-HPCM) 0.21 1.34 0.38

Gr[O]+PCM-II 1.88 (OGr-HPCM) 0.29 1.25 0.60

Gr[O]+PCM-III 2.29 (OGr-HPCM) 0.16 1.50 0.23

Gr[2O]+PCM-I 2.16 (OGr-HPCM) 0.13 1.56 0.27

Gr[2O]+PCM-II 2.00 (OGr-HPCM) 0.35 1.31 0.49

Gr[2O]+PCM-III 2.13 (OGr-HPCM) 0.05 1.55 0.24
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describes monolayer adsorption, the Sips model, also called
Langmuir-Freundlich, has two behaviors: at low adsorbate
concentrations, it reduces to the Freundlich isotherm
(Vijayaraghavan et al., 2006), and at high concentrations,
predicts monolayer adsorption, with a limited number of sites
on the surface of the adsorbent, characteristic of the Langmuir
isotherm (Lima et al., 2015; Soltani et al., 2019).

Another important point in the adsorption study concerns the
differences in adsorption capacities. Differently from the kinetic
study, there is a highlight for the 3D-rGO5 material, which can
absorb 235.7 mg g−1. Next, we observed that the 3D-rGO25 and 2D-
rGO materials have similar adsorptive capacities. In common, both
materials have the highest addition of reducing agent (25 mmol L−1),
presenting a similar degree of reduction. Finally, the 3D-rGO0

FIGURE 4
Electronic levels and LDOS for the most stable configuration: (A) Gr[O] +PCM-II and (B) Gr[2O]+PCM-II configurations with orbital charge density
isosurfaces 0.0093 e−/(Å)3.
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material, which has excellent kinetic performance, has the lowest
adsorptive capacity. From these results, we can infer some
considerations. First, material morphology appears to be
dominant in the adsorptive process. This can be observed mainly
for the 3D-rGO0material, which can adsorb PCM quickly but not in
large quantities due to its loose granular structure. Secondly, due to
similar synthesis, 3D-rGO25 and 2D-rGO materials have identical
amounts of oxygenated groups. Thus, it can be deduced that smaller
amounts of oxygenated functional groups result in smaller
quantities of PCM. The presence of oxygenated groups is a
secondary factor in the adsorption. Finally, 3D-rGO5 stands out,
which presents a cohesive three-dimensional structure, is porous,
less compacted, and has larger cavities and an intermediate number
of oxygenated groups. Such material seems ideal for the adsorption
of the drug PCM, due to its morphology and presence of
oxygenated groups.

4.3 Computational results

Theoretical calculations were conducted to understand the
interaction mechanisms between different three-dimensional
graphene materials and the drug paracetamol, focusing on the
type and number of oxygenated groups in the materials. This
section provides the details of the calculations.

4.3.1 Ab initio simulations - Gr[O]/Gr[2O]
interacting with PCM

To gain insights into the atomistic details of the interaction, we
present the main results for Gr[O] and Gr[2O], graphene with one
and two oxygen atoms attached, respectively. Both interact with the
PCMmolecule, and the results for the most stable configurations are
presented in Table 4. The optimized structures of the most stable
configurations can be found in the Supplementary Figure S2.

Table 1 presents the minimum atomic distance (DB), binding
energy (EB) and electronic charge transfer (Δq (e−)) of the most
stable configurations for both Gr[O]+PCM and Gr
[2O]+PCM systems.

All results showed that these systems interact in a physisorption
regime for both Gr structures. For PCM adsorbed on Gr[O], the
most stable configuration was Gr[O]+PCM-II, with a binding
energy of 0.60 eV and a distance of 1.88 Å (OGr-HPCM). The
same occurs to PCM adsorbed on Gr[2O]. The most stable
configuration was Gr[2O] + PCM-II, where this system presents

a 0.49 eV for the binding energy with a binding distance of 2.00 Å
(OGr-HPCM).

In the binding distance column, the first atom always refers to a
graphene (Gr) atomic structure, while the second refers to a
paracetamol (PCM) molecule. Figure 4 shows the energy levels
for the Gr[O]+PCM-II and Gr[2O] + PCM-II systems. The same
figure also presents the local density of states (LDOS) for the HOMO
and LUMO levels.

The difference between the highest occupied molecular
orbital (HOMO, represented by the solid black circle) and the
lowest unoccupied molecular orbital (LUMO, represented by the
hollow circle) is given in electron volts (eV). The values found are
1.81 eV for isolated graphene with one oxygen atom (Gr[O]) and
1.25 eV for the most stable interacting system between these two
structures (Gr[O]+PCM-II). For isolated graphene with two
oxygen atoms (Gr[2O]), the difference between HOMO and
LUMO is 1.88 eV, and the interacting system, Gr[2O]+PCM-
II, shows a value of 1.31 eV.

The difference between HOMO and LUMO levels is similar to
the isolated graphene, without significant changes. Furthermore, we
observe that there is only an overlap of the paracetamol (PCM)
molecule levels with the graphene but no substantial changes in the
electronic properties of the resultant system compared to the
pristine ones.

Regarding the local density of states (LDOS) analysis, both
systems, with one or two oxygen atoms attached to graphene,
show HOMO energy level contribution on the PCM molecule,
while the LUMO on the graphene structure. This characteristic
leads us to a physisorption mechanism since we have only one
structure contribution for each energy level.

4.3.2 Ab initio simulations - Gr[OH]/Gr[2OH]
interacting with PCM

Here, we show Gr[OH] and Gr[2OH] data. This means we now
considered two different types of oxidized Gr: the first has one OH
chemical group, and the second has two OH chemical groups
attached to its surface.

Both Gr[OH] and Gr[2OH] interact with PCM molecules in
multiple configurations, and the key data are presented in Table 5.
Table 5 shows the minimum atomic distance (DB), binding energy
(EB), and electronic charge transfer (Δq (e−)) of the most stable
configurations for both the Gr[OH]+PCM and Gr[2OH]+PCM
systems. The optimized structures of the most stable
configurations can be seen in the Supplementary Figure S3.

TABLE 5 Relevant data for minimumdistance (DB), charge transfer (Δq (e−)), HOMO and LUMOdifference (ΔHL), and binding energy (EB). The positive signal
in the charge transfer indicates that the oxidized graphene is a charge donor.

Configuration DB (Å) Δq (e−) ΔHL (eV) EB(eV)

Gr[OH]+PCM-I 2.37 (CGr-HPCM) 0.17 1.72 0.30

Gr[OH]+PCM-II 2.37 (CGr-HPCM) 0.19 1.64 0.35

Gr[OH]+PCM-III 1.75 (HGr-OPCM) 0 1.80 0.60

Gr[2OH]+PCM-I 1.92 (OGr-HPCM) 0.13 1.12 0.47

Gr[2OH]+PCM-II 1.76 (OGr-HPCM) 0.35 0.66 0.69

Gr[2OH]+PCM-III 1.52 (HGr-OPCM) 0.05 1.13 1.28
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For PCM adsorbed on Gr[OH], the most stable configuration
was Gr[OH]+PCM-III, with a binding energy of 0.60 eV and a
distance of 1.75 Å (HGr-OPCM). For PCM adsorbed on Gr[2OH],
the most stable configuration was Gr[2OH]+PCM-III, where this

system presents a 1.28 eV for the binding energy with a binding
distance of 1.52 Å (HGr-OPCM).

The binding energies for Gr[2OH]+PCM-III are high, suggesting
the possibility of chemical interaction. However, the bond distance and

FIGURE 5
Electronic levels and LDOS for the most stable configuration: (A) Gr[OH] interacting with PCM (Gr[OH]+PCM-III) and (B) Gr[2OH] interacting with
PCM molecule (Gr[2OH]+PCM-III) with orbital charge density isosurfaces 0.0093 e−/(Å)3.
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charge transfer values for Gr[2OH]+PCM-III are incompatible with
chemisorption. Therefore, the presence of these hydrogen bonds cannot
lead to significant changes in the physical adsorption regime of PCM on
graphene. An electronic study of these configurations was conducted to
confirm these findings, and the results are shown in Figure 5
and Figure 6.

Figure 5 shows the energy levels and the local density of states
(LDOS) for both the Gr[OH]+PCM-III and Gr[2OH]+PCM-III
systems. We can see that the HOMO energy level has a
contribution from the graphene (Gr) structure, and the same
occurs with the LUMO. This data suggests that both systems are
interacting through the physisorption regime. However, the system
with two OH chemical groups has a smaller binding distance and
higher binding energy. For a more detailed analysis, Figure 6 shows
the total charge density isosurface plots for the most stable
configuration, Gr[2OH]+PCM-III, to investigate the possibility of
chemisorption.

This analysis scans every single energy level of the system and shows
its total electronic distribution, allowing us to confirm whether there is

chemisorption between the structures (Figure 6). The image confirms
no chemisorption between the -OH chemical groups and the PCM
molecule. As can be seen, the charges are localized only on theGr(2OH)
and PCM molecules, with no charge lines shared between the systems.
There is no electron sharing between the two structures. This result
confirms that this system exhibits a physisorption interaction, as
observed in previous work with graphene nanomaterials and
different molecules (de Oliveira et al., 2021; Bruckmann et al., 2022;
Leão et al., 2023).

4.3.3 Ab initio simulations - Gr[COOH]/Gr[2COOH]
interacting with PCM

At last, we present the data for Gr[COOH] and Gr[2COOH]. In
this case, we now have a first Gr with one COOH chemical group
and a second Gr with two COOH chemical groups attached to their
surface. Both Grs interact with the PCM molecule. Table 6 presents
the minimum atomic distance (DB), binding energy (EB), and
electronic charge transfer (Δq(e−)) of the most stable
configurations for both Gr[COOH]+PCM and Gr
[2COOH]+PCM systems. The optimized structures of the most
stable configurations can be seen in Supplementary Figure S4.

The binding energy features the configurationGr[COOH]+PCM-II
and Gr[2COOH]+PCM-III as the most stable for Gr[COOH]+PCM
and Gr[2COOH]+PCM systems, respectively. After calculating the
BSSE, we found a 0.79 eV and DB of 1.61 Å (OGr-HPCM) for Gr
[COOH]+PCM-II and 1.48 eV and DB of 1.49 Å (OGr-HPCM) for Gr
[2COOH]+PCM-III systems. Figure 7 shows the energy levels and the
LDOS for both Gr[COOH]+PCM-II and Gr[2COOH]+PCM-
III systems.

We can observe that the HOMO energy level shows a
contribution from the PCM molecule for the Gr[COOH]+PCM-
II system and a contribution from the Gr[COOH] structure for the
Gr[COOH]+PCM-III system. In the LUMO level, we can observe a
contribution from Gr[2COOH] with a strong contribution from the
functionalized COOH groups.

The binding energies for Gr[2COOH]+PCM-II and Gr
[2COOH]+PCM-III are high, as we also observed for Gr
[2OH]+PCM-II, suggesting the existence of chemical interaction.
It is important to emphasize that in both cases, more than one
functional group in the Gr increases the interactions with the PCM
molecule. Once again, we performed the total electronic charge
density isosurface analysis to check for any signs of chemisorption
for the Gr[2COOH]+PCM-II and Gr[2COOH]+PCM-III systems,
shown in Figure 8.

FIGURE 6
Total electronic charge density isosurface for the most stable
configurations for Gr[2OH]+PCM-III using orbital charge density
isosurfaces of 0.0093 e−/(Å)3.

TABLE 6 Binding distance (DB), charge transfer (Δq (e−)), HOMO and LUMO difference (ΔHL), and binding energy (EB). The positive signal in the charge
transfer indicates that the graphene is a charge donor.

Configurations DB (Å) Δq (e−) ΔHL (eV) EB (eV)

Gr[COOH]+PCM-I 2.22 (OGr-HPCM) 0.15 1.54 0.34

Gr[COOH]+PCM-II 1.61 (OGr-HPCM) 0.32 1.18 0.79

Gr[COOH]+PCM-III 2.81 (CGr-HPCM) 0.12 1.43 0.12

Gr[2COOH]+PCM-I 1.66 (OGr-HPCM) 0.38 1.25 0.63

Gr[2COOH]+PCM-II 1.41 (HGr-OPCM) 0.01 1.75 1.26

Gr[2COOH]+PCM-III 1.49 (OGr-HPCM) 0.13 1.81 1.48
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FIGURE 7
Electronic levels and LDOS for themost stable configuration of (A)Gr[COOH] interacting with PCM (Gr[COOH]+PCM-II), (B)Gr[2COOH] interacting
with PCM molecule (Gr[2COOH]+PCM-III) with orbital charge density isosurfaces 0.0093 e−/(Å)3.
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In Figure 8A, it is made clear that the PCM molecule does not
share electrons with anyone close to it, and in Figure 8B, we can also
confirm that the Gr structure and PCM molecule cannot share
electrons with how they are arranged.

Despite the high binding energies and/or small binding
distances observed for the Gr[2OH] and Gr[2COOH] systems, all
systems exhibited a physisorption regime. This suggests that
increasing the number of functional groups tends to increase the
energies and binding of the systems.

The adsorption of PCM onto graphene, with one or two
functionalizations, was simulated to provide a good
understanding of the adsorption process of the PCM molecule
onto the surfaces of functionalized graphene materials. The
Mulliken population analysis showed that the electronic charge
transfers indicate that graphene materials have an amphoteric
character, depending on the position of the PCM during the
adsorption process.

In addition to the binding energies, the high values of the
minimum distance between the systems, the low values of charge
transfer, and the total charge density between the systems indicate that
the interaction occurred through a physical adsorption regime. A
strong hydrogen bonding tendency was observed between the
functional groups and PCM for all functional groups attached to
graphene, increasing the number of epoxy, hydroxyl, and carboxyl
functional groups on the graphene surface led to significant increases
in the graphene+PCM binding energy. Therefore, the intensity of the
binding energies depends on the presence of some types of functional
groups on the graphene surface. A deformation in the Gr structure is
also observed as the number of functionalized groups increases. These
results agree with the experimental data, where the highest
adsorptions were observed for materials containing a higher
proportion of functional groups and where these groups are more
available, such as the 3D-rGO5 material. Our research group also
found similar results in recent works with methylene blue (Leão et al.,
2023). The three different functional groups attached to the graphene
surface used in the simulation reflect the 2D-rGO experimental
synthesized well. The results from graphene Gr[OH]/Gr[2OH] and
Gr[COOH]/Gr[2COOH] are consistent, showing that increasing the

number of functional groups leads to an increase in binding energies.
Greater binding energy can also be associated with a better adsorption
capacity. As described in experimental results, due to similar
synthesis, 3D-rGO25 and 2D-rGO materials have identical
amounts of oxygenated groups. Regardless of 3D-rGO25 pursuit
cavities/pores in comparison with 2D-rGO, which are more
compact structures, it can be noted that the adsorption capacities
were similar in both cases; thus, the number of functional groups
could be responsible for these similarities. On the other hand, 3D-
rGO5, which presents a structure similar to 3D-rGO25, exhibits better
adsorption compacity than 3D-rGO25, revealing that more functional
groups could enhance the adsorption capacity up to a threshold.

5 Conclusion

Our results showed that three-dimensional graphene-based
materials exhibit interesting adsorption results with only minor
changes in the material synthesis. These changes result in variations
in the specific surface areas, pore sizes, and amount of oxygenated
functional groups in the structure. The combination of experiments
with computational studies allowed us to verify the influence of these
characteristics of the materials on the adsorption of paracetamol.

Generally, it was observed that the more oxidized the material,
the greater the adsorption efficiency, except for the material without
adding a reducing agent, which does not form a three-dimensional
porous structure. Ab initio studies revealed that the binding
energies, bond distances, and charge transfer between oxidized
graphene and the PCM drug are compatible with physical
adsorption. The results demonstrate no chemisorption, as
confirmed by the total electronic charge density measure.
Moreover, the intensity of physical adsorption strongly depends
on the type of oxygen group on the graphene surface, increasing as
the number of functional groups increases. These results
satisfactorily explain the results obtained experimentally: the
larger the pores (which makes it easier for paracetamol to reach
oxygenated sites), the more oxidized the material, and the better its
efficiency in adsorbing paracetamol.

FIGURE 8
Total electronic charge density isosurface for the most stable configurations for (A) Gr[2COOH]+PCM-II, (B) Gr[2COOH]+PCM-III using orbital
charge density isosurfaces of 0.0093 e−/(Å)3.
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The presence of environmental contaminants is a major problem today. In this
context, it is necessary to develop new sustainable materials to be used to
remediate these contaminants. In this work, the serpentinite rock was
impregnated with cobalt, 5%, 10% and 20% and used as a support for the
synthesis of carbon nanostructures by CVD (chemical vapour deposition)
process, at 900°C. This temperature was chosen due to the high thermal
stability of the carbon source. The materials were characterized by X-ray
diffraction, Raman spectroscopy, thermal analysis, scanning and transmission
microscopy. As expect the main phases formed were forsterite, Mg2SiO4,
graphitic carbon and metallic cobalt. All the synthesis showed the formation
of carbon structures asmultiwalled carbon nanostructures over cobalt cores. The
carbon structures showed good thermal stability, between 470 and 600°C. The
higher the cobalt content, the higher the yield of the carbon structures synthesis,
i.e. 14%, 23% and 37% for Serp5, Serp10 and Serp20, respectively. The produced
materials were used to removal of the environmental contaminant sulfentrazone.
After CVD process, the removal of sulfentrazone increase to 17.3%, 18.4% and
25.2% for Serp5, Serp10 and Serp20, respectively, showing an increase in
sulfentrazone removal with the increase in carbon content. In addition, the
percentage of sulfentrazone removal by Serp20 was greater at acidic pH
values, decreasing from 41.7% to 12.7% with an increase from 2 to 10 in pH.
The removal capacity obtained experimentally at a sulfentrazone concentration
of 50 mg L−1 was equal to 14.9 mg g−1. According to literature and data obtained in
this work, it was observed that the removal of contaminants from the aqueous
medium occurred through two mechanisms: reduction of the organic
compound by Co nanoparticles and adsorption carried out by carbon
nanostructures.
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carbon nanostructures, serpentinite, chemical vapour deposition, adsorption,
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1 Introduction

Serpentinite is an ultrabasic rock that can be formed by silicate
minerals: chrysotile (Mg3(Si2O5) (OH)4), antigorite (Mg3(Si2O5)
(OH)4, lizardite (Mg3(Si2O5) (OH)4), and talc (Mg3Si4O10(OH)2)
(Hirth and Guillot, 2013). Althought the distribution and presence
of these minerals depend on the place where this rock is present,
serpentinite is basically a Si oxide tetrahedral sheet bounded to
Mg(OH)2 based octahedral layer (Cao et al., 2017). Natural minerals,
such as those based on serpentinite, are being increasingly used in
environmental applications, due to their low cost, great abundance
in nature, and easily obtainability (Lemos et al., 2016).

In this work, a novel approach was developed to use this natural
inorganic material in removal of environmental contaminants,
improving its properties by growing carbon nanofibers/nanotubes
in its surface, producing amphiphilic materials. The CVD (Chemical
Vapour Deposition) process is one of the most used for carbon
nanotube synthesis based on technical simplicity, relatively low cost,
and high yields (Purceno et al., 2011). Developed in the 1960s and
1970s, the CVD process consists of catalytic decomposition of
carbon precursors (hydrocarbons, CO, alcohol) through catalysts,
e.g., Fe/Mo, Ni, Co, that can be deposited on a thermally stable and
preferably large surface area of an inert substrate (Dresselhaus et al.,
2001; Dupuis, 2005; O’Connell and O’Connell, 2006; Öncel and
Yürüm, 2006).

Previous work in our group has shown how those amphiphilic
composites have special features. The simultaneous presence of
hydrophilic Si and Si–Al oxide surface and hydrophobic carbon
nanotubes (CNT) and nanofibers (CNF), allow the composites to
interact well with aqueous and different organic phases. Furthermore,
the presence of magnetic cores on the composite enables its removal
from different media by a simple magnetic separation process
(Teixeira et al., 2013; 2012; Purceno et al., 2012). These
characteristics make amphiphilic materials interesting adsorbents
for organic pollutants in aqueous media. One important class of
organic contamination in wastewater is the herbicides.

The use of agrochemicals has grown rapidly due to high demand
for food. However, the indiscriminate and disorderly use of these
compounds may cause environmental and human health problems,
such as gastrointestinal and respiratory system damages, cancer and
fetal development issues, becoming a global concern (Siqueira and
Kruse, 2008; Nascimento et al., 2016). Sulfentrazone is a pre-emergent
herbicide and has a high potential persistence and moderate mobility
in soil, and it may contaminate surface and ground water (Martinez
et al., 2008). Therefore, the development of technologies that
efficiently remove such substances becomes imperative.

Undabeytia et al. used clay-vesicle complexes composed of
montmorillonite and positively charged didodecyldimethylammonium
bromide (DDAB) mixed with clay (1:100 w:w) in a column filter to
remove a solution with several organic pollutants in 10 mg/L initial
concentration (Undabeytia et al., 2008). Their results were
compared with sand/activated carbon filter. The best results were
for anionic pollutants such Sulfentrazone and Imazaquin, achieving
100% adsorption capacity, but even the neutral ones (Alachlor and
Atrazine) the results were three-fold higher for the clay-vesicle than
the activated carbon filter. These results were achieved for 1 L
solution. Lelario et al. also addressed the adsorption of organic
pollutants (simazine, sulfentrazone and diclofenac) using a filter

filled with polymer-, micelle- and liposome-clay composite (Lelario
et al., 2017). The authors found that high solubilization capacity was
the major factor in sulfentrazone adsorption due to its hydrophobic
nature and the best results were for the micelle-clay composite.
These results show a potential for amphiphilic materials that could
interact with both the aqueous solution and the hydrophobic
pollutant decreasing the solubilization capacity factor.

In the literature, three publications were found on the use of
serpentinite in adsorption processes. Momcilovic et al. used
serpentinite for the adsorption of Cd2+ and anionic organic textile
dyes from synthetic water. Removals above 98% were achieved for
Cd2+ and up to 99% for anionic dyes (Momčilović et al., 2016). Drizo
et al. used serpentinite for the adsorption of phosphate from aqueous
effluent. The results showed that serpentinite was efficient for removing
1.0 mg P/g in column studies (Drizo et al., 2006). Petrounias et al.
activated serpentinite samples in a Los Angeles machine using different
revolutions. And they observed that the materials obtained can be used
as filters to remove Cu2+ from water (Petrounias et al., 2020). Although
some papers have been published demonstrating the use of serpentinite
in adsorption process, none have investigated its use in sulfentrazone
removal, moreover, the potential combination of serpentinite and
carbon nanostructures for that purpose.

Hereon, we described the synthesis of carbon nanofibers/
nanotubes supported on serpentinite to produce magnetic
amphiphilic composites to further investigate the removal of
sulfentrazone contaminant in aqueous media.

2 Experimental

Serpentinite materials were provided by Pedras Congonhas
Extração Arte Indústria (Nova Lima, Brazil). To study the changes
in this mineral structure after a thermal treatment, the samples (5 g)
were calcined at 800°C for 1 h in a tubular furnace using a quartz tube,
with a heating rate of 10°C min-1 and a flow rate of 50 mLmin-1 for
different atmospheres: air and 8%H2/N2mixture. These samples were
named Serp air and Serp H2, where Serp represents serpentinite.

2.1 Synthetic procedure

Serpentinite samples (5 g) were impregnated with an aqueous
solution of cobalt nitrate hexahydrated in proportions of 5, 10 and
20 wt% of metal/support. The impregnation was done using 100 mL
of cobalt nitrate hexahydrated at different concentrations in a beaker
over magnetic agitation.

The resulting mixture was kept at 80°C, in a heating plate, until
total evaporation of water. The obtained solids were further dried at
80°C during 24 h in a drying oven. The impregnated materials were
reduced in a horizontal oven at 800°C (heating rate of 10°C.min-1) for
1 h in a H2/N2 (8%) flow rate of 50 mL min-1. Then, the reduced
materials were further heated at the same heating rate until 900°C for
1 h in 50 mL min-1

flux of methane, using an alumina boat inside a
quartz tube (CVD process). This temperature was chosen due to the
high thermal stability of the carbon source. The materials were
denoted as Serp5, Serp10, and Serp20, according to the cobalt
content, wherein “Serp” denotes the name serpentinite, while 5,
10 and 20 refers the respective cobalt amount.
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2.2 Characterization

The obtained materials were characterized by X-ray diffraction
(XRD) using a Rigaku Geiger 2037 equipment, CuK α = 1,54051 Å
radiation, 2θ: 5°–70°, 4°.min-1 with a copper tube);
thermogravimetric analysis, using a DTG 60H model from
Shimadzu, in air flow of 50 mL min-1, heating rate of 10°C.min-1

until 1,000°C; elemental analysis (carbon, hydrogen and nitrogen)
were obtained using a Perkin Elmer 2,400 analyzer; Raman
spectroscopy, using a model Senterra from Bruker, laser 633 nm,
2 mW. 10 different measurements were taken, and the result was an
average. A ×50 magnification objective was used to carry out the
measurements, Scanning electronic microscopy (SEM), using a
Quanta FEG 3D and Quanta FEG 200 equipments. For
measurements, the samples were placed under a carbon tape;
Transmission electronic microscopy (TEM), using a Tecnai G2-
20 FEI. For measurements, the samples were dispersed in
isopropanol and placed on holey carbon grids; N2 adsorption-
desorption isotherm were obtained using a Quantachrome
autosorb equipment. The isotherms were obtained at 77 K.
Before the measurements, the samples were degassed at 100°C
for 24 h.

2.3 Environmental applications

The prepared materials were used to remove the environmental
contaminant, sulfetrazone. Initially, the adsorption equilibrium time
between Serp5 and sulfentrazone was determined. For this, 0.0100 g
of Serp5 were added to 20.00 mL of sulfentrazone solution at
10.0 mg .L-1, under constant agitation and temperature, with
aliquots removed at different time intervals. Subsequently, factors
that may affect the sulfentrazone removal, such as cobalt content (5,
10% and 20%), pH (2, 4, 6, 8, and 10) and initial sulfentrazone
concentration (5–50 mg. L-1) were investigated. HCl and NaOH
solutions, both at 0.1 mol .L-1, were used to pH adjustment.

