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ed polyvinyl alcohol/graphene
oxide thin films as antibacterial wound dressing

Soroush Barkhordari, *a Soroush Yousefi, b Safa Momeni Badeleh, c

Hossein Abdollahi, d Morteza Abazari *e and Abdolhmid Alizadeh f

In the present study, biodegradable polyvinyl alcohol/graphene oxide-based thin films were prepared as

a topical drug delivery system via the solvent casting method for the loading and controlled release of

the antibacterial drug cephalexin. Results showed that all the fabricated thin films had highly uniform and

smooth-surface textures. The chemical structure and crystallinity of the samples were investigated by

FTIR spectroscopy and XRD analysis, and the SEM and EDX techniques revealed the successful loading

and uniform dispersion of cephalexin within the prepared films. Investigations on the thermal properties

of the samples indicated that the thermal stability of the samples increased with the addition of

graphene oxide, while it decreased with the addition of cephalexin. Water contact angle measurements

revealed an increase in the hydrophobicity of thin films upon the addition of graphene oxide and

cephalexin, and the final scaffolds displayed a contact angle of 104.6° ± 1.72°. The fabricated thin films

also displayed pH-dependent degradation, swelling, and release behaviors in PBS solutions of pH 7.4 and

5.5. Moreover, a two-stage release profile was observed for drug-containing films during the liberation

of cephalexin into release media. Additionally, the drug-containing films exhibited potent antibacterial

activity against both Gram-positive and Gram-negative bacteria. Evaluating the cytocompatibility of the

samples revealed desired cell viability up to 64 mg mL−1 during 24 h, and the toxic effect of the samples

was increased in a concentration-dependent manner.
Introduction

Today, the development of various drug-delivery systems (DDSs)
with diverse forms, shapes, and compositions for the effective
and safe delivery of different pharmaceutical active agents
(APIs) has garnered signicant interest in both the scientic
and clinical sectors. In fact, the conventional and traditional
administration routes of many drugs and other active
substances lead to insufficient therapeutic efficiency at the
targeted sites and the possibility for the occurrence of various
side and adverse effects.1,2 As a result, several DDSs have been
developed to cope with these problems and overcome their
multivariate clinical and therapeutic impediments by
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implementing various site-specic and controlled delivery
mechanisms.3,4 Moreover, these systems provide effective and
therapeutic concentrations of various APIs at the intended site
of action and therefore diminish the need for their repeated
administration, which is the leading cause of drug tolerance or
drug insensitivity in the clinic.5,6 In this context, various well-
established DDSs maximize the value, application, and activity
of numerous APIs and mitigate the unwanted and adverse
effects caused by uncontrolled and excessive dosage and drug
administration.7–9

Antibiotics represent the rst-line medications used for
treating various systemic and topical infections.10,11 Amino-
glycosides, cephalosporins, penicillins, sulfonamides, glyco-
peptides, and uoroquinolones are among the groups of
antibiotic medications that are frequently prescribed.12 Due to
their broad-spectrum activity, antibiotics are extensively used
for treating various infectious diseases, including secondary
infected dermatitis, infected wounds, mild to moderate acne
vulgaris, rosacea, and impetigo.13 In most of these applications,
the topical administration of antibiotics is preferred over
systemic administration due to the diverse side and adverse
effects of these substances in the oral route; furthermore,
systemic administration causes the spreading of antibiotics
throughout the body, resulting in low effective concentration of
antibiotics at the infected site.14,15 Alternatively, the topical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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delivery of antibiotics provides localized and targeted delivery
options to the site of concern with an effective concentration,
reduced toxicity, low cost, and feasible administration.14,16

However, some issues are also conceivable for the topical
delivery of antibiotics, such as the emergence of multidrug- and
antibiotic-resistant bacteria, inherent limitations in treating
supercial infections, and the possibility of inducing contact
dermatitis. Therefore, developing state-of-the-art DDSs for the
effective topical delivery of antibiotics to supercial infections
and infected wounds is essential for achieving better treatment
outcomes and minimizing undesired adverse events or
toxicity.17,18

To date, a wide variety of DDSs with different shapes and
compositions have been developed and considered for the
topical delivery of antibiotics.3,19–21 As a few examples, hydro-
gels, nanobers, sheets, thin lms, sponges, etc., could be
introduced. These platforms have been extensively utilized to
incorporate antibiotic substances and release them into the
infected area in a controlled and sustained manner.22–24 Each
platform presents its own advantages and disadvantages, based
on its physicochemical and functional properties, as well as the
anatomical and physiological conditions of the infected site.25,26

Of these platforms, thin lm-based scaffolds possess several
benets regarding topical drug delivery applications, such as
facile productionmethods, uniform drug distribution and dose,
increased bioavailability, lower incidence of irritation, and
continuous drug release, in addition to providing a moist
environment that favors most wound-healing processes.27,28

Thin-lm-based scaffolds can be produced via various fabrica-
tion methods, including spin coating, solvent casting, and drip
coating, and are capable of incorporating and delivering a wide
range of antibiotic materials, as well as other drugs.29,30 In the
fabrication of thin lms, polymeric materials with good lm-
forming properties from synthetic and natural origins, such
as polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP), chito-
san, sodium alginate, and cellulose derivatives, could be
employed either individually or in composite forms.31,32

Among various polymeric materials, PVA showcases several
advantages and superior characteristics regarding thin-lm
fabrications and applications.33,34 PVA is a synthetic polymer
with the general formula [CH2CH(OH)]n that exhibits excellent
lm-forming ability, high hydrophilicity, and good physical and
chemical stability, in addition to being inexpensive and
commercially available. Owing to its vast benecial physico-
chemical and functional properties, it is applied and considered
in many technological and industrial applications, such as
papermaking, textile warp sizing, as a thickener and emulsion
stabilizer in polyvinyl acetate (PVAc) adhesive formulations, in
a variety of coatings, electrospinning, and 3D printing.35,36

However, the resultant PVA scaffolds and thin lms exhibit poor
mechanical properties and low stability in aqueous solutions
due to their high affinity for water, which causes swelling of the
products and can lead to failure under particular conditions
and circumstances. Therefore, pre- or post-processing modi-
cation of PVA-based products is essential for enhancing their
functional characteristics in specic applications.36,37
© 2026 The Author(s). Published by the Royal Society of Chemistry
The combination of PVA with other polymeric and non-
polymeric materials in the form of various composites offers
a practical approach to modifying PVA scaffolds that can
enhance their functional and product-oriented characteristics.
As a result, numerous PVA-based composites have been devel-
oped in previous studies for various applications in different
elds and areas.38–40 In this regard, graphene oxide (GO) mate-
rials, as two-dimensional (2D) carbon-based nanomaterials,
offer many benecial features for modifying various polymer-
based composites and scaffolds.41,42 GO-based materials are
generally produced through chemical oxidation of natural
graphite or carbon nanobers and play an important role in the
design and development of various DDSs because of their
desirable biocompatibility properties and facile functionaliza-
tion with biomolecules and other pharmaceutical ingredients.43

