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1. Introduction

A study on drug delivery and release kinetics of
polyethylene glycol-functionalized few-layer
graphene (FLG) incorporated into a gelatin—
chitosan bio-composite film

Nahida Sultana,® Mehedi Hasan,® MD Sami-Ul Alim,? Fairuz Tahia,® Naoki Komatsu, {2 °
Khandoker Samaher Salem ) *® and A. F. M. Mustafizur Rahman*@

This study develops a composite film by incorporating few-layer graphene (FLG) within a gelatin—chitosan
polymer matrix for enhanced drug delivery. The FLG was functionalized in two steps to produce
a secondary functionalized FLG (FLG-PEG), resulting in improved dispersion in water, as characterized
using an optical microscope. Morphological analysis revealed that FLG-PEG nanosheets are well
dispersed, resulting in a smoother, more uniform composite film with the polymer wrapping around
them. The functionalized FLG was embedded in a polymeric matrix of chitosan and gelatin, and a bio-
composite was prepared by solution casting. FTIR, TGA, and DSC analyses of the samples were
conducted to confirm the successful functionalization of the FLG and the increased thermal stability of
the composite. Mechanical properties were evaluated, and it was observed that tensile strength and
elongation at break increased by 15.41% and 28.90%, respectively, with 0.25% FLG incorporation.
Cytotoxicity and antimicrobial assays revealed no adverse cellular effects (95% cell viability) and
demonstrated strong antimicrobial activity against both Gram-positive and Gram-negative bacteria,
confirming broad-spectrum activity. Uromitexan (Mesna), a cytoprotective adjuvant used during
chemotherapy, was incorporated to study its drug-release behavior. The results showed that FLG-PEG
composites exhibited rapid and sustained drug release at pH levels of 4.5, 7.0, and 8.0. Mathematical
modeling revealed that the drug release kinetics mainly followed the Korsmeyer—Peppas model, driven
by both Fickian diffusion (at pH 4.5 and 8.0) and non-Fickian diffusion (at pH 7.0). These findings indicate
predictable drug-release behavior infection-free

of the functionalized composite, suitable for

applications across diverse physiological and pathological environments.

years due to cost-effectiveness, quality control, and stability.
Therefore, few-layer graphene (FLG), composed of a small

Graphene, a single layer of carbon atoms arranged in a two-
dimensional hexagonal lattice structure, discovered in 2004,
possesses unique properties, such as a large specific surface
area (2600 m> g~ '),* high electron mobility (200 000 cm® V"
s~ 1), enhanced electrical (4000 Wm K ') and thermal conduc-
tivity (5000 Wm K '),* extreme optical transparency (97.7%),2
and exceptional mechanical strength with a high Young's
modulus (1000 GPa). The planar structure offers an extraordi-
nary ability to immobilize a wide range of compounds,
including drugs, metals, cells, adsorbents, and biomolecules,
for diverse applications.*®* However, the mass production of
single-layer graphene has been significantly hindered for many
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number of stacked graphene layers, specifically 2-10 layers, has
garnered attention because it can be produced at higher yields
(about 40%) through more scalable, cost-effective methods.” It
is also a far superior option to bulk graphite, as bulk graphite
possesses poor mechanical, electrical, and thermal properties,
and especially low surface area, which is crucial for
nanomedicine-based applications. It retains many of graph-
ene's superior attributes, enabling few-layer graphene to serve
as an efficient nanocarrier and demonstrating significant
potential for the fabrication of effective drug-release systems.*®

Despite its exceptional physicochemical properties, few-layer
graphene (FLG) often suffers from limited biocompatibility,
cytotoxicity, aggregation, and poor dispersibility when used
alone in biological environments, hindering its biomedical and
pharmaceutical applications.'** To address this, FLG is func-
tionalized with specific chemical groups that improve its solu-
bility, stability, and biocompatibility in biological fluids.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Common chemical functionalization involves both non-
covalent and covalent bonding. Non-covalent methods
primarily rely on mw-m interactions, van der Waals forces, or
hydrophobic interactions, especially with aromatic molecules,
polymers, or biomolecules. In contrast, covalent functionaliza-
tion attaches molecules or polymers, such as polyethylene
glycol (PEG), albumin, poly(lactic acid), poly(lactic-co-glycolic)
acid, poly(i-histidine), polyaniline, peptides, and ligands,
directly to the graphene surface.>*''* Among these, surface
oxidation of the graphene layer is one of the most convenient
functionalization approaches, imparting oxygenated functional
groups, including hydroxy (-OH) and carboxy (-COOH) groups,
also known as primary functionalization. However, the primary
functionalized FLG produces reactive oxygen species (ROS),
which reduce its structural and colloidal stability, leading to
aggregation in biological fluids. Due to these combined effects,
it shows cytotoxicity at higher concentrations, limiting its
application in a drug delivery system.'***

The primary functionalization of FLG can be followed by
a secondary functionalization, also known as PEGylation, which
further significantly increases solubility, biocompatibility, and
physiological stability, making it an extremely viable method
deployed in the field of drug delivery systems. It provides
additional sites for drug attachment and can bind various drugs
and their derivatives, thereby increasing bioavailability.'®
PEGylation reduces cytotoxicity and immunogenicity by form-
ing a hydrophilic shield and steric hindrance around FLG.""** It
sterically hinders the adsorption of plasma proteins (opsonins)
that typically bind to foreign particles and mark them for
clearance by organs such as the liver, spleen, and kidneys. Thus,
it imparts a stealthy property to FLG-PEG, which evades the
immune system, leading to longer circulation times in the
bloodstream by reducing recognition or rapid clearance by the
immune system."” In addition, PEG functional groups can be
linked to other molecules (such as folic acid or peptides) to form
multi-arm PEGs that facilitate cell-specific drug delivery. The
degree of functionalization can be adjusted to control drug
loading efficiency and release rate, allowing customization
based on therapeutic needs.'®*