To describe the adsorption process, Langmuir and Freundlich
isothermal models were used, Eqs (1), (2), respectively. The assays
were performed using initial sulfentrazone concentrations of
5–50 mg L-1.

qe � qmaxKLCe

1 +KLCe
(1)

qe � KFC
1/n
e (2)

Wherein Ce (mg.L-1) is the sulfentrazone concentration at
equilibrium, qe (mg.g-1) is the amount of sulfentrazone adsorbed
per Gram of adsorbent at equilibrium, qmax (mg.g-1) is the maximum
adsorption capacity, KL (g.mg-1) is the constant Langmuir, KF (mg.g-1)
(mg.L-1)n is adsorption capacity related constant and n is the constant
related to adsorption intensity. In all assays, aliquots were removed
from the system at pre-established times and filtered through
nitrocellulose membrane (13 mm of diameter and 0.45 µm of
porosity). The remaining sulfentrazone concentration was
determined by High Performance Liquid Chromatography (LC
20AT Shimadzu) coupled to UV-Vis detector (SPD 20A
Shimadzu) using C18 150 mm x 4.6 mm of internal diameter. The
chromatographic conditions were: The mobile phase consisted of

acetonitrile, ultrafiltrated water and phosphoric acid (50:49.9:1.1, v/v/
v), injection volume 20 μL, flow rate 1.0 mLmin-1 and monitored
wavelength was 207 nm.

The adsorption capacity qe (mg.g-1) and removal rate (%) of
sulfentrazone were calculated by Eqs (3), (4), respectively:

qe �
C0 - Ct( )V

m
(3)

%Removal � C0- Ct( ) × 100
C0

(4)

Wherein C0 is the initial sulfentrazone concentration and Ct is
sulfentrazone concentration at time t, V is the sulfentrazone solution
volume andm is the mass of the material. All assays were performed
in flasks coupled to a thermocriostatic bath (Microquímica, MQBTC
99–20) for temperature control.

3 Results and discussion

Before CVD process, the thermal stability of the serpentinite was
studied at 800 °C in both oxidant (air) and reducing (H2/N2)
atmosphere. Inert ceramic materials such as MgO and Al2O3 are
generally used as catalyst supports for the synthesis of carbon
nanomaterials via the CVD process. These matrices are stable
and do not decompose or undergo modifications during the
carbon deposition process at high temperatures. Serpentinite is a
natural material with hydroxyl groups that undergoes phase
modification during the heating process. Furthermore,
serpentinite contains Fe2+ and Fe3+ ions in its structure, which is
why in this work we decided to carry out a preliminary study of this
rock, both in an oxidizing and reducing atmosphere. This study
helped us understand which active phases are present in serpentinite
at high temperatures and to understand whether any oxidation or
reduction process occurs in this material during heating.

The changes in structure were observed by XRD (Figure 1). The
XRD patterns for serpentinite before thermal treatment showed

FIGURE 1
XRD patterns of serpentinite, before and after thermal treatment,
in air and H2/N2 atmosphere at 800°C for 1 hour.
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three minerals patterns, lizardite (JCDPS 18–779), antigorite
(Mg3Si2O5(OH)4, JCDPS 44–1,447) and talc (Mg3Si4O10(OH)2,
JCDPS 3-881), as constituents. Interestingly, no crysotile phase
was observed and usually this silicate mineral is very common in
serpentinite samples (Teixeira et al., 2013). After 800 °C treatment in
air atmosphere, it can be noticed several changes in the XRD
patterns after hydrate magnesium silicate phase modifications,
yielding new mineral peaks characterized as forsterite (Mg2SiO4,
JCDPS 34-189), olivine [(Fe,Mg)2SiO4, JCDPS 2-1,343] and enstatite
(MgSiO3, JCDPS 2-546) (Ballotin et al., 2016). There were no
differences in mineral constitution in the serpentinite samples
obtained after reducing atmosphere. But it was not possible more
to observe the original phases from serpentinite rock at these
temperatures. Consequently, we conclude that the phases
presented during CVD process were forsterite, enstatite and
olivine instead of the hydrated phases lizardite, antigorite and talc.

After understanding the actual mineral phases that will behave
as support in the CVD process for CNS synthesis, serpentinite was
impregnated with catalyst (Co) in three different metal/support
ratios, named Serp5, Serp10 and Serp15 for 5, 10% and 15 % wt of
cobalt, respectively. The resultant materials were placed at 800°C in
H2/N2 for catalyst reduction and then heated until 900°C in CH4 for
CNS growth. The temperature of 800°C was chosen for the reduction
of cobalt phases because, according to the literature, this value is
sufficient for the formation of cobalt nanoparticles (Lemos
et al., 2016).

In this work, it was decided to use a higher temperature in the
carbon deposition process due to the carbon source used.
According to previous work by the group and data from the
literature, more stable sources of carbon such as methane and
carbon monoxide require higher temperatures for their activation
and decomposition. On the other hand, for less stable sources such
as acetylene and ethylene, lower temperatures can be used (Shah
and Tali, 2016; Silva et al., 2020; Teixeira et al., 2013; Tessonnier
and Su, 2011). Figure 2 shows the XRD patterns for all materials
after CVD process.

As expected, the XRD patterns showed non-hydrate silicate
phases of forsterite, olivine and enstatite (as observed in
Figure 1), for all materials. In addition, it can be observed new
peaks related to the metallic cobalt (JCDPS 15-806) and graphitic
carbon (JCDPS 1–640). Co0 was formed after the reduction step at
800 °C for catalyst activation, while graphitic carbon peaks indicate
that carbon structures were formed in the CVD process. To elucidate
the carbon structures, several techniques were used such as SEM,
TEM, TG/DTG, elemental analysis, nitrogen isotherms at 77 K and
Raman spectroscopy.

First, the impact of thermal treatment over the serpentinite
structure was studied by SEM (Supplementary Figure S1, ESI†).
Serpentinite showed a disperse structure with micrometric
heterogeneous dimensions and morphology. The treatment at
800°C in H2/N2 atmosphere favoured the formation of some
agglomerated particles, but no other significant change is
observed. EDX analyses (Supplementary Figure S2, ESI†) for
serpentinite showed the main presence of the elements Mg, Si, Fe
and O. After heat treatments in oxidizing and reducing atmospheres,
no change in the elements were observed. However, an increase in
the relative intensity of the peaks referring toMg and Si in relation to
the peak of the oxygen element was noticed. This fact can be
explained by the dehydroxylation of the hydrated phases of the
serpentinite with loss of water molecules, which makes the phases
richer in Mg and Si. After CVD process (Supplementary Figure S3,
ESI†), the images show large agglomerates of carbon structures over
the serpentinite support.

TEM images, Figure 3, enables a closer look at the carbon
structures formed after CVD process. Most of the produced
carbon is multi walled nanostructures with cobalt cores. Also, all
catalytic systems were effective to grow these CNS, with no
perceptive differences between the materials.

We used 12 different images of each material to carry out a
statistical analysis of the diameter of the tubes and fibers formed.
The results obtained were (43 ± 12) nm (46 ± 23) nm and (82 ± 38)
nm to Serp5, Serp 10, and Serp20, respectively. It is possible to
observe that the standard deviation of the size of the structures was
high, which can be justified by the heterogeneity of the structures
formed and its relation to the natural support (serpentinite) used in
the CVD process. Additionally, the higher the metal content used in
the synthesis of the materials, the larger the diameter of the
nanostructures produced.

According to the literature, there are two most common types of
nanostructure growth mechanisms using the CVD process: “tip-
growth” for large catalytic particles (>>5 nm) and “base-growth” for
smaller catalytic nanoparticles. From the TEM images it is possible
to observe that the metallic nanoparticles inside the cavities of the
carbon nanostructures have dimensions greater than 10 nm and
smaller than 100 nm. Therefore, the possible mechanism for the
CVD process in this work is based on tip-growth, with the formation
of multiple carbon walls (Gohier et al., 2008).

The thermal stability measurements give us some information
about the CNS organization structure and also about the yield of
carbonaceous materials formed. The TG curves of the composites
(Figure 4) showed a weight loss between 470°C and 600 °C, related to
CNS oxidation. The maximum oxidation temperatures were: 548°C,
536°C and 514°C for the materials Serp5, Serp10 and Serp20,
respectively. Meaning that an increase in cobalt amount

FIGURE 2
XRD patterns of serpentinite with 5, 10, and 20 %wt of Co, after
CVD process.
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promotes a decrease in the maximum oxidation temperature. There
are two hypotheses that may justify this fact: i) higher Co content
could favor the formation of less organized structures, such as
amorphous carbon or carbon nanotubes with one or a few walls
that is less stable; ii) the presence of large amounts of metal particles
can also catalyse carbon oxidation, decreasing the maximum
oxidation temperature (McKee and Vecchio, 2006). In all curves
there were no loss weight events in low temperatures, which may
indicate the absence of amorphous carbon in the materials (Zhao
et al., 2011; Yang et al., 2012). Considering the weight loss, it was
possible to determine the approximate amount of carbon present in
each sample, being 12, 23% and 35% for Serp5, Sepr10, and Serp20,

respectively. So, the higher the cobalt content, the higher the yield of
the carbon structures synthesis.

To confirm the carbon content of the materials, elemental
analysis measurements were performed. As expected, the trend
remained unchanged (14, 23% and 37 % wt, for Serp5, Serp10,
and Serp20, respectively) and agreed with the obtained values by
TG curves.

An important characteristic of adsorbent materials is its
superficial area. Pure serpentinite, as other natural minerals, has
a low superficial area, i.e. 10 m2 g-1 (Cao et al., 2017). After nitrogen
adsorption, the materials Serp5, Serp10 and Serp20 showed no
significant difference in its superficial area, i.e. 7, 9 and 14 m2 g-1,

FIGURE 3
TEM images of serpentinite with 5 (A), 10 (B) and 20 (C) %wt of Co, after CVD process (methane 1 h).
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respectively. It would be expected some increase, comparing to pure
serpentinite, due to CNS formation, but in this case no significant
change was noticed, probably due to an excess of serpentinite
(matrix) in the material.

For last, for further CNS structure elucidation, Raman spectra
were obtained (Figure 5). Ten different measurements were
carried out for each sample and all spectra presented here
represents an average result. It is possible to observe the D
and G characteristics bands for carbon materials, at 1,320 and
1,580 cm-1 respectively (Figure 5). The D band refers to less
organized carbon materials, generally defective structures, and
the G-band is related to more organized carbon structures,
i.e., graphite structures (Pimenta et al., 2007). The ID/IG ratio
can be used as a parameter for the quality of carbon
nanomaterials. The higher the ratio, the lower the structural

organization of the material (Beyssac et al., 2003). The ratio
values obtained were, 1.2; 1.1 and 1.0 to Serp5, Serp10 and
Serp20. respectively. All values obtained were close to 1.0,
which was expected as they were materials made from a
natural support, with variable particle sizes, not favouring
more organized structures. Again, no significant differences
between the CNS of the three materials can be point out.
Consequently, all techniques suggest that the Co content did
not influenced the carbon structures, only the yield (increased
when catalyst content was increased–Serp20).

FIGURE 4
Thermogravimetric curves of serpentinite with 5, 10, and 20 %wt
of Co, after CVD process, obtained in air atmosphere. In detail, DTG
curves of the materials.

FIGURE 5
Raman spectra of serpentinite with 5, 10, and 20 %wt of Co, after
CVD process.

FIGURE 6
Equilibrium time of sulfentrazone adsorption by Serp5.
Experimental conditions: C0 Sulfentrazone = 10.0 mg L-1, volume =
20.00 mL, adsorbent mass = 0.0100 g, contact time = 60 min,
temperature= 25°C, pHinitial ~ 5

FIGURE 7
Sulfentrazone removal by serpentinite before thermal treatment,
Serp5, Serp10 and Serp20. Experimental conditions: C0 Sulfentrazone =
10.0 mg L-1, volume = 20.00 mL, adsorbent mass = 0.0100 g, contact
time = 25 min, temperature = 25°C, pHinitial ~ 5.
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Our research group has been working on the synthesis of carbon
nanostructures using natural minerals such as chrysotile (Lemos
et al., 2016), vermiculite (Purceno et al., 2012) and mining waste
(Silva et al., 2020) in the presence of iron or cobalt nanoparticles
through the CVD process with different carbon sources and
synthesis temperatures. Chrysotile, a silicate present in

serpentinite rock, was impregnated with cobalt for the synthesis
of carbon structures at temperatures between 600–900°C. It was
observed that the best temperatures for synthesis were 800 and
900°C and the materials were efficient for adsorption of methylene
blue dye (Lemos et al., 2016). Purceno and collaborators used the
mineral vermiculite, a magnesium silicate, as a support for the
deposition of iron and molybdenum nanoparticles. Then, it was
synthesized nanostructures using methane as a carbon source at
800°C. The materials (~21% of carbon content) presented
adsorption capacity between 2 and 4 mg m−2 for the hormone
ethinyl estradiol (Purceno et al., 2012). Iron mining tailings were
used for the synthesis of carbon nanomaterials using ethylene and
acetonitrile as carbon sources by the CVD process at temperatures
between 500–900°C. The results obtained showed that higher
temperatures led to the formation of carbon nanostructures with
greater yield. The materials had a capacity to remove ethinyl
estradioal hormone of up to 22.3 mg. g-1 (Silva et al., 2020).

3.1 Removal of the sulfentrazone herbicide

The materials (Serp5, Serp10, and Serp20) were used to removal
of the environmental contaminant sulfentrazone. As already
discussed, this molecule is a pre-emergent herbicide and has a
high potential persistence and moderate mobility in soil, which
facilitates its accumulation and consequent soil and water
contamination.

First, the equilibrium time required for sulfentrazone adsorption
by Serp5 was determined, as shown at Figure 6. The sulfentrazone
was rapidly removed by the material and 5 min were necessary for

FIGURE 8
Influence of initial pH (A) and initial concentration (B) on the sulfentrazone removal by Serp20. Experimental conditions: C0 Sulfentrazone = 10.0 mg L-1

(A) and 5–50 mg L-1 (B), volume = 20.00 mL, adsorbent mass = 0.0100 g, contact time = 25 min, temperature = 25°C, pHinitial = 2–10 (A), pHinitial = 2 (B).

FIGURE 9
Isotherm of Langmuir ( ) and Freundlich ( ) for
sulfentrazone adsorption by Serp 20. Experimental conditions: Initial
concentration 5.0–50.0 mg.L-1, solution volume 20.00 mL, adsorbent
mass 0.0100 g, contact time 25 min, temperature 25°C, pH 2.

TABLE 1 Parameters of Langmuir and Freundlich for the sulfentrazone adsorption by Serp 20.

Langmuir Freundlich

KL/(L mg-1) qm/(mg g-1) R2 KF/(mg g-1) (mg L-1)n 1/n R2

0.145 ± 0.046 16.0 ± 1.40 0.904 3.75 ± 0.424 0.364 ± 0.035 0.969
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the concentration to remain constant. Initially, within the first
5 min, a larger number of active sites were available for
adsorption. However, as time progressed, these active sites
became progressively occupied, resulting in a deceleration of the
adsorption process.

For the other experiments, it was chosen 25 min as reaction
time, to obtain greater reliability that the equilibrium was reached
despite any changed variable. All prepared materials and pure
serpentinite were applied in the sulfentrazone removal, and the
results are shown Figure 7.

The removal of sulfentrazone by serpentinite prior to thermal
treatment was 7.6%. This ability to remove sulfentrazone can be
attributed to the presence of minerals such as antigorite, lizardite,
and talc, as evidenced in the XRD results. These minerals have
amphoteric hydroxyl groups, giving them an acid-base character
that enables them to acquire an electrical charge contingent upon the
pH of the system. Given that the pKa of serpentinite is 4.3 and that of
sulfentrazone is 6.56, during the adsorption process (at pH~5),
serpentinite becomes negatively charged while sulfentrazone carries
a positive charge (Alvarez-Silva et al., 2010; Rodrigues and Almeida,
2018). Consequently, an electrostatic attraction can occur,
facilitating the adsorption of sulfentrazone. Similar findings were
reported by Momčilović et al., who employed serpentinite for the
adsorption of Cd(II) and anionic textile dyes (Momčilović
et al., 2016).

After thermal treatment in reducing atmosphere, the
sulfentrazone removal was only 2.8% in serpentinite. This
occurred due the difference of minerals presents in the materials.
Prior to thermal treatment, serpentinite presented phases of
hydrated magnesium silicate, including antigorite, lizardite, and
talc. However, following thermal treatment, the material exhibits
phases of non-hydrated forsterite, olivine, and enstatite. These
alterations in the mineral composition of serpentinite may result
in a diminished electrostatic interaction between sulfentrazone and
the materials, consequently leading to a reduction in
adsorption capacity.

After CVD process, the removal of sulfentrazone increased to
17.3, 18.4% and 25.2% for Serp5, Serp10, and Serp20, respectively.
The sulfentrazone removal increased with higher carbon content in
the material. Carbonaceous materials, with sp2 hybridization, can
promote the adsorption through π-π interaction with the adsorbate
aromatic ring (Chen et al., 2021). In addition, it could occur
hydrogen bonding interaction between the sulfentrazone
structure and the carboxyl group present in the materials. Thus,
π-π interaction, hydrogen bonding and electrostatic interaction may
be responsible for the adsorption of sulfentrazone, in which led to a
higher contaminant removal. Duman et al. also proposed that
adsorption of the herbicide diquat dibromide by oxidized multi-
walled carbon nanotube occurred due to π-π interaction and
electrostatic interaction (Duman et al., 2019).

Since Serp20 was more effective for sulfentrazone adsorption,
this material was selected to evaluate the influence of other
parameters in the process, such as initial pH and initial
concentration. The results are shown in Figure 8.

As can be seen in Figure 8A, the percentage of sulfentrazone
removal by Serp20 was greater at acidic pH values, decreasing from
41.7% to 12.7% with an increase in pH from 2 to 10. These results
can indicate the participation of cobalt, together with the carbon

structures, in the sulfentrazone removal by a degradation
mechanism. Similar behavior was observed in a work with Fe/Ni
nanoparticles (Nascimento et al., 2016). In an acid medium, these
particles were able to degrade the sulfentrazone from the aqueous
medium by the formation of atomic hydrogen and by direct electron
transfer to the herbicide molecule (Nascimento et al., 2016).

To confirm the degradation of sulfentrazone by Co0, alongside
the adsorption by carbon structures, experiments were conducted at
different pH, and the remaining solutions were analysed by High
Performance Liquid Chromatography (Supplementary Figure S3,
ESI†). At pH values 2 and 4, in addition to the sulfentrazone peak
with a retention time of 4.84 min, a peak with a retention time of
3.75 min corresponding to a sulfentrazone degradation product was
observed. This degradation product, as reported by Nascimento
et al., can be identified as the dechlorinated sulfentrazone molecule
(Nascimento et al., 2016).

Similar results were obtained in other works. Cruz et al. used
Co0/CoO nanoparticles for remazol golden yellow dye removal at
pH 2 (Cruz et al., 2019). According to the authors, the electrons from
the corrosion of Co0 can be transferred directly to the dye molecules
or for protons present in the system. In the last case, highly reactive
hydrogen can induce the cleavage of the azo bond of the dye
molecule (Cruz et al., 2019). Shao et al. used Co0 nanoparticles
embedded in nitrogen-doped mesoporous carbon nanofibers to
promote the hydrogenation of levulinic acid in an H2

atmosphere. According to the authors, the hydrogenation of
levulinic acid occurs due to a reaction with atomic hydrogen,
resulting from the dissociation of H2 adsorbed in Co0 sites (Shao
et al., 2021).

At pH values above 6, the percentage of removal of sulfentrazone
is lower due to the electrostatic repulsion that occurs between
Serp20 and sulfentrazone. Besides that, at these pH values, the
degradation of the sulfentrazone by Co0 will not be very
significant due to the passivation of the metallic cobalt surface by
cobalt oxide. Metallic cobalt is not very stable in an aqueous
medium, being oxidized in CoOx, which leads to its deactivation
during the reaction (Shao et al., 2021). Acidic conditions promote
the removal of a passive layer of oxides and/or hydroxides that form
on the metal’s surface (Cruz et al., 2019).

Consequently, we believe that the removal of sulfentrazone
occurred by two different mechanisms: adsorption by the carbon
species produced in the CVD process and degradation through Co0

species present in the composites.
The effect of the initial sulfentrazone concentration in the

removal process was also investigated. As shown in Figure 8B, with
the increase of initial concentration from 5 to 50 mg L-1, the
removal efficiency decreased from 53.9% to 14.9%, respectively,
due to the occupation of the Serp20 adsorption sites by
sulfentrazone.

Since adsorption is the principal removal process of
sulfentrazone by Serp20, isotherm assays were performed. The
Langmuir and Freundlich isotherm models were adjusted to the
experimental data and the results are shown in Figure 9. The
parameters of both models can be observed in Table 1.

As can be seen, the Freundlich model fit (R2 = 0.969) was better
compared to the Langmuir model fit (R2 = 0.904). The removal
capacity obtained experimentally at a sulfentrazone concentration of
50 mg L-1 was equal to 14.9 mg g-1.
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In other works involving the adsorption of pesticides by carbon-
based materials, the Freundlich model was also the one that best fits
the experimental data. Essandoh et al. obtained a maximum
adsorption capacities for 2,4- dichlorophenoxyacetic acid and 2-
methyl-4-chlorophenoxyacetic acid of 134 mg g-1 and 50 mg g-1,
respectively, using switchgrass biochar (Essandoh et al., 2017).
Liu et al. synthesized a magnetic graphene oxide for
neonicotinoid pesticide adsorption getting adsorption capacities
ranging from 1.77–3.11 mg g-1 (Liu et al., 2017). Suo et al. used P
doped biochar from corn straw for the adsorption of triazine
achieved a maximum adsorption capacity for atrazine of
79.6 mg g−1 (Suo et al., 2019).

4 Conclusion

In this work, the serpentinite rock (Mg3SiO5(OH)4) was used as
an inorganic matrix for the synthesis of magnetic amphiphilic
materials. The serpentinite was impregnated in proportions of 5,
10% and 20% by mass of cobalt/support, to obtain different amounts
of carbon nanotubes, since metallic cobalt acts as a catalyst in the
formation of multi-walled carbon nanotubes. ]The CVD process was
efficient, and it was obtained 14, 23% and 37% carbon wt, for Serp5,
Serp10, and Serp20, respectively. The composites were used for
sulfentrazone removal of water and variables such as inicial
concentration, pH and nature of the adsorbant were studied. The
results showed two main mechanisms: adorption and degradation
by Co particles. The removal capacity obtained experimentally at a
sulfentrazone concentration of 50 mg L-1 was equal to 14.9 mg g-1.
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Cell spreading and viability on
single-walled carbon nanotube/
zinc oxide nanowire
heterostructures synthesized by
chemical vapor deposition

Emily Luc1,2, Bashar Aziz2, Yoosuk Kim2, Marcus Lespasio2,
Philomena Jombo1, Silviya P. Zustiak1* and Irma Kuljanishvili 1,2*
1Department of Biomedical Engineering, Saint Louis University, St. Louis, MO, United States, 2Department
of Physics, Saint Louis University, St. Louis, MO, United States

Recent studies have shown the wide array of biomedical applications for
nanomaterials such as single-walled carbon nanotubes (SWCNTs) and zinc
oxide nanowires (ZnO NWs). SWCNTs are non-cytotoxic and have a varying
range of mechanical, physical, and electrical properties useful to biomedical
research. ZnO NWs are biocompatible, antibacterial, and exhibit piezoelectric
properties that could stimulate cell growth. While recent research has been
conducted using these nanomaterials independently, our study is focused on
testing cell behaviors when seeded on SWCNTs, ZnO NWs and their
heterostructure assemblies. ZnO NWs/SWCNTs heterostructures prepared via
chemical vapor deposition (CVD) have not been used in biomedical applications
to date. Here, we describe fabrication and characterization of the two
nanomaterials independently and in a heterostructure formation. The NIH
3T3 fibroblast cells and U87 glioblastoma cells were seeded on all samples,
including SiO2/Si control/reference samples, and the cell growth was studied via
fluorescence microscopy and scanning electron microscopy. The focus of this
study was to evaluate cell spreading, filopodia extensions, and cell viability on
these nanomaterial assemblies. Results indicated that cells were able to extend
filopodia on all nanostructures, however cell spreading wasmore pronounced on
SWCNTs, and cell viability was compromised on the ZnONWs and the ZnONWs/
SWCNTs heterostructures. In addition, soluble compounds from the
nanomaterials were tested to determine their cytotoxicity towards both NIH
3T3 and U87 cells. Results indicated a significant decrease in filopodia length, cell
spreading, and cell viability when cells were exposed to ZnO NWs-conditioned
cell media. These findings on cellular behavior involving SWCNTs, ZnO NWs, and
ZnO NWs/SWCNTs heterostructure provide valuable information on the
suitability of SWCNTs and ZnO NWs for future uses in biomedical applications.
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cell viability, cell spreading, chemical vapor deposition synthesis, single-walled carbon
nanotubes and zinc oxide nanowires, SWCNTs-ZnO NWs heterostructures

OPEN ACCESS

EDITED BY

Lei Shi,
Sun Yat-sen University, China

REVIEWED BY

Guillaume Perry,
Sorbonne Universités, France
Shukun Chen,
South China University of Technology, China

*CORRESPONDENCE

Silviya P. Zustiak,
silviya.zustiak@slu.edu

Irma Kuljanishvili,
irma.kuljanishvili@slu.edu

RECEIVED 14 March 2024
ACCEPTED 10 May 2024
PUBLISHED 27 May 2024

CITATION

Luc E, Aziz B, Kim Y, Lespasio M, Jombo P,
Zustiak SP and Kuljanishvili I (2024), Cell
spreading and viability on single-walled carbon
nanotube/zinc oxide nanowire
heterostructures synthesized by chemical
vapor deposition.
Front. Carbon 3:1400664.
doi: 10.3389/frcrb.2024.1400664

COPYRIGHT

©2024 Luc, Aziz, Kim, Lespasio, Jombo, Zustiak
and Kuljanishvili. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Carbon frontiersin.org01

TYPE Original Research
PUBLISHED 27 May 2024
DOI 10.3389/frcrb.2024.1400664

77

https://www.frontiersin.org/articles/10.3389/frcrb.2024.1400664/full
https://www.frontiersin.org/articles/10.3389/frcrb.2024.1400664/full
https://www.frontiersin.org/articles/10.3389/frcrb.2024.1400664/full
https://www.frontiersin.org/articles/10.3389/frcrb.2024.1400664/full
https://www.frontiersin.org/articles/10.3389/frcrb.2024.1400664/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frcrb.2024.1400664&domain=pdf&date_stamp=2024-05-27
mailto:silviya.zustiak@slu.edu
mailto:silviya.zustiak@slu.edu
mailto:irma.kuljanishvili@slu.edu
mailto:irma.kuljanishvili@slu.edu
https://doi.org/10.3389/frcrb.2024.1400664
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/carbon
https://www.frontiersin.org
https://www.frontiersin.org/journals/carbon
https://www.frontiersin.org/journals/carbon#editorial-board
https://www.frontiersin.org/journals/carbon#editorial-board
https://doi.org/10.3389/frcrb.2024.1400664


1 Introduction

Nanomaterials have been shown useful for a wide range of
biomedical applications especially as a component to be
integrated into micro- and nano-sized biological systems
(Wang et al., 2009; Murali et al., 2021). Among the plethora
of nanomaterials, one-dimensional carbon-based materials and
zinc oxide (ZnO) nanostructures, such as single-walled carbon
nanotubes (SWCNTs) and ZnO nanowires (ZnO NWs), have
garnered attention for biomedical applications due to their
unique physical properties and relative biocompatibility.
SWCNTs exhibit unparalleled mechanical strength, boasting
the highest Young’s modulus and tensile strength among all
nanomaterials as well as having directional conductivity
stemming from a unique hexagonal crystal structure of rolled-
up carbon sheets (Zhou et al., 2009). On the other hand, ZnO and
ZnO NWs are semiconductive, photosensitive, and
biodegradable, with high exciton binding energy and
antibacterial properties due to their hexagonal wurtzite crystal
structure (Ciofani et al., 2012; Zhang et al., 2012). Not
surprisingly, both nanomaterials have been used in a variety
of biomedical applications. While concerns with the toxicity of
each nanomaterial have been raised, the use of a heterostructure
surface coatings combining the two nanomaterials has not been
explored in detail.