Moreover, GO materials exhibit remarkable mechanical, elec-
trical, thermal, and barrier properties, as well as good hydro-
philicity and a large specic surface area, which make them
ideal for developing various medical and non-medical products
in different elds and applications. Additionally, GO can be
easily incorporated into many multilayer polymeric composites,
such as PVA thin lms for drug delivery purposes, to enhance
their drug-loading capacities and promote the controlled or
sustained delivery of various pharmaceutical and active
agents.44–47

Although numerous studies have examined PVA/GO scaf-
folds and their properties48–50 their use as drug-delivery systems
for topical application and wound healing has not yet been
explored. As a result, the present study is designed to fabricate
PVA/GO-based thin lms as a new and effective platform on
which to load and topically deliver cephalexin (CPX), as
a representative antibiotic, for the management and treatment
of supercial infections and infected wounds. The intended
scaffolds were prepared using the solvent casting method and
thoroughly investigated for their physicochemical and func-
tional characteristics as an antimicrobial wound dressing for
wound healing applications.
Materials and methods

PVA (Mw = 145 000 and fully hydrolyzed), sodium nitrate
(NaNO3), sodium hydroxide (NaOH), and graphite powder (#20
mm) were obtained from Merck Chemical Company, Germany.
CPX monohydrate was purchased from Danna Pharma Co.
(Tabriz, Iran). Sulfuric acid (H2SO4), hydrogen peroxide (H2O2),
potassium permanganate (KMnO4), sodium nitrate (NaNO3),
hydrochloric acid (HCl), phosphate-buffered saline (PBS), and
glycerol were acquired from Sigma-Aldrich, Germany.
Preparation of GO

GO was prepared by oxidizing natural graphite powder using
the modied Hummers' method.51 Briey, 1 g of graphite
powder was transferred into a 250mL ask, which was placed in
an ice bath containing 50 mL of concentrated H2SO4 and stirred
cautiously. Then, 0.5 g of NaNO3 was added to the ask and
stirred with a magnetic stirrer for 24 hours. Aer this time, 6 g
RSC Adv., 2026, 16, 6464–6483 | 6465
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of KMnO4 was slowly added to the solution, and the reaction
temperature was maintained below 20 °C. Next, the ice bath was
removed, and the reaction mixture was stirred for 48 hours at
30 °C. In the next step, 100 mL of deionized water and 30 mL of
H2O2 were added to the reaction mixture, and the resulting
yellowish-brown solution was centrifuged at 4000 rpm for
6 min. The resulting precipitate was washed with a 10 : 1 (v/v)
HCl solution and deionized water to purify the material. To
this end, centrifuge tubes containing the suspension were lled
with HCl solution and sonicated in an ultrasonic bath for
approximately 5 min, followed by centrifugation at 4000 rpm for
6min. Then, the supernatant was discarded, and this procedure
was repeated four times using HCl and deionized water. The
supernatant was then decanted off, and the precipitates (GO)
were dried under vacuum at 50 °C.
Preparation of PVA thin lms

To prepare PVA thin lms, 5 g of PVA granules was dissolved in
100 mL of double-distilled water under stirring at 85 °C for 12 h.
When the PVA was completely dissolved, 15% w/w glycerol was
added as a plasticizer (based on the dry content of PVA), and the
mixture was heated under reux at 90 °C for 5 hours. The
resulting clear PVA solution was cast on a glass mold and dried
at ambient temperature.
Preparation of PVA/GO thin lms

Similar to the preparation of PVA lms, 5 g of PVA was dissolved
in 100 mL of double-distilled water under stirring at 85 °C for
12 h. Then, 0.1 g of the prepared GO was added to the PVA
solution, and the resultant solution was placed in an ultrasonic
bath for 30 minutes to achieve uniform dispersion of the GO.
Subsequently, 15%w/w glycerol was added, and themixture was
heated under reux at 90 °C for 5 hours. Finally, the prepared
solution was cast on a glass mold and dried at ambient
temperature.
Preparation of CPX-containing PVA/GO thin lms

The PVA/GO solutions were prepared as described in the
previous section, and then 0.1, 0.2, and 0.3 g of CPX were added
to the resultant solutions to prepare 2%, 4%, and 6% w/w CPX-
containing solutions. The resultant solutions were stirred until
the CPX was dissolved entirely, and then 15% by weight of
glycerol was added. The obtained solutions were reuxed at 90 °
C for 5 hours, cast on a glass mold, and then dried at ambient
temperature.
Characterization
Film thickness

The thickness of thin lms was determined using a digital
micrometer (measuring range: 0–25 mm, resolution: 0.001 mm,
accuracy:±0.004 mm) by measuring at ten random locations on
each lm.
6466 | RSC Adv., 2026, 16, 6464–6483
FTIR and ATR-FTIR analyses

A Thermo Nicolet, Avatar 370 spectrophotometer (Thermo
Scientic, Madison, WI, USA) was used to investigate the
structural properties and specic absorption peaks of the
samples. The measurements were performed using the potas-
sium bromide (KBr) disc technique with a resolution of 4 cm−1.
The attenuated total reectance Fourier-transform infrared
(ATR-FTIR) and FT-IR spectra of samples were recorded at 500–
4000 cm−1 with a resolution of 4 cm−1.

Morphological analysis

The morphological characteristics of the prepared thin lms
were examined using eld-emission scanning electron micros-
copy (FESEM; Zeiss Sigma VP300, Germany) at an accelerating
voltage of 5.00 kV. The samples were sputter-coated with gold
(Nano-Structured Coatings Co. DSR1, Tehran, Iran), and images
were acquired using SEM. Energy-dispersive X-ray (EDX) spec-
troscopy was used to investigate the elemental features and
distribution of the fabricated samples.

XRD analysis

The crystal structures of the samples were analyzed with an X-
ray diffractometer (XRD, PW1730, Philips, Netherlands). The
scan was performed using Cu-Ka radiation (l = 1.54056 Å) with
a 2q range of 5–80° and a scanning speed of 1°/min.

Thermal properties

The thermal properties and transitions of the samples were
investigated by differential scanning calorimetry (DSC), ther-
mogravimetric analysis (TGA), derivative thermogravimetry
(DTG), and differential thermal analysis (DTA) using a DSC
Q600 (DSC-TGA, TA Instruments, USA). The experiments were
carried out in a nitrogen atmosphere using about 10 mg of
samples sealed in aluminum pans. The samples were heated
from room temperature to 650 °C. The heating rate was 10 °
C min−1 in all cases. The variation of the crystallinity of thin
lms was estimated by the following equation:52

Xc ¼ DHPVA

DH100

� 100 (1)

where DHPVA is the enthalpy absorbed by the PVA-based thin
lms during the heating process, and DH100 is the enthalpy
absorbed by the 100% crystalline PVA (138.6 J g−1).53

Contact angle measurements

The hydrophilicity of the prepared thin lms was investigated
via a contact angle system (model CAG-20, Jikan, Iran). A drop of
water was deposited on the scaffold surface, and the drop shape
was analyzed by the JikanAssistant 3.5 soware.

Degradation and swelling properties

The aqueous stability and swelling behavior of the lms were
investigated by gravimetric analysis. For aqueous degradation
analyses, circular-shaped samples of the lms with pre-
determined weights (Mi) were immersed in 15 mL phosphate-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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buffered saline (PBS, pH 7.4 and 5.5) and incubated at 37 °C.
Then, the samples were removed from the PBS media, dried at
ambient temperature, and weighed again (Mf). The degradation
percentage of the samples was calculated using the following
equation.