Polymeric comprising alginate, PMA (poly-
methacrylate), chitosan, gelatin, PCL (polycaprolactone), PVA
(polyvinyl alcohol), cellulose derivatives, and PLA (polylactic
acid) are widely used as carrier matrices in drug delivery
systems. In this research, gelatin was selected for its biocom-
patibility, biodegradability, and favorable film-forming proper-
ties. However, the challenge associated with gelatin is its
extreme water solubility, limited antimicrobial activity, and low
mechanical strength. The limitation is overcome by blending it
with chitosan, a cationic polysaccharide that exhibits
pronounced exceptional mechanical properties, mucoadhesiv-
eness, film-forming ability, and intrinsic antibacterial
activity.”**® The gelatin-chitosan composite film is a natural
polyelectrolyte, meaning that it carries opposite charges and
forms a complex by attracting each other. The positively
charged ammonium groups (-NH;") in chitosan interact with
the negatively charged carboxylate groups (-COO™) in gelatin,
resulting in a more physically stable, stronger, and less prone to

films
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breaking down film in the presence of water. It binds the drug
via interactions such as m-m stacking and hydrogen bonding,
enabling a consistent, sustained release of the drug over time."™

In this paper, we successfully functionalized the FLG with
carboxylic acid and polyethylene glycol, and then incorporated
itinto a gelatin-chitosan matrix. We added Uromitexan (Mesna)
drug into the composite and conducted the drug release tests. It
is a chemoprotective drug that protects the bladder from the
harmful effects of chemotherapy by neutralizing toxic metabo-
lites.?® The release behavior of the drug from the material under
study was assessed under three different buffer conditions:
acidic ones at pH 4.5, neutral ones at neutral pH 7.0, and basic
ones at pH 8.0. The study demonstrated sustained release for
a prolonged duration, providing therapeutic effects by main-
taining drug concentrations within the therapeutic window for
an extended period. This study demonstrates the successful
preparation of biocompatible, strong, and functionally effective
gelatin—chitosan-FLG composite films, suitable for effective
drug release under various physiological conditions. The pres-
ence of FLG not only enhanced the thermal and mechanical
properties of the biopolymer matrix but also facilitated sus-
tained drug release, demonstrating good cytocompatibility and
antimicrobial activity. These results highlight the potential of
FLG-based composites as suitable candidates for future uses in
drug delivery systems and biomedical applications.

2. Experimental section

2.1. Materials

Few-layer graphene (FLG) was collected from Japan.”” Sigma-
Aldrich, UK, supplied Gum Arabic (GA). Acetic acid, NaOH,
HNO;, H,SO,, DMF, and methanol were sourced from Active Fine
Chemicals Ltd, Bangladesh; acetone from Loba Chemie Pvt. Ltd,
Mumbai; and PEG from Acme Pharmaceuticals Ltd Thionyl
chloride (SOCl,) was purchased from Uni Chem, China, and THF
from Daejung Chemicals & Metals Co. Ltd, Korea. CH;COONa
was obtained from Techno Pharmachem, India, and NaH,PO,
from Merck KGaA, Germany. Tryptone Soya Agar and Broth were
purchased from Oxoid Ltd, UK. Agar powder and potato starch
were from Merck Ltd, Mumbai. Glucose was purchased from
Nacalai Tesque, Japan. Uromitexan (Mesna) was a product of
Baxter Oncology GmbH, Germany. Nylon (Sarlaton) and Teflon
filter papers (0.22 um) were supplied by Square and Incepta
Pharmaceuticals Ltd, respectively, in Bangladesh.

2.2. Methodology

2.2.1. Preparation of FLG dispersion. 1g of few-layer gra-
phene (FLG) was dispersed in 100 mL of distilled water con-
taining 1% surfactant (Gum Arabic). The mixture was subjected
to ultrasonication for 36 hours in a 200 kHz 50-60 W bath
ultrasonicator. Then, the sonicated dispersion was centrifuged
at 8000 rpm in a high-speed refrigerated centrifuge for 1 hour,
followed by filtration of the solution using a vacuum filter to
remove the non-dispersed, agglomerated FLG.*®

2.2.2. Primary and secondary functionalization of FLG.
FLG was functionalized primarily via acid oxidation using
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Fig. 1 Reaction scheme of the chemical functionalization of few-layer graphene (FLG). The FLG sheets are first oxidized using a mixture of
H,>SO,4 and HNOs to introduce carboxy groups (primary functionalization), which are subsequently converted into acyl chlorides using SOCl,.
These reactive acyl chloride groups then undergo esterification with polyethylene glycol (PEG) diol, yielding secondary functionalized FLG (FLG—

PEG).

a mixture of concentrated sulfuric acid (H,SO,4, 98%) and nitric
acid (HNO3, 68%) in a 3 : 1 (v/v) ratio. Then, 400 mL of dispersed
FLG was added to a 200 mL mixture of acids in a stopper bottle.
The treatment was carried out with reflux for 6 hours. After acid
treatment, the resultant mixture was filtered using microporous
nylon filter paper and then washed with distilled water until the
pH value reached 7.0. The neutralized few-layer graphene was
then dried at 80 °C for 24 hours to get the dry powder of primary
functionalized few-layer graphene (FLG-COOH).**

To perform the secondary functionalization of few-layer gra-
phene, 50 mg of primary functionalized FLG was added to 2 mL
of anhydrous dimethylformamide (DMF), and ultrasonicated for
5-10 minutes. The dispersion was immediately transferred into
20 mL of thionyl chloride (SOCl,) and then refluxed at 70 °C for
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24 hours. After the reaction was completed, the dispersion was
thoroughly washed with tetrahydrofuran (THF), filtered, and
dried overnight at room temperature. Then, functionalized FLG
was added to 5 mL of polyethylene glycol (PEG, 400 g mol ') and
heated to 90 °C. Afterwards, it was stirred for 8 hours. Then, the
product was washed with tetrahydrofuran (THF) and filtered
through polytetrafluoroethylene (PTFE) filter paper, followed by
drying at ambient temperature for 12 hours. The resulting
material is referred to as secondary functionalized few-layer
graphene (FLG-PEG), as shown in Fig. 1.