SWCNTs have been used in targeted cancer therapy, in glucose
biosensors, and as substrates for neural growth, owing to their ability
to promote cell adhesion and growth (Imaninezhad et al., 2018) or to
penetrate cells and tissues and enable drug targeting and
accumulation (Dineshkumar et al., 2015; Simon et al., 2019).
However, the cytotoxicity of SWCNTs is of question, specifically
for powdered nanomaterials that could be endocytosed by cells. A
previous study has shown that SWCNTs toxicity to
U87 glioblastoma cells is related to its downregulation of
CDND2, a gene that promotes cell cycle progression, and
upregulation of DUSP1 and DTNA, which are apoptosis
regulator genes (Minchenko et al., 2016). Moreover, another
study found that while glioblastoma growth was initially
inhibited when exposed to CNTs, proliferation significantly
increased over time (Imaninezhad et al., 2017; Parikh et al.,
2020). On the other hand, studies of CNT-coated surfaces, unlike
powered nanomaterials, have shown positive effects on non-
cancerous cell behaviors including an increase of filopodia, cell
spreading, proliferation and migration, and increased expressions
of vinculin and talin (Bacakova et al., 2007), as well as increase in cell
adhesion-related gene expressions (Ryoo et al., 2010). On the other
hand, low doses of SWCNTs have been shown to affect astrocyte
expression of proliferation and apoptosis related genes, thus
evidencing SWCNTs possible genotoxic impact (Rudnytska
et al., 2021).

ZnO NWs and ZnO nanostructures have been used in various
biomedical applications, including sunscreen lotions, antibacterial
coatings, biosensors, cancer-targeted drug delivery, and optical
imaging (Hong et al., 2011; Sharma et al., 2022). ZnO can be
cytotoxic to mammalian cells in a concentration-dependent
manner due to direct cellular uptake and ion-shedding upon
dissolution in vivo, where Zn2+ ions can affect cellular apoptosis
mechanisms (Li et al., 2008; Wahab et al., 2011). It has been

suggested that ZnO nanoparticles may be selectively localized in
cancer cells from enhanced permeability and retention effect and
electrostatic interactions, thus showing that they may selectively
target cancer cells (Bisht and Rayamajhi, 2016). However, ZnONWs
appear to be biocompatible when used as coatings and/or presented
extracellularly. For example, Cui et al. found that cells grown on
ZnO NWs-covered polydimethylsiloxane (PDMS) microchips had
better biocompatibility than those grown on hydrophobic PDMS
alone (Cui et al., 2020).

One way to diversify functionalities and applications of
individual nanomaterials and to achieve improved
biocompatibility and enhanced properties is to form
heterostructures of such nanomaterials. Various heterostructures
have been extensively studied in nanoscience but less work has been
done on determining their effect on cells for biomedical
applications. One notable example of incorporating
heterostructures in vivo has been titanium and strontium
nanoparticle-nanotube heterostructures. These were made to use
titanium’s osseointegration property with strontium’s ability to
decrease osteoresorption and it was suggested that such
heterostructures may be used in bone implants in clinical settings
(Yin et al., 2017). CNTs and ZnO NWs heterostructures have been
used previously in high performance electrodes for superconductor
applications (Al-Asadi et al., 2017), as chemical sensors (Shooshtari
et al., 2022), and as photocatalysts (Dai et al., 2012), but their effect
on cells has not been explored in detail.

When combining ZnO and CNTs, the ZnO/CNTs hybrid
materials can provide a new platform for utilizing a spectrum of
properties, which can be used simultaneously in multimodal
environments in the biomedical field. Still, the development of
ZnO/CNTs nanocomposites for biomedical applications is in its
infancy, possibly due to toxicity concerns for both ZnO and CNT-
nanopowders. In contrast, one-dimensional nanowire
heterostructures, such as ZnO NWs/SWCNTs when grown
directly on the substrates can offer a new testing environment for
the evaluation of cell behaviors. To the best of our knowledge, ZnO
NWs/SWCNTs heterostructures in pristine highly crystalline
formations grown directly on top of each other have not been
used in biological applications, thus further emphasizing the need
and the purpose of this study. The preparation of ZnO NWs/
SWCNTs heterostructures directly grown on a substrate, a
departure from conventional studies utilizing dispersed or
powdered forms, was made possible using a novel chemical
vapor deposition (CVD) method recently developed by our team
(Schaper et al., 2021). This study aims to investigate the impact of
the heterostructures on cells by analyzing the morphology,
frequency of filopodia, and viability of NIH 3T3 mouse fibroblast
and U87 glioblastoma cell lines. We hypothesized that the
heterostructure of ZnO NWs/SWCNTs could work in synergy
where SWCNTs could promote non-cancerous cell growth, and
ZnO NWs could suppress cancerous cell growth, thus utilizing
uniqueness of both nanomaterials to interact with cells in a
specific and/or selective way. Our studies indicated that cells
were able to adhere to the heterostructures as well as to both
SWCNTs and ZnO NWs individually but, at the same time, also
indicated to the possible toxicity of Zn2+ ions released from the ZnO
NWs towards both normal and cancer cell types. Our work did not
show selective ZnO NWs toxicity towards cancer cells, when used
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alone or in the heterostructure, underscoring the need for
further research.

2 Materials and methods

2.1 Chemical vapor deposition synthesis
of SWCNTs

SWCNTs were synthesized following a protocol previously
established by our team (Figure 1A) (Kuljanishvili et al., 2009;
Schaper et al., 2021). Briefly, SiO2/Si chips of 5 x 5 mm were cut
from SiO2/Si wafers (UniversityWafer, South Boston, MA, P/B,
(100), resistivity: 1–5 mΩ.cm, 300 nm of Thermal Oxide) and
cleaned in order of acetone, isopropanol, and deionized (DI)
water via sonication (BRANSON, Model #2800, 40 kHz) for
3 min in each solvent. Chips were then placed in an ultraviolet
(UV) ozone system (Novascan PSD Pro Series Digital UV Ozone
System, Boone, IA, United States) for 3 min to render optimal

hydrophilicity. Each chip was dipped into custom composite Fe-
based (CCFe) precursor ink for 10 s to ensure the entire surface was
properly coated. The precursor ink consisted of 6 parts master
solution (Iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O) (Sigma-
Aldrich, St. Louis, MO, United States, 99.99% purity): 3 parts DI
water: 2 parts N,N-dimethylformamide (Sigma-Aldrich, St. Louis,
MO, United States, ≥99% purity): 1 part Glycerol (Sigma-Aldrich,
St. Louis, MO, United States, ≥99.0% purity). The chips were gently
dried with the nitrogen gas and placed onto a quartz holder/boat,
which was subsequently inserted into a quartz tube (Technical Glass
Products, Painesville, OH, United States) inside a CVD three-zone
furnace (Thermo Fisher Scientific Lindberg/Blue M, Waltham, MA,
United States). The home-built CVD system is equipped with a mass
flow controller (Sierra Instrument, Monterey, CA. United States) to
manage the precise gas flow. The CVD growth process involved
preconditioning of the catalysts at 365°C under argon (Ar) and
hydrogen (H2) gas mixture at a 1:0.5 gas ratio for 67 min followed by
the growth at 900°C with methane (CH4) precursor gas for 18 min
and allowed to cool down under protection of Ar/H2 gas mix with 1:

FIGURE 1
Schematic of CNTs and ZnO NWs and heterostructure synthesis on SiO2/Si and ZnO NWs conditioned media preparation. (A) CVD synthesis of
SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs. (B) ZnO NWs are soaked for 48 h in complete cell medium to prepare ZnO NWs conditioned media (Con.
Media). Cells cultured on TCP for 24 h were exposed to Con. Media for 48 h.
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0.5 gas ratio. During the growth stage the mixture of CH4/H2/Ar gas
with the flow rates of 900/60/140 (sccm), respectively, was used in
the CVD chamber.

2.2 CVD synthesis of ZnO NWs and ZnO
NWs/SWCNTs

ZnO NWs and ZnO NWs/SWCNTs heterostructures were
synthesized following a protocol previously established in our lab
(Figure 1A) (Alameri et al., 2017a; Schaper et al., 2021). Briefly, to
make ZnO NWs and ZnO NWs/SWCNTs, graphite (Alfa Aesar,
Haverhill, MA, United States, 99.999%) and ZnO powder (Alfa
Aesar, Haverhill, MA, United States, 99.999% purity) were used as
precursors. 35 mg of each reagent mixed and placed into a small
quartz boat (Technical Glass Products, Painesville, OH,
United States). This boat was further placed into a quartz tube
with one closed end, along with SiO2/Si samples placed near the
opening on the closed-end tube. ZnO NWs were grown at 930°C
under Ar gas protection inside the CVD chamber. The synthesis of
ZnO NWs/SWCNTs heterostructures involved growing the
SWCNTs on the SiO2/Si chips first, as described above, and
subsequently growing the ZnO NWs directly on the SWCNTs,
with no additional precursor catalyst thus creating seamless
interface between the materials. All samples were used “as-
grown” for all experiments without post-processing or surface
treatments.

2.3 Nanomaterial characterization

Scanning electronmicroscopy (SEM; FEI Inspect F50, Lausanne,
Switzerland) was used to visualize and evaluate nanomaterials.
SWCNTs were imaged at 1.5 kV and ZnO NWs were imaged at
10 kV. Raman spectral measurements and analyses were also
performed (Renishaw, InVia, Wotton-under-Edge,
Gloucestershire, England) to determine the quality and
crystallinity of the synthesized nanomaterials. Atomic force
microscope (AFM; Park NX 10, Suwon, South Korea) in non-
contact mode was used for carbon nanotube topographic imaging
and to determine diameter of SWCNTs. Average length of SWCNTs
and ZnONWs were evaluated using ImageJ software (free download
from the NIH at imagej.nih.gov). A home-built system assembled
with trinocular stereo microscope equipped with a digital camera
was used to take images of the sample surfaces for subsequent
contact angle measurements. Briefly, 2 µL of DI water was dispensed
on each sample, where samples were in ambient conditions during
all measurements (with temperature and humidity maintained at
23°C and 20%, respectively). ImageJ software was used to measure
the contact angle from the acquired images.

2.4 Cell maintenance

NIH 3T3 Cells (ATCC-CRL-1658™, ATCC, Manassas, VA)
were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco ®, Bristol, RI). DMEM was supplemented with
10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich ®,

St Louis, MO), 100 units/mL Penicillin and 100 μg/mL Streptomycin
(1% pen/strep). Cells were utilized between passages 7 to 18 and kept
in a 37 °C and 5% CO2 incubator. U87 MG glioblastoma cells
(ATCC-HTB-14™) were maintained in Roswell Park Memorial
Institute (RPMI) 1,640 medium supplemented with 10% FBS and
1% pen/strep. For both cell types, medium was refreshed every
2–3 days and cells were passaged when 80% confluence was reached
by exposure to 0.05% trypsin/0.02% ethylenediamine triacetic
acid (EDTA).

2.5 Cell seeding on nanomaterials

To prevent non-specific cell attachment, 1% bovine serum
albumin (BSA, Thermo Fisher Scientific, Waltham, MA) in
phosphate buffered saline (PBS) buffer was pipetted onto the
wells of 48-well plates (100 µL/well) and incubated for 30 min,
then carefully rinsed with PBS. SiO2/Si chips with or without
grown nanomaterials were sterilized by a dip in 200 proof ethanol
for 1 min, dried completely in a tissue culture hood. And then
placed inside the wells of the pre-treated 48-well plates (one chip
per well). U87 and NIH 3T3 cells were then seeded on top of the
chips at ~5,000 cells per well with 200 µL of cell medium
supplemented with 10% FBS and 1% pen/strep. Cells were
cultured for 24 h on top of each chip in a humidified
incubator at 37°C and 5% CO2.

2.6 Cell imaging via SEM and analysis of
cell filopodia

For SEM imaging, U87 and NIH 3T3 cells on chips with and
without nanomaterials were first fixed with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer with 2% sucrose and 2 mM CaCl2
(pH 7.25) and then with 1% osmium tetroxide (Electron
Microscopy Sciences, Hatfield, PA) in 0.1 M sodium cacodylate
buffer with 2% sucrose to preserve membrane structures. After
fixation, the cells were consecutively dehydrated in 30%, 50%, 75%,
95%, and 100% ethanol. SEM (FEI Inspect F50, Lausanne,
Switzerland) images were taken at 1.5 kV high voltage,
and ×750 magnification. SEM images were used to observe cell
filopodia with respect to nanomaterials to give qualitative data on
cell interactions with the nanomaterials.

2.7 Cell imaging via microscopy and analysis
of cell viability and morphology

For microscopy imaging, U87 and NIH 3T3 cells on chips with
and without nanomaterials were either imaged live or fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer with 2%
sucrose and 2 mM CaCl2 (pH 7.25). For fluorescence imaging, live
cells were stained with Cell Tracker (CellTracker™ Green CMFDA
dye, Thermo Fisher, Scientific) following the manufacturer’s
procedure. Microscopy images were taken with a reflected light
microscope (Nikon, Optiphot 66, Minato City, Tokyo, Japan)
at ×20 magnification. Microscopy images were analyzed in
ImageJ and used to measure cell area and calculate cell shape
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factor (Eq. 1), where a shape factor value of 1 represents cells of a
circular shape, while values approaching 0 indicate elongated cells.

Shape Factor � 4π Area( )
Perimeter2

(1)

Cell viability was measured with a LIVE/DEAD™ Viability/
Cytotoxicity Kit, for mammalian cells (Thermo Fisher Scientific),
where live cells were stained green with Calcein AM and dead cells
were stained red with ethidium homodimer-1 (EthD-1). The stains
were applied at concentrations of 4 µM for EthD-1 and 2 µMCalcein
AM added directly to the cell media, and cells were incubated at 37°C
for 30 min before imaging. In certain cases, CellTracker was used
instead of Calcein AM to allow for better visualization of the whole
cell while still staining all cells green. For live/dead staining, care was
taken to rinse the cells gently as to cause minimal detachment of
dead cells prior to staining. However, it is possible that some dead
cells were detached from the substrate and thus, not included in the
total cell viability calculation, skewing the results slightly towards
higher than actual cell viability. Percent viability was calculated by
counting the total cells stained green with CellTracker or the live
cells stained green with Calcein AM and the dead cells stained red
with EthD-1 as:

%Cell Viability � Total Cells −DeadCells

Total Cells
*100 (2)

2.8 ZnO NW conditioned media preparation
and analysis of cell response

ZnO NWs conditioned media (Con. Media) was prepared by
soaking ZnONWgrown on SiO2/Si chips in 200 µL of either DMEM
or RPMI 1640 media for 48 h. U87 and NIH 3T3 cells cultured on
tissue culture polystyrene (TCP) in complete medium (10% FBS, 1%
pen/strep) for 24 h were then exposed to ZnO NWs conditioned
media for 48 h and imaged under optical microscope at 0, 24, and
48 h to observe cell spreading (Figure 1B). Additionally, to
determine whether the presence of SWCNTs affected cell
viability in ZnO NWs conditioned media, and to exclude the
possibility that the SWCNTs presence was affecting cell
spreading/viability, cells were cultured on SiO2/Si chips for the
reference (as control) and SWCNTs grown on SiO2/Si chips and
positioned in the wells of multi-well plates. At 24 and 48 h, both the
cells that were on the well bottom (in the same well plates as SiO2/Si
chips and SWCNTs; labeled as TCP) and the cells on top of the SiO2/
Si chips and SWCNTs were imaged. Images of cells on TCP (on the
well bottom) were taken through an inverted microscope (Zeiss,
Axiovert 200M, Oberkochen, Baden-Württemberg, Germany). Cells
on the SiO2/Si chips and SWCNTs were stained with 4 µM of EthD-
1 and 2 µM Calcein AM for 30 min at 37 °C and imaged with an
upright fluorescent microscope as described above. Cell viability was
calculated via Eq. 2.

Dynamic light scattering (DLS; Malvern Panalytical,
Zetasizer Nano ZS, Malvern, United Kingdom) analysis was
performed for the conditioned media to determine whether
ZnO NW particulates were released in the medium during
soaking. Particulate size was compared between conditioned
and unconditioned media.

2.9 Zn2+ concentration determination in
conditioned media

Conditioned media analyses were performed on ZnO NWs and
ZnO NWs/SWCNTs samples grown by CVD on SiO2/Si before and
after they were soaked in media. A total of 6 samples were tested, 4 of
which were ZnO NWs and 2 samples were ZnO NWs/SWCNTs
heterostructures. The Zn2+ concentration in the cell media released
from the ZnO NWs was approximated as follows: the average
number of ZnO NWs were calculated per unit area of the
samples/chips such as ZnO NWs/SiO2/Si and ZnO NWs/
SWCNTs/SiO2/Si, using SEM imaging. Average length and
diameter of the NWs were also determined from SEM images,
thus providing us with the unit of measure of an average
estimated volume of the ZnO materials to further determine the
concentration of Zn2+ ions in each medium. For consistency, SEM
images of all samples were processed in the same way: dividing each
chip into three-by-three quadrants, thus analyzing nine regions. In
accordance with the experimental details above, the nanomaterials
were soaked in complete cell media for 48 h before being dried and
reimaged in the same quadrants as before. SEM image files were
imported into MATLAB and ImageJ software was used to evaluate
percent coverage. The amount of material before and after
dissolution was compared and from there, the percent dissolution
of ZnO was estimated.

2.10 Statistical analysis

Data points are shown as average ± standard deviations from
3 independent experiments with up to 3 samples per experiment.
For cell analysis from microscopy images, multiple images were
taken per sample and up to 150 cells were analyzed per condition.
When testing for statistical difference between experimental
conditions, GraphPad Prism software was utilized to conduct
two-wailed t-tests between 2 conditions, and a one-way ANOVA
with post hoc Tukey test to compare greater than 2 conditions.
Significance is reported as p < 0.05.

3 Results

3.1 Nanomaterial characterization

Nanomaterials undergo significant morphological changes upon
incorporation into heterostructures, necessitating precise
characterization to quantify their quality and morphology
alterations. This study employed SEM imaging to verify the
morphology of individual nanomaterial components. SWCNTs
grew horizontally as monolayers, exhibiting lengths ranging from
2.6 to 17.6 μm (Figure 2A). On the other hand, ZnO NWs grew
preferentially in vertical orientations in densely packed
arrangements resembling forests. The length and diameter of
ZnO NWs ranged from 0.9 to 3.2 μm and 47.3–99.2 nm,
respectively (Figure 2B; Supplementary Figure S1A, B). The
percentage coverage of SWCNTs on SiO2/Si was observed to
trend lower than that of ZnO NWs and the heterostructures.
This phenomenon could be attributed to the fact that some
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catalytic particles (as seen Figures 2D, F) did not participate in
SWCNTs growth but would have been reactivated during ZnONWs
to nucleate ZnO NWs. Furthermore, in the fabricated
heterostructures, consisting of ZnO NWs grown on SWCNTs,
only the ZnO NWs were discernible (Figure 2C), underscoring
the successful integration of the two nanomaterial components
into a heterostructure configuration. The length and diameter of
ZnO NWs grown on SWCNTs ranged from 0.5 to 1.5 and
66.5–133.5 nm, respectively (Supplementary Figures S1C, D).

The contact angles measurements conducted on the surfaces of the
nanomaterials were conducted to evaluate their surface wettability
(Supplementary Figure S2). The reported values represent averaged
values from six samples. The average contact angles of SWCNTs, ZnO
NWs, and ZnO NWs/SWCNTs were determined to be 79.5°, 119.6°, and
128.5°, respectively. Notably, ZnO NWs and ZnO NWs/SWCNTs values
can be categorized as hydrophobic, attributed to their high aspect ratio,

vertical orientation, and subsequently inherent high surface roughness
(Mohammad Karim, 2023). Further, wettability of ZnO NWs is
contingent upon the crystallographic orientation of the NWs where the
surface of ZnO can be categorized as polar and non-polar (Mardosaitė
et al., 2021). The nonpolar facets exhibit low surface energy, thus
facilitating the contraction of liquid droplets, while the polar facets
exhibit high surface energy and facilitate liquid spreading (Ghannam
et al., 2019; Mardosaitė et al., 2021). We have previously characterized our
CVD-grown ZnO NWs using X-ray diffraction and showed that they
exhibit predominantly non-polar facet termination (Alameri et al., 2017a),
thus suggesting that our samples could have tendencies towards
hydrophobicity. The observed lower values of the contact angle for the
SWCNTs can be attributed to the lower surface coverage and flat surface
morphology. Moreover, the areas of the SiO2/Si surface that were not
covered by SWCNTs contributed to more hydrophilic manifestations as
compared to the densely packed ZnO NWs samples.

FIGURE 2
SEM, AFM, and Raman of SWCNTs, ZnONWs, and SWCNTs/ZnONWs heterostructures. SEM images of (A) SWCNTs, (B) ZnONWs, and (C) SWCNTs/
ZnO NWs heterostructures on SiO2/Si substrate demonstrating uniformity and high density. Scale = 3 µm. Insets are high-magnification SEM images of
each sample. Scale = 1 µm. (D) AFM image of SWCNTs with (E) line profiles showing the height of the SWCNTs (blue star) at the specified color-coded
locations. (F) 3D AFM topographic image (for a 5x5 μm square area) of SWCNTs grown on SiO2/Si substrate with a line profile shown below. (G)
Raman spectral plots of representative spots on each sample of each nanomaterial featuring G and D and 2D bands for SWCNTs presence and the E2

low

and E2
high peaks for ZnO NWs presence. RBM modes in the SWCNTs Raman plot can also be seen at the low-frequency range.
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The representative AFM image (Figure 2D) obtained on SiO2/Si
substrates reveals the diameter distribution of SWCNTs within the
1.7–2.2 nm range, as depicted in three topographic line profiles
(Figure 2E). The SWCNTs diameters are denoted by stars in the line
profiles, while other discernible peaks correspond to nanocatalyst
particles that have aggregated during the growth process. These
observations corroborate the predominantly single-walled
composition of the SWCNTs. In Figure 2F, a 3D-AFM image
acquired from another sample and the line profile shown below
showed a sub-nanometer roughness of 0.62 nm root mean square
(RMS) value. The diameter distribution also confirms the typical
range from 1.2 to 2.25 nm for SWCNTs. Notably, all measured
diameters of the SWCNTs remained consistent, affirming the
uniformity of SWCNTs across different samples. Note that the
AFM analysis also revealed the presence of the aggregated larger
nano-catalyst particles on the SWCNTs samples, which were likely
participating in a nucleation process of the ZnO NWs in the
subsequent heterostructure formation. As a result, the average
diameter of ZnO NWs grown on top of the SWCNTs within the
heterostructure were larger, as compared to ZnO NWs sample
grown directly on SiO2/Si substrates, as seen in the SEM images
in Supplementary Figure S1.

The quality of the nanomaterials was assessed by Raman
spectroscopy (Figure 2G). SWCNTs have unique Raman signals in
the radial breathing mode (RBM) (~100–350 cm-1), the D-band
(~1,350 cm-1), and the G-band (~1,580 cm-1). It was found from the
RBM Raman shifts that the diameters of the SWCNTs were between
1.7 and 2.3 nm, which also confirms our direct AFM measurement
results (Jorio et al., 2001) In addition, Raman data show the full width at
half maximum (FWHM) of the G-band, of the SWCNTs was in the
range of 18–21 cm-1 for both samples, namely, SWCNTs and ZnO
NWs/SWCNTs, indicative of high crystallinity. At the same time the G-
andD-band intensity ratio (IG/ID) was found to be in the range of 10–25
(Alameri et al., 2017b). These results are evidentiary of the high quality
of the SWCNTs. It also verifies that SWCNTs are not being
compromised (no defects were created) during the growth of the
ZnO NWs on top of the SWCNTs in the process of the
heterostructure formation. ZnO NWs also display characteristic
Raman spectra, which respectively allow us to evaluate their quality
and crystallinity. ZnO NWs have wurtzite crystal structure (Geng et al.,
2004; Zhu et al., 2012; Al-Asadi et al., 2017). The lattice optical phonon
with A1, E1, and E2 being most Raman active. E2 mode shows the
crystallinity level of as-grown ZnO NWs. Raman spectra of
representative positions show high-intensity modes for E2

low and
E2

high (98.7 and 436.9 cm-1), which are associated with Zn and O2

sublattices, respectively. The FWHM of the most intense E2
high peak in

the Raman spectra of ZnONWs and ZnONWs/SWCNTs is ~7.6 cm-1,
indicating a high level of crystallinity in both cases. Raman spectra
collected from the heterostructure samples show SWCNTs and ZnO
NWs characteristic main peaks and demonstrate preserved integrity of
both materials.