Degradation (%) = Mf/Mi × 100

To determine the swelling ratio of the lms, circular-shaped
samples with known initial weights (Mw) were soaked in PBS at
pH 7.4 and 5.5, and incubated at 37 °C. Aer specic time
intervals (30 min), the samples were withdrawn, weighed again
(Md), and returned to the PBS media for the next time interval.
The swelling ratio of the samples was calculated using the
following formula.

Swelling percentage (%) = [(Mw − Md)/Md] × 100
Drug release studies

To investigate the release proles of CPX from thin lms,
initially, the calibration curves of CPX in PBS at pH 7.4 and 5.5
and 275 nm (lmax of CPX) were established. To this end, CPX
solutions with concentrations of 10, 20, 50, 100, 150, and
200 ppm were prepared, and their UV-Vis absorbances were
recorded using a PerkinElmer Lambda 35 UV/Vis spectrometer.
The calibration curve of CPX was established using the absor-
bance of each solution against concentration. For drug release
analyses, circular-shaped samples with known initial weights
were soaked in 25 mL PBS at pH 7.4 and 5.5 and incubated at
37 °C in a shaking incubator. At predetermined times, 1 mL of
the release solution was removed for UV/vis analysis and
replaced with 1 mL of fresh medium. The cumulative amount of
CPX liberated in the studied time range (0–480 min) was then
evaluated.

The in vitro CPX release proles of the samples were further
elaborated using the zero-order, rst-order, Higuchi, and
Korsmeyer–Peppas kinetic release models:54–56

Qt = Q0 + k0t (2)

Qt = Q0e
−klt (3)

Qt = kht
1/2 (4)

Qt = kmt
n (5)
Antibacterial activity

The antibacterial activity of the lms was investigated by the
disk diffusion and viable cell count tests against Gram-positive
(Staphylococcus aureus, S. aureus, Gr+, ATCC 25923, facultative
anaerobe) and Gram-negative (Escherichia coli, E. coli, Gr−,
ATCC 25922, facultative anaerobe) bacteria. Both bacterial
strains were supplied by the Microbiology and Biotechnology
© 2026 The Author(s). Published by the Royal Society of Chemistry
Lab (University of Tehran, Iran). In the disk diffusion test, a 0.5
McFarland standard suspension (1.5 × 108 CFU mL−1) was
prepared from freshly cultured bacteria. Then, the agar surface
was inoculated using a swab dipped in the bacterial suspension.
The prepared lms were punched into circular pieces (0.5 cm in
diameter), placed on the bacterial-inoculated agar surface, and
incubated at 37 °C for 24 h. The inhibition zone diameters were
measured to the nearest millimeter using ImageJ 1.52v soware
(National Institutes of Health, USA, http://imagej.nih.gov/ij/
).57–59

In the viable cell count method, a 0.5 McFarland standard
suspension was prepared that was identical to that used for the
disk diffusion test. Aer dilution with physiological serum, the
prepared samples were contacted with a specic volume (1 mL
> V > 0.4 mL based on the sample volume and area) of the
bacterial suspension for 1, 3, and 6 h. Next, about 0.1 mL
aliquots of the resulting suspensions were spread out on the
previously prepared agar plates and incubated at 30 ± 2 °C.
Aer 24 h, the number of bacterial colonies was counted with
the colony counter. The number of colonies per volume (CFU
mL−1) was calculated using the following formula.60,61

CFU/mL = (no. of colonies × dilution factor)/

volume of the culture plate

The percentage and logarithmic reduction were calculated
based on the CFU/mL results.
MTT cell viability assays

The cytotoxicity of the lms was assessed with the MTT assay
according to our previous studies.22,62,63 DMEM high glucose
was used as a medium for culturing the normal cells (human
dermal HFF-1 cell line, obtained from the Animal Biology
Department, University of Tehran, Iran). The HFF-1 cells were
grown in a humidied incubator at 37 °C and 5% CO2. Aer
reaching the desired conuency (80%), the cells were harvested
and counted. Then, the resultant cells were seeded in 96-well
plates (1 × 104 cells per well) and incubated for 24 h at 37 °C
and 5% CO2. The prepared scaffolds were immersed in PBS
solutions for 24 h and then homogenized with a high-shear
homogenizer to obtain homogeneous solutions. Aer 24 h of
cell seeding, different concentrations of the prepared solutions
were added to each well and incubated for another 24 h.
Subsequently, 20 mL of the MTT solution (5 mg in 2 mL PBS, pH
7.4) was added to each of the 96-well plates and incubated at
37 °C for 4 h until the formazan product was developed (purple
color). Next, the solution in each well containing media,
unbound MTT, and dead cells was removed by the suction
method, and 100 mL of DMSO was added to each well. The
optical densities (OD) of the cells were measured with a micro-
plate reader at 570 nm. Prior to the measurements, the cells
were shaken. All analyses were done in triplicate, and the cell
viability/increase was presented in percentages in reference to
control cells (untreated cells).
RSC Adv., 2026, 16, 6464–6483 | 6467
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Statistical analysis

All analyses in this study were conducted in triplicate, and the
results are represented as mean ± standard deviation. The
signicant differences between groups were determined by the
t-test or one-way analysis of ANOVA. The results were consid-
ered statistically signicant when the P value was equal to: *p <
0.05, **p < 0.01, and ***p < 0.001. The data analysis soware
was SPSS v26 (IBM SPSS Statistics, Chicago, IL, USA).
Results and discussion

In the present study, PVA/GO-based thin lms were fabricated
using the solvent casting method and loaded with CPX in order
to prepare antimicrobial scaffolds for topical drug delivery and
the treatment of supercial infections and infected wounds. To
this end, GO was synthesized via the chemical oxidation of
natural graphite and accompanied by PVA to form a polymeric
scaffold for effective loading and delivery of CPX in treating
infected wounds. The preparation method of the scaffolds is
shown schematically in Fig. 1A–C. In the following sections, the
physicochemical and functional properties of the resultant
scaffolds will be discussed.

The images and thicknesses of the fabricated thin lms, with
or without CPX, are depicted in Fig. 1D. As we can see, the pure
PVA solution yielded a highly transparent lm. However, the
GO- and CPX-containing lms produced black lms primarily
due to the presence of black-colored GO in these lms. The
Fig. 1 Schematic of the CPX-loaded PVA/GO-based thin films. (A) Prepa
Preparation of the PVA/GO/CPX casting solution. (C) Fabrication of the C
6%w/w) using the solvent-casting method. (D) Images and thicknesses of
drug. (DW: Deionized water).

6468 | RSC Adv., 2026, 16, 6464–6483
thickness of the prepared thin lms ranged from 0.053 to
0.096 mm across different samples and increased with the
addition of GO and CPX to the formulations. It is worth noting
that all the prepared solutions in this study resulted in the
formation of highly uniform, physically stable, and smooth-
surfaced thin lms, as evident from Fig. 1D.