2.2.3. Preparation of composites. A 1% (w/v) chitosan
solution was prepared by dissolving 1 g of chitosan in 100 mL of
1% acetic acid. Granules of gelatin (10 g) were soaked in 100 mL
of distilled water and heated for an hour (35 °C to 37 °C) with
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Fig. 2 Schematic workflow showing FLG dispersion and functionalization with COOH and PEG, preparation of gelatin—chitosan polymeric
solution, use of solution casting to obtain drug-loaded composite film, and subsequent physicochemical and biological characterization.
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constant stirring. The gelatin-chitosan composite films were
prepared by solution casting using different ratios of 10%
gelatin and 1% chitosan solution, resulting in dried films con-
taining 0%, 1%, 2%, 3%, 3.5%, 4%, and 4.5% chitosan.*® FLG
was added to 2% gelatin-chitosan solutions at concentrations
of 0.1%, 0.25%, 0.50%, 0.75%, and 1% (w/v), stirred for 30
minutes, and sonicated for 1 hour to remove air bubbles. The
gelatin—chitosan-FLG mixture was poured into a silicon cloth-
covered frame mounted on a flat glass plate for film formula-
tion. The film was dried overnight in a laminar airflow and then
peeled off as films (~0.30 mm thick).

2.2.4. Preparation of drug-loaded films.
(Mesna) IV solution (400 mg/4 mL vial) was used to prepare drug-
loaded films. The drug was added to 0.25% wt/wt gelatin—chito-
san-FLG-COOH and gelatin-chitosan-FLG-PEG composite solu-
tions. Then, the drug-containing composite films were prepared
using the previously described method (shown in Fig. 2).2°

Uromitexan

2.3. Characterization

The Olympus Culture Microscope, CKX41, equipped with 4%, 10x,
20x, and 40x lenses, was used to capture optical images of the
dispersion of FLG in Gum Arabic and a non-surfactant matrix. The
ATR and FTIR spectroscopy were performed by an FTIR spectro-
photometer, Imprestige-21 model, Shimadzu Corporation
(NISHINOKYO-KUWABARACHO, NAKAGYO-KU, KYOTO 604-
8511), JAPAN, equipped with an attenuated total reflectance (ATR)
device in the wave number range 700-4000 cm " with a 20-scan-
ning rate with the resolution of 4 cm™". The FTIR spectra were
taken in a transmittance mode. The surface morphology was
analyzed using a Zeiss Sigma VP300 FE-SEM (Germany). Before
examination, the samples were mounted on conductive carbon
tape and then sputter-coated with a thin layer of gold (~5 nm). The
tensile strength (TS) and elongation at break (EB%) of the films
were determined using a universal testing machine (UTM) from the
Hounsfield Series S Testing Machine (UK). The gauge length was
set to 110 mm with a constant crosshead speed of 10 mm s~
throughout the experiment. Test specimens were cut into dumbbell
or dog-bone shape according to ISO 3167, with a length of 150 mm
and a center section measuring 80 mm x 10 mm." The thermog-
ravimetric analysis (TGA) was conducted in a TGA-50H SHIMADZU
thermogravimetric analyzer, Japan, from room temperature (25 °C)
to 600 °C with a heating rate of 10 °C min ' under a nitrogen
atmosphere with a flow rate of 10 mL min *. The differential
scanning calorimetric (DSC) analysis was conducted using
a differential scanning calorimeter (Shimadzu, Japan) from room
temperature (25 °C) to 600 °C with a heating rate of 10 °C min "
under a nitrogen atmosphere at a flow rate of 20 mL min .

2.4. Water and buffer uptake

Water uptake was measured by soaking the films in distilled
water contained in a static beaker at 25 °C for up to 96 hours,
followed by incubation in phosphate buffer solution (pH 7.0) at
37 °C. After the composite was removed from the solution, it
was weighed after being quickly blotted with tissue paper. The
swelling behavior of the composite was calculated using the
following equation:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Wy — W,
Water uptake(%) = Td x 100 (1)

d
where W,, is the weight of the wet film and Wy is the weight of
the dry film. Results were expressed as a percentage of swelling
calculated from eqn (1).

2.5. Cytotoxicity test

The cytotoxic effect of FLG, FLG-COOH, and FLG-PEG was
determined by microscopic observation of HeLa cell morphology
at the Centre for Advanced Research in Sciences (CARS), University
of Dhaka. First, HeLa cells (human cervical carcinoma) were
cultured in DMEM (Dulbecco's Modified Eagle's Medium) con-
taining 1% penicillin-streptomycin (1 : 1) and 0.2% gentamycin, as
well as 10% fetal bovine serum (FBS). Cells (4 x 10*/400 pL) were
seeded onto 96-well plates and incubated at 37 °C in a humidified
atmosphere containing 5% CO, for 24 hours to allow cell attach-
ment. A stock dispersion of 1 g/100 mL was prepared by dispersing
FLG, FLG-COOH, and FLG-PEG in sterile distilled water. Working
concentrations of 2500, 5000, and 10 000 ug mL ™" were obtained
by serial dilution. All samples were autoclaved prior to use.
Following 24 h pre-incubation, 100 pL of the sample (previously
autoclaved) was added to each well. Untreated cells (medium only)
served as negative controls. The cytotoxicity was examined under
a trinocular inverted light microscope with a camera attachment
(Optika, Italy) after 24 hours of incubation. The assay was con-
ducted inside a Biological Safety Cabinet (NU-400E, Nuaire, USA) to
ensure aseptic conditions. Each condition was tested in triplicate,
and cell viability was expressed as mean =+ SD.