3.2 Cell spreading and viability on SWCNTs,
ZnO NWs, and ZnO NWs/SWCNTs

To study the effects of SWCNTs, ZnO NWs, and ZnO NWs/
SWCNTs on cell area, shape factor, and viability, U87 glioblastoma

cells and NIH 3T3 fibroblast cells were used. The cells were chosen as
the model cells for a commonly used cancer cell type (U87 cells) and
a commonly used normal cell type (NIH 3T3) to capture possible
differing effects of the nanomaterials on normal vs. cancer cells.
U87 glioblastoma cells were chosen for this study due to previous
studies indicating ZnO nanostructure suppression of glioblastoma
tumor cell viability (Wahab et al., 2011; Zhu et al., 2012). NIH
3T3 fibroblast cells have also been commonly used for in vitro
toxicity studies, due to being the most abundant cell types within all
connective tissues (Boncler et al., 2019).

Cell spreading and circularity as a function of nanomaterial
composition were similar for both cell types (Figure 3). For both
U87 and NIH 3T3 cells, we noted decrease in cell spreading and
increase in cell circularity for cells on the ZnO NW and the ZnO
NWs/SWCNTs heterostructures compared to all other conditions,
possibly indicating ZnO cytotoxicity or inability to support cell
spreading. There was no significant difference between cell
spreading or circularity on the ZnO NWs or ZnO NWs/
SWCNTs, indicating that the effect of ZnO NWs was dominant.
This was not surprising, since the ZnO NWs were grown on top of
the SWCNTs, so it is possible that cells were only able to sense the
ZnONWs due to direct contact mostly with the ZnONWs layer. For
both cell types seeded on ZnO NWs and ZnO NWs/SWCNTs we
observed a significant ~2-fold decrease in cell area and ~2-fold
increase in circularity as compared to cells on SWCTNs or control
samples/chips. For both cell types, spreading area was highest on the
SWCNTs, and it was significantly higher than the controls for
U87 cells. This was also expected as we and others have
previously shown that SWCNTs facilitate cell spreading
(Imaninezhad et al., 2018).

Live/dead staining for U87 and NIH 3T3 showed more live cells
with elongated morphologies on SiO2/Sicontrols and SWCNTs
compared to ZnO NWs or ZnO NWs/SWCNTs heterostructures
(Figure 4). The higher cell viability for cells on control SiO2/Si
control samples/chips and SWCNTs, compared to ZnO NWs and
ZnO NWs/SWCNTs corroborated the cell spreading data,
indicating that decreased cell spreading could be due to
decreased cell viability. For both cell types, there was no
significant difference between cell viability on SiO2/Si chips and
SWCNTs, with viability being >80% for all conditions. On ZnO
NWs and ZnO NWs/SWCNTs, U87 cell viability decreased to
~25%, and for NIH 3T3 cells it decreased even further to ~6%.

3.3 Cell filopodia on SWCNTs, ZnONWs, and
ZnO NWs/SWCNTs

Upon closer observation of the cells through SEM imaging, we
were able to qualitatively observe cell filopodia on each
nanostructure, albeit with some pronounced differences between
conditions. For U87 cells (Figure 5A), cells extended long and dense
filopodia on the SiO2/Si controls and SWCNTs, with an evident
decrease in filopodia length and density for cells on ZnO NWs and
ZnO NWs/SWCNTs. Similar observations were made for NIH
3T3 cells, where cells on the SWCNTs seemed to have denser
and longer filopodia than cells on the control SiO2/Si, and both
were higher than the ZnO NWs and ZnO NWs/SWCNTs
(Figure 5B). By quantifying the lengths of filopodia from cells for
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each condition, it was found that cells on SWCNTs generally had
longer filopodia than all other conditions. The most noticeable
difference was the increase of filopodia lengths of NIH 3T3 cells
on SWCNT, compared to the control SiO2/Si (Figure 5C). NIH
3T3 filopodia on SWCNTs were an average of 24.7 µm, which was
much larger than filopodia averages of 2.0 and 3.3 µm on ZnONWs,
and ZnO NWs/SWCNTs, respectively. Note that due to vastly
divergent dimensions, it was challenging to show high resolution
images for both cells and cell filopodia and the underlying SWCNTs;
hence, separate images with the focus adjusted to show the
underlying SWCNTs is shown in Supplementary Figure S3.
Lastly, filopodia lengths were lowest for ZnO NWs and ZnO
NWs/SWCNTs for both cell types.

Though cell area decreased, and shape factor increased on
nanomaterials containing ZnO NWs, for both NIH 3T3 and
U87 cells, there was still filopodia extensions on the ZnO
NWs. Upon closer inspection, NIH 3T3 cells in areas of
varying ZnO NWs density had different filopodia numbers
and length. On areas of highest ZnO NWs density, there were
short but numerous filopodia extending from the cells. On areas
of lesser ZnO NWs density, the cells had fewer filopodia, and
decreased cell area. For areas of the least ZnO NWs density, the
cells did not seem to extend filopodia and had a round
morphology (Supplementary Figure S4). This data suggests
that though NIH 3T3 fibroblasts and U87 glioma cells show

decreased proliferation and cell area on ZnO NWs, they still can
interact with the ZnO NWs, perhaps in a density
dependent manner.

3.4 ZnO NWs conditioned media effect on
NIH 3T3 and U87 cell spreading and viability

Due to the decreased cell area and increased shape factor, as well
as decreased viability for ZnO NWs and heterostructures, we sought
to further study ZnO NWs’ toxicity to U87 and NIH 3T3 cells by
exposing them to ZnO NW conditioned media. We characterized
the conditioned media via DLS and compared it to non-conditioned
media. DLS analysis of the ZnO NWs conditioned media showed
that particle sizes in the media were similar to the unconditioned
media (Supplementary Figure S5), suggesting that there are no
agglomerated or nano-or micro-size particles from the ZnO
NWs. This data implies that the toxic effect from the ZnO NWs
conditioned media should be from soluble/degradation compounds,
such as ions, released in the media, rather than NWs structures or
particulates being released from the ZnO NWs/SiO2/Si samples.

To test the effect of ZnO NWs releasates on cells, we first
cultured cells on TCP and then exposed them to ZnO NWs
conditioned or non-conditioned media for 48 h (Figure 6). After
exposing U87 cells to ZnO NWs conditioned media, cell area

FIGURE 3
NIH 3T3 and U87 cell area and shape factor on TCP, SiO2/Si control/reference samples (Control), SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs at
24 h of culture. (A) Phase contrast microscopy images of NIH 3T3 cells and (B) U87 cells on each nanomaterial as well as SiO2/Si control samples/chips
(Control) without nanomaterials and tissue culture polystyrene (TCP). Scale bar = 100 µm. (C)Cell area and (D) Shape factor of NIH 3T3 cells as a function
of nanomaterial composition. (E) Cell area and (F) Shape factor for U87 cells as a function of nanomaterial composition. * designates significant
differences (n = 6 for NIH 3T3, n = 3 for U87, p < 0.05).
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noticeably decreased after 24 and 48 h of exposure (Figures 6A, B).
The shape factor of U87 cells at 48 h with non-conditioned growth
media was an average of 0.30 ± 0.05, while U87 cells at 48 h exposure
to conditioned media was much higher, at 0.70 ± 0.08, indicative of a
round morphology (Figure 6C). NIH 3T3 cells also significantly
decreased in cell area with exposure to conditioned media after 48 h
(Figure 6D). Cells with non-conditioned media on TCP had an
average area of 1,100.1 ± 103.2 μm2, while cells on TCP exposed to
conditioned media had an average cell area of 379.0 ± 46.9 μm2

(Figure 6E). As seen in Figure 6F, the shape factor had also decreased
at 24 and 48 h. At 48 h, the shape factor of NIH 3T3 cells on TCP
with growth media was an average of 0.34 ± 0.06, while cells exposed
to conditioned media had an increased shape factor to 0.73 ±
0.05 (Figure 6F).

Overall, both cell types experienced similar changes in spreading
and morphology when exposed to ZnO NWs conditioned media for
48 h. Compared to non-conditioned media, we noted a significant
decrease in cell spreading area and a significant increase in shape
factor for both U87 and NIH 3T3 cells, showing that while cells were
well spread and elongated in non-conditioned media, they were
round in conditioned media indicating toxicity.

In addition to cultured cells on TCP, we also examined the effect
of ZnO NWs conditioned media towards cells cultured on the SiO2/
Si control samples and on the SWCNTs samples to determine

whether those substrates provided rescue towards cell viability
and spreading (Figure 7). Corroborating TCP results at 48 h of
exposure, U87 and NIH 3T3 cells showed significantly decreased cell
areas and increased shape factor (i.e., round morphology) compared
to unconditioned media for both cells on SiO2/Si controls and on
SWCNTs (Figures 7A, C). Also, qualitative evaluation showed a
substantially decreased cell presence for both cell types when
exposed to ZnO NWs conditioned media independent of the
growth substrate, indicative of toxicity.

We further used live/dead staining of U87 and NIH 3T3 cells to
investigate cell viability. U87 cells visually decreased in cell number
and had a higher ratio of EthD-1-stained dead cells when exposed to
ZnO NW conditioned media (Figures 7A, C). U87 cells on the SiO2/
Si controls and on the SWCNTs/SiO2/Si samples had high viability
of 88.1% ± 4.1% and 91.4% ± 5.5%, respectively. U87 cells on the
controls and on the SWCNTs samples showed decreased cell
viability when exposed to conditioned media, by 16.2-fold and
4.3, respectively. The cell viability on the control sample was
81.6% ± 11.6% and on SWCNTs it was 96.6% ± 1.8%
(Figure 7B). This pattern was also seen for NIH 3T3 cells, where
cell viability on the control conditioned media, cell viability
decreased 3.6-fold and 3.2-fold for cells on SiO2/Si controls and
SWCNTs samples, respectively (Figure 7D). Similarly to U87 and
NIH 3T3 cells cultured on SiO2/Si controls and the SWCNTs

FIGURE 4
NIH 3T3 and U87 cell viability on SiO2/Si reference/control samples (Control) and nanomaterial; SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs. (A)
Fluorescence microscopy images of U87 cells on nanomaterials. (B) Fluorescence microscopy images of NIH 3T3 cells on nanomaterials. Green =
Calcein AM (stains live cells), Red = EthD-1 (stains nuclei of dead cells). Scale bar = 200 µm. (C)U87 cell and (D)NIH 3T3 cell viability on each nanomaterial
as calculated from live/dead staining. * designates significant differences (n = 3, p < 0.05).
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FIGURE 5
Cell filopodia characterization on SiO2/Si reference/control samples (Control), as well SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs. Cells were
cultured for 24 h on each substrate. (A) SEM images of U87 cells on each nanomaterial, with the corresponding zoomed-in insets to observe the filopodia.
Scale = 50 µm and 10 μm, respectively. (B)NIH 3T3 cells on top of each nanomaterial, with zoomed in insets to observe the filopodia. Scale = 50 µm. (C)
Filopodia lengths for each condition.

FIGURE 6
U87 andNIH 3T3 cells cultured on TCP for 24 h, then exposed to conditionedmedia for 48 h. (A) Phase contrast images of U87 cells on TCP exposed
to non-conditioned or conditioned media. Scale bar = 100 μm. U87 cell area (B) and shape factor (C) as a function of media conditioning. (D) Phase
contrast images of NIH 3T3 cells on TCP exposed to non-conditioned or conditionedmedia. Scale bar = 100 µm.NIH 3T3 cell area (E) and shape factor (F)
as a function of media conditioning. * designates significant differences (n = 3, p < 0.05).
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samples, cells that were found in the TCP wells next to the substrates
with nanomaterials on them, showed reduced viability when
exposed to ZnO NWs conditioned media (Supplementary Figure
S6). This result indicated that any loss in cell viability was not due to
the underlying substrate (the SiO2/Si or the SWCNTs), but only the
conditioned media.

Previous studies (Li et al., 2011; Liao et al., 2020) have
indicated that the cytotoxicity of ZnO nanomaterials may be
attributed to the dissolution of Zn2+ from the materials,
potentially leading to adverse effects upon cellular uptake. To
investigate this, the Zn2+ concentration in the cell media was
estimated using average length/diameter and the surface

coverage data provided by high resolution SEM images.
Supplementary Table S1 shows the calculated concentration of
Zn2+ ions to be in the range of 2.3–10.2 μg/mL for the ZnO NWs
samples soaked in RPMI compared to a similar range of
2.8–10.2 μg/mL when soaked in DMEM, hence, there is not a
significant difference between the two media types used for cell
culture. However, for the ZnO NWs/SWCNTs heterostructure
samples soaked in RPMI, concentration of Zn2+ ions ranged from
1.3–4.6 μg/mL, and for the heterostructures soaked in DMEM,
Zn2+ ion concentration ranged from 1.5–5.2 μg/mL Although
there appears to be no difference in dissolution across the
2 cell medias, there is a clear lower dissolution in the case of

FIGURE 7
NIH 3T3 and U87 cell viability, area, and shape factor on SiO2/Si control samples (Control) and SWCNTs, when exposed to conditioned media for
48 h. (A) Fluorescencemicroscopy images of U87 cells on nanomaterials. Green = Calcein AM (stains live cells), Red = EthD-1 (stains nuclei of dead cells).
Scale bar = 200 µm. (B)U87 cell viability, area and shape factor when exposed to ZnONWs conditionedmedia on Control and SWCNTs. (C) Fluorescence
microscopy images of NIH 3T3 cells on nanomaterials. Scale bar = 200 µm. (D) NIH 3T3 cell viability, area and shape factor when exposed to ZnO
NWs conditioned media on the SWCNTs and Control samples. * designates significant differences (n = 3, p < 0.05).
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ZnO NWs/SWCNTs heterostructure samples as compared to the
solely ZnO NWs.

4 Discussion

In this study we used CVD synthesis to fabricate high quality
nanomaterials such as SWCNTs, ZnO NWs and the
heterostructures ZnO NWs/SWCNTs on SiO2/Si substrates with
controlled morphology (Figures 1, 2) to examine behaviors of two
different cell lines, namely, U87 glioblastoma and NIH
3T3 fibroblast cells, chosen to represent both a cancerous and a
normal cell type. While the 2 cell types are representative, a more
comprehensive cell panel could be tested in the future to broaden
our understanding of cell-nanomaterial interactions. One-
dimensional nanomaterial prepared either in lateral monolayer
networks (such as SWCNTs) or vertically oriented forests (such
as ZnO NWs) have unique biomedical relevance. Heterostructures
made from these one-dimensional nanomaterials can add additional
versatility in creating compound platforms with dual purposes in
biomedical applications. The goal was to study cell viability,
spreading, and morphology on top of the SWCNTs, ZnO NWs,
and their heterostructure to gain knowledge on the suitability of the
nanomaterials as cell substrates or testbeds. While there are
multitude of studies of cell behaviors on SWCNTs including by
our team, there have been fewer studies involving highly crystalline
ZnO NWs. On the other hand, heterostructures of ZnO NWs/
SWCNTs have not been explored. Additionally, there are conflicting
reports on the toxicity of ZnO. For example, ZnO NWs have been
shown as a promising neuronal substrate (Onesto et al., 2019), while
ZnO nanorods have been shown to resist cell adhesion (Lee et al.,
2008), and yet others have shown that ZnO in the form of a flat film,
nanorods or nanowires is toxic to cells (Ghaffari et al., 2019).

In our study we showed that cells cultured onto ZnO NWs and
ZnO NWs/SWCNTs decreased in cell area and became more
circular, which also corresponded to a significant decrease in cell
viability (Figures 3, 4). Our results corroborate a study that observed
that NIH 3T3 cells do not have initial spreading on ZnO NWs, nor
filopodia formation, due to the inability of cells to adhere to the
nanowire substrates and the effects of substrate surface on cell
growth (Lee et al., 2008). Another study found that the presence
of ZnO NWs, along with toxic by-products after longer periods of
culture, may slow down initial cell adhesion and growth rate
(Gaetani et al., 2022).

For cells on SWCNTs, we noted larger cell spreading and smaller
shape factors. Cell spreading on the SWCNTs is dependent on cell
integrin binding facilitated by adsorption of serum and cell-secreted
adhesive proteins onto the SWCNTs, as shown by us previously
(Imaninezhad et al., 2018). Furthermore, integrin attachment
enhances the signaling of growth factors, to which then FAK acts
as a downstream target. FAK plays an important role in cell
migration, adhesion and regulation for U87 and NIH 3T3 cells
(Riemenschneider et al., 2005). Note that while some literature,
where nano-powder SWCNTs were used, suggests that SWCNTs are
suppressive towards U87 glioblastoma cells (Minchenko et al.,
2016), this was not the case in this study as discussed above.
This may be due to the fact that cells were grown on top of the
CVD-synthesized SWCNTs networks which are attached to the

growth substates, and not in media with dispersed SWCNTs
powders, as reported in other studies. Here, the as-grown
SWCNTs were attached (prepared directly) onto the SiO2/Si
substrate, hence not available for cell endocytosis due to their
strong van der Waals attraction to the SiO2/Si growth substrate
(Dai et al., 2001).

On further examining cell morphology, we noted that NIH
3T3 filopodia on SWCNTs were an average of 24.7 µm, which was
significantly larger than filopodia averages of 2.0 µm and 3.3 µm on
ZnO NWs, and ZnO NWs/SWCNTs, respectively (Figure 5).
Fibroblasts also favor probing rigid substrates with filopodia
extensions before migration (Wong et al., 2014), hence the larger
filopodia length on the SWCNTs was indicative of a more favorable
substrate for cell adhesion and migration compared to ZnO NWs.
This could also be due to a flatter (nanotextured) surface of the
SWCNTs networks-bed as compared to a more ‘spiky’ ZnO NWs
forest interfaces. While both cell types exhibited longer filopodia on
the SWCNTs compared to the other nanomaterials, NIH
3T3 fibroblasts had overall more elongated morphology than the
U87 cells, which had a more epithelial-like shape
(Supplementary Figure S3).

We then aimed to determine whether the lower cell viability and
spreading on the ZnO NWs and ZnO NWs/SWCNTs
heterostructure was due to the vertical and ‘spiky’ morphology of
the ZnO NWs or due to NWs degradation products. Others have
previously shown that cells, specifically neural-like PC12 cells, could
extend filopodia, spread and retain high cell viability on vertical
collagen-coated ZnO NWs (Ciofani et al., 2012). Beyond ZnO,
significant previous research on vertical NW arrays has shown
not only that cells can adhere and grow on vertical arrays, but
that NW density and diameter can be used to control cell adhesion,
morphology, motility, and differentiation (Qi et al., 2009; Persson
et al., 2015; Li et al., 2018). For example, breast cancer cells showed
an overall lower cell areas and larger focal adhesions at the cell edges
for lower diameter NWs compared to higher spreading areas and
punctate focal adhesions on larger diameter NWs (Li et al., 2018).
Further, increased NW density was shown to increase motility of
fibroblasts, but a reduced cell proliferation was noted irrespective of
NW density (Persson et al., 2015). Another study of human hepatic
and hepatoma cell lines showed that vertical NWs supported cell
adhesion and growth and enhanced cell-substrate adhesion force,
but restricted cell spreading. The authors attributed the lower cell
spreading area on the spiky morphology of the nanowires, where
cells were able to extend filopodia and form focal adhesions initially,
but were not able to reach out at a distance from their first contact
point (Qi et al., 2009).

Hence, we hypothesized that the spiky morphology might be
responsible for the lower cell spreading, but it should not be
responsible for the lower cell viability. To test for that we used
ZnO NW-conditioned media (ZnO NWs soaked in media for up to
48 h) on cells seeded on TCP only or on TCP in the presence of
SWCNTs (Figures 6, 7). ZnO NWs have been reported to initiate
degradation in ~30 min, which results in the release Zn2+ ions
(Milano et al., 2018). With the released Zn2+ ions, the ZnO NWs
may generate reactive oxygen species (ROS). In turn, these
compounds may cause cytotoxic cellular effects that include
intracellular calcium flux, mitochondrial depolarization, and
plasma membrane leakage (George et al., 2010). Therefore,
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decreased cell area with ZnO NWs conditioned media may be
attributed to the cytotoxic effects from soluble compounds
present in the media, which is what our data indicated. Another
study on ZnO NWs conditioned media found that cytotoxicity was
occurring due to accumulation of by-products from ZnO NWs with
3 days of incubation in 1 mL of medium per sample area of 1 cm2. In
addition to a decrease in cell survival, cells on ZnO NWs retained
round morphology, which pointed towards poor cell adhesion
(Gaetani et al., 2022). This may also explain the decrease in cell
counts for cells in conditioned media and on structures including
ZnONWs, since cells may have been washed off during handling for
fixation and live/dead staining.

From the dissolution analysis, it was determined that regardless
of whether the medium was RPMI or DMEM, the medium
containing the ZnO NWs samples had an approximate Zn2+

concentration ranging from 2.3 μg/mL to 10.2 μg/mL (as shown
in Supplementary Table S1). Our results seem to be in line with the
previously reported studies, which state that at similar
concentrations the medium showed to be toxic (Liao et al.,
2020). Previous studies have also shown that Zn2+ ions released
from ZnO structures were responsible for PC12 neural-like cell
death, regardless of whether the ZnO were nanorods, nanowires or
solid thin films (Ghaffari et al., 2019). The medium containing the
ZnO NWs/SWCNTs heterostructures had slightly lower Zn2+ ion
concentration ranging from 1.3 μg/mL to 5.2 μg/mL. The lower
dissolution could potentially be attributed to the enhanced
interaction between the ZnO NWs with the SWCNTs networks
due to a direct synthesis of one material on top of another. On the
other hand, the presence of the SWCNTs could also effectively
increase the hydrophobic surface area, thus decreasing the ZnO
-solvent interactions.

Overall, our studies indicated that ZnO NWs were not
conducive to cell growth for the cell types and growth conditions
tested here. This was not due to the inability of cells to adhere to the
ZnO NWs or due to their vertically oriented ‘spiky’ surface
topography. In fact, cells were able to extend filopodia on NWs
even when they still decreased in spreading area. The filopodia
extensions despite the ‘spiky’ morphology were not surprising as
other have shown that cells, specifically neuronal cells, were able to
form neuronal networks when grown on ZnO NWs over 7 days
(Onesto et al., 2019). The decrease in cell area and cell viability was
instead attributed to the release of Zn2+ from the nanostructures.
While cells were able to spread and retain high viability on SWCNTs
as expected, SWCNTs were not able to ‘rescue’ cell growth in the
heterostructures as we had hoped despite decreasing the Zn2+

concentration. Note that one limitation to the study was that we
used live-dead staining to assess cell viability, so it is possible that
some cells were washed off the surface during staining due to weak
adhesion (e.g., rounded cells, which might otherwise be alive could
not be stained) or due to necrosis (hence dead cells were not
stained). Despite that, the decrease in cell spreading and cell
presence clearly pointed to the toxic effect of the ZnO NWs on
the cells. Despite previous reports on the selective negative effect of
ZnO on cancer cells compared to normal cells, we observed similar
toxicity for both cell types, possibly because of the high dose of Zn2+

ions released in the media due to the high density and volume of the
ZnO NWs on which the cells were seeded. Previous studies have
shown that the toxicity of ZnO is concentration dependent. For Zn2+

concentrations of ~2–10 μg/mL, it was generally being found to be
cytotoxic (Liao et al., 2020). Even for the heterostructures which
contained a lower Zn2+ concentration of ~1–5 μg/mL, this was still
found to be in the cytotoxic range (Alameri et al., 2017b). Future
investigations focusing on varying densities of ZnO NWs and
SWCNTs which could be modulated by growth parameters
would be interesting to pursue.

It is important to note that we determined the extracellular Zn2+

ions released by ZnO NWs through measuring the ZnO NWs
dissolution. Despite finding that the percent dissolution was
similar in both DMEM and RPMI media and that the ZnO
NWs/SWCNTs samples had less dissolution than ZnO NWs
samples, there could be potential interactions with various
components in the cell media that could affect cellular uptake of
these ions. For example, RPMI has a lower amino acid concentration
(~1,000 mg/L) than DMEM (~1,600 mg/L) which has been shown to
decrease Zn2+ toxicity as the amino acids can complex and effectively
remove Zn2+, which would not be detected via our Zn2+

concentration determination method (Li et al., 2011). However,
with many competing factors present in cell media, it can be hard to
predict what the overall effect would be (Li et al., 2011; Li et al.,
2013). In future studies, using a fluorescent sensing method to
measure the intracellular labile Zn2+ can be beneficial in discerning
more of the cell media effect (Pratt et al., 2021). Furthermore,
measuring the rate of cellular uptake of Zn2+ will give more
insight into the mechanism behind cell death and whether the
morphology of the underlying nanomaterials plays a role in the
cellular uptake of these ions.

Altogether, our results have several important implications.
They suggest that the surface topography of both SWCNTs
(horizontal networks) and ZnO NWs structures (vertically
oriented forests) are amenable for use as cell substrates in
biomedical applications. The use of SWCNTs and ZnO in
biomedical applications needs further investigation and possibly
consideration of other nanomaterials such as two-dimensional (2D)
graphene (Gr) in combination with patterned 2D ZnO
nanostructures which could offer an additional level of local
control in preparation of heterostructures and predetermined
coverage and amount of ZnO NWs interacting with cells, while
as the same time offering an ability to observe selective and localized
cell behaviors on patterned vs. unpatented surfaces and substrates.
Further investigations should also include a variety of cell types to
provide a more comprehensive understanding of nanomaterial-cell
interactions as a function of cell type.