The FTIR spectra of the starting materials (GO and CPX), as
well as the fabricated PVA, PVA/GO, and PVA/GO/CPX, are
depicted in Fig. 2A. The FTIR spectrum of the synthesized GO
showed several distinct peaks at the 400–4000 cm−1 wave-
number range. For better visualization of the GO FTIR peak
intensity, a separate spectrum is also provided for GO in Fig. 2A.
In these gures, the broad peak at 3446 cm−1 in the GO spec-
trum is attributed to the stretching vibration of the hydroxy
groups. As we can see, this peak is broader in the FTIR spectra of
all the other samples, indicating their higher hydrophilicity
(especially PVA), which enables them to adsorb signicant
amounts of water. The twin peaks observed at 2854 and
2925 cm−1 were attributed to the symmetrical and asymmetrical
vibration of the methyl and methylene groups, respec-
tively.22,24,64 The presence of these functional groups in the GO
structure refers to the Kirigami model of GO proposed previ-
ously.65 These peaks were also observed in the FTIR spectra of
pure CPX and PVA lm (specied by a single asterisk), which
indicates the presence of methylene groups in the chemical
structure of CPX and the polymeric backbone of PVA. However,
the 2854 and 2925 cm−1 peaks did not appear in the FTIR
ration of GO by the chemical oxidation of natural graphite powder. (B)
PX-loaded PVA/GO thin films with different CPX content (2%, 4%, and
the prepared films with different compositions and various amounts of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) FTIR and (B) ATR-FTIR spectra of the GO, CPX, and fabricated thin films, representing their chemical structure and presence of different
functional groups.
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spectra of the PVA/GO and PVA/GO/SPX, which were probably
covered by the broad peak of the hydroxyl groups in this region.
The next peak at 1705 cm−1 in the FTIR spectra of all samples
corresponds to the carboxyl groups of GO, CPX, and PVA
samples. The latter is because of the remaining acetate groups
in the PVA structure. The peak at 1625 cm−1 is attributed to the
C]C groups and was observed in the FTIR spectra of all the
samples. The three peaks with medium intensity at 1051, 1228,
and 1361 cm−1 are related to the presence of C–O–C, C–O, and
C–OH functional groups of the samples, respectively. These
peaks are absent in the FTIR spectra of composite thin lm
samples (PVA/GO and PVA/GO/CPX), which could be explained
by the possible interactions between their individual constitu-
ents during the thin-lm preparation process. The spectra ob-
tained in this study for the investigated samples showed good
agreement with the results reported in previous studies.22,64,66
© 2026 The Author(s). Published by the Royal Society of Chemistry
Similar peaks to those in the FTIR spectra were also observed
in the ATR-FTIR spectra, with a slight displacement observed in
the wavenumber of the respective peaks (Fig. 2B). In this regard,
the peaks at 3431, 2924, 2850, 1720, 1620, 1363, 1226, and
1045 cm−1 were observed in the ATR-FTIR spectra of the
samples, in accordance with the functional groups assigned in
the FTIR spectra. However, in comparison to the FTIR spectra,
the peak's intensities were signicantly decreased, especially for
the PVA/GO/CPX 6% sample. This could be attributed to the
limited depth of penetration of the infrared light in ATR-FTR
compared to that of the FTIR technique.

The XRD analysis of the GO, CPX, and fabricated thin lms
was conducted to assess their crystallinity and uniform
dispersion within the thin-lm matrices. From the results pre-
sented in Fig. 3, the as-synthesized GO showed two distinctive
diffraction peaks at 12.4° and 42.76°, corresponding to its (001)
RSC Adv., 2026, 16, 6464–6483 | 6469
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Fig. 3 XRD patterns of the GO, CPX, and fabricated thin films.
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and (100) crystalline planes, respectively. Similarly, the pure
PVA thin lm exhibited two characteristic peaks at 11.52° and
19.52°. The peak at 11.52° related to the (100) diffraction plane
of PVA, while the 19.52° peak was attributed to its (101) and
(10�1) diffractions. These ndings are in good agreement with
the reports on GO and PVA materials in previous studies.22,67,68

The PVA/GO thin lms exhibited the characteristic peaks of the
PVA at 11.52° and 19.52°, corresponding to the (100), (101), and
(10�1) diffractions. However, the incorporation of GO into the
PVA matrix resulted in the complete disappearance of the GO
peaks. It is worth noting that the diffraction peak of the PVA
sample at 19.52° was signicantly amplied in the PVA/GO
composite lm pattern. Similar results were also reported in
previous studies in which the intensity of the PVA peak at 19.52°
increased with the addition of GO in a concentration-dependent
manner.67,68 Moreover, an additional peak at 7.08° (indicated
with a red asterisk) appeared in the XRD diffractogram of the
PVA/GO sample, which is absent in the XRD pattern of indi-
vidual PVA and GO samples. These results indicate good
incorporation, desired exfoliation of entire GO nanosheets, and
uniform dispersion of GO in the PVA matrix that led to the
formation of new crystalline domains and improved crystal-
linity of the resultant PVA/GO thin lms. As a result, following
the addition of GO into the PVA matrices, the semi-crystalline
ngerprints of PVA were modied, and an enlarged, sharp
peak (increased width and sharpness) was observed together
with an additional peak, which suggests the improved crystal-
linity of the nanocomposites. The XRD pattern of the CPX
(Fig. 3) exhibited several diffraction peaks at 5–45° corre-
sponding to its crystalline structure. For better visualization, the
diffractogram of CPX is also expanded in Fig. 3. The peak
assignment of the CPX sample was performed according to the
peak values of 2q and Miller indices (hkl) and was conrmed
using the International Centre for Diffraction Data (ICCD)
crystallography databases (Reference number: 00-040-1653).
Accordingly, the following main XRD peaks at the specic 2q
values with relatedMiller indices were identied for the pristine
CPX sample, which is also assigned and specied to each peak
6470 | RSC Adv., 2026, 16, 6464–6483
of the CPX diffractogram shown in Fig. 3 (values in degrees):
5.43 (10�1), 7.24 (101), 11.05 (002), 12.64 (310), 14.72 (202), 18.10
(32�1), 19.71 (321), 20.39 (60�2), 21.2 (42�2), 22.41 (32�3), 23.14
(70�1), 24.88 (13�2), 27.75 (800), 28.99 (81�3), 30.87 (240), 33.46
(006), 40.44 (741), and 43.37 (127). Based on the results, the
pristine CPX showed a highly crystalline structure, which cor-
responded to a monoclinic crystal system with the unit cell
parameters of a= 27.0670 Å, b= 11.9190 Å, c= 16.7880 Å, a and
g= 90.0000°, b= 106.9790°, and Z= 12.00. Finally, the PVA/GO
sample containing 6% w/w of CPX revealed the (101) and (10�1)
characteristic peaks of PVA at the 2q value of 20.04° and (111)
diffraction of CPX at 7.96°. The latter, along with the absence of
GO diffraction, conrms the successful loading of GO and CPX
as well as their homogenous dispersion within the PVA poly-
meric matrix.