2.6. Antimicrobial susceptibility testing

The antibacterial activity of the composite films was evaluated
using the standard Kirby-Bauer disk diffusion susceptibility
test. A total of four bacterial strains, including selected Gram-
positive bacteria (Bacillus subtilis [ATCC 6633] and Staphylo-
coccus aureus [ATCC 33591]) and Gram-negative Escherichia coli
(ATCC 11775) and Klebsiella pneumoniae (ATCC 13883), were
selected to assess susceptibility patterns. Concisely, Mueller-
Hinton Agar (MHA) plates were inoculated with bacterial
suspensions adjusted to a 0.5 McFarland standard using sterile
cotton swabs. Circular sections of the drug-loaded composite
films, cut to the same diameter as standard antibiotic disks (6
mm), were carefully placed on the inoculated Agar medium of
the plates. Ciprofloxacin-loaded disks (5 pg) were used as
a standard disk to compare the inhibition zones of the drug-
loaded composite films. The plates were incubated at 37 °C
for 24 h, and the diameters of the inhibition zones (including
the disk diameter) were measured with a ruler on the underside
of the plate without opening the lid. This was performed in
triplicate for each film and bacterial strain, and the average
inhibition zone diameter was measured in millimeters.***°

2.7. Drug dissolution test

The dissolution studies were conducted using a Universal
Dissolution Tester (UDT-804) from Logan Instruments Corp,
USA. Three buffer solutions were used: an acidic buffer (acetate

RSC Adv, 2025, 15, 46048-46062 | 46051
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buffer, pH 4.5), an alkaline buffer (phosphate buffer, pH 8.0),
and a neutral buffer (phosphate buffer, pH 7.0), all at 37 °C. The
films (4 cm? area, 0.3 mm thickness) were immersed in 900 mL
of the respective buffer solution using an overhead stirrer with
a blade paddle, and the paddle speed was maintained at 50 rpm.
10 mL of the sample was withdrawn every 10 minutes, and the
drug concentration in each sample was estimated using a UV/
vis spectrophotometer at its respective wavelength. An equal
volume of fresh buffer solution was added after each sample
was withdrawn. The amount of Uromitexan (Mesna) released in
the buffer solution was determined using a UV-1800 UV/vis
spectrophotometer (Shimadzu, Japan) at 204 nm.*

2.8. Drug release kinetics

The release kinetics of the gelatin-chitosan-FLG-PEG
composite under varying pH were evaluated by fitting the
experimental data to four kinetic models as outlined below:

(a) Higuchi model: Q = kyr* (ii)

(b) Ritger—Peppas model: Q = kr®° (iii)
(¢) Korsmeyer—Peppas model: Q = kgpt" (iv)
(d) Zero order model: Q = Qg + kot v)

where Q is the amount of drug released at time ¢, the drug release
constants of Higuchi, Ritger-Peppas, Korsmeyer-Peppas, and
zero-order models are denoted by kyy, kg, kxp, and ko, respectively.
Qo is the initial drug amount, and n is the diffusion exponent.*

3. Results and discussion

3.1. Structural analysis

Fourier Transform Infrared (FTIR) spectroscopy, as presented in
Fig. 3a, was conducted to investigate the functional groups of
the functionalized FLG and their gelatin—chitosan composites.
The pristine FLG spectrum shows relatively weak peaks due to
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the lack of surface functional groups. After primary function-
alization, the FLG-COOH displays new absorption bands cor-
responding to the stretching vibrations of -C=0 (~1620 cm™ ")
and -OH groups (broad band around 3400 cm™"), confirming
the introduction of a carboxyl group onto the graphene
surface.®”> The FLG-PEG spectrum shows a broad peak at
approximately 3472 cm ™ for the OH band, indicating hydrogen
bonding between the PEG and FLG surface groups. In addition,
the spectrum of FLG-PEG shows a prominent peak at
2863 em™ " (C-H stretching) and 1110 em ™" (C-O-C stretching).
These peaks indicate the successful attachment of polyethylene
glycol to the FLG by secondary functionalization.*®

In Fig. 3b, the FTIR spectra of gelatin-chitosan film show
characteristic peaks for both biopolymers, corresponding to broad
O-H/N-H stretching bands around 3500-3000 cm™ " and amide
bands from gelatin around 1650 cm ™', 1550 cm !, and
1250 cm ™, corresponding to intermolecular interactions such as
hydrogen bonding."*** Upon the incorporation of functionalized
FLGs, notable changes are observed in the FTIR spectra of the
gelatin—chitosan-FLG-COOH and gelatin-chitosan-FLG-PEG
composites. Shifts, broadening, and intensity changes in the
broad O-H/N-H peak around 3300-3350 cm ™' suggest hydrogen
bond formation involving the hydroxy and amino groups of the
biopolymers. Furthermore, subtle shifts and increased intensity
in the Amide I peak around 1650 cm " and amide II peak at
~1550 cm " provide evidence of hydrogen bonding between the
amide/amino groups of gelatin and chitosan with the carboxy and
ether/hydroxy functional groups of the incorporated FLG-COOH
or FLG-PEG.”***** The increase in hydrogen bonding is crucial for
achieving homogeneous dispersion of the nanofiller within the
polymer matrix and a well-integrated composite network, which
directly contributes to the observed improvements in mechanical
properties (Fig. 5) and thermal stability (Fig. 6).

3.2. Morphological analysis

The homogeneity of nanoparticle dispersion in the matrix
determines the surface area of the nanoparticles available for

Gelatin-Chitosan-FLG-PEG
Gelatin-Chitosan-FLG-COOH
Gelatin-Chitosan-FLG
Amide | Amide Il
1 Amide A Amide B
N Amide Il
2 ]
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Fig. 3 a) FTIR analysis of FLG, primary functionalized FLG, and secondary functionalized FLG, (b) FTIR analysis of gelatin—chitosan film incor-

porated with FLG-COOH and FLG-PEG.
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interaction with the matrix and influences different properties
of the resulting composites. Optical microscopy images (Fig. 4a
and b) reveal a significant difference in the dispersion of FLG in
distilled water with and without the use of a surfactant. In the
presence of Gum Arabic (Fig. 4a), FLG appears uniformly
dispersed, with individual flakes visibly well-separated and
evenly distributed throughout the medium. Gum Arabic stabi-
lizes FLG in aqueous solutions by providing steric hindrance
and surface charge repulsion that prevent flake restacking.*® In
contrast, in the absence of any surfactant (Fig. 4b), severe
agglomeration is evident, indicating poor dispersion stability
due to the strong van der Waals forces between graphene layers.