Our results indicate that SWCNTs, ZnO NWs, and ZnO NWs/
SWCNTs heterostructures could be valuable substrates in future
biomedical applications. For example, if SWCNTs are prepared to
contain high percentages of CVD grown metallic SWCNTs or
multiwalled carbon nanotubes (MWCNTs), which are also
predominately metallic, thus having higher thermal and electrical
conductivity, then biomedical uses of such systems in
heterostructure form could expand its further scope. In
particular, the applications could involve effective thermal
stimulation of cells or embedding heterostructures into hydrogel
matrices or other types of biomaterials used as drug delivery
vehicles. Our study indicated that the presence of carbon
nanotubes in the heterostructures affected the rate of dissolution
of ZnO, therefore further studies using other forms of carbon, such
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as 2D graphene or nanodiamond films in the heterostructure
assemblies could provide new insights into the nature of carbon -
zinc oxide interaction in the cell media environments.

5 Conclusion

Here we used chemical vapor deposition to fabricate substrates
with coatings of semiconducting SWCNTs, ZnO NWs and ZnO
NWs/SWCNTs heterostructures and investigated their effect on cell
viability and spreading for representative normal and cancer cells
seeded on top of the nanomaterials. We first confirmed the high
quality of the grown nanomaterials by several different methods,
including SEM, AFM and Raman spectroscopy. We found that the
nanomaterials containing ZnO NWs decreased viability and cell
spreading for both U87 and NIH 3T3 fibroblast cell types, even
though cells were able to extend filopodia on the ZnO NWs. Further
studies of cell viability in ZnONWs conditioned media, showed that
the apparent ZnO NWs toxicity was due to dissolution by-products,
such as Zn2+ ions released from the nanomaterials, rather than the
ZnO NWs surface topography. Our results may inform future uses
of SWCNTs, ZnO NWs, and ZnO NWs/SWCNTs heterostructures
in biomedical applications.
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Graphene oxide (GO) has attracted significant attention from the scientific
community due to its mechanical, optical, electrical, and chemical properties.
This review outlines synthetic methods for GO functionalization, including those
involving covalent and noncovalent bonds with organic molecules. In a novel
contribution to this field, particular emphasis is placed on functionalization via
epoxy ring opening, a poorly studied and understood topic. We first provide an
overview of the basic structure and properties of graphene oxide. We then
explore the various methods employed to functionalize graphene oxide,
noting the complexity of these reactions, which sometimes occur in a non-
specific manner. However, there are some strategies for targeted
functionalization. Furthermore, we present a critical analysis of the covalent
functionalization through epoxy groups, demonstrating important aspects to
be considered when choosing the reaction medium. An alkaline environment
seems to favor this reaction, and there is no consensus regarding the advantages
and disadvantages of using basic pH in functionalization reactions. We also
demonstrate some challenges involving the characterization and confirmation
of the functionalization, mainly in the basal plane, and we show advances in
characterization techniques that can be explored in future studies. Finally, some
current challenges and future research directions are presented to contribute to
the advancement of the field.

KEYWORDS

functionalized graphene, epoxy groups, covalent derivatization, epoxide opening,
nucleophilic reactions

1 Introduction

Graphene oxide (GO) is a remarkable material derived from graphene, featuring a two-
dimensional arrangement of carbon atoms bonded in hexagons along with oxygen
functional groups (Brisebois and Siaj, 2020; Vacchi et al., 2020; Guo et al., 2022;
Donato et al., 2023). This unique structure enables GO to disperse in aqueous solutions
and serve as a support for various functional groups, enabling a multitude of applications.
These applications range from sensors (Shahdost-fard and Roushani, 2017; Devi et al., 2018;
Jayaraman et al., 2022; Alves et al., 2023) and catalysts (Xue et al., 2015; Flores et al., 2020;
Hao et al., 2020; Hostert et al., 2020; Santos et al., 2022; Santos et al., 2023; Xie et al., 2023)
to membranes (Kumar et al., 2012; Nair et al., 2012; Zhang et al., 2015; Feng et al., 2018;
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Meng et al., 2019; Tan et al., 2022), solar cells (Liu et al., 2012; Lima
et al., 2016; Gao et al., 2022), energy storage (Georgakilas et al., 2016;
Zhang et al., 2016; Payami et al., 2020; Tian et al., 2021), and even
biomedical therapies (Mirzaie et al., 2019; Monteiro et al., 2020;
Ranishenka et al., 2021).

One of the most utilized techniques for obtaining GO involves
the chemical oxidation of graphite, followed by exfoliation.
However, this process introduces structural defects in the sp2

network due to the oxidative cutting of graphene sheets
(Komeily-Nia et al., 2021). Although the oxygenated groups are
spread throughout the whole structure, the defect regions present a
different prioritization of groups (Feicht and Eigler, 2018). Epoxides,
a functional group found in GO, are formed during the initial stages
of oxidation due to their kinetic favorability (Pancharatna et al.,
2020). Apart from epoxides, GO also contains other oxygenated
groups such as carboxyl, hydroxyl, and carbonyl groups, which can
be found in the edges and defects in the structure. The composition
of these groups varies depending on the preparation method and the
extent of oxidation (Komeily-Nia et al., 2021). Consequently, GO is
not a material with a fixed composition and structure but rather a
material with significant variation in size and oxidation degree
(Donato et al., 2023).

It is crucial to acknowledge the structural complexity when
studying the functionalization and application of GO in various
fields. Several models have been proposed for GO structure, three of
which are highlighted: the L-K model introduced by Lerf and

Klinowski (Figure 1A) (Lerf et al., 1998), the two-component
structure model (Rourke et al., 2011), and the Dynamic Structure
Model (DSM) (Dimiev, 2016) (Figure 1B).

These models provide valuable insights into the structure of GO
and its properties. For example, the L-K model suggests that the
epoxy and hydroxyl functional groups are attached to the basal plane
of GO, while the carboxyl functional groups are linked to the edges.
This model has been updated to explain the high acidity, defects, and
partial heterogeneity of GO. Among these updates, Rourke et al.
(2011) have suggested the partial heterogeneity of GO obtained by
the Hummers method. Rourke’s “two-component structural model”
divides GO into bwGO (base-washed graphene oxide) and OD
(oxygenated debris), relating its properties based on these two
components and their interaction. ODs are small fragments that
can be separated from GO by alkaline washing, accounting for about
one-third of its total mass. In neutral or acidic environments, ODs
are tightly bonded to GO, while in alkaline environments, the
deprotonation of functional groups in OD detaches it from
bwGO. This process cannot be reversed once the components are
separated. Dimiev (2016) proposed a dynamic structure model
(DSM) for GO based on a study of the origin and structural
evolution of its acidity. This model attributes the acidity of GO
to its enol groups and suggests that the structure of GO is constantly
changing in the presence of water. The study also reported a
significant change between the freshly prepared GO and the
same GO after 2 months.

FIGURE 1
Structuremodels of GO. (A) LKmodel, static model (Kasprzak et al., 2018). (B)Dimiev’smodel, dynamicmodel (Monteiro et al., 2020). Reprintedwith
permission from Beilstein-Institut (2018) and Wiley-VCH (2020).
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An increasing number of researchers are now exploring the
anchoring of various chemical species in GO, thus creating novel
composites with unique chemical and physical properties and
expanding their applications (Yu et al., 2020). This can be achieved
through both non-covalent (involving intermolecular interactions) and
covalent functionalization involving reactions between carboxylic acids,
hydroxyls, or epoxides of graphene oxide with other molecules (Yu
et al., 2020). A known challenge in this area is corroborating the
intended modification with different characterization techniques and
answering questions such as where the modification was made, what
group was anchored, and what the degree of functionalization is
(Kasprzak et al., 2018; Vacchi et al., 2020).

The covalent functionalization approach, which will be the main
scope of this review, utilizes a range of classic organic reactions,
including carboxylic acids, alcohols, and epoxides (Kasprzak et al.,
2018). This field is still very challenging since it is difficult to extend
organic reactions to complex structures such as GO (Kasprzak et al.,
2018). For example, shifts in reactivity sometimes require changes to the
reaction conditions, such as solvent and temperature. Derivatization in
carboxylic acid groups via amidation or esterification is a popular choice
for the chemical modification of GO—extensively discussed in
Georgakilas et al. (2012), Yu et al. (2020), Guo et al. (2022), and Liu
et al. (2022) —and offers the benefits of mild pH and temperature
conditions (Vacchi et al., 2020). However, this approach is limited by
the low quantity of carboxylic acid groups due to their location on the
GO sheets’ edges (Guo et al., 2020a).

On the other hand, the functionalization of basal groups,
particularly epoxides, has been significantly overlooked, as Kumar
et al. (2022) have highlighted. Both hydroxyls and epoxides can be
functionalized, but epoxides are more susceptible to nucleophilic
attack and will be the focus of this review. Nucleophilic attack
promotes epoxide ring opening, with the nucleophile becoming
covalently attached to the GO (Thomas et al., 2014; Taniguchi
et al., 2015; Ranishenka et al., 2021; Kumar et al., 2022).
Researchers have highlighted several advantages of this
method, including the abundance of epoxides and the absence
of coupling reagents commonly used in functionalization via
carboxylic acids (Ranishenka et al., 2021; Kumar et al., 2022).
Furthermore, the opening of epoxides generates additional
hydroxyls that can be functionalized in subsequent reactions
(Khan et al., 2021). Also, the modification of basal oxygen groups
can yield materials with specific properties distinct from those
functionalized at the edges; it is important to explore these
differences thoroughly. However, there are also some
drawbacks and limitations associated with this approach. First,
the characterization and quantification of epoxide groups in GO
are challenging as they are in a region where there are many steric
hindrances (Piñeiro-García and Semetey, 2023); thus,
differentiating hydroxyls and epoxides using spectroscopic
methods is difficult (Rabchinskii et al., 2022). Second, there is
a preference for alkaline media in these reactions (Taniguchi
et al., 2015; Fallah-Mehrjardi et al., 2018; Piñeiro-García and
Semetey, 2023), although certain studies caution against
functionalization under alkaline conditions due to the
potential reduction and destabilization of the GO colloidal
system (Guo et al., 2020a; Guo et al., 2020b; Vacchi et al.,
2020; Guo et al., 2022). It is important to highlight that some
researchers seek out the effects evoked by functionalization via

epoxide in an alkaline medium and do not view it as a drawback
(Gao et al., 2010; Thomas et al., 2013; Thomas et al., 2014; Kumar
et al., 2022). This will be evident when we discuss the pH effects
on these reactions.

In fact, the functionalization route via GO epoxides is very
promising, but there are still several crucial aspects that require
thorough analysis and discussion. We have thus conducted a
comprehensive review, compiling studies that have employed this
route, showing the proposed mechanisms, and highlighting the
main characterization techniques as well as the difficulties
associated with them. We expect that this research will
contribute to the advancement of studies on the functionalization
of GO and provide clarity for future investigations in this field.

2 Strategies for functionalizing GO

Two primary approaches exist in the field of GO
functionalization: covalent and non-covalent (Yu et al., 2020;
Liu et al., 2022). In this section, we will discuss some general
aspects regarding these two types of functionalization, placing
particular emphasis on covalent functionalization targeting
carbon atoms or oxygen functional groups of GO. This
excludes the discussion of functionalization through epoxy
groups, which will be detailed in subsequent sections.
Additionally, we will explore cases where multiple molecules
are incorporated into distinct functional sites of GO, resulting in
multifunctionalization.

Non-covalent functionalization is the simplest way of
functionalizing; (Table 1) it involves the incorporation of
molecules, ions, atoms, or particles of interest into GO
through diverse intermolecular interactions (Georgakilas et al.,
2012; Georgakilas et al., 2016). For example, molecules that
possess a π-conjugate system can be introduced to GO via π–π
stacking interaction with the aromatic rings of the graphene
plane. The success of this interaction is influenced by factors such
as the molecule’s ability to donate or withdraw electrons, its
planarity, and its molecular size (Georgakilas et al., 2016). The
surface of graphene can also interact with molecules or polymers
with high hydrophobic characteristics through London scattering
forces. On the other hand, the oxygenated functions present on
the surface of GO allow Keesom (permanent dipole–permanent
dipole) and Debye (permanent dipole–induced dipole)
interactions, hydrogen bonds, and ion–dipole interactions
(Georgakilas et al., 2012; Georgakilas et al., 2016). Figure 2
illustrates non-covalent interactions between graphene oxide
and pharmaceutical molecules (PhAs).

Georgakilas et al. (2012) comprehensively reviewed the non-
covalent functionalization of graphene oxide and demonstrated
the diverse range of molecules that can be incorporated based on
specific interaction types. Polymers and carbon allotropes (such
as fullerenes) via π–π interactions can be added for application in
solar cells and the formation of gels and thin films, respectively.
Furthermore, the incorporation of medicines and biomolecules
through hydrogen bonds with oxygenated functional groups can
enable biomedical applications.

Despite the simplicity and maintenance of the chemical
structure of graphene oxide, there is a drawback when it
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comes to materials obtained by non-covalent functionalization:
the weakly bound molecules can be easily lixiviated (Georgakilas
et al., 2012; Lopez and Liu, 2020). Covalent functionalization
addresses this drawback by creating stronger attachments
between the molecules and the GO structure (Georgakilas
et al., 2012; Lopez and Liu, 2020), which is crucial for
applications that require material durability over multiple
cycles, such as catalysis (Orth et al., 2013; Silvestri et al.,
2022). The main reactions of covalent functionalization will be
discussed below (see also Figure 3).

When covalent functionalization is employed, reactions can
occur directly in the sp2 carbon network or in the oxygenated
functional groups of the graphene oxide (Yu et al., 2020; Liu et al.,
2022). Some methodologies that primarily focus on
functionalizing the carbon plane are thiol-ene reactions

(including the Michael addition) (Piñeiro-García et al., 2021;
Piñeiro-García and Semetey, 2023) (Figures 3A), diazotization
(Ossonon and Bélanger, 2017) (Figures 3B), and Diels–Alder
reactions (Tang et al., 2017) (Figures 3C). The thiol-ene process
involves the addition of a thiol compound to an alkene in an anti-
Markovnikov orientation (Piñeiro-García et al., 2021; Piñeiro-
García et al., 2022; Piñeiro-García and Semetey, 2023); it
encompasses thiol-ene radical addition and thiol-ene Michael
addition, initiated by radical or base catalysts, respectively
(Piñeiro-García and Semetey, 2023). Thiol-ene radical addition
occurs in three stages. Firstly, an initiating radical interacts with a
thiol molecule, forming thiyl radicals. These then react with a
carbon–carbon double bond, creating a central radical in the
adjacent carbon. Subsequently, the newly formed central carbon
radical can stabilize by extracting a hydrogen atom from another

FIGURE 2
Non-covalent interaction between graphene oxide and pharmaceuticals (PhAs). See Khan et al. (2017).

TABLE 1 Non-covalent functionalization of GO, interactions, and applications.

Agents Interaction Applications References

Polymers: polyethylenimine, PEDOT π-π Solar cells, Nano-Devices,
Biotherapeutics, Drug carriers

Liu et al. (2010), Dehsari et al. (2014), Wang H. et al.
(2015)

Metal oxides: TiO2, Fe3O4/Cu2O Physisorption, Ionic
interactions

Energy, Solar Cells, Catalysis Kong et al. (2014), Wang et al. (2014), Wang Z. et al.
(2015), Yang et al. (2015)

Carbon nanostructures: nanotubes, and
hydrophilic nanotubes

π-π, Hydrogen bonds Removal of dyes from water,
Supercapacitor

Liu et al. (2014), Georgakilas et al. (2015)

Polyethylene glycol Hydrogen bonds Membranes for oil/water separation He et al. (2019)

Sodium dodecyl benzene sulfonate (SDBS) Ionic interactions Product packaging Ge et al. (2017)
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thiol molecule, generating a fresh thiyl radical that perpetuates
the reaction (Piñeiro-García et al., 2021).

A thiol-ene Michael addition (Figures 4A,B) involves adding a
nucleophile to the β carbon of an α,β-unsaturated carbonyl or
carboxyl acid (Guo et al., 2020b; Piñeiro-García et al., 2021;
Piñeiro-García and Semetey, 2023). This reaction can serve as a
method for functionalizing GO alkenes (acting as
electrophiles–Michael acceptors) and hydroxyls (acting as
nucleophiles–Michael donors). In the first method, a nucleophile
attacks GO’s active C=C bonds, which are the double bonds in the
beta position of ketones or carboxylic acids. This functionalization
can occur under conditions similar to nucleophilic substitution
reactions via open epoxide rings, which require nucleophilic
attack and employ basic catalysts. Hence, it is highly likely that
the nucleophilic attack occurs on both theMichael acceptors and the
epoxides (Figure 4A), although the epoxides are more abundant.
Therefore, to favor the Michael reaction, the use of reduced
graphene oxide (rGO; containing fewer epoxide groups) is
recommended (Piñeiro-García et al., 2021) (Figure 4B). The

second method, where GO acts as a Michael donor, will be
discussed with other functionalization methods involving hydroxyls.

Another common method for functionalizing C=C bonds is
diazotization (Figure 3B). It involves a cycloaddition between, which
employs aryl diazonium salts (ArN2+, Ar=aryl). In this method,
electron transfer from the carbon substrate to the ion reduces
diazonium ions to aryl diazonium radicals and enables their
addition to the C=C bonds of GO and the formation of a C–C
covalent bond between the carbon and the aryl group (Ossonon and
Bélanger, 2017; Monteiro et al., 2020; Yu et al., 2020; Guo et al.,
2022). This reaction is compatible with different groups (Guo et al.,
2022) and is usually performed in organic solvents to avoid collateral
reactions with water (Monteiro et al., 2020).

Finally, the Diels–Alder reaction is a significant method for
functionalizing C=C bonds (Figures 3C). It involves a cycloaddition
between a diene (an electron-rich alkene) and a dienophile (an
electron-poor alkene). The conjugated double bonds of GO can act
as both a diene and a dienophile and result in the saturation of
conjugated sp2 hybridized carbon atoms. A carbonyl group adds an

FIGURE 3
Examples of covalent functionalization through different routes in GO. (A)Michael addition (Piñeiro-García et al., 2021). (B) Diazotization (Ossonon
and Bélanger, 2017). (C) Diels–Alder (Rahimpour et al., 2022). (D) Esterification (Zhang et al., 2011). (E) Silanization (Serodre et al., 2019). (F) Claisen
rearrangement (Collins et al., 2011a), (G) Q31 Carboxyl activation with EDC/NHS (Santos et al., 2022). (H) Epoxy-ring opening (Santos et al., 2023).
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extra electron to the graphene π-system, while an epoxy group
removes two π-electrons from neighboring sites in the sublattice
(Donato et al., 2023). Therefore, the dienophilic nature of the GO
surface prevails over its diene behavior due to the large amount of
epoxides and hydroxyls (Tang et al., 2017). The main reactions that
will be discussed below are illustrated in Figure 3.

The most widely explored functionalization methods have
focused on the oxygen functional groups of GO, and we will
didactically show the reactions separated by oxygenated
functions, starting with hydroxyls, although some reactions
are not selective and occur in different groups. Michael
additions can ensue using hydroxyl groups, but unlike the
process mentioned above, the GO hydroxyls in this case act as
Michael donors, attacking other α,β-unsaturated carbonyl
molecules. For example, Guo et al (2020b) added
benzoquinone (a Michael acceptor) to GO hydroxyls using
Michael addition. Hydroxyl groups can also be modified to
produce ester (Yu et al., 2020) or carbodiimide (Zhang et al.,
2011) (Figures 3D). These reactions offer a great opportunity to
customize GO and the attachment of different chemical species,
thereby enhancing its properties. For example, esterification with
biocompatible polymers greatly improves the dispersibility of GO
in physiological solutions (Monteiro et al., 2020). Another
approach is to condense GO hydroxyl groups with
organosilanes to produce silica-decorated graphene oxide
(Figures 3E) (Ma et al., 2016; Serodre et al., 2019). Another
functionalization method that initially leverages the reactivity of
hydroxyl groups involves the reaction of N, N-dimethylacetamide
dimethyl acetal (DMDA) with GO. In this case, the hydroxyl group
condenses with DMDA to form a vinyl ether intermediate, which
undergoes a Claisen sigmatropic rearrangement with the carbon
surface, resulting in the formation of a new C–C bond (Figures 3F)
(Sydlik and Swager, 2013).

The carboxyl functionalization of GO, which is the most applied
method, requires an activation step followed by anchoring of the
group of interest to form an ester or amide bond (Figures 3G).
Reagents such as thionyl chloride (SOCl2), N,N-
dicyclohexylcarbodiimide (DCC), and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) are commonly used
to activate the carboxyl (Yu et al., 2020). These reagents react
with the hydroxyl groups of the carboxylic acid of GO, resulting
in an intermediate called o-acylurea, which is more susceptible to
nucleophilic attack. However, in some reactions, a direct attack on
o-acylurea is not favored, resulting in slow reactions. To overcome
this issue, a step before the attack is performed by adding reagents
that increase the stability of the intermediate, such as
N-hydroxysuccinimide (NHS) reagent (Kasprzak et al., 2018).
This methodology is used to add nucleophiles such as cysteamine
(Orth et al., 2014; Santos et al., 2023), hydroxamic acid (Hostert
et al., 2020), and ethylene diamine (Maslekar et al., 2020) but is not
restricted to small nucleophiles since enzymes (Paz-Cedeno et al.,
2021) and polymeric materials such as polyethylene glycol (Hao
et al., 2020), polyethyleneimine (Oh et al., 2021), alginate (Golkar
et al., 2023), and chitosan (Rana et al., 2011; Mirzaie et al., 2019) can
also be attached. Table 2 provides a summary of some covalent
functionalization on the surface of GOs, taking into consideration
different methods and applications.

In addition to the research mentioned in Table 2, other studies
have demonstrated the applications of covalently functionalized GO
in fields such as desalination (Nair et al., 2012), healthcare products
(Liu et al., 2008; Kumar et al., 2019; Shetti et al., 2019), oil–water
separation (Feng et al., 2018), solar cells (Liu et al., 2008; Xue et al.,
2015), energy storage (Cakici et al., 2017; Tian et al., 2021), and
coatings (Ma et al., 2016). Some other studies have discussed the
influence of the neighboring effect on functionalized materials,
further emphasizing the importance of controlling selectivity in

FIGURE 4
(A) Functionalization of GO with cysteamine – CA, using a base catalyst where two possible products are shown: Michael addition and epoxy ring
opening reaction by SH. (B) Functionalization of rGO with CA by Michael addition. See Piñeiro-García et al. (2021).
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the diverse applications of functionalized GO (Santos et al., 2022;
Santos et al., 2023).

Bifunctionalization or multifunctionalization of GO is also an
interesting approach to producing advanced materials and is an
underexplored subject. Many approaches exist, such as
combining epoxy ring opening with Michael addition on
hydroxyl groups (Guo et al., 2020b), amidation of carboxyl
groups combined with epoxy ring opening (Santos et al.,

2022), and epoxy ring opening combined with Williamson
reaction on hydroxyl groups (Vacchi et al., 2020). These
examples are illustrated in Figure 5.

Path a) is appropriate for introducing different functional
groups, considering that benzoquinone is widely used as a
coupling agent and can also react with azides, phosphines, and
thiol groups. Conjugation takes place through a Michael addition
between benzoquinone and the amine or hydroxyl groups, with this

FIGURE 5
Examples of covalent bifunctionalization through different routes in GO. Path (A) epoxy-ring opening + Michael addition (See Guo et al., 2020b).
Path (B) Carboxyl activation + epoxy-ring opening (See Santos et al., 2022). Path (C) epoxy-ring opening + Williamson reaction (See Vacchi et al., 2020).

TABLE 2 Summary of some covalent functionalization of GO, along with conditions and applications.

Site of GO
targeted

Method Conditions Application Ref.

Epoxy Ring opening by strong
nucleophiles

Basic medium
25°C – 60 °C

Catalysis
Membranes

Santos et al. (2022), Tan et al. (2022),
Santos et al. (2023)

Carboxyl Activation by EDC/NHS Basic medium; room
temperature

Catalysis Hostert et al. (2017), Hostert et al. (2020),
Santos et al. (2022)

Hydroxyl Williamson reaction Basic medium; room
temperature

Nanomedicine Vacchi et al. (2016)

Hydroxyl Silanization Non aqueous medium Additive in polymeric matrices, solar
cells, and coatings

Ma et al. (2016), Serodre et al. (2019),
Gao et al. (2022)

Hydroxyl Esterification Non aqueous medium Energy storage Hao et al. (2020)

sp2 Carbon Activation with sodium
malononitrile

THF; 60 °C Polymer composites Collins et al. (2011a)
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method being performed in mild conditions without any heating.
Path b) was surprisingly studied for application in
catalysis—modified GO with the lowest degree of
functionalization had the best performance in catalytic
performance. This was attributed to a dependence on the
neighboring groups of GO due to steric effects or non-ideal
positioning of the groups. Considering this, the application of
bifunctionalized GO in catalysis still lacks a full understanding of
its reactions and mechanisms. Path c) utilizes two orthogonally
protected amino chains to allow selective cleavage of these
protecting groups, allowing further derivatization (such as
amidation) with molecules of interest under mild conditions
and thus preserving the structure of GO. The Williamson
reaction forms an ether bond between an organohalide and
deprotonated alcohol via a substitution reaction. This
functionalized GO has a high potential in nanomedicine for
therapeutic and imaging applications.

Some other underexplored studies show free-radical covalent
functionalization on the carbonaceous surface with two different
groups, thereby increasing structure complexity (Pennetreau et al.,
2014). Another study explored the multifunctionalization of GO
with both -NH2 and -NH3

+ groups, achieving bifunctional graphene
oxide through a microwave-assisted method. In this research, GO was
functionalized using N-isopropylidene–3-aminopropyl–triethoxysilane
(ITES), with this nanocomposite being utilized in epoxide resin coatings
and demonstrating exceptional hydrophobic behavior and dual
corrosion protection for mild steel in a sodium chloride solution
(Ramirez-Soria et al., 2021).