The surface morphological characteristics of the prepared
lms were investigated using FESEM analysis. The resultant
images at two magnications (100 mm and 200 nm) are depicted
in Fig. 4. The neat PVA lm showed an almost completely
smooth surface with some tiny particles visible on its surface.
The presence of these particles could be attributed to impurities
from the starting PVA materials or the glass molds used for
preparing the lms. However, the addition of GO and CPX to the
PVA lms resulted in rough surfaces with several aggregated
particles and pores that were uniformly distributed all over the
sample's surface. Therefore, incorporation of GO and CPX
reduced the smoothness of the PVA and resulted in a more
irregular surface topology. However, as we can see in the images
with higher magnication, the GO and CPX are completely
fused to the PVA surface and entirely coated with PVA material.
These results conrm the successful incorporation of the GO
and CPX within the PVA thin lms. It is worth mentioning that
the PVA/GO/CPX lms displayed more uniform and smoother
surface structure than the PVA/GO lms, which implies that the
addition of CPX signicantly improved the GO distribution
within the PVA thin lms.

The existence and relative ratio of each component in the
prepared thin lms were investigated by EDX analysis. From the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM images of the prepared thin films at two magnifications (top row: 100 mm and bottom row: 200 nm).
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combined and individual mapping results of each element in
Fig. 5, all the studied elements (C, O, N, and S) displayed
a uniform distribution throughout the sample's structures.
These results indicated that all starting materials were thor-
oughly mixed and evenly combined during the solution prepa-
ration and thin lm formation processes. The uniform
distribution of the thin lm's components, and especially that
of the loaded drug, guarantees the stable and tunable drug
Fig. 5 EDX analyses of PVA/GO/CPX 6% thin films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
release and, hence, uniform wound healing functionality. Given
its hydrophilic nature, CPX is fully compatible with aqueous
polymer solutions, enabling direct incorporation into PVA-
based casting systems without the need for additional
solvents, surfactants, or specialized solubilization steps. This
property facilitates uniform drug dispersion within the
prepared lms. The map sum spectrum of samples and their
relative weight ratios are also shown in Fig. 5. It is evident that
RSC Adv., 2026, 16, 6464–6483 | 6471
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the carbon and oxygen elements exhibit higher intensities and
weight ratios than nitrogen and sulfur elements. This is because
of the organic and polymer-based nature of the thin lm's
starting materials (PVA) and also the minuscule amounts of the
drug (CPX) loaded within the samples.

The thermal properties of the samples were investigated by
DSC, TGA, DTA, and DTG analyses. The DSC thermograms of all
the prepared thin lms and pristine CPX are depicted in Fig. 6,
and their major thermal transitions are summarized in Table 1.
DSC analysis can be applied to study the thermal properties of
the polymers and detect the presence or absence of a crystalline
drug in different matrices.69,70 The pure PVA lm showed two
peaks at 45.48 and 221.82 °C, corresponding to its Tg and Tm
points. Moreover, three endothermic peaks were identied for
the pure PVA lm at 269.93 °C, 345.20 °C, and 422.77 °C, which
were attributed to PVA thermal degradation (TDeg). It is reported
that the thermal degradation of PVA occurs in two stages,
namely, dehydration and chain scission. In the rst stage,
which occurs at 130–260 °C, the elimination of hydroxyl groups
and residual acetate groups leads to dehydration and formation
of polyene structures. The second stage, at 250–385 °C, involves
chain scission reactions, side reactions, cyclization reactions,
and the continued degradation of the residual organic compo-
sition of PVA. Therefore, the results obtained in this study
coincide well with the reported degradation prole of PVA in
previous studies.71,72 Incorporating GO within PVA thin lms
Fig. 6 Thermal properties of the samples. (A) DSC, (B) TGA, (C) DTG, an

6472 | RSC Adv., 2026, 16, 6464–6483
increased their Tg and TDeg to 88.65 °C and 338.40 °C and
421.59 °C, respectively, while decreasing the melting point to
215.70 °C. These results indicate the positive effect of GO on the
thermal properties of PVA lms and its homogenous dispersion
throughout the sample's structure. Moreover, it is worth
mentioning that, despite the Tm of the PVA/GO sample being
shied to lower temperatures compared with that of pure PVA
lms, the melting enthalpy of PVA/GO increased signicantly
from 28.54 to 84.51 J g−1, implying a higher crystallinity for GO-
containing samples. This conrms the enhanced and improved
crystallinity of the samples following the addition of GO, as
indicated in the XRD analysis section. Similar observations were
also reported for PVA/GO samples, as well as the other forms of
graphite-based materials, such as PVA/CNT, in previous
studies.73,74 The higher crystallinity of GO-containing samples
indicates that the polymer chains were immobilized by hydro-
phobic and/or hydrogen bonding interactions with the gra-
phene nanoplatelets, an effect that could support the enhanced
thermal stability of the resultant composites. The DSC ther-
mogram of pure CPX displayed an endothermic peak at 50.76 °C
due to the removal of moisture and unbonded water molecules
from its structure, while a second peak at 114.96 °C is related to
the dehydration of its structural water molecules (monohydrate
form). The Tm of CPX was observed around 229.36 °C, with
a characteristic decomposition peak at 526.25 °C. Variable Tm
points have been reported for CPX on scientic and commercial
d (D) DTA analyses.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal characteristics of the starting materials and fabricated thin films determined by DSC analysis

Samples Tg/°C Tm/°C TDeg/°C DHm/J g
−1 Xc/%

PVA 45.48 221.82 269.93, 345.20, 422.77 28.54 20.59
PVA/GO 88.65 215.70 338.40, 421.59 84.51 60.97
PVA/GO/CPX 6% 84.36 168.38 268.20, 342.61, 411.55 9.25 6.67
CPX — 229.36 526.25 42.08 —
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sites as well as various studies ranging from 161 to 326 °C,
depending on its type (anhydrate and monohydrate) and its
origin 75–77. Loading of CPX within PVA/GO lms shied all
the thermal parameters of the resultant lms (Tg, Tm, and TDeg)
to lower temperatures. Moreover, the melting enthalpy of the
PVA/GO lms was signicantly decreased by the addition of CPX
from 84.51 to 9.25 J g−1, which is because of the lower melting
enthalpy of pure CPX (42.08 J g−1) and its powdery form that
acts as an impurity within the polymeric substrate.71,78 Finally,
the TDeg points of PVA/GO (338.40 and 421.59 °C) and PVA/GO/
CPX lms (268.20, 342.61, 411.55 °C) were observed in the DSC
thermogram of each sample, which are in good agreement with
the previously reported two-stage degradation of PVA materials.
Finally, it is evident from Table 1 that the crystallinity of the
lms was increased by the addition of GO, while a reduction in
the crystallinity of the samples was observed upon the addition
of CPX. The reduction in crystallinity upon drug incorporation
likely arises from molecular interactions between cephalexin
and the PVA/GO network, which can disrupt the regular
arrangement of polymer chains and hinder crystal formation.
Such interactions may include hydrogen bonding between the
drug's functional groups and the hydroxyl-rich PVA backbone,
as well as possible surface interactions with GO.