In Fig. 4c, the FE-SEM image of pristine FLG reveals its
typical sheet-like morphology, characterised by wrinkled
surfaces, stacked layers, and folded edges. Both the surface
morphology (Fig. 4d) and cross-sectional view (Fig. 4g) of the
pure gelatin—chitosan film appear relatively smooth and
homogeneous, without any large aggregates or voids, and
exhibit no distinct reinforcement features. However, the FE-
SEM images of gelatin-chitosan-FLG-COOH, shown in Fig. 4e
(surface view) and Fig. 4h (cross-sectional view), give a rougher
surface with particle-like features, showing the aggregation of
FLG-COOH nanosheets. This is because the carboxyl groups of
the FLG-COOH interact actively with the functional groups of
the gelatin-chitosan matrix. This restricts mobility and creates

View Article Online
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micro-aggregated domains at the surface, resulting in a rougher
film morphology. This contrasts with PEG-functionalized FLG,
where the flexible PEG chains enhance dispersion and smooth
the surface by reducing nanosheet aggregation, as shown in
Fig. 4e and i. The PEGylation process masks the sharp edges of
the nanosheets and fills interfacial voids, resulting in a more
homogeneous interface between the polymer and nanofiller, as
evidenced by increased nanosheet thickness due to polymer
wrapping. More FE-SEM images of the films at different
magnifications are presented in Fig. S1, which are consistent
with the above observation.

3.3. Evaluation of mechanical properties

Optimizing chitosan concentration in a composite is essential, as
higher concentrations can increase viscosity and introduce
structural defects.”® Therefore, the effect of different concentra-
tions of chitosan and FLG on the mechanical properties of
gelatin—-chitosan films was evaluated as shown in Fig. 5. Fig. 5a
shows that the mechanical properties of the film increased with
an initial increase in chitosan concentration, achieving
maximum tensile strength at 2% chitosan, after which the
properties decreased at higher concentrations. The optimum
concentration, which indicates the reinforcing ability of chitosan
in biopolymer matrices, is typically associated with increased
hydrogen bonding and chain entanglement at moderate

Without Surfactant

Fig.4 Optical microscopic images of the FLG dispersed in distilled water, (a) with surfactant and (b) without any surfactant. FE-SEM images of (c)
pristine FLG; surface view of (d) gelatin—chitosan film, (e) gelatin—chitosan—FLG-COOH, (f) gelatin—chitosan—FLG—PEG; cross-sectional view of
(g) gelatin—chitosan film, (h) gelatin—chitosan—-FLG-COOH, (i) gelatin—chitosan-FLG-PEG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanical properties following FLG incorporation.

concentrations.** However, high amounts can diminish this
effect, causing aggregation or phase separation and thus
reducing mechanical integrity.*” Concurrently, elongation at
break generally increased with chitosan concentration, indi-
cating enhanced flexibility, a common characteristic when poly-
saccharides like chitosan are incorporated into protein-based
films.*® Furthermore, Fig. 5b distinctly illustrates the significant
improvement in the mechanical performance of the composite
films with the incorporation of FLG. Both tensile strength and
elongation at break exhibited a consistent and substantial
increase with rising FLG concentration, reaching their highest
values at a 1% FLG concentration. This profound reinforcement
is attributed to the high aspect ratio, large surface area, and high
Young's modulus of FLG, which enable effective stress transfer
within the polymer matrix, prevent crack propagation, and
simultaneously enhance both strength and ductility.** Besides,
strong interfacial interactions due to covalent bonding through
functional groups and w-m stacking, FLG anchors the polymer
chains of gelatin—chitosan film to its surface. Hence, upon tensile
loading, stress is transferred across the FLG-polymer interface,

»Gelatin-Chitosan-FLG-PEG
100 - === Gelatin-Chitosan-FLG-COOH
«== Gelatin-Chitosan Composite
- e Pure Gelatin
X O\ == Pure Chitosan
o 804 \
o
S
c
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-
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)
= 40
20

60 120 180 240 300 360 420 480 540
Temperature (°C)

Fig. 6 (a) Thermogravimetric analysis (TGA) curves, and (b) differential sc
films, highlighting improved thermal properties due to functionalization.
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thereby distributing the load and increasing the composite's
ultimate strength and elongation at break.® However, even
though the mechanical property improved with an increase in
FLG concentration, the ideal loading concentration of FLG in the
polymeric film was taken as 0.25 wt%, considering the reduced
biocompatibility of FLG due to an increase in cytotoxic effect at
the elevated concentrations, shown in Fig. 8.

3.4. Thermal performance analysis

The thermal performance of the prepared films was analyzed via
thermogravimetric analysis (TGA), as presented in Fig. 6a. All
samples undergo an initial 8-10% weight loss between 110 and
210 °C due to the evaporation of absorbed moisture and the
release of small amounts of NH; and CO,, a common phenom-
enon in biopolymer films.*® Following this, pure gelatin and pure
chitosan exhibit major degradation steps (~57% weight loss) at
approximately 220-330 °C, reflecting the decomposition of their
respective polymer backbones. The final degradation starts at
350 °C due to the breakdown of gelatin's intermolecular
hydrogen bonds and partial cleavage of its polypeptide chains,

—— Gelatin-Chitosan-FLG-PEG

— Gelatin-Chitosan-FLG-COOH

— Gelatin-Chitosan Composite

e

— Pure Gelatin

—— Pure Chitosan

1 1 1 1 1 1 1 1
60 120 180 240 300 360 420 480

Temperature (°C)