However, studies have reported that when the epoxy ring opening
and carboxylation/amidation were combined, the partial reduction of
GO led to a lower overall functionalization efficiency, thereby limiting
the viability of this method for future applications. Therefore, in this
epoxy ring functionalization, pre-treatment of GO with
m-chloroperoxibenzoic acid served to increase the number of carbon
atoms with this functional group on its surface (Collins et al., 2011b).

3 Functionalization via epoxide
ring opening

A variety of functionalization routes toward epoxides have been
reported, mostly involving a nucleophilic attack on one of the
carbon atoms composing the epoxide ring (Khanra et al., 2012;
Thomas et al., 2014; Alzate-Carvajal et al., 2018; Fallah-Mehrjardi
et al., 2018; Kasprzak et al., 2018; Elsie et al., 2019; Jiang et al., 2019;
Price et al., 2019; Javidparvar et al., 2020; Piñeiro-García et al., 2021;
Guo et al., 2022; Kumar et al., 2022; Meng et al., 2022; Sainz-Urruela
et al., 2022; Surabhi et al., 2022; Tan et al., 2022; Singh and Kar,
2023). The nucleophilic attack leads to the opening of the epoxide
ring, thus binding the nucleophile to the GO (Guo et al., 2020a;
Martin-Gullon et al., 2020; Kumar et al., 2022). The attached
nucleophile can also be linked to other molecules or atoms, thus
increasing the complexity (Kasprzak et al., 2018; Kumar et al., 2022).
Some examples of nucleophiles that can be used in this reaction are
amines (Li et al., 2020), thiols (Thomas et al., 2014), hydrazine (Gao
et al., 2010), and sulfide ions (Kumar et al., 2022).

Applications greatly depend on the molecule to be added to
the GO; this route proves to be interesting for the synthesis of

catalysts. Santos et al. (2023) carried out a comparative study of
the performance of catalysts functionalized with thiol or
imidazole at different GO sites—epoxide and carboxylic acid.
They thoroughly demonstrated that materials functionalized
through epoxide groups were more effective in catalyzing
organophosphate neutralization reactions than those
functionalized through carboxylic acids. One of the main
factors justifying the superior performance of catalysts
functionalized via epoxide is the cooperative effect between
the added nucleophile (thiol or imidazole) and neighboring
groups, such as carboxylic acids present at the edges of
graphene oxide. Surabhi et al. (2022) performed the
functionalization with imidazole groups, followed by
decoration with palladium nanoparticles. The material was
used to catalyze the production of amides from aldehydes and
amines. This study highlighted the importance of the imidazole
groups that were functionalized via epoxide ring opening for the
uniform distribution of the metal nanoparticles, avoiding their
agglomeration.

In some studies, the application was not experimentally
evaluated, even though researchers suggested some possibilities
for future use of the material. For example, Guo et al. (2020b)
and Vacchi et al. (2020) performed functionalization with
biomolecules and proposed future use for multifunctional
applications in therapy, biosensing, and bioimaging. Some
functionalizations were also made for GO reduction (Khanra
et al., 2012; Price et al., 2019; Javidparvar et al., 2020). Table 3
contains studies in which functionalization via epoxide was carried
out, along with both tested and suggested applications.

This section will cover the main approaches used in
functionalizing the epoxide groups, discussing the influence of
the medium, such as the solvent and pH.

3.1 Epoxide functionalization conditions

Some factors that can influence functionalization are the
temperature, solvent, and pH of the reaction. Although the
defects of the GO structure are a factor that can be
considered, due to the positioning of the groups, there are not
enough studies on how the defects can influence the
functionalization outcome.

Functionalization via the epoxide ring is usually carried out at
room temperature and at temperatures up to 90 °C (see conditions
in Table 3). Higher temperatures can reduce the GO, so they are
usually avoided. At 100 °C for 30 min, GO already loses a large
portion of its oxygenated groups, leading to the production of rGO;
at 200 °C, practically all GO is converted to rGO (Kumar
et al., 2021).

In the majority of studies, the effects of temperature are not
discussed, but we can highlight two studies in which the effects of
temperature during functionalization via epoxide were evaluated.
One evaluated the epoxide opening by amine at room temperature
and at 90 °C to investigate the impact of temperature on the
reduction process. The results showed that treatment at room
temperature did not lead to a reduction while heating to 90 °C
resulted in a partial reduction of GO (Ranishenka et al., 2021). Sun
et al. (2018) conducted a study of reaction temperature in which GO
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was modified with p-phenylenediamine (PPD) in aqueous media for
24 h. There was no pH adjustment, and different samples were
obtained by controlling the reaction temperature to 10, 30, 50, 70,
and 90 °C. Based on the characterizations, the authors concluded
that when the reaction temperature was 10–70 °C, GO was linked
with PPD through non-covalent interactions such as ionic
interactions (–COO- − H3

+N–R) and hydrogen bonds
(C–OH. . .H2N–X). When the reaction temperature reached
90 °C, GO was functionalized with PPD through covalent C–N
bonds, which they attributed to the attack of PPD on the carboxyl
and epoxy groups of GO. In this study, a higher temperature was
necessary to form the covalent bond. However, the effects of
temperature are expected to vary for each grafting group and for
each type of mechanism. A change in the pH of the medium could
also modify the formation of the covalent bond at lower
temperatures.

According to Le et al. (2018), the atmosphere in which a reaction
occurs can also influence it; reactions at high temperatures in the air
lead to the reaction of the carbonaceous skeleton with oxygen,
whereas, in non-oxidative atmospheres and at high temperatures,
it leads to the loss of functional groups, maintaining the
carbonaceous structure.

Functionalization via epoxides can be conducted in solvents
such as water, dimethylformamide (DMF) (Piñeiro-García et al.,
2021), tetrahydrofuran (THF) (Collins et al., 2011b; Ha et al.,
2016), and dimethyl sulfoxide (DMSO) (Thomas et al., 2014). In
choosing the solvent, it is important to consider some points, the
first being the solubility of the GO in the chosen solvent. GO can be

dispersed in water and even interact with polar solvents. This is
determined by the quantity of oxygenated groups in the structure;
GO can thus be partially soluble in high-polar solvents
such as DMSO.

The dispersibility of GO in polar solvents is related to the
dipole moment and the superficial tension of the solvent;
solvents that have high dipole moments, like NMP, propanol,
and water, can be used to achieve GO dispersion, changing the
stability of the dispersion depending on the solvent used
(Paredes et al., 2008; Sainz-Urruela et al., 2022). With the
dispersion of GO, it is possible to functionalize the structure.
In addition to temperature, atmosphere and solvent, the pH is
another factors that can influence the functionalization
outcome. In changing the pH, the mechanism for
functionalization can change, and although they are not well-
established, much of the discussion is usually based on
classic epoxide ring-opening reactions (i.e., without the
GO structure).

Functionalization with polymers such as polyaniline (PANI)
and poly 3, 4-ethylenedioxythiophene (PEDOT) shows great results
and can be made in aqueous and non-aqueous media. With further
study, it is possible to relate the pH effect on polymers as well as
functionalization, as this effect is not well established in
functionalization with polymers (Kuilla et al., 2010). Some
functionalization reactions and the necessary conditions are
shown in Table 3.

In aqueous media, the main factor that can influence the
reaction is the pH; different ranges create different conditions,

TABLE 3 Conditions and applications of some routes of functionalization of GO via the epoxide ring.

Solvent Conditions (temperature, pH,
atmosphere)

Functionalizing Application References

Aqueous Basic pH (approximately 8,5), 60 °C, 6 h of
stirring. Possibility of undergoing further
functionalization

Imidazole and palladium
nanoparticles

Catalysis: oxidative amidation of aldehydes Surabhi et al. (2022)

Neutral pH, 35 °C–40 °C, 72 h Bakers yeast Environmentally friendly reduction of GO
to rGO

Khanra et al. (2012)

Acid pH, 80 °C for 24 h Cysteine Coating to prevent corrosion of materials Javidparvar et al.
(2020)

Ethanol 20% Argon atmosphere, room temperature, 72 h (tert-butoxycarbonyl)
aminoethanethiol

Potential for future applications in
biomedicine

Guo et al. (2020b)

DMSO N2 atmosphere, 50 °C, 5.5 h Potassium thioacetate Potential for future applications in catalytic
and electrochemical reactions

Thomas et al. (2014)

Ethanol 48 h, reflux Sulfanilic acid Potential application for high capacitance
electrodes

Khan et al. (2021)

2-amino naphthoquinone

DMF 4 h, addition of base catalyst (N,N-
diisopropylethylamine, triethylamine, 1,8-
diazabicyclo [5.4.0]undec-7-ene)

Cysteamine hydrochloride Potential application in drug delivery,
depollution, and diagnostic agents

Piñeiro-García et al.
(2021)

48 h, room temperature Boc-monoprotected
triethylene glycol

Potential use for nanomedicine Vacchi et al. (2020)

H2SO4 80 °C, 2 h n-pentanol Transforming GO to rGO Price et al. (2019)

t-butanol

Ionic
liquid (IL)

Imidazolium-based ionic liquids, 24 h, room
temperature

Following a mass ratio of
GO/IL=5

Membranes for ion separation Tan et al. (2022)
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changing the temperature at which the reaction can occur and
limiting the reagents that can be used under determined
conditions (Kasprzak et al., 2018; Price et al., 2019; Guo
et al., 2022; Sainz-Urruela et al., 2022). The use of non-
aqueous media can produce harsher conditions than with
aqueous media, with higher temperatures and longer
reactions; however, the use of different solvents means that
functionalization might not happen in an aqueous medium.
Figure 6 shows some functionalizations and the conditions of
each reaction.

3.2 pH effects

Functionalizing the epoxide group in water offers better
environmental conditions and often does not need a coupling
reagent for the attachment of new nucleophilic groups (Kasprzak

et al., 2018). The functionalization reaction will occur with the
epoxide ring opening, with pH being the main factor affecting the
reaction (Thomas et al., 2014; Fallah-Mehrjardi et al., 2018; Guo
et al., 2020a). The use of a basic solution is one of the main
methods of opening the epoxide ring, following an
SN2 mechanism, with a nucleophilic attack on the electrophilic
carbon from the epoxide (SN2) (Figures 7–I) or the carbon double
bond which is adjacent to the epoxy moiety (SN2’) (Figure 7-I’)
(Thomas et al., 2014; Fallah-Mehrjardi et al., 2018). This
modification of GO is possible due to the high nucleophilicity
of the ligand, making it possible to perform an attack at 180° on
the carbon in an SN2 reaction, breaking the C–O bond and
generating a GO–Nu bond (Kumar et al., 2022) (Figures 7–II).
If the attack occurs in the electrophilic carbon, the nucleophilic
group has to make the interaction in the opposite face; otherwise,
if the attack occurs in the double-bound carbon, the approach can
be in the same face or the opposite, creating a hydroxyl group

FIGURE 6
General schematics of some reported functionalization routes via epoxy-ring opening in aqueous and non-aqueous media.
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(Thomas et al., 2014; Fallah-Mehrjardi et al., 2018). With the
opening of the epoxide ring, it is possible to functionalize with a
nucleophilic group, with multiple reported cases of
functionalization with basic solutions and the use of
nucleophilic groups (Thomas et al., 2014; Fallah-Mehrjardi
et al., 2018).

There is evidence that a high pH can cause the reduction of GO
(Guo et al., 2022), and it is possible to observe a minimum effect on
pH 8,5. However, with the increase in pH, the reduction of GO is
intensified, leading the GO to have fewer oxygenated groups and more
defects on its basal plan, affecting functionalization (Guo et al., 2020a;
Guo et al., 2022). Research is still conflicting regarding the pH range in
which the reduction will be harsh on the GO structure. Some studies
indicate that the reduction of GO at pH levels as high as 13 is not
sufficient to reduce its structure (Guo et al., 2020a), and others indicate
that it is possible to observe low levels of reduction with basic treatment
with sodium hydroxide because GO is unstable after treatment with
strong bases (Guo et al., 2020a; Guo et al., 2022). The reduction of GO
must be avoided in functionalization reactions since reduction makes
GO lose most of its oxygenated groups, leaving fewer active sites for
functionalization (Guo et al., 2020a). After alkaline treatment, GO
becomes much more sensitive to temperature influence; at
approximately 40 °C GO becomes unstable, leading to the rupture
of its carbon backbone. If the epoxide ring opens at a higher
temperature (70 °C), the reaction becomes irreversible. These
conditions can cause the reduction of GO, creating defects and the
eventual disintegration of the flakes (Guo et al., 2022).

Surabhi et al. (2022) performed the functionalization with 1-(3-
aminopropyl) imidazole on the GO structure via an epoxide ring
opening made with KOH in aqueous media; see Figure 6.8 for a
general schematic. It was further functionalized with palladium
nanoparticles (Pd NP) for nanocatalysis of oxidative amidation of
aldehydes. In this synthesis, a harsher condition was used in
comparison to other functionalizations on the epoxide ring, but
these conditions were not enough to cause reduction and any kind of
defects in the GO structure (Guo et al., 2022; Surabhi et al., 2022).
However, at this temperature (60 °C) the reaction will be irreversible
(Guo et al., 2022).

Guo et al. (2020a) studied different types of functionalizations
O-(2-aminoethyl)-O0 -[2-(Boc-amino)ethyl]decaethylene glycol
(BocNH-PEG10-NH2). In this study, the functionalization of the
epoxide ring was made at a neutral pH (Figure 6.7). Other types of
functionalization besides epoxide functionalization were compared:
other functionalizations with carboxylic acids were made, making
use of activating agents, and hydroxyl functionalization to increase
the amount of carboxylic acid in the structure. The number of
amino-PEG groups in the GO structure was quantified with the
Kaiser test. The study showed that after further functionalization of
the GO structure, part of the functionalized groups was partially
removed from the structure. This was probably because the
reduction of the GO structure, caused by the amount of NaOH
used, created a highly alkaline solution that reduced GO. The
reaction was repeated with a lower concentration of NaOH,
achieving pH ranges of 9–13. It was observed that solutions with

FIGURE 7
General mechanism of functionalization via the epoxide route in a basic medium. See Thomas et al., 2014; Fallah-Mehrjardi et al., 2018.
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a higher pH had suffered a higher reduction. XPS analysis did not
show the expected increase in the amount of carboxyl groups, and
epoxy groups also suffered a reduction. Even though the results
showed that GO had been reduced, this was not severe, so it was
possible to make further functionalizations in the epoxy groups at a
neutral pH for 3 days. It was possible for Guo et al. (2020a) to see the
benefits of the epoxide ring opening without any further
functionalization and how strong basic conditions affect
GO structure.

Khanra et al. (2012) conducted a study to develop an eco-
friendly and cost-effective method for functionalizing and reducing
GO. The functionalization was achieved at neutral pH using baker’s
yeast to utilize the enzyme nicotinamide adenine dinucleotide
phosphate (NADPH) as a reducing agent, thereby facilitating the
GO reduction. The functionalization was carried out under mild
conditions, resulting in the expected GO reduction.

Acid pH can also be used to functionalize the epoxide ring, although
the mechanism is not yet well established for the GO structure. In
general, the mechanism in epoxides will be an SN1, with the attack
occurring at the more substituted carbon, but research is necessary to
establish this type of mechanism for GO (Fallah-Mehrjardi et al., 2018).
Tanighuti et al. (2015) studied the influence of pH on the opening of
GO epoxide rings and proposed that in an acidic environment, the
reaction occurs through a mechanism involving the formation of
carbocations and hydroxyl. The reaction of the hydroxyl group with
the carbocation occurs preferentially, generating a highly reactive
protonated epoxy group that can be cleaved by weak nucleophiles
such as water, ultimately generating two hydroxyls. Furthermore, the
delocalization of positive charges leads to lower reactivity of the
protonated epoxy groups in the GO plane. As a result, much less
epoxy ring opening reaction in GO occurs at a neutral or acidic pH.

Javidparvar et al. (2020) carried out functionalization with
cysteine on the GO structure (Figure 6.6). This study used a
sustainable nanocarrier with the capacity to absorb cerium ions
to improve its anti-corrosion properties. To functionalize GO, a
pH range of 2–3 was used (Javidparvar et al., 2020).
Functionalization in acidic pH is not usual but there are some
reports benefiting from this condition. In this range of pH, the
reduction of the GO is avoided; however, temperatures as high as
80 °C as used in the study can cause a reduction.

Functionalization in aqueous media is possible in different ranges
of pH but is easier with basic pH and is consequently a faster way of
achieving functionalization in aqueous media (Khanra et al., 2012;
Kasprzak et al., 2018; Price et al., 2019; Javidparvar et al., 2020;
Piñeiro-García et al., 2021; Guo et al., 2022; Surabhi et al., 2022; Singh
and Kar, 2023). Moreover, functionalization in neutral or acidic
pH can occur at higher temperatures, and those conditions can
also change depending on the stability of the functionalization and
GO (Khanra et al., 2012; Guo et al., 2020a; Guo et al., 2022; Surabhi
et al., 2022; Singh and Kar, 2023). The majority of studies do not
explain the use of some pH ranges, temperatures, and mechanisms
involving reactions, so it is not possible to draw general conclusions on
which pH range to use at certain types of functionalization on the
epoxide groups. However, it is possible to observe that the main
influences on functionalization in aqueous media are pH,
temperature, and time of reaction. Controlling these conditions
allows new functionalization reactions in the epoxide ring that
would normally not be possible without a basic or neutral medium.

3.3 Functionalization in a non-
aqueous solvent

The functionalization reaction by epoxide ring opening can be
performed in non-aqueous media if necessary. GO has different
solubility and dispersion behavior depending on the solvent used.
GO can be dispersed in some solvents like ethanol and dimethyl
sulfoxide (DMSO), but the dispersion is not stable, precipitating in a
matter of hours or days. Other solvents like tetrahydrofuran (THF),
dimethylformamide (DMF), ethylene glycol, n-methyl-2-
pyrrolidone (NMP), and water can form stable dispersions that
do not precipitate (Paredes et al., 2008). Therefore, some factors that
affect the planning of GO functionalization on non-aqueous media
are the behavior of GO in the medium and the solubility of the
functionalization in the medium. Other decisive factors in the choice
of the solvent can be the use of catalysts (Ramírez-Jiménez et al.,
2018; Piñeiro-García et al., 2021) or synergistic effects between the
solvent and reagents. Using aprotic polar solvents such as DMF can
facilitate Sn2 reactions, which include the epoxide ring-opening
reaction because these solvents can solvate positively charged
ions while not interacting as well with anions, therefore
increasing their reactivity as nucleophiles and thus enhancing
reaction rates (Clayden et al., 2012; Solomons et al., 2016).
Therefore, when using anionic nucleophile reagents, the
utilization of polar aprotic solvents can be considered. Epoxide
ring opening functionalization has been reported in many solvents,
like DMF (Shim et al., 2012; Vacchi et al., 2016; Ramírez-Jiménez
et al., 2018; Vacchi et al., 2020; Piñeiro-García et al., 2021), DMSO
(Thomas et al., 2014), ethanol (Lin et al., 2010; Guo et al., 2020b;
Khan et al., 2021), sulfuric acid (Price et al., 2019), and THF (Collins
et al., 2011b; Ha et al., 2016).

Polymer/GO composite synthesis is done in aqueous and non-
aqueous media (Kuilla et al., 2010; Shim et al., 2012; Lowe, 2014;
Gao, 2015; Ha et al., 2016). For elastomers produced with poly
(dimethylsiloxane) (PDMS) and GO, THF was used because of its
ability to solubilize PDMS. The objective of this study was to create a
facile method for producing elastomers with polymers and GO in
which the GO showed capabilities of crosslinking and filling the
polymer to form a solid product with the added function of acting as
a gas barrier. The authors used functional telechelic PDMS,
functionalized at both ends with primary amines, which were
dissolved in THF; GO was then added and dispersed by
sonication in an ice bath. After drying in a Teflon dish for
3 days (2 days normal atmosphere, 1 day vacuum) at room
temperature, a liquid solution of uncrosslinked PDMS/GO was
obtained, which was then heated to 160 °C in a vacuum oven for
24 h to form the solid crosslinked PDMS/GO elastomer. This
temperature is known to thermally reduce GO (Jung et al., 2008;
Gao, 2015), which the authors did not acknowledge. The elastomer
formed was mechanically resistant, as verified by rheological testing,
and showed a reduction in single gas permeability compared to the
neat PDMS, which was attributed to the gas adsorption in the GO
dispersed phase. FTIR and XPS were used to characterize the
polymer composite (Ha et al., 2016).

Functionalization via epoxide ring opening proved to be useful
when multi-functionalizing because it is done mostly under
moderate conditions without modifying other oxygenated groups
of GO while also increasing hydroxyl moieties as a by-product of
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epoxide ring opening. The study by Khan et al. (2021) is an example,
where many bifunctionalized GOs were synthesized to endow the
composites with redox and acidic properties and to develop proton
conductive electrodes and high capacitance electrodes. They utilized
an epoxide ring opening followed by a Michael addition reaction
with α, and β-unsaturated carbonyl compounds as a method of
double functionalization with the synergistic approach mentioned
previously. This study synthesized eleven different functionalized
GOs, six of which were monofunctionalized to serve as a
comparison. Khan et al. (2021) made use of three different
solvents—water, ethanol, and toluene. For the sake of this review
and the topic to be discussed, only the functionalization with ethanol
as a solvent will be addressed since aqueous media was already
explored in the previous sections and toluene is utilized as a solvent
for the Michael addition reaction step.

The epoxide ring opening reaction utilized two compounds with
a primary amine, which proved to be a good nucleophile in this
regard—the first was sulfanilic acid for its proton conductivity
function, and the second compound was 2-amino
naphthoquinone for its redox-active function. The primary amine
compounds were dissolved in ethanol and added to a GO aqueous
dispersion. The mixture was sonicated and then refluxed for 48 h,
followed by purification via centrifugation and washing. All the
functionalized GO thus obtained were characterized via FTIR and
XPS, confirming the nature of the GO composites. The double-
functionalized samples showed an increment in properties (proton
conductivity and capacitance) compared to monofunctionalized
samples; the results confirm the efficiency of the double-
functionalization method proposed and highlight the capabilities
of modulating the physical and chemical properties of GO in mild
conditions (Khan et al., 2021).

The epoxide ring opening reaction needs a nucleophilic attack to
open the epoxide ring; a strong nucleophile is the thiolate anion that
is obtained by removing the hydrogen proton from a thiol moiety. A
good source of thiolate anion is potassium thioacetate, used by
Thomas et al. (2014) to functionalize GO. The authors proposed a
facile method for epoxide ring opening functionalization in DMSO.
First, the GO was base washed to remove oxidative debris, leading to
bwGO that was dispersed in DMSO via sonication. The dispersion
was submitted to an N2 atmosphere, followed by the addition of
potassium thioacetate. When the synthesis was completed, the
material was washed multiple times. The aqueous washing was
expected to result in the hydrolysis of the thioacetate, leaving
surface-bound thiol groups. The material obtained was named
GO–SH and was characterized by FTIR, XPS, EDX, solid-state
RMN, TEM, and TGA, confirming the study’s propositions.
Thiol is a hanging group on the surface plane of GO, which can
lead to multiple new syntheses and applications. Thomas et al.
(2014) anchored gold nanoparticles (AuNP) due to the strong
interaction between sulfur and gold, as well as the ability to add
a butane moiety to the thiol, demonstrating the diversity of
possibilities of the material. Some of the applications suggested
were in catalysis and electrochemistry due to the selectivity and
reactivity of AuNP, as well as grafting polymers via thiol-ene “click”
reactions (Lowe, 2014; Thomas et al., 2014; Piñeiro-García and
Semetey, 2023).

Base catalysts, also known as non-nucleophilic bases, can be
used to enhance the nucleophilicity of compounds by deprotonation

of acidic hydrogen; one example was in the functionalization of GO
with cysteamine by Piñeiro-García et al. (2021). They utilized three
different base catalysts—N,N-diisopropylethylamine (DIPEA),
triethylamine (NEt3), and 1,8-diazabicyclo [5.4.0]undec-7-ene
(DBU) —to generate the thiolate anion on the cysteamine
molecule and thus improve its nucleophilicity. Four materials
were produced in THF as a solvent, three with the addition of
the different base catalysts, and one for control. Samples
characterizations were made with XPS and STEM, while a
colorimetric titration was performed to quantify the primary
amine moieties after GO functionalization. Cysteamine has two
different nucleophilic groups, an amine (-NH2>) and a thiol (-SH).
Due to the lower pKa of the thiol group than the amine group in this
molecule, the thiolate anion was formed when base catalysts were
added. This is a stronger nucleophile than the amine, which means
that secondary amine moieties were not found on the functionalized
GO samples, which is confirmed by the XPS’s N1s deconvolution
analysis. Therefore, the addition of base catalysts to polar aprotic
solvents can determine which of the nucleophiles in cysteamine will
react, thus breeding a selective medium. This study was done to
learn about the competing reactions of epoxide ring opening and
thiol-ene Michael addition, concluding that both reactions happen
simultaneously on the GO sample (Piñeiro-García et al., 2021).

Epoxide ring opening reactions may also occur in non-
aqueous acidic conditions, such as when utilizing sulfuric acid
as a solvent. GO was functionalized by Price et al. (2019) with
n-pentanol and t-butanol, named GO-p and GO-tb, respectively,
with the purpose of studying the wettability and dispersibility of
the modified GO. The functionalized GO was prepared with
sulfuric acid as a solvent, then extracted with hexane and
washed with HCl and ethanol. The samples were characterized
via TGA, FTIR, Raman spectroscopy, XPS, and DRX. The
researchers concluded that the functionalization was successful
and that the samples suffered a mild reduction due to the
temperature and extremely acidic medium. Epoxide ring
opening was not the only pathway of functionalization in this
case—it is possible that a Fischer esterification occurred
simultaneously. The addition of the alcohols and the reduction
of the GO modified its hydrophilicity, turning the material
hydrophobic and changing its dispersibility in apolar organic
solvents like hexane. Since the reaction is not selective and the
conditions are considerably harsh, this functionalization
methodology deviates from those typically done via epoxide
ring opening, offering a different approach for GO
functionalization (Price et al., 2019).