The TGA and DTG proles of thin lms and pure CPX are
illustrated in Fig. 6B and C, respectively, and their main thermal
characteristics are summarized in Table 2. As we can see, all the
fabricated thin lms display a four-step thermal degradation
behavior in the temperature range 21–650 °C. The rst stage
thermal degradation of samples from 21 to about 280 °C was
attributed to the release of moisture and volatile compounds
from the internal structure of the lms, which accounts for
approximately 10–20% of the weight loss of the samples. Rapid
thermal degradation of samples occurs in the second step
within the temperature range 230–390 °C, and a weight loss of
around 60–70%was observed for all samples. This weight loss is
related to the structural decomposition and degradation of the
PVA lms.79,80 The third and fourth degradation stages were
attributed to the further pyrogenic decomposition of the
unstable residues created in the second degradation stage of the
Table 2 Thermal properties of the samples, as obtained from the TGA a

Samples

Step 1 Step 2

T (°C) WL (%) T (°C) WL (%)

PVA 21.00–231.59 11.71 232.00–350.88 70.37 35
PVA/GO 21.00–279.77 18.40 280.00–391.94 60.61 39
PVA/GO/CPX 6% 21.00–280.13 15.37 281.00–391.75 62.23 39
CPX 21.00–175.94 7.04 176.00–208.24 18.78 20

© 2026 The Author(s). Published by the Royal Society of Chemistry
samples. From Table 2, it is evident that all the prepared thin
lms resulted in approximately the same residual weight at the
end of the experiment due to their organic and carbonaceous
nature. The pure CPX also exhibited a four-step degradation
prole from 21 to 650 °C. The rst decomposition stage, at 21–
175.94 °C, corresponds to the removal of moisture and chem-
isorbed water molecules from the CPX structure. The dehydra-
tion of the sample, with the loss of one water molecule from the
composition of the hydrate, took place in the second degrada-
tion stage in the temperature range 176.00–208.24 °C, which
coincides with the results obtained from DSC analysis. The
third process, at 209.00–368.78 °C, involves the destruction of
the cephalosporin molecule, with most parts of the CPX mole-
cule decomposing at this stage (53.46%). In the fourth stage, the
degradation of remaining composition and unstable residues
from the previous stages takes place until 615.76 °C. From
Fig. 6B and C and Table 2, we can see that the pure CPX and
drug-containing lms show slightly higher residual weights
than drug-free samples (indicated by a single asterisk).75,76 This
could be related to the sulfur content of CPX, which renders
a composition that is less volatile and more resistant to degra-
dation at high temperatures. These results clearly indicate the
successful loading of CPX within the prepared lms.81,82 It is
worth mentioning that the addition of GO to the samples
signicantly increased their thermal stability (shied to higher
temperatures), as is evident from the DTG proles of the
samples (indicated by dotted red arrows).

The DTA analyses of the lms (Fig. 6D) revealed similar
proles to those of the DSC thermograms (Fig. 6A). From this
gure and in agreement with the results obtained from DSC
analysis, it can be concluded that the Tg and TDeg points of thin
lms were increased with the incorporation of GO and CPX
within the lms. On the other hand, the Tm of the lms shied
to slightly lower temperatures by the addition of GO and CPX.
However, the melting enthalpies of the resultant lms displayed
the opposite trend with their Tm points by incorporation of GO
and CPX. As discussed above, the elevated Tg, TDeg, and melting
enthalpies of the composite lms, as well as their higher
residual weights from TGA analysis, conrm their improved
nd DTG analysis results

Step 3 Step 4

Residual weight (%)T (°C) WL (%) T (°C) WL (%)

1.00–454.75 11.21 455.00–617.39 4.19 2.52
2.00–468.87 15.14 469.00–616.27 3.14 2.71
2.00–465.26 13.64 466.00–617.97 2.99 5.77
9.00–368.78 53.46 369.00–615.76 17.52 3.20

RSC Adv., 2026, 16, 6464–6483 | 6473
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Fig. 7 Water contact angle images of the fabricated PVA, PVA/GO, and PVA/GO/CPX 6 thin films.
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thermal stability compared to pure PVA thin lms. An identical
thermal behavior based on DSC and DTA analysis was also
observed for pristine CPX, as evident from Fig. 6A and D.

The contact angle measurements provide valuable informa-
tion regarding the interaction of the scaffolds with water or
other liquids and reveal whether the material is hydrophilic or
hydrophobic. Fig. 7 displays the contact angle of the pure PVA,
PVA/GO, and PVA/GO/CPX 6%. The results showed that the pure
PVA lms have higher interaction with the water drop (q =

70.7°), and the contact angle of the prepared lms increased by
the incorporation of GO and CPX (q = 75.1° and 104.6°,
respectively). The contact angle of PVA was reported to be in the
range of 45° to 70°, indicating a hydrophilic surface. The higher
contact angle of the PVA lm in this study was attributed to its
highly hydrolyzed nature (fully hydrolyzed PVA).83 Moreover,
increasing or decreasing the contact angle of the PVA scaffolds
by the addition of GO was highlighted in previous studies,
depending on the GO concentration and the specic condi-
tions. In this regard, it is shown that the small amounts of GO
can increase hydrophilicity (decrease contact angle), while
higher concentrations can lead to increased roughness and
potentially increased contact angles.84,85 However, the increase
in the contact angle of the lms is more pronounced by the
addition of CPX, and a 29.5° augmentation in contact angle
value was observed for the resultant lms. By considering the
moderately hydrophilic nature of the CPX, these results could
be explained by its better interaction with PVA than GO, which
makes the hydrophobic GO more accessible and leads to an
increase in the water contact angle.

The aqueous stability and swelling ratio of the lms were
investigated by gravimetric analysis; the results are depicted in
Fig. 8A and B, respectively. It can be seen that all the prepared
samples exhibit similar degradation and swelling proles due
to the common and major component (PVA) used in their
preparation process. However, it is evident that the PVA/GO
sample showed higher aqueous stability and, therefore,
a higher swelling ratio than the other samples. This highlights
the reinforcement effect of the GO in the prepared thin lms,
which results in higher stability. On the other hand, the CPX-
containing lms exhibited higher degradation and thereby
lower swelling percentage in comparison to the drug-free
samples. Moreover, a pH-dependent behavior was observed
for all the prepared thin lms. In this regard, the fabricated
lms exhibited higher degradation and lower swelling ratios at
6474 | RSC Adv., 2026, 16, 6464–6483
lower pH values (pH 5.5). Nonetheless, all the fabricated thin
lms displayed a desirable swelling ratio in both pH values
(greater than 1000%), which is highly benecial in medical and
biomedical applications such as wound healing.

In the next step, the release proles of CPX from thin lms
were investigated in PBSmedia with two different pH values (5.5
and 7.4). To this end, the calibration curves of CPX in two media
were established using UV-vis spectroscopy at 275 nm. From
Fig. 9A and B, a good linearity with a high correlation coefficient
(R2) was obtained at the studied concentration range (10–200
ppm). The drug release proles of CPX from the fabricated thin
lms in Fig. 9C and D show two distinctive release behaviors at
pH 7.4 and 5.5. As we can see, a two-stage release behavior is
observed at pH 7.4, while the CPX liberation at pH 5.5 occurs in
a single stage. In this regard, a fast CPX release at pH 7.4 is
observed in the rst stage up to 120 min, followed by a slower
release prole in the second stage. However, a single and fast
release prole is observed at pH 5.5 throughout the entire
duration of the experiment. This can be attributed to the higher
degradation of the lms at pH 5.5, which conrms that the
liberation of CPX takes place through a matrix degradation
mechanism. In general, more than 90% of CPX was released at
pH 5.5 at the end of the experiment compared to 80% CPX
liberation at pH 7.4. These results conrm a pH-dependent
behavior for the resultant thin lms, which enables controlled
drug release by pH variation.