Heat Flow (mW)

anning calorimetry (DSC) thermograms of the prepared bio-composite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The image showing scatter plots of (a) buffer uptake (%) of gelatin—chitosan-based composites as a function of time (0—-60 minutes),
showing enhanced buffer absorption in functionalized FLG composites, particularly gelatin—chitosan—-FLG-COOH. (b) Water uptake (%) over
time (0-360 minutes), showing sustained swelling behavior, showing the highest uptake in gelatin—chitosan-FLG-COOH composite, indicating

improved hydrophilicity due to increased surface functional groups.

leading to a significant weight loss, followed by final combustion
beginning at 450 °C, leading to more than 90% weight loss.™
However, gelatin—chitosan-FLG-COOH and gelatin—chitosan—
FLG-PEG composites demonstrate a notable shift in their
degradation curves towards higher temperatures, attributed to
the successful functionalization of FLG. This improved thermal
stability is attributed to graphene-based nanofillers acting as
effective heat barriers, radical scavengers, and mass-transport
inhibitors within the polymer matrix, thereby delaying thermal
decomposition and increasing char yield.**

Concurrently, the thermal behavior of the composite film
was evaluated using differential scanning calorimetry (DSC), as
shown in Fig. 6b. The DSC thermograms corroborate the TGA
findings, showing a shift in the thermal transitions of the
polymer matrix upon incorporation of FLG. For chitosan,
endothermic and exothermic peaks are observed at approxi-
mately 100 °C and 270 °C, respectively. This endothermic peak
corresponds to the energy required to remove the bound and
adsorbed water on the hydrophilic surface of chitosan. The
exothermic peak indicates the thermal degradation and
decomposition of the chitosan, which involves the breakdown
of amine and N-acetyl groups and the release of volatile prod-
ucts.”® Additionally, in the DSC thermograms of gelatin and all
composite films, an endothermic peak is observed around 300-
350 °C, indicating the thermal degradation of the gelatin
structure due to the breaking of intermolecular bonds. It moves
to higher temperatures for films embedded with primary and
secondary functionalized groups. The delayed degradation
exotherm indicates a higher activation energy barrier for the
thermal scission of the polymer backbone, suggesting a ther-
mally resilient polymer-filler interphase. In addition, due to the
incorporation of functionalized FLG, the glass transition
temperature shifts to a higher value, requiring more heat to
break the intermolecular bonding in the composite films,
resulting from the restricted segmental movement of the asso-
ciated polymer chains within the composite films.*

© 2025 The Author(s). Published by the Royal Society of Chemistry

From both TGA and DSC, it is observed that FLG-PEG
provides superior reinforcement compared to FLG-COOH,
thereby improving the thermal properties of gelatin-chitosan
films, as confirmed by a higher T, (glass transition tempera-
ture), T, (melting temperature), a higher decomposition onset,
a delayed thermal transition, and slower breakdown data. This
is due to the better hydrogen bonding and crosslinking prop-
erties of PEG, which form an effective network in the composite
film. Besides, FLG-COOH tends to aggregate and cause defects
in the biopolymer matrix, which can be avoided by the
secondary functionalization using PEG.

3.5. Swelling behavior

To evaluate the effect of functionalization on the swelling
behavior of the polymeric composite films, the prepared
samples were assessed through time-dependent buffer uptake
(Fig. 7a) and water uptake (Fig. 7b). All composite films
demonstrated the ability to absorb water and buffer, but
a notable shift in uptake properties was observed due to the
change in functional groups. For example, the gelatin—-chito-
san-FLG composite exhibited reduced water and buffer uptake
compared to the gelatin-chitosan composite, owing to the
incorporation of a hydrophobic graphene layer into the film,
which hindered solvent penetration and diffusion. Further-
more, a significant increase in water and buffer uptake was
observed in the gelatin-chitosan-FLG-COOH composite due to
the incorporation of highly polar carboxy (-COOH) groups on
the graphene surface. It significantly increases the material's
affinity for water through hydrogen bonding and electrostatic
interactions, thereby facilitating greater solvent diffusion and
absorption. This sustained and swelling capacity highlights the
effectiveness of functionalization in performing drug release in
different physiological conditions.>**
Gelatin—chitosan-FLG-PEG showed significantly higher
uptake in water and buffer than all other composite films,
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except gelatin—chitosan-FLG-COOH. This is due to the cross-
linking ability of PEG, which hinders solvent penetration in
water and buffer media.”®* However, the reduced water and
buffer uptake observed in the PEG-functionalized composite
prevents overly rapid swelling and disruption of the polymer
matrix. Therefore, compared to the carboxy-functionalized
composite, the PEG-functionalized system offers additional
benefits without significantly compromising the desirable
uptake characteristics of the carboxy-functionalized film.

3.6. Cytotoxic analysis

To assess the change in biocompatibility following the func-
tionalization, cytotoxicity analyses were conducted in vitro using
HeLa cells for FLG, FLG-COOH, and FLG-PEG, and the results
are shown in Fig. 8. Microscopic images in Fig. 8a display
a dose-dependent cytotoxicity, which is quantified in Fig. 8b by
a bar chart showing the relationship between cell viability and
the different concentrations of the respective samples. The data

) of FLG, FLG-COOH, and FLG-

indicate a slight decrease in biocompatibility at elevated FLG
concentrations, as confirmed by 90% cell viability at 10 000 pg
mL ™, compared to 95% at 5000 pg mL ™. The primary func-
tionalization composite also showed slight cytotoxicity,
showing 95% cell viability at 10 000 pg mL~ . Notably, FLG-PEG
outperformed all other samples, maintaining a consistent 95%
cell viability across all testing concentrations, thereby proving
the effectiveness of the secondary functionalization in impart-
ing biocompatibility to the drug carrier composite.