In conclusion, the use of non-aqueous solvents offers a good
alternative in cases where water is impractical. It also has synergistic
effects when the nucleophile utilized is anionic, thus facilitating the
Sn2 epoxide ring opening reaction (Clayden et al., 2012; Solomons
et al., 2016).

4 Characterization techniques

Good characterization of GO and its modifications can lead
to a better understanding of the chemoselectivity and
regioselectivity of each route of GO modification, making
correctly characterizing GO and its modifications a difficult
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and necessary challenge. Due to its various forms of storage and
its highly complex structure, several interferences and limitations
can occur; some of them are due to the overlap of data in the same
analysis or to insufficient or hard-to-optimize instrumental
equipment (Guo et al., 2022).

The characterization of functionalized GO aims to understand
its morphology, possible uses, and the extent of the nanomaterial’s
successful functionalization. To achieve this, techniques such as
FTIR spectroscopy (Acik et al., 2011), X-ray photoelectron
spectroscopy (XPS) (Yang et al., 2009), solid-state NMR
spectroscopy (SSNMR) (Casabianca et al., 2010),
electrochemical methods (Chua and Pumera, 2013), and
thermogravimetric analysis (TGA) are utilized (Sharma et al.,
2013; Rani et al., 2014). Particle size may also be characterized
in solution using DLS and other laser scattering methods (Hong
et al., 2012) or solid-state techniques such as TEM (Kumar et al.,
2012) or AFM (Lu et al., 2010). Techniques can also characterize

the surface area, such as BET methods (Brunauer et al., 1938), and
the interlayer spacing in the powdered GO material can be
determined via powder X-ray diffraction (Mu et al., 2013). The
extent of defects in the lattice as well as the number of layers in the
stacked structure can be measured using Raman spectroscopy
(Kudin et al., 2008). Other advanced techniques have also been
reported, such as integrated differential phase contrast scanning
transmission electron microscopy (iDPC-STEM) (Wu et al., 2023),
thermogravimetry-Fourier transform infrared spectroscopy-mass
spectrometry (TG-IR-MS) (Liu et al., 2023), X-ray absorption
spectroscopy (XAS), and X-ray absorption near edge structure
(XANES) (Han et al., 2020).

Some characterization techniques are summarized in Table 4,
and this section will cover the techniques usually used for GO
modified via epoxy ring opening. It will consist of a brief explanation
of the data that each technique provides and then an explanation, if
necessary, to detect the functionalization of GO samples.

TABLE 4 Some techniques used to characterize epoxy functionalized GO.

Technique Application in epoxy GO
functionalizations

Limitations References

FTIR Assign bands to GO and its news functional groups Some functional groups are difficult to access
due to similarity to the background and bands
can be ambiguous at the fingerprint region.
With low degrees of functionalization, it is
usually hard to assign bands.

Xue et al. (2015), Zhang et al. (2015), Cakici
et al. (2017), Zhu et al. (2018), Elsie et al.
(2019), Meng et al. (2019), Payami et al.
(2020), Yu et al. (2020), Zheng et al. (2021),
Khan et al. (2021), Kumar et al. (2022), Meng
et al. (2022), Tan et al. (2022), Ding et al.
(2023)

Raman Quantify GO defects, assign typical bands of GO. Information is not decisive about the
functionalized group.

Kudin et al. (2008), Kuilla et al. (2010),
Khanra et al. (2012), Monteiro et al. (2020)

TEM Details different thickness levels in GO morphology Expensive and complex procedure.
Information is not decisive about the
functionalized group.

Zhang et al. (2016), Chau et al. (2017),
Alzate-Carvajal et al. (2018), Jiang et al.
(2019), Kang et al. (2019), Meng et al. (2019),
Shi et al. (2020), Meng et al. (2022)

SEM Morphology Complex procedure
Information is not decisive about the
functionalization and the group

Chau et al. (2017), Alzate-Carvajal et al.
(2018), Jiang et al. (2019), Kang et al. (2019),
Meng et al. (2019), Payami et al. (2020), Shi
et al. (2020), Meng et al. (2022)

AFM Topographic map and mechanical properties Information is not decisive about the
functionalization and the group.

Jiang et al. (2019), Meng et al. (2019), Meng
et al. (2022)

AFM-IR and AFM-
Raman

Maps functionalization on samples Complex and expensive procedure Bartlam et al. (2018), Liu et al. (2018), Liu
et al. (2019), Pérez et al. (2019)

TGA Shows profile of weight loss per temperature,
assigning a percentage of functionalization via
epoxide groups in GO.

Difficult to access the percentage of
functionalization considering the molar mass
of the introduced nucleophile.

Chai et al. (2013), Chau et al. (2017),
Alzate-Carvajal et al. (2018), Zhu et al. (2018),
Elsie et al. (2019), Jiang et al. (2019), Zheng
et al. (2021), Meng et al. (2022), Ding et al.
(2023)

NMR Identify new structures on GO and assign
functionalization specifically via epoxy ring opening.

Limited to a large number of samples (10 mg).
Needs to strongly optimize the analyses and

takes a long time to obtain the spectra.

Casabianca et al. (2010), Vacchi et al. (2016),
Vacchi et al. (2020)

XRD Crystallinity and interlayer distances Information is not decisive about the
functionalized group.

Thomas et al. (2014), Xue et al. (2015),
Payami et al. (2020), Ding et al. (2023)

XPS Assign GO functionalization via epoxy ring opening
by the formation of new bonds with epoxide carbon,
even with a low degree of functionalization.

Expensive technique and difficult data analysis Zhang et al. (2015), Chau et al. (2017), Zhu
et al. (2018), Krishna and Philip (2022),
Santos et al. (2022), Surabhi et al. (2022),
Ding et al. (2023)

N2 porosimetry Determine the surface area in GO samples Limited to a large number of samples.
Information is not decisive about
functionalization and group.

Payami et al. (2020), Zheng et al. (2021),
Surabhi et al. (2022)
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4.1 Fourier transform infrared (FTIR)

FTIR spectroscopy makes it possible to easily determine and
identify functional groups grafted to GO using the vibrational
modulus of the bonds formed between the grafted species and
GO (Pintus et al., 2023). The experimental modes that are most
used are the attenuated total reflection (ATR) and the use of KBr
pellets. These are differentiated mainly in the sample preparation,
which may be necessary as a function of how it was stored (powder,
film, or dispersion) or responds to the experiment (Trikkaliotis et al.,
2021; Pintus et al., 2023).

GO characterization using FTIR data has been widely reported
(Khanra et al., 2012; Thomas et al., 2014; Zhang et al., 2015; Zhang et al.,
2016; Javidparvar et al., 2020; Piñeiro-García et al., 2021; Trikkaliotis
et al., 2021; Guo et al., 2022; Surabhi et al., 2022). The analysis of both
the non-functionalized GO and the functionalized spectrums—for
example, the immobilization of imidazolium-based ionic liquids on
GO—was supported in Zheng Y. et al. (2021) and Tan et al. (2022) with
the appearance of N–H and C–N stretching. The new modulus is thus
identified and attributed to the GO–ligand bond, evidencing
functionalization (Payami et al., 2020; Zheng Y. et al., 2021; Khan
et al., 2021). It is also possible to assign the epoxide band in the pure GO
sample and compare its intensity in the functionalized one; there is
expected to be a decrease in this band after functionalization (Ha et al.,
2016). One good example was reported by Zheng Y. et al., 2021, where
the authors functionalized rGO with octylamine, decylamine, and
dodecylamine via epoxide ring opening. Comparing all the
functionalized spectra with those from the precursor, the decrease in
epoxide band intensity is clearly evident (Ha et al., 2016; Zheng A.
et al., 2021).

However, FTIR encounters limitations in determining bands
in samples with low degrees of functionalization and in
identifying a wide range of functional groups due to their
similarity to GO’s background and fingerprint region (Pintus
et al., 2023). Identifying and quantifying hydroxyls and epoxides
in GO for confirmation of functionalization presents an even
greater challenge. The assignment of epoxide bands in GO using
FTIR often leads to conflicting outcomes.

Advancements in characterizing groups within basal planes
using polarized ATR-IR have emerged as a solution. Polarization
techniques offer a means of differentiating the contributions of
various molecular orientations in the IR spectrum, yielding
insights into the organization of molecules on the sample
surface. This approach has been successfully applied to a
variety of materials, including polymers (Hikima et al., 2019;
Perret et al., 2021), molybdate composites (Davantès and Lefèvre,
2016; Botella and Lefèvre, 2022), proteins (Ausili et al., 2011), and
graphene derivatives (Wang et al., 2016; Botella et al., 2022).
Botella et al. (2022) demonstrated the potential of polarized
ATR-IR spectroscopy in the characterization of graphene
oxide (GO). By applying polarization angles of 0° and 90°, the
researchers were able to analyze GO layers aligned along the x–y
plane, identifying differences in both x–y (parallel components)
and z (perpendicular component) orientations. Additional
investigations within the 1,500–1,000 cm−1 range helped
elucidate specific band assignments, revealing disparities in
epoxide vibrations between the edge and basal plane groups.
For instance, GO shows signals at 1,152 cm−1 for epoxides on the

basal plane and 1,053 cm−1 for those at the edges (Botella
et al., 2022).

4.2 Raman spectroscopy

Raman spectroscopy is often used since conjugated and double
carbon–carbon bonds lead to high Raman intensities (Kudin et al.,
2008). This method of characterization provides a simple structural
characterization of graphene derivatives by the appearance of bands
typical of these nanomaterials (Kuila et al., 2012). Bands typical of
GO consist of the D and G bands, where the D band, present at
1,356 cm−1, is related to defects in its surface, and the G band,
present at 1,583 cm−1, corresponds to plane vibrations of sp2 carbon
(Kudin et al., 2008).

Utilizing the measurement of the band area in the obtained
spectra can extract the ID/IG ratio values, which offer insights into
the level of disorder present in the structure. This disorder can occur
due to the interaction between oxygenated and functionalizing
groups. Therefore, a greater ID/IG predicts a higher disorder in
the functionalized GO structure, indicating more groups on its
surface, although there is debate about this (Monteiro et al., 2020).

At around 2,650 cm−1, we have a band known as the 2D band,
which is related to the structural organization of GO sheets,
indicating the number of layers (Kuila et al., 2012). Considering
this, it has been deduced that Raman spectroscopy could clearly
distinguish between a single layer, a bilayer, and several layers, given
that the number of layers alters the shape of the band (Monteiro
et al., 2020). Other bands are observed at 2,930 and 3,170 cm−1,
corresponding to the D+G and 2G bands, respectively, which are
also characteristic of these materials (Kaniyoor and
Ramaprabhu, 2012).

The information from Raman analysis can produce evidence of
functionalization, but cannot prove it. Once the epoxy ring opens on
a basic medium, it can lead to the formation of new defects or even to
a reduction of the carbon structure (Guo et al., 2022). Moreover, it is
important for reliable data to have many regions analyzed.

4.3 Microscopic techniques

Atomic force microscopy (AFM), transmission electron
microscopy (TEM), and scanning electron microscopy (SEM)
can be all used to characterize GO’s morphology and structure
(Zhang et al., 2016; Chau et al., 2017; Alzate-Carvajal et al., 2018;
Jiang et al., 2019; Kang et al., 2019; Meng et al., 2019; Payami
et al., 2020; Shi et al., 2020; Zheng A. et al., 2021; Ranishenka
et al., 2021), thickness (Alzate-Carvajal et al., 2018; Jiang et al.,
2019; Meng et al., 2019; Meng et al., 2022), and porosity (Zheng
A. et al., 2021). These microscopy techniques are commonly used
together: AFM mainly generates the topographic and mechanical
proprieties map, while SEM and TEM work mostly to visualize
the GO sheets. A comparison of differences between non-
functionalized and functionalized can elucidate some
properties. Shi et al. (2020) used AFM and SEM to justify the
increase in mechanical stability after the 1-octadecylamine and
1,12-diaminododecane were grafted, with the images showing
that the functionalized sample became relatively more ordered
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than GO (Alzate-Carvajal et al., 2018; Meng et al., 2022). Meng
et al. (2022) used these three techniques to measure GO and
grafted GO: the thickness was determined with AFM
measurements, while SEM and TEM were used to better
understand the surface roughness and how the addition of a
group affected the interaction between GO sheets and the
interlayer spacing.

These characterizations can detect some evidence of chemical
modification of GO with changes in morphology or roughness,
although microscopy is the least reliable for confirming
functionalization because the conditions of the reactions can
cause changes in morphology and roughness even if the
functionalization does not occur. It is important to analyze these
data, knowing that it is a complementary analysis of GO
functionalization.

Although microscopy techniques alone do not produce much
information about functionalization, when combining AFM with
spectroscopic techniques, it is possible to map the functional groups
(Bartlam et al., 2018; Liu et al., 2018; Liu et al., 2019; Pérez et al.,
2019). The outstanding combinations are AFM coupled with FTIR
(AFM-IR) (Bartlam et al., 2018; Liu et al., 2018; Liu et al., 2019) and
Raman (AFM-Raman) (Pérez et al., 2019). These techniques’ main
disadvantages are high equipment costs and difficult sample
preparation. However, their main advantage is that they can give
valuable information on the nature of the functional groups and
their distribution.

Using AFM-IR, Liu et al. (2019) mapped the functional groups
on GO sheets, demonstrating that different groups can be found on
the basal plane and borders. They also successively characterized
GO groups in a way that is usually difficult, such as differentiating
ketones from the carbonyl groups in the infrared spectra.
Therefore, a spectrum of specific regions of a modified GO can
be used to prove not just the modification but whether it occurred
on the basal plane or border (Bartlam et al., 2018; Liu et al., 2018;
Liu et al., 2019).

Experiments such as AFM-Raman yield important information
about defects in structure and how the intensity of the D and G
bands is distributed throughout the sample. This makes it possible to
map the ID/IG distribution, as reported by Pérez et al. (2019), who
mapped the D and ID/IG. With this map, they could understand
which regions have more oxygenated groups and where it was
modified most.

4.4 X-ray photoelectron spectroscopy (XPS)

XPS usually is used to obtain the chemical composition of
nanomaterials and information about surface functionalization
(Zhang et al., 2015; Chau et al., 2017; Zhu et al., 2018; Krishna
and Philip, 2022; Ding et al., 2023). It can also be a tool for
characterizing layer thickness, adsorbates, and even nanoparticle
size (Krishna and Philip, 2022). Through XPS, it is possible to
demonstrate the modification with different groups and calculate
the ratio between the abundance of certain atoms in the sample
(Chau et al., 2017; Zhu et al., 2018; Ding et al., 2023). Analyzing the
changes between the non-functionalized and functionalized GO
makes it easy to confirm the grafting of different ligands (Zhang
et al., 2015; Ding et al., 2023).

Estimating the presence of hydroxyls and epoxides poses a
challenge because of the subtle variations in binding energies
within the X-ray photoelectron spectra (XPS) of C 1s and O 1s.
Rabchinskii et al. (2022) employed a technique involving the
analysis of XPS spectra alongside data from NMR and infrared
(IR) spectroscopy. By utilizing density functional theory
calculations, they successfully pinpointed and characterized
distinct spectral components linked to epoxide and hydroxyl
groups within the C 1s spectra.

The decrease of C 1s peaks associated with epoxy and hydroxyl
groups, Surabhi et al. (2022) was assigned to the functionalization
via epoxy ring opening in the reaction between GO and 1-(3-
aminopropyl) imidazole. They also identified another peak
appearing after the functionalization attributed to N 1s,
corresponding to the imidazole nitrogen. This process is widely
used; another example is Khanra et al. (2012), who functionalized
it with baker’s yeast and reduced GO. Both events were visible in
XPS, in which the decrease in intensity in the oxygenated groups is
relatable to the reduction and new amine groups appearing from
the functionalization with amine groups from baker’s yeast.

In the various techniques, XPS stands out for confirming
functionalization. As it gives precise and quantitative
information about the bonds, it is easy to identify the
formation of new bonds and the decrease of the bond in the
exact position where the new ligands were grafted. XPS also
provides quantitative information about bonds, enabling the
identification of new bond formations and reductions in bond
intensity at the precise positions where new ligands were grafted
(Meng et al., 2022). It proves to be a valuable tool for identifying
new bond formations even at low degrees of functionalization
(Krishna and Philip, 2022). Santos et al. (2022) confirmed bi-
functionalization in carboxylic acid groups by distinguishing
bands related to the cysteamine and imidazole derivatives
anchored on graphene oxide and estimating the percentage of
these groups. They also observed that signals corresponding to
amides closely resembled the quantity of added groups.

4.5 Nuclear magnetic resonance (NMR)

Materials coming from graphite are often heterogeneous,
noncrystalline, and insoluble, so obtaining structural data from
them has been a difficult task. However, NMR can provide this
crucial information about GO and modified GO, which is why
solid-state NMR (SSNMR) has been employed (Casabianca et al.,
2010; Vacchi et al., 2016).

Casabianca et al. (2010) studied the modeling of functionalized
graphene from the analysis of GO. They showed that the
combination of multidimensional experiments and chemical
shift calculations is a great tool for constructing a model
capable of reproducing the chemical structure. Vacchi et al.
(2016) also used magic angle spinning (MAS) SSNMR, but
this time aimed to elucidate the chemical reactivity of GO
toward amine derivatives once it has a high reactivity due to
the variety of oxygenated moieties, which can lead to many
simultaneous reactions. They were able to determine that
amines preferably react with the epoxy groups, not with
carboxylic acids (Vacchi et al., 2016). NMR is a powerful
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technique for calculating the percentage of each functional group
in the GO sheet; other techniques cannot be that exact (Vacchi
et al., 2020).

SSNMR analysis enables the structural characterization of
GO and derivatives (Casabianca et al., 2010; Vacchi et al., 2016)
and the control of their derivatization by understanding the
information of chemical reactivity (Vacchi et al., 2016) and
estimating the constituent functional groups in different GO
samples (Vacchi et al., 2020). Although this has great
advantages, SSNMR does entail difficulties. It is hard to
obtain a usable spectrum due to the higher number of
interactions in the sample, the low resolution and intensity
of signals, the need to strongly optimize the analyses, and the
time for it—the experiment usually takes days to perform.

4.6 Thermogravimetric analysis

TGA analysis is usually performed at approximately 100 °C in an
inert atmosphere (nitrogen or argonium). With this analysis, the
curve shows the weight loss in each temperature range, making it
possible to take the first derivative to obtain the differential thermal
analysis (TGA-DTA), which helps elucidate the TGA curves
(Alzate-Carvajal et al., 2018; Jiang et al., 2019). All GO samples
must be analyzed in this way, making it possible to understand
whether there was a bond between the GO and the target group. This
is done by analyzing whether there is new weight loss at a certain
temperature. Many studies use TGA analysis to confirm
functionalization (Alzate-Carvajal et al., 2018; Elsie et al., 2019;
Jiang et al., 2019) and to estimate an approximate degree of chemical
modification (Alzate-Carvajal et al., 2018; Zhu et al., 2018; Elsie
et al., 2019; Jiang et al., 2019; Ding et al., 2023).

Alzate-Carvajal et al. (2018) used such data to support the
functionalization of GO with a group of various amines. The first
and second weight loss (between 100 °C and approximately 230 °C)
was attributed to the loss of oxygenated groups, and it reported a
different weight loss, which was attributed to functionalization
(Khanra et al., 2012; Javidparvar et al., 2020; Piñeiro-García
et al., 2021). As shown above, Guo et al. (2020a) studied the
functionalization of GO with O-(2-aminoethyl)-O0 -[2-(Boc-
amino)ethyl]decaethylene glycol (BocNH-PEG10-NH2). They
used TGA to demonstrate functionalization, showing a new
weight loss of approximately 200 °C–400 °C after the
modification of GO.

TGA characterization provides important information about
samples, giving clues as to whether functionalization occurred. It is
possible with a control sample to estimate the number of molecules
grafted on GO (Alzate-Carvajal et al., 2018; Elsie et al., 2019; Jiang
et al., 2019). The method cannot identify which group was grafted,
so it is usually accompanied by methods such as FTIR or XPS.

4.7 X-ray diffraction (XRD)

The suspended GO sheets tend to undergo a re-stacking process
after solvent removal or due to some kind of crosslinking due to
functionalization. The resulting re-stacked solid can be analyzed by
X-ray diffractometry. The crystallographic analysis can provide excellent

information about the interlayer distance between sheets, how the
ligands are arranged between sheets, and how the functionalization
process affects crystallography (Xue et al., 2015; Ding et al., 2023).
Knowing the initial basal reflections of GO enables an understanding of
how the new ligands are intercalated in the basal planes by calculating the
shifting of the peaks (Xue et al., 2015; Payami et al., 2020). With this
information, the stitching of GO with functional groups, such as
ethylenediamine, can be evidenced (Xue et al., 2015; Zhang et al.,
2016; Ranishenka et al., 2021), making it possible to notice that with
the increase in EDA ethylenediamine, there is an increase of the peak at
26,6° with a shifting of the 12,3° peak to lower values.

The XRD peak will appear even if the bonding betweenGO and the
functionalizing group is not a covalent bond or if it is just adsorbed on
the GO surface, although the interplanar distance may change, leading
to a shifting of the GOnatural peaks (Xue et al., 2015). XRD also cannot
precisely identify what group was added via epoxy ring opening—other
techniques are required.

4.8 Brunauer–Emmett–Teller
(BET) isotherms

The absorption-desorption of N2 on GO sheets is used to estimate
the surface area and pore diameter (Payami et al., 2020; Zheng A. et al.,
2021). For this, the Brunauer–Emmett–Teller (BET) isotherms
(Brunauer et al., 1938) are usually used for the surface area and
Barrett–Joyner–Halenda (BJH) for pore size distribution (Zheng A.
et al., 2021). Related to this is that the functionalization of GO can lead
to an increase in the interlayer spacing (Zheng A. et al., 2021). The BET
isotherms clarify the porous structures of GO and GO derivatives in
their powder or colloidal forms.

Surabhi et al. (2022) used BET analysis to demonstrate that the
material has a large superficial area, making it possible to
incorporate Pd NP (Surabhi et al., 2022). As noted above,
another use of the technique is to estimate the pore size and
diameters of alkylamines in rGO hydrogels acting as spacers that
lead to an increase in interlayer spacing (Zheng A. et al., 2021).

The change in surface area or pore size distribution indicates
that there was probably a modification, but this is far from an
accurate result. The synthesis conditions can lead to a
rearrangement of the material or changing the carbon structure
(Zheng A. et al., 2021), leading to modifications in the surface area.

5 Summary and future perspectives

We here present a critical analysis of the covalent
functionalization of graphene oxide via epoxy groups. This is an
under-explored method with great potential and stands out due to
the large number of epoxide groups present in graphene oxide and
the absence of coupling reagents. These generally make
functionalization more expensive. Indeed, the functionalization
process using epoxides can be conducted in different solvents.
When selecting a solvent, it is crucial to consider the solubility of
both the GO and the molecule being added. However, opting for
aqueous media not only offers a more environmentally friendly
approach but also ensures excellent GO dispersibility, so the use of
aqueous media is recommended whenever possible. In addition, the
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success of the functionalization reaction depends on the pH of the
medium, which has a significant impact on the nucleophilic attack.
The preference for alkaline media in this reaction has been identified
by different researchers. Although some discourage
functionalization in alkaline media to avoid the reduction of
graphene oxide, others highlight its advantages. For example, an
alkaline wash prior to epoxide functionalization can eliminate
oxidative debris and facilitate nucleophilic attack on graphene
oxide sheets. Furthermore, the possibility of producing materials
with properties that differ from those functionalized primarily at the
edges is yet another reason why we believe this route to be worth
further exploration. Two major challenges were highlighted in this
review: the development of controllable methodologies and
characterization to confirm the modified groups. The majority of
studies focus only on confirming the occurrence of functionalization
without worrying about distinguishing whether more than one
group was modified. However, in studies seeking controlled
functionalization, some techniques adopted include pH control,
the use of coupling reagents, and the reduction of graphene
oxide, which may favor one synthesis route over another.

Another challenge addressed in this review is characterization.
Identifying and quantifying hydroxyls and epoxides in graphene
oxide (GO) and confirming their functionalization is a known
challenge for all routes, but its challenge is even greater in
epoxide functionalization. A specific issue arises with the
assignment of epoxide bands in GO using FTIR, as different
studies often produce conflicting results. Recently, advances in
the characterization of groups in basal planes have been made
using polarized FTIR. Furthermore, we explained that estimating
the presence of hydroxyls and epoxides is made difficult by the small
differences in binding energies in the XPS of C 1s and O 1s. The
recent progress in XPS and theoretical studies has allowed the
differentiation and characterization of spectral components
associated with epoxide and hydroxyl groups in C 1s spectra.
These developments contribute to ongoing research for more
accurate characterization, and successful implementation of these
characterization methods is essential in the epoxide or hydroxyl
functionalization of materials.

The improvement of functionalization methods and the
development of characterization techniques are very
important for fundamental studies and for the practical use
of graphene oxide materials. Strategic functionalization can
broaden and improve applications in fields including
catalysis, energy, and the environment. Our aspiration is that
this review plays a significant role in understanding the
functionalization of graphene oxide, contributing to future
exploration in this field.
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Polyethylene glycol-functionalized single-walled carbon nanotubes (SWCNT-
PEG) have been studied formany biomedical applications because of their unique
physicochemical properties. Due to their reduced size and high stability in
physiological media, SWCNT-PEG are candidates for crossing the blood–brain
barrier (BBB), with potential use in treating central nervous system diseases that
are currently unresponsive to pharmacological interventions because of the
tightly regulated permeability of the BBB. In this study, we investigated the
biodistribution of intravenously delivered SWCNT-PEG using Raman
spectroscopy, as well as possible toxicological outcomes using morphological,
histological, biochemical, and behavioral analyses. SWCNT-PEG were identified
in the brain cortex, blood, spleen, and liver of rats. Biochemical and histological
analyses did not reveal toxic effects in rats 24 h after SWCNT-PEG injection.
Additionally, no behavioral impairments were observed in treated animals
subjected to the Morris water maze task. Our preliminary experimental results
clearly indicate that SWCNT-PEG were able to cross biological membranes and
reach the rat brain cortex parenchyma (but not other brain structures) after
systemic administration without the presence of acute toxic effects. The
biodistribution of SWCNT-PEG in a specific region of the brain tissue
encourages further studies regarding the application of SWCNTs in neuroscience.