To further evaluate the drug release behavior of the obtained
scaffolds, their drug release mechanisms were studied by tting
the release data to the different release kinetic equations,
including zero-order, rst-order, Higuchi, and Korsmeyer–Pep-
pas models. The model parameters and correlation coefficient
(R2) values of the respective models were determined in PBS
solutions at pH 7.4 and 5.5, and the results are summarized in
Table 3. The rst-order model did not result in the desired
tting procedure (negative tting parameters for R2, Q0, and Kl)
and therefore the corresponding parameters are not included in
Table 3. According to the R2 values listed in Table 3, the Higuchi
model showed moderate tting to the obtained datasets.
However, the best tting results were observed for the zero-
order and Korsmeyer–Peppas models, with R2 values greater
than 0.95. It can be seen that, of these two models, the Kors-
meyer–Peppas model best described the CPX release proles of
the scaffolds. Thus, the Korsmeyer–Peppas tted release
diagrams, obtained tting equations, and R2 values for different
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A and B) Degradation profiles and (C and D) swelling ratios of the prepared films at two different pH values.
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CPX-loaded scaffolds at various concentrations are displayed in
Fig. 10. As we can see, the Korsmeyer–Peppas kinetic model
properly tted the release data of all the fabricated scaffolds.
Furthermore, the values of the release exponent (n) of the
Korsmeyer–Peppas model (Table 3 and Fig. 10) are in the range
of 0.51–0.67 for prepared thin lms in both mediums, which
indicates that the release followed an anomalous transport
(non-Fickian diffusion) mechanism (0.45 < n < 1).55 According to
this mechanism, in addition to diffusion, other mechanisms
may also contribute to the release of CPX from the fabricated
lms. By referring to Table 3, one can conclude that the R2

values of the studied models were improved to some extent in
PBS media with a lower pH (5.5). These results, along with the
higher degradation of the prepared thin lms in acidic media
(pH 5.5), may support the hypothesis that the CPX release from
the scaffolds mainly occurs through drug diffusion and erosion
of the polymeric matrix.
Antibacterial activity

The antibacterial activity of the selected lms (PVA, PVA/GO,
and PVA/GO/CPX 6%) was evaluated using the disk diffusion
test against S. aureus and E. coli bacteria. As described in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
Materials and Methods section, the fabricated lms were
punched into circular samples (0.5 cm in diameter) for anti-
bacterial evaluation. However, owing to PVA's high hydrophi-
licity and water-absorbing properties, the lms underwent
noticeable shrinkage and, in some cases, detached from the
culture medium surface. This resulted in signicant size vari-
ation among the lms, which hampers the precise interpreta-
tion of their antibacterial performance.22,86 This limited physical
stability is a signicant drawback of PVA-based lms in aqueous
environments, underscoring the need for further material
optimization in future studies. Nevertheless, as shown in
Fig. 11, the PVA and PVA/GO samples exhibited no antibacterial
activity against the two studied bacterial strains. On the other
hand, the drug-containing lms (PVA/GO/CPX 6%) exhibited
a signicant inhibition zone diameter against both bacteria. In
this regard, the PVA/GO/CPX 6% sample resulted in 19 mm and
39 mm inhibition zone diameters against E. coli and S. aureus
bacteria, respectively. Consequently, our results conrmed the
suitable antibacterial activity of the fabricated lms against
both Gram-negative and Gram-positive bacteria. Moreover, it
can be seen that higher antibacterial activity was observed
against Gram-positive bacteria than Gram-negative bacteria.
RSC Adv., 2026, 16, 6464–6483 | 6475
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Fig. 9 (A and B) Calibration curves of CPX at pH 7.4 and 5.5. (B and C) Release profiles of CPX from the fabricated thin films containing different
amounts of CPX at pH 7.4 and 5.5.

Table 3 In vitro release kinetic values of CPX-loaded thin films ob-
tained using different kinetic models

Codes

Zero order
Higuchi

(diffusion)
Korsmeyer–

Peppas

R2 Q0 K0 R2 kh R2 km n

pH = 7.4
PVA/GO/CPX 2% 0.935 18.71 0.17 0.892 0.35 0.971 1.23 0.67
PVA/GO/CPX 4% 0.949 12.76 0.14 0.856 0.37 0.968 1.73 0.61
PVA/GO/CPX 6% 0.909 17.76 0.14 0.732 0.39 0.969 3.35 0.51

pH = 5.5
PVA/GO/CPX 2% 0.962 15.23 0.17 0.861 0.43 0.996 2.23 0.60
PVA/GO/CPX 4% 0.933 18.71 0.17 0.794 0.45 0.994 3.23 0.54
PVA/GO/CPX 6% 0.941 21.17 0.18 0.773 0.48 0.997 3.84 0.52
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This difference in the antibacterial activity of lms against the
two studied bacterial strains is attributed to their differences in
structure, morphology, and cell wall components. For example,
Gram-positive bacteria possess a higher cell wall thickness and
denser peptidoglycan layer than Gram-negative bacteria, which
are mostly surrounded by tightly packed lipopolysaccharides
6476 | RSC Adv., 2026, 16, 6464–6483
(LPS) and an outer membrane.87–89 These differences in the cell
structure of the different bacterial strains signicantly alter
their interaction with antibacterial substances and lead to
differences observed in antibacterial testing for these two types
of bacteria. The antibacterial activity of the fabricated lms was
also studied by the viable cell count method against the Gram-
positive and Gram-negative bacterial strains. As shown in
Fig. 12C and Table 4, all the prepared thin lms demonstrated
time-dependent bactericidal activity against both bacterial
strains, and their bactericidal activity increased with increasing
incubation time. Among the tested samples, the drug-
containing lm (PVA/GO/CPX 6%) exhibited superior antibac-
terial activity at all time points (1, 3, and 6 h). Moreover, it is
evident that the fabricated thin lms exhibited higher anti-
bacterial activity against Gram-positive microorganisms (S.
aureus) than against Gram-negative bacteria (E. coli). As di-
scussed above, this difference in the antibacterial activity of the
samples against the studied bacterial strains stems from the
different structure, morphology, and cell wall components of
Gram-positive bacteria compared to Gram-negative bacteria.87–89

Therefore, it can be concluded that the thin lm components,
as well as the loaded CPX drug, strongly interfere with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Drug release data fitted to the Korsmeyer–Peppas model obtained from the drug release studies of the CPX-loaded thin films in PBS
solutions at (A) pH 7.4 and (B) pH 5.5.