The cytotoxicity of FLG at higher concentrations is attributed
to its hydrophobic surface, and that of FLG-COOH at elevated
concentrations is due to the generation of reactive oxygen
species (ROS).*** The FLG interacts with the phospholipid
bilayer of the cell membrane, leading to cytoskeletal disruption.
Furthermore, the sharpened edges of FLG can be inserted and
cut through the cell membrane, thereby destroying it.** FLG-
COOH increases intracellular ROS levels, leading to oxidative
stress and potential cell damage, as shown by Lammel et al.***°
Functionalization with PEG groups improves biocompatibility

35
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Fig. 9 Antibacterial activity was measured by the diameter of the inhibition zone (mm) of composites, including gelatin—chitosan-drug, gelatin—
chitosan—-FLG-COOH-drug, gelatin—chitosan-FLG-PEG-drug, and a standard antibiotic disk as a control against common pathogenic
bacteria, such as Gram-positive (Bacillus cereus, Staphylococcus aureus), and Gram-negative (Escherichia coli, and Klebsiella pneumoniae).
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by reducing hydrophobic interactions and ROS generation,
thereby minimizing harmful interactions with cells. PEGyla-
tion, in particular, outperforms carboxylation due to its ability
to evade detection and immune recognition through hydro-
philic shielding, and its crosslinking ability can mask sharp
edges, making it the most biocompatible for drug delivery.***®

3.7. Evaluation of antimicrobial susceptibility

Antibacterial activity of the composite films was assessed using
the disk diffusion method against Gram-negative and Gram-
positive bacterial strains to evaluate the composites' broad-
spectrum effectiveness, as shown in Fig. 9. The optical images
of the inhibition zone, along with the respective disks of the
method, are presented in Fig. S2-S5. The gelatin-chitosan-drug
composite exhibited inherent antibacterial activity, a character-
istic of chitosan's polycationic nature, which interacts with the
negatively charged bacterial cell membranes, leading to
membrane disruption and leakage of intracellular contents.*
However, a significant enhancement in antibacterial activity was
observed upon the incorporation of functionalized FLG. Specifi-
cally, the gelatin-chitosanFLG-COOH-drug composite exhibited
superior antibacterial activity across all tested bacterial strains
compared to the non-functionalized gelatin-chitosan-drug
composite. This is attributed to the intrinsic antibacterial prop-
erties of FLG-COOH, which produces reactive oxygen species
(ROS) that induce oxidative stress in bacterial cells and damage
their membranes.**** Under incubation conditions, FLG-COOH
promotes light-independent electron transfer from biological
components to dissolved O, in the medium. Here, carboxyl
groups and defect sites on FLG act as electron-accepting centers
and transfer electrons to O,, producing O, ~, H,0,, ‘OH that
damage the membrane lipids, proteins, and DNA.*

The gelatin-chitosan-FLG-PEG-drug exhibited slightly lower
antimicrobial activity compared to gelatin—chitosan-FLG-
COOH-drug. This is due to the PEG hydration layer, which
blocks direct contact between the bacterial membranes.'”*®
However, the antimicrobial response of gelatin—chitosan-FLG-
PEG-drug is well above the required level for application in drug
delivery systems. Furthermore, it exhibited strong antibacterial
activity against both Gram-positive and Gram-negative bacteria,
suggesting potential for broad-spectrum antimicrobial activity.

3.8. Drug release profile

The release profile of the drug from gelatin-chitosan composite,
gelatin—chitosan-FLG-COOH, and gelatin—chitosan-FLG-PEG
was evaluated at pH 4.5, 7.0, and 8.0, as presented in Fig. 10a—c,
respectively. Both the FLG-COOH and the FLG-PEG exhibited
a near-complete release (as high as 100%) within 70-90 minutes
across a range of pH environments, mimicking real physiological
conditions. This is attributed to the presence of functionalized
few-layer graphene (FLG) within the polymer matrix that
enhances buffer uptake, improves solvent penetration, and
creates more porous structures. The drug release at pH 4.5
(Fig. 10a) suggests that the acidic environment enhances diffu-
sion and drug dissolution from the functionalized composites,
making it suitable for targeted drug delivery in the fed stomach,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Scattered plots showing drug release profiles of plain gelatin—
chitosan composite, gelatin—chitosan-FLG-COOH, and gelatin—
chitosan-FLG—PEG composite films at (a) pH 4.5, (b) pH 7.0, and (c) pH
8.0, mimicking different physiological conditions.

vaginal mucosa, and tumor microenvironment. The significant
drug release at pH 7.0, as shown in Fig. 10b, reflects the suit-
ability of the composite films for systemic drug delivery under
physiological conditions, including the colon, tissues, and
bloodstream.>»* Moreover, the most predictable and sustained
drug delivery was observed at a pH of 8.0 (Fig. 10c), due to the pH-
responsive behavior of chitosan. It becomes less protonated and
more compact in alkaline environments, thereby maintaining
the structural integrity of the polymeric matrix, indicating its
suitability as a drug carrier under alkaline conditions, such as
those in the small intestine and chronic wounds.>**”
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Fig. 11 Graph showing fitted line of the drug release from gelatin—chitosan—-FLG—-PEG composite using four kinetics models, including (a)
Higuchi model, (b) Ritger—Peppas model, (c) Korsmeyer—Peppas model, and (d) zero order model at varying pH conditions.

The gelatin-chitosan-FLG-PEG film demonstrated faster
and more complete drug release than both the gelatin—chito-
san-FLG-COOH and plain gelatin-chitosan films, with
approximately 98% of Uromitexan (Mesna) released within 80
minutes. This enhancement is attributed to the increased
hydrophilicity of the composite films resulting from the pres-
ence of PEG. Additionally, PEG functionalization offers biolog-
ical advantages, including reduced opsonization and enhanced
biocompatibility and stability under various physiological
conditions, making it a promising biomaterial for localized,
rapid, and sustained drug delivery applications.'®**

3.9. Drug release kinetics

Mathematical modeling of drug release was performed to predict
whether the release mechanism is controlled by diffusion, chem-
ical interaction, osmotic pressure, matrix erosion, swelling, or
dissolution dynamics, which is essential for designing a drug

delivery system (DDS) with optimal therapeutic efficacy.”®* The
linear fit graphs of the four kinetic models, along with the calcu-
lated parameters, are presented in Fig. 11 and summarized in
Table 1.