KEYWORDS

nanomedicine, carbon nanotubes, polyethylene glycol, biodistribution, Raman
spectroscopy

1 Introduction

One of the greatest challenges in neuroscience is the search for an effective and non-
invasive treatment for central nervous system (CNS) diseases. The efficacy of available
treatments are limited because most therapeutic molecules are unable to permeate the brain
parenchyma due to the blood–brain barrier (BBB) (Huang et al., 2017; Fernandes et al.,
2018). The BBB is a complex physical and functional barrier that regulates the flux of blood-
borne solutes into the brain, protecting the CNS from physical and chemical threats
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(Irudayanathan et al., 2016; Pardridge, 2012). To overcome this
problem, the use of nanomaterials has been proposed as a non-
invasive strategy for the delivery of drugs across the BBB (Khongkow
et al., 2019; Tam et al., 2016).

Among the various nanomaterials studied recently, carbon
nanotubes (CNTs) have attracted immense interest in the
neuroscience field, with promising results regarding BBB
permeability and biosafety after local (Dal Bosco et al., 2015a;
Dal Bosco et al., 2015b; Lee et al., 2011; Nunes et al., 2012) and
systemic (Yang et al., 2007; Kafa et al., 2015; Kafa et al., 2016; Soligo
et al., 2021) administration in rodents. Because of their small and
controllable dimensions, unique physicochemical properties, and
ease of chemical modification to improve biocompatibility either
by covalent bonding (e.g., with polyethylene glycol—PEG) or by
adsorption (e.g., with DNA), CNTs are considered strong
candidates for many neurobiological applications.
Furthermore, the unique properties of single-walled carbon
nanotubes (SWCNTs), including their near-infrared
photoluminescence with minimal tissue interference, make
them ideal optical probes for biological applications
(Fernandes et al., 2018).

Despite several possible applications of CNTs in biomedicine
and neuroscience, much remains to be known about their biological
implications. Although many studies have examined CNT effects
using in vitro systems, there is a lack of information about the
interactions of these materials with the CNS of animals under
physiological conditions. It is thus essential to consider the
importance of a detailed investigation of the effects of different
types of CNTs (single walled–SWCNT and multi walled–MWCNT),
with different levels of functionalization and purity, and diverse
states of aggregation (Mann et al., 2022; Metternich et al., 2023).

Kafa et al. (2015) used two different methods to demonstrate the
ability of MWCNTs to cross the BBB using a BBB co-culture in vitro
model comprising primary porcine brain endothelial cells and
primary rat astrocytes exposed to amino-functionalized
MWCNTs, and an in vivo analysis consisting of the systemic
administration of MWCNT radio-labelled with fluorescein
isothiocyanate in mice. Another study showed that the
intracerebroventricular injection of amine-modified SWCNTs
resulted in brain protection from ischemic damage by reducing
apoptosis, inflammation, and glial cell activation in a rat stroke
model (Lee et al., 2011). In addition, studies using pristine SWCNTs
(Yang et al., 2007), angiopep-2 targeted chemically-functionalized
MWCNTs (Kafa et al., 2016), and Gd (L2) and Gd (L3) loaded onto
different functionalized MWNTs (Costa et al., 2018) have been
developed in order to enhance the biodistribution of CNTs and the
ability to cross the BBB.

When in aqueous media, pristine SWCNTs tend to form
aggregates that are associated with several toxic responses
(Alshehri et al., 2016; Elsaesser and Howard, 2012; Kavosi et al.,
2018; Pinals et al., 2020; Gravely et al., 2022). One of the most
successful strategies for overcoming this limitation is the
functionalization of SWCNTs with PEG chains (SWCNT-PEG),
which results in CNTs with more hydrophilicity and electrical
neutrality (Dos Santos et al., 2007; Yang et al., 2020; Son et al.,
2023; Lemos et al., 2023; Iverson et al., 2013). However, very little
information is presently available regarding the rate and brain
region-specific biodistribution of SWCNT-PEG in the CNS.

SWCNT-PEG are promising nanomaterials for many
biomedical applications, thus requiring a better understanding of
their behavior in biological systems (Zhu, 2017). Therefore, the aim
of this study was to determine the presence of SWCNT-PEG in the
CNS after intravenous injection in Wistar rats and to assess possible
implications in spatial memory. We also investigated the presence of
SWCNT-PEG in important organs for metabolization and excretion
(liver, spleen, and kidney) and evaluated their interactions with the
blood. Raman spectroscopy was used to detect nanotubes in the
tissues because of its strong sensitivity based on
resonance phenomena.

2 Results

2.1 Biodistribution

SWCNT-PEG distribution was assessed using Raman
spectroscopy. SWCNT-PEG Raman signatures were observed in
the liver, bone, blood, CNS (cerebral cortex), lung, and spleen
(Figures 1A–F, respectively). The data provide direct evidence for
the presence of SWCNT-PEG in the analyzed tissues. The detection
of SWCNT-PEG was based on both the radial breathing mode
(RBM) and tangential graphite-like phonon mode (G band). Our
results show that, even though part of the nanomaterial accumulated
in the liver and in the spleen, a considerable amount of CNTs were
detected in the brain cortex.

2.2 Toxicity

To evaluate any potential toxic effects of SWCNT-PEG in the
treated rats, we performed biochemical analyses of hepatic and renal
key biomarkers. All tested parameters were within normal limits, not
showing any obvious toxic effects in the liver or in the kidney after
SWCNT-PEG treatment (Supplementary Figure S2).

We investigated the effects the presence of SWCNT-PEG in
blood by assessing hematological parameters. The only variations
observed were in the indexes for platelet and white blood cells, as
there was a decrease in the number of platelets in the animals treated
with higher concentrations of SWCNT-PEG (Table 1). Additionally,
monocytosis and eosinophilia were observed in animals treated with
the highest concentration of SWCNT-PEG (Figures 2A, B,
respectively), while no differences were detected among
treatments in the number of neutrophils, lymphocytes, and
basophils (Figures 2C–E, respectively).

No toxic effects were detected based on necropsy, histology, and
overall health (such as weight loss and fatigue) in rats injected with
SWCNT-PEG. Similarly, histological analysis of the brain (Figure 3),
lung, spleen, and kidney (Figure 4) showed no evidence for extensive
cell injury, even though SWCNT-PEG could be identified within
the tissues.

2.3 Behavioral testing

Considering the presence of SWCNT-PEG in the brain cortex,
we subjected the animals to the Morris water maze (MWM) to
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evaluate possible implications of the presence of these
nanomaterials in the CNS. The animals were trained for
5 days and were able to learn the task as expected, showing no
difference in total traveled distance (Supplementary Figure S3).
They were treated with SWCNT-PEG or saline after the last
training session, and the test session was performed 24 h later.
SWCNT-PEG did not cause impairments in spatial learning 24 h
after treatment. Interestingly, the groups treated with the two
lowest tested doses showed an improvement in memory

evocation, observed by the time spent in the TQ during the
test session (Figure 5).

3 Discussion

SWCNT are usually not observable through optical microscopy,
but this was possible in the present case because they were found to
lodge in the biological tissue in the form of large aggregates. The

FIGURE 1
Raman spectra of lyophilized tissue samples 24 h after SWCNT-PEG intravenous delivery. Liver (A), bone (B), blood (C), brain cortex (D), lung (E), and
spleen (F) after injection of SWCNT-PEG dispersions at different concentrations (n=5 per group).
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sample used in this experiment was dispersed in water, and the
characterization by TEM analysis (Weber et al., 2014) showed that
the SWCNT-PEG used in this study were functionalized in bundles
(two to five tubes) that were occasionally connected by polymeric
masses that presumably led to the formation of larger aggregates.
Long periods of bath-sonication were not sufficient to separate the
aggregates, which probably become even larger with time. As
suggested by the zeta potential of −60 mV and as observed by
TEM analysis, the PEGylation of our sample was not homogeneous
and was considerably unstable, featuring uncovered portions in the

SWCNT surface that were free to interact with the molecules of the
biological medium. This outcome is explainable by the combination
of the functionalization method and the length of the PEG chains we
used. SWCNTs were subjected to a strong acid treatment for the
addition of carboxyl groups, introduced to interact with PEG
hydroxyl groups (Sacchetti et al., 2013). It is both possible that
some carboxyl groups did not react with PEG (as a result of steric
hindrance) and that the PEG chains were not long enough to
completely cover the SWCNT surface (Zhao et al., 2005). Thus,
not only were the uncovered areas hydrophobic, as is common with

TABLE 1 Hematological parameters.

Parameter Control SWCNT-PEG 0.05 mg/kg SWCNT-PEG 0.25 mg/kg SWCNT-PEG 1.25 mg/kg

RBC (1012/L) 8.47 ± 0.31 8.57 ± 0.18 7.98 ± 0.18 8.25 ± 0.40

HGB (g/L) 15.5 ± 0.46 15.9 ± 0.25 14.9 ± 0.28 15.1 ± 0.85

MCV (fL) 51.1 ± 0.39 51.8 ± 0.38 52.8 ± 0.51 51.5 ± 0.57

HCT (%) 43.4 ± 1.37 44.5 ± 0.68 42.1 ± 0.64 42.3 ± 1.75

MCH (pg) 18.3 ± 0.20 18.5 ± 0.18 18.7 ± 0.18 18.3 ± 0.23

MCHC (g/L) 35.6 ± 0.34 35.7 ± 0.11 35.3 ± 0.12 35.6 ± 0.20

PLT (109/L) 703.2 ± 42.3 737.0± 53.0 595.4 ± 45.0 373.2 ± 78.0 p

MPV (fL) 67.4 ± 2.7 68.4 ± 1.3 71.7 ± 1.8 75.0 ± 3.4

PCT (%) 0.47 ± 0.017 0.50 ± 0.026 0.40 ± 0.034 0.35 ± 0.033p

WBC (109/L) 4.85 ± 0.72 5.20 ± 0.58 5.36 ± 0.40 4.80 ± 0.60

Red blood counting (RBC), blood count hemoglobin (HGB), mean corpuscular volume (MCV), hematocrit (HCT), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin

concentration (MCHC), platelet count (PLT), mean platelet volume (MPV), plateletcrit (PCT), and white blood cell count (WBC) from blood samples of animals treated with saline (Control) or

different amounts of SWCNT-PEG. * = p < 0.05 compared to the control group (one-way ANOVA, followed by Tukey’s post-test) (n=5 per group). All data are expressed as mean ± SEM.

FIGURE 2
White blood cell differential count number of monocytes, eosinophils, neutrophils, lymphocytes, and basophils in blood samples of animals treated
with saline or SWCNT-PEG suspensions at different concentrations. * = p < 0.05 compared to the control group (one-way ANOVA followed by Tukey’s
post-test) (n=5 per group). All data are expressed as mean ± SEM.
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FIGURE 3
Histological analysis of brain tissues from rats injected with a saline solution or SWCNT-PEG dispersions. Representative images of brain coronal
sections of control animals (A, B) and animals treated with SWCNT-PEG dispersions at concentrations of 0.05 mg/kg (C, D), 0.25 mg/kg (E, F), or
1.25 mg/kg (G, H) 24 h after infusion. Black arrowheads in C, E, and G indicate the presence of SWCNT-PEG in the tissue parenchyma without signs of
cellular or tissue damage. B, D, F, and Hmicrographs are high-magnification images of specific areas in A, B, C, and D, respectively (n=5 per group).
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non-functionalized SWCNT, but they also contained carboxyl
groups that were free to interact with the many different
molecules present in the biological medium.

Our histological analysis revealed that SWCNT-PEG
accumulated in both the liver and the spleen, which can be
explained due to opsonization and scavenging by the
mononuclear phagocytic system (MPS) (García et al., 2014; Liu
et al., 2008). It is well-known that the size, shape, degree, and
arrangement of functionalization are important variables for CNT
pharmacokinetics, biodistribution, and tissue penetration (Lemos
et al., 2023; García et al., 2014; Serpell et al., 2016). As reported by

Liu et al. (2007), PEGylation reduces CNT uptake by the liver and
the spleen and increases the blood circulation of SWCNT-PEG5400
(PEG, MW = 5,400 Da), avoiding rapid in vivo clearance. Elsewhere,
Liu et al. (2008), showed that the PEG chain length and structure
(branched or linear) as well as the quality and coverage of
PEGylation affect CNT in vivo biodistribution. Important
characteristics to highlight are the aggregation state of nanotubes
in the dispersion. Xue et al. (2016) reported that individualized and
aggregated SWCNTs exhibit different bioactivities. They found that
the intracranial delivery of aggregated SWCNTs attenuated the
increase of extracellular dopamine release induced by

FIGURE 4
Histological analysis of tissues from rats injected with a saline solution or SWCNT-PEG. Representative images of histological sections of the lung,
spleen, liver, and kidney of control animals (A, D, G, and J) and animals treated with SWCNT-PEG dispersions at 1.25mg/kg. Black arrows in (B, E, H, and K)
indicate the presence of SWCNT-PEG in the tissue parenchymawithout signs of cell or tissue damage. (C, F, I, and L) are high-magnificationmicrographs
of specific areas in (B, E, H, and K) (n= 5 per group).
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methamphetamine in the ventral striatum through the oxidation of
tyrosine and dopamine.

Our results are consistent with these findings and show the
presence of SWCNT-PEG in the brain. Al-Jamal et al. (2011)
previously showed that MWCNTs were able to successfully
deliver siRNA to rat brain cells, confirming direct membrane
penetration. Interestingly, we could only detect SWCNT-PEG in
the brain cortex (Figure 1D) and not in other brain structures
(Supplementary Figure S4). To the best of our knowledge, this is the
first report of the biodistribution of SWCNT-PEG in a specific
region of the brain tissue after intravenous injection. This raises
several questions and hypotheses about the interactions of CNTs
with the BBB and specific brain regions. However, it is possible that
the SWCNT-PEG went from the bloodstream to the brain
parenchyma in regions other than the cerebral cortex but below
the detection limit of our methodology. The BBB spreads
throughout the brain in a nonhomogeneous fashion, possibly
containing regions that are more permeable to the SWCNT-PEG
near the cortex. Paviolo et al. (2019) showed the presence of
individual SWCNTs (functionalized with phospholipid-
polyethylene glycol—PL-PEG) in the CA1 and dentate gyrus
(DG) of rat hippocampal organotypic slices and the presence of
carbon nanotubes in the cortex, striatum, hippocampus, and ventral
midbrain in mouse acute slices either by incubation (organotypic
slices) or injection into the cerebral lateral ventricle of live adult
mouse (acute slices). This study provides interesting information
about the understanding of SWCNT diffusion in different brain
extracellular space.

Moreover, Kateb et al. (2007) demonstrated the spontaneous
uptake of MWCNTs by the microglia. If SWCNT-PEG of smaller
particle size were able to penetrate the brain tissue in other regions, it
is possible that the cerebral defenses affected the material, hindering
its detection.

Blood analysis revealed an increase in platelets and white blood
cells. This observation probably indicates platelet activation
resulting from an acute inflammatory response due to the
contact of blood cells with SWCNT-PEG (Budak et al., 2016).
Although the SWCNTs were pre-coated with PEG in order to
form stable dispersions in biological milieu, it has been shown
that this does not prevent the activation of the complementary
system (Rybak-Smith and Sim, 2011). PEG functionalization did not
cover the entire CNT structure, and this uncoated portion was
probably almost immediately covered by a corona composed of
proteins naturally found in the biological medium which triggers
immune responses (Pinals et al., 2020; Yang et al., 2020; Budak et al.,
2016; Rybak-Smith and Sim, 2011). Vlasova et al. (2012),
demonstrated that these unprotected areas of the CNT may be
the primary sites for oxidative damage and the degradation of the
nanomaterial. When the immune system recognizes SWCNT-
PEG, the first cellular lines of defense of the body, such as
monocytes/macrophages and neutrophils (Yang et al., 2019),
are among the first to encounter the nanomaterials injected
into the blood stream.

The highest SWCNT-PEG dose resulted in monocytosis and
eosinophilia. Monocyte activation and inflammation apparently
were the first event after the intravenous injection of our
SWCNT-PEG. Eosinophil activation is associated with lung
dysfunction (such as cystic fibrosis) (Davies et al., 2008) and it is
probably related to the biodegradation and clearance of the
SWCNT-PEG injected into blood stream that were quickly
trapped in the lungs (Vlasova et al., 2012; Ijaz et al., 2023).

To evaluate whether the presence of SWCNT-PEG in the CNS
could have led to alterations in behavior, we subjected the animals to
the MWM as a method of assessing spatial or place learning. The
prefrontal cortex is one of the brain structures involved in learning
and memory in this task (Vorhees and Williams, 2006). The MWM
has already been used by Yang et al. (2010) as one parameter to
evaluate therapeutic effects of SWCNT-acetylcholine in a mouse
model for Alzheimer disease. SWCNT-PEG did not lead to
behavioral impairments in this task. On the contrary, the animals
treated with the two lowest doses showed an improvement in
memory evocation according to the tested parameters (more time
spent in the target quadrant during the test session). It is important
to highlight that, in the biodistribution analysis using Raman
spectroscopy, we did not detect the presence of nanotubes in the
cerebral cortex at the lowest concentration (0.05 mg/kg). This may
be due to the concentration being below the detection limit of the
technique, despite the memory improvement observed in the MWM
experiment at this dose. Furthermore, at lower nanomaterial
concentrations, less aggregation is expected. Consequently, the
increased dispersion of nanomaterials may lead to a greater
biological effect. However, this possible effect of unknown
underlying mechanisms requires further confirmation.

Based on our results, we suggest that the tested nanomaterial can
cross the BBB and reach the brain cortex without leading to acute
toxicity. These findings encourage the use of SWCNT-PEG in small
bundles as a platform for applications in the CNS. Further studies,
such as more detailed behavioral tasks, BBB penetration assays, and
toxicological tests involving different routes of administration and
long-term effects, need to be performed to determine the safest
approach for the in vivo use of CNT.

FIGURE 5
Effects of SWCNT-PEG intragingival vein injection on spatial
memory, as assessed with the Morris water maze task. Animals treated
with the least concentrated SWCNT-PEG suspensions spent more
time in the target quadrant (TQ) than controls, suggesting that
SWCNT-PEG can improve spatial memory. * = p < 0.05 compared to
the control group (one-way ANOVA followed by Tukey’s post-test)
(n=7-9 per group). All data are expressed as mean ± SEM.
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4 Materials and methods

4.1 SWCNT-PEG dispersions and
characterization

SWCNTs (Sigma-Aldrich, St. Louis, MO, United States) were
synthesized by electric arc discharge and functionalized with PEG
(MW = 600 Da). SWCNT-PEG preparation was carried out
following our previous protocol (Weber et al., 2014). In brief, we
prepared the dispersion in deionized water at a high concentration
(greater than 2 mg/mL). A multi-step process employing several
cycles of sonication, high-shear mixing, centrifugation, and
ultracentrifugation was required to prepare a stable dispersion.
SWCNT-PEG were previously characterized in another study
from our group (Weber et al., 2014) and showed ~25 wt% of
grafted PEG, ~60 wt% of SWCNT, and ~20 wt% of 20–40 nm
diameter carbon-coated catalyst particles (Ni–Y). As detailed in
Weber et al. (2014) and Dal Bosco et al. (2015b), low-resolution
TEM analyses showed that this commercial SWCNT-PEG sample
formed large aggregates in water even after prolonged bath
sonication. The concentration of the final dispersion obtained
after the entire process was of approximately 2.1 mg/mL. The
Zeta potential of the sample was approximately −60 mV,
indicating the presence of many unreacted carboxylic acid
groups (–COOH).

4.2 Animals and treatments

Male Wistar rats (2–3 months old, weighing 250–320 g) were
purchased from the breeding colony at the Federal University of Rio
Grande–FURG (Rio Grande, RS, Brazil) and randomly distributed
up to five animals per cage. The animals were kept under standard
laboratory conditions (12 h light/dark photoperiod and 23°C ± 1°C)
with free access to food pellets and water. The animals were
subjected to intragingival vein administration of SWCNT-PEG
dispersion (1 mg/mL) at 0.05, 0.25, and 1.25 mg/kg or to saline
(control group). Intragingival vein administration was performed
under light anesthesia with halothane. The animal was held in a
supine position, and the lower lip was retracted to expose the
gingiva. A 28–30 gauge needle was then inserted at a 20°–25°

angle, approximately 2 mm into the gingiva. (de Oliveira et al.,
2009). All procedures were performed according to the guidelines of
the Brazilian National Council for the Control of Animal
Experimentation (CONCEA) and authorized by the Ethics
Committee for Animal Use of the Federal University of Rio
Grande–FURG (permission number P006/2014).

4.3 Raman spectroscopy

All animals were killed by decapitation 24 h post-injection, and
the organs of interest were carefully removed for biodistribution
analysis. Samples were lyophilized, sprayed with mortar, and Raman
spectroscopy was performed using a FT-Raman spectrometer (RAM
II - Bruker Inc., Karlsruhe, Germany) with excitation source at
1,064 nm (1.16 eV) and 150 mW. This excitation energy is below the
self-fluorescence range of the tissues, allowing us to obtain

background-free Raman spectra (Supplementary Figure S1). The
characteristic Raman spectrum of SWCNT-PEG in the lyophilized
tissues presented peaks approximately 180, 1,300, and 1,600 cm-1,
corresponding to RBM, D, and G bands, respectively. The laser
excitation energy used was in resonance with the second optical
transitions (E22S) of semiconducting SWCNT. All spectra were
normalized to the 1,448 cm-1 band, relative to the proteins obtained
from the control group.

4.4 Histological analysis

The animals were euthanized and tissues of interest were
isolated, fixed in 10% neutral buffered formalin for 12 h at room
temperature, and processed according to histological routine. The
samples were embedded in paraffin, sectioned at 5 μm, and stained
with hematoxylin and eosin (H&E). The sections were observed and
examined under a clear field microscope (Zeiss Primo Star) by a
certified pathologist (L.A.R.).

4.5 Behavioral assessment

The implications of SWCNT administration on spatial memory
were evaluated using the model described by Morris (1984). This
Morris water maze (MWM) apparatus consisted of a circular tank
divided into four imaginary quadrants and filled with water (24°C ±
1°C) dyed with non-toxic food colorant. A black platformwas placed
in one of the quadrants (2 cm below water surface level) and visual
cues were distributed on the walls of the room. On the first training
day, animals were subjected to a four-stage training session (120 s
with 70 s interval), starting each stage in a different quadrant. The
training sessions were repeated for another 4 days, and the learning
progress—time taken to find the platform—was quantified. At the
end of the last training session (day 5), the animals received an
injection of SWCNT-PEG or saline. On the sixth day, the platform
was removed, and the animals were placed in the tank to swim freely
for 90 s (test session). Memory consolidation was assessed as the
time spent by the animals in the quadrant where the platform was
previously placed. Data for this test were acquired using a video
tracking system (EthoVision® 3.2, Noldus).

4.6 Hematological and biochemical analysis

Blood was collected 24 h after injection. The rats were
euthanized, and blood was collected by cardiac puncture into
ethylenediamine tetra acetic acid (EDTA) bottles to evaluate
hematological parameters. We performed red blood counting
(RBC), blood count hemoglobin (HGB), mean corpuscular
volume (MCV), hematocrit (HCT), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), platelet count (PLT), mean platelet volume (MPV),
plateletcrit (PCT), and white blood cell count (WBC) for
monocytes, neutrophils, lymphocytes, eosinophils, and basophils
using an automated dialysis machine. For the biochemical analysis,
another portion of blood was dispensed into plain bottles, allowed to
clot, and centrifuged at 3,500 rpm for 10 min, and the clear sera were
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aspirated for biochemical evaluation. Creatinine, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST)
were analyzed using commercial kits obtained from Doles (Go,
Brazil) following the manufacturer’s instructions.

4.7 Statistical analysis

Results were analyzed using one-way ANOVA (STATSOFT
Statistica, version 7.0) followed by Tukey’s post hoc test. All data
are presented as mean ± SEM, and p-values < 0.05 were considered
statistically significant.

5 Conclusions

In this study, we used Raman spectroscopy to detect SWCNT-
PEG in the major organs of rats following intravenous
administration. The presence of SWCNT-PEG in the liver, bone,
blood, lungs, cerebral cortex, and spleen 24 h post-injection was not
associated with significant signs of toxicity, as demonstrated by
biochemical, histological, and behavioral analyses. These findings
are consistent with other studies evaluating the toxicity of PEG-
functionalized CNTs. However, certain factors must be considered,
such as the length of the PEG chains, the purity of the nanomaterial,
and the degree of functionalization. In this study, we utilized a
commercial sample of SWCNTs covalently functionalized with PEG
(MW = 600 Da), which formed large aggregates in water even after
prolonged bath sonication. This aggregation state of the nanotubes
in the dispersion may explain why they were observable in biological
tissues using optical microscopy, which is uncommon.

Our biodistribution analysis revealed that SWCNT-PEG reached
the cerebral cortex but not other brain structures. Despite the presence
of these nanomaterials in the CNS, no behavioral impairments were
observed in treated animals, as demonstrated by theMorris water maze
task. Interestingly, animals injected with the two lowest doses exhibited
an improvement in spatial learning based on the tested parameters. This
effect onmemory evocation was observed even in animals injected with
the lowest concentration (0.05mg/kg), where the SWCNT-PEGRaman
signature was not detected. Therefore, we cannot rule out the possibility
that this material reached other regions of the brain parenchyma at
concentrations below the detection limit of the technique.

This study provides an initial evaluation of the fate and biological
effects of PEG-functionalized carbon nanotubes (CNTs) shortly after
systemic administration. To achieve a more comprehensive
understanding of the safety profile and potential biomedical applications
of SWCNT-PEG-based delivery systems, further investigations are
required. These should focus on the biodistribution, toxicity, and
clearance of these nanomaterials, employing varying dosages,
administration routes, and exposure durations.
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