Fig. 11 Antibacterial activity of PVA, PVA/GO, and PVA/GO/CPX 6% against S. aureus and E. coli using the disk diffusion test.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 6464–6483 | 6477
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Fig. 12 Representative images of the antibacterial activity of PVA, PVA/GO, and PVA/GO/CPX 6% against S. aureus and E. coli, measured by the
viable cell count method.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 2
:5

1:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
bacterial cell membrane permeability and normal function,
eventually leading to cell death. On the other hand, it is
surprisingly found that drug-free samples (PVA and PVA/GO)
also exhibited good antibacterial activity, especially at more
extended periods. Although no antibacterial properties have
been reported for neat PVA materials, the antibacterial potency
of GO has been highlighted against a variety of bacteria,
including both Gram-positive and Gram-negative strains, in
Table 4 Results of the viable cell countmethod for determining the antib
and E. colia

Gram positive bacteria

Sample

Strain: S. aureus

1 h

VC1

(CFU mL−1)
RP2

(%)
LR3

(Log10)
VC1

(CFU m

PVA 7 × 105 30 0.155 5 × 1
PVA/GO 4 × 105 60 0.398 3 × 1
PVA/GO/CPX 6% <1 × 102 >99.9 >4.000 <1 × 1

Gram negative bacteria

Sample

Strain: E. coli

1 h

VC1

(CFU mL−1)
RP2

(%)
LR3

(Log10)
VC1

(CFU m

PVA >9.5 × 105 <5 <0.022 >9.5 ×

PVA/GO 9.5 × 105 5 0.022 9 × 1
PVA/GO/CPX 6% 9 × 105 10 0.046 8 × 1

a 1-Viable count, 2-Reduction percentage, 3-Logarithmic reduction.

6478 | RSC Adv., 2026, 16, 6464–6483
previous studies.90,91 This mild antibacterial effect of PVA and
PVA/GO could arise from indirect mechanisms. PVA is highly
hydrophilic and forms a gel-like surface when hydrated. This
can limit bacterial adhesion and reduce microbial growth on
the material surface, giving the impression of a weak antibac-
terial activity. On the other hand, as mentioned earlier, gra-
phene oxide is known to exhibit moderate antibacterial
behavior through physical membrane disruption caused by the
acterial activity of PVA, PVA/GO, and PVA/GO/CPX 6% against S. aureus

ATCC 25923

3 h 6 h

L−1)
RP2

(%)
LR3

(Log10)
VC1

(CFU mL−1)
RP2

(%)
LR3

(Log10)

05 50 0.301 <1 × 102 >99.9 >4.000
05 70 0.523 <1 × 102 >99.9 >4.000
02 >99.9 >4.000 <1 × 102 >99.9 >4.000

ATCC 25922

3 h 6 h

L−1)
RP2

(%)
LR3

(Log10)
VC1

(CFU mL−1)
RP2

(%)
LR3

(Log10)

105 <5 <0.022 9.5 × 105 5 0.022
05 10 0.046 8 × 105 20 0.097
05 20 0.097 1 × 105 90 1.000

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Cell viability of the studied samples using the MTT assay toward the HFF-1 cell line. (n. s.: not significant, *P < 0.05, **P < 0.01 vs. control).
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sharp GO nanosheets, generation of reactive oxygen species
(ROS), and adsorption of bacterial components, which can
impair cell function. These mechanisms can suppress bacterial
proliferation even in the absence of antibiotics. Therefore, the
limited antibacterial activity observed in PVA and PVA/GO lms
is not due to strong bactericidal properties but rather to surface-
related effects (PVA) and intrinsic physicochemical interactions
(GO). The signicant antibacterial effect reported in this study
arises primarily from CPX incorporation, not from the polymer
matrix itself.

The cytocompatibility of the fabricated thin lms was
investigated via MTT assay toward the HFF-1 normal human
cell line and compared with the control group (no treatment).
The cell lines were exposed to different concentrations (4, 8, 16,
32, and 64 mg mL−1) of the aforementioned samples (dissolved
in PBS solutions for 24 h and subsequently homogenized), and
cell viability percent was monitored over 24 h. From the results
presented in Fig. 13, all samples displayed the desired cyto-
compatibility, with more than 80% cell viability. However, upon
increasing the concentration, the cell viability percentage of all
Fig. 14 Images of the HFF-1 cells treated with 64 mg mL−1 of the samp

© 2026 The Author(s). Published by the Royal Society of Chemistry
samples decreased proportionally. Among the studied samples,
the pure PVA lm exhibited higher cell viability, and the cyto-
compatibility of thin lms was diminished by the addition of
GO and CPX. Regarding the different concentrations of CPX (2,
4, and 6% w/w), the 4% w/w CPX sample displayed the lowest
cell viability compared to the 2% and 6% w/w-containing thin
lms. The higher cell viability percent of PVA/GO/CPX 6% could
be attributed to the efficient loading and rm displacement of
the drug within the thin lm matrices at this concentration,
along with its lower proportional drug release to the culture
medium. This hypothesis could be conrmed by the similar
release proles and almost identical amounts of liberated drug
that were observed in the drug release experiments. Moreover, it
should be mentioned that the differences observed in the cell
viability percent of the lms with various concentrations of the
drug were not statistically signicant. On the other hand, the
drug-containing thin lms exhibited a higher cell viability
percentage than the free drug at the same studied concentra-
tions. Therefore, it could be concluded that the incorporation of
CPX within the polymeric scaffolds enhances its
les after 24 h and the corresponding IC50 values of the samples.

RSC Adv., 2026, 16, 6464–6483 | 6479
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cytocompatibility toward the intended cell lines. Images of the
HFF-1 cells treated with 64 mg mL−1 of the samples aer 24 h
are illustrated in Fig. 14, and the corresponding IC50 values of
the samples were also provided in this gure. As we can see, all
samples resulted in good cell viability and higher IC50 values at
the intended concentration and time interval, indicating their
desired levels of safety and cytocompatibility. It is worth
mentioning that the morphology of the cells treated with the
solutions of thin lms is almost identical to that of the control
(no treatment). On the other hand, treating the HFF-1 cells with
free drug (CPX) signicantly altered their morphology and
shape. These results highlight the proliferative and protective
characteristics of the fabricated thin lms through controlling
and sustaining the liberation of the drug into the culture media.
In conclusion, the cytotoxicity analysis in this study revealed
a high safety and cytocompatibility for the resultant thin lms,
which could be considered for use in medical and biomedical
applications such as wound healing.
Conclusion

In this study, PVA/GO thin lms containing CPX antibiotic were
successfully developed as a topical drug delivery system for
application in wound management. The chemical structure and
crystallinity of the samples were studied by FTIR and XRD
analyses, respectively. A higher thermal stability was recorded
for GO-containing scaffolds via DSC, TGA, DTG, and DTA
techniques, while the addition of CPX signicantly compro-
mised the thermal stability of the resultant lms. Moreover, the
porosity and surface roughness of the lms were increased by
the addition of the GO and CPX, and their uniform distribution
throughout the sample's structure was conrmed by EDX
analyses. Additionally, the incorporation of the GO and CPX
resulted in a more hydrophobic surface characteristic for the
obtained lms. The fabricated thin lms also displayed pH-
dependent degradation, swelling, and release behaviors in the
PBS solutions of pH 7.4 and 5.5. Furthermore, a two-stage
release prole was observed for drug-containing lms, and
the drug-loaded scaffolds exhibited potent antibacterial activity
against both Gram-positive and Gram-negative bacteria. A
desired cell viability up to 64 mgmL−1 during 24 h was achieved
in the cytocompatibility tests, and the toxic effect of the samples
increased in a concentration-dependent manner. According to
the results, the fabricated PVA/GO/CPX thin lms could be
introduced as a potential candidate for the management of
topical infections and wound healing applications.
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