The drug release from the gelatin-chitosan-FLG-PEG
composite followed the Korsmeyer-Peppas model, as evidenced
by R®> values ranging from 0.915 to 0.963 across different
conditions. In this model, n = 0.5 corresponds to Fickian
diffusion from a non-swellable matrix, 0.5 <7 < 1 corresponds to
an anomalous mechanism involving both diffusion and poly-
mer relaxation or erosion, n = 1 signifies zero-order release, and
n > 1 denotes transport involving only erosion mechanisms.® In
our study, the n-value at pH = 4.5 and pH = 8.0 was found to be
0.346 and 0.489, respectively, indicating Fickian diffusion.
However, at pH = 7.0, the n-value increases to 0.609, suggesting
the involvement of both diffusion and erosion mechanisms in
non-Fickian diffusion. The pH-responsive shift from Fickian to

Table 1 The measured data for the rate constants (K), correlation coefficients (R?), and diffusional exponent (n; Korsmeyer—Peppas) for four

fitted kinetic models

Ritger-Peppas

Higuchi model model Korsmeyer-peppas model Zero-order model
Samples K R* K R? n K R? K R*
pH 4.5 8.007 0.861 4.568 0.84 0.346 22.751 0.915 0.577 0.749
pPH 7.0 11.695 0.873 6.680 0.854 0.609 7.6913 0.906 0.848 0.768
PH 8.0 10.292 0.948 5.903 0.935 0.489 11.995 0.963 0.762 0.870
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non-Fickian diffusion is due to pH-dependent swelling and
protonation/deprotonation of amine groups.***

At pH 4.5, the amines of chitosan are fully protonated,
generating osmotic pressure and electrostatic repulsion within
the matrix, leading to expansion of the polymer network,
swelling, and improved chain flexibility.®*** At pH = 7.0, the
free amino groups are less protonated, which reduces the
repulsion between functional groups, leading to less expanded,
less swollen chitosan chains, and the chain relaxation rate is
reduced compared to that of the lower pH.®>® In this case,
solvent diffusion and polymer relaxation occur at similar rates,
leading to non-Fickian (anomalous) diffusion; hence, drug
release depends on both the diffusion and polymer relaxation
rates. However, at pH = 8.0, the deprotonation of chitosan
amines leads to further reduction in the swelling and lowers the
polymer chain relaxation rate, which reverts the release to
diffusion-controlled Fickian transport.”***

The Higuchi model (R*> = 0.9469) provided a good fit at pH
8.0, indicating that drug release occurs from a non-swelling
polymeric matrix at a constant drug diffusivity, regardless of
whether the matrix is solid or semi-solid. Although the Higuchi
model exhibited high R> values under basic conditions, its
assumptions are violated at higher pH because the swelling
matrix at acidic conditions changes its diffusivity over
time.?*%”"% The zero-order model showed the lowest linearity
across all pH levels and, hence, is not a suitable fit for our study.

In the case of the Korsmeyer-Peppas model, the coefficient
of determination (R?) was found in the decreasing order to be
0.963, 0.915, and 0.906 at pH = 8.0, 4.5, and 7.0, respectively.
This indicates that the model is best fitted for basic pH condi-
tions. The drug release rate constant (K) also exhibited a similar
trend, with the highest value of 22.751 found at pH 4.5, indi-
cating faster drug release under acidic conditions, likely due to
higher protonation and swelling, as stated above. At pH 8.0 and
7.0, the K value decreased to 11.995 and 7.6913, respectively,
indicating lower drug diffusion, which is likely due to reduced
swelling and increased matrix compactness. These findings
support the idea that the drug release mechanism and kinetics
are strongly influenced by the pH of the medium.

4. Conclusions

This paper focuses on the synthesis and characterization of
functionalized few-layer graphene-incorporated gelatin-chito-
san bio-composite films and their subsequent efficiency in drug
delivery systems. FTIR spectroscopy confirmed the successful
functionalization of FLG, exhibiting distinct peaks for the car-
boxy (-COOH) ester and polyethylene glycol (PEG), indicating
the synthesis of FLG-COOH and FLG-PEG, respectively. In
addition, the FTIR spectrum confirmed that the FLG was
successfully incorporated into the polymer matrix due to strong
intermolecular interactions, such as hydrogen bonding between
the functional groups of FLG and the amino/hydroxy/carboxy
groups of chitosan and gelatin. FE-SEM analysis confirmed
that PEG-functionalized FLG is homogeneously dispersed
within the gelatin-chitosan matrix, where the polymer chains
wrap around the nanosheets, reduce aggregation, and create

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a smoother and uniform film. Furthermore, one of the
remarkable findings includes enhanced tensile strength, elon-
gation at break, and marked thermal stability, as proven by TGA
and DSC analysis. The functionalized composites proved to be
highly biocompatible, as indicated by the relatively low cyto-
toxicity measure in HeLa cells, which resulted in 95% HeLa cell
viability of the secondary functionalized FLG. Antimicrobial
susceptibility tests demonstrated clear inhibition zones for
both Gram-positive and Gram-negative bacteria, indicating very
high antimicrobial activity of the resultant composites. The
drug release reports showed that the functionalization of FLG
significantly accelerated drug release. The FLG-PEG composite
exhibited complete drug release at pH levels of 4.5, 7.0, and 8.0,
mimicking different physiological conditions. Kinetic modeling
demonstrated that the Korsmeyer-Peppas equation best char-
acterizes the release process, exhibiting a transition between
Fickian and non-Fickian release behaviors as the pH of the
release medium changes. In general, the effective functionali-
zation of FLG and subsequent incorporation into a gelatin—-
chitosan matrix resulted in a multifunctional, cytocompatible,
mechanically robust, pH-responsive drug delivery system with
high potential for future biomedical applications.
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