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ABSTRACT

Background: Hospital-associated infections and antimicrobial resistance remain major clinical
challenges, particularly in settings with high bacterial burden and frequent antibiotic exposure. Chitosan
is a biocompatible antimicrobial polymer, but its limited mechanical stability restricts broader
biomedical use. Graphene oxide and reduced graphene oxide may improve chitosan membrane
performance, although their different oxidation states may produce distinct antimicrobial, mechanical,
and biological effects. Objective: To compare the antimicrobial efficacy, mechanical stability, and basic
biocompatibility of pure chitosan, chitosan—graphene oxide, and chitosan-reduced graphene oxide
membranes. Methods: This comparative experimental study evaluated three membrane groups
prepared by solution casting. Physical and mechanical properties were assessed using thickness, water
uptake, tensile strength, elongation at break, and surface pH. Antimicrobial activity was tested against
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae using
agar diffusion and direct-contact viable count methods. Cell viability and hemolysis were used for basic
compatibility assessment. Results: Chitosan-GO showed the highest tensile strength (32.7 + 2.1 MPa),
largest inhibition zones, and greatest 24-hour bacterial reduction (94.3 + 2.8%), followed by chitosan—
rGO and pure chitosan. Pure chitosan had the highest cell viability (93.4 + 2.5%), while chitosan-GO
retained acceptable viability (88.7 + 2.8%) and lower hemolysis than chitosan-rGO. Conclusion:
Chitosan-graphene oxide demonstrated the best overall balance of antimicrobial efficacy, mechanical
strength, and biological compatibility, supporting its potential for antimicrobial biomaterial
development. Keywords: Chitosan membrane; graphene oxide; reduced graphene oxide; antimicrobial
efficacy; hospital pathogens; biomaterials; mechanical stability; biocompatibility.

INTRODUCTION

Antimicrobial resistance has become one of the most serious threats to modern health care, particularly
in hospital settings where vulnerable patients are exposed to invasive procedures, open wounds, surgical
sites, indwelling devices, and prolonged antibiotic therapy. The global burden of bacterial antimicrobial
resistance in 2019 demonstrated that resistant infections are no longer limited to microbiological
concern but represent a major contributor to morbidity and mortality across health systems (1). This
challenge is especially relevant in Pakistan, where tertiary-care hospitals face high infectious disease

pressure, frequent empirical antibiotic use, delayed culture-guided treatment, and documented gaps in
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antimicrobial stewardship practice (23-25). In such environments, infection-preventive biomaterials that
can reduce microbial colonization before progression to established infection may offer an important

supportive strategy alongside conventional antimicrobial control.

Chitosan has gained considerable attention as a biomedical polymer because of its biodegradability,
biocompatibility, film-forming capacity, and intrinsic antimicrobial activity. Its cationic structure enables
interaction with negatively charged bacterial cell surfaces, leading to altered membrane permeability,
disruption of nutrient transport, and inhibition of microbial viability (17-21). These properties make
chitosan suitable for wound-contact membranes, antimicrobial films, and temporary biomedical
interfaces. However, pure chitosan membranes often show limited tensile strength, variable moisture
stability, and reduced durability under demanding biological conditions, which restricts their
independent use in applications requiring both antimicrobial action and mechanical integrity (17-21).

Graphene-based nanomaterials have been explored as reinforcing agents to overcome these limitations.
Graphene oxide contains oxygenated functional groups, including hydroxyl, epoxy, and carboxyl groups,
which improve hydrophilicity, dispersion, and interfacial interaction with polymer matrices such as
chitosan. Reduced graphene oxide, produced by partial removal of these oxygen-containing groups, has
different surface chemistry, lower hydrophilicity, altered sheet aggregation behavior, and distinct
biological interactions (2,3,11,22). Although both materials belong to the graphene family, their
oxidation states may substantially influence membrane morphology, bacterial contact, mechanical
reinforcement, water uptake, and host-cell compatibility.

Previous studies have shown that graphene oxide and graphene-based composites can inhibit bacterial
growth through membrane stress, physical wrapping or trapping, oxidative injury, and disruption of
cellular integrity (2-6). Chitosan—-graphene oxide films have also demonstrated improved structural
properties and biological performance in biomedical applications (7-16). However, findings across
graphene systems are not uniform because antimicrobial effects depend on oxidation state, surface
chemistry, concentration, dispersion quality, sheet size, exposure time, and bacterial strain. Despite
growing evidence on graphene-reinforced chitosan biomaterials, direct comparative evidence between
chitosan-graphene oxide and chitosan-reduced graphene oxide membranes under the same
experimental framework remains limited. This knowledge gap is important because treating graphene
oxide and reduced graphene oxide as interchangeable materials may lead to inaccurate assumptions
about antimicrobial efficacy, mechanical stability, and biological safety.

A clinically useful antimicrobial membrane must provide more than bacterial inhibition alone. It should
combine effective contact-based antimicrobial action with acceptable tensile strength, controlled water
uptake, structural uniformity, and biocompatibility. This balance is particularly important for hospital-
relevant applications such as wound-care materials and temporary antimicrobial surfaces, where
excessive cytotoxicity or poor mechanical behavior would limit practical translation. Because tertiary-
care hospitals in Sindh, Pakistan, continue to face substantial infectious disease burden and antimicrobial
resistance concerns, locally relevant evaluation of low-cost antimicrobial biomaterials is scientifically
and clinically justified (23-25).

Therefore, the present comparative experimental study was designed to evaluate the antimicrobial,
mechanical, and basic biocompatibility performance of pure chitosan, chitosan-graphene oxide, and
chitosan-reduced graphene oxide membranes. The study specifically examined whether the oxidation
state of graphene influences membrane behavior against common hospital bacterial isolates, including
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella pneumoniae. The
primary hypothesis was that chitosan-graphene oxide membranes would demonstrate superior
antimicrobial efficacy and mechanical stability compared with chitosan-reduced graphene oxide and
pure chitosan membranes, while maintaining an acceptable biocompatibility profile.
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MATERIALS AND METHODS

This comparative experimental study evaluated three membrane systems: pure chitosan membrane,
chitosan-graphene oxide membrane, and chitosan-reduced graphene oxide membrane. The study was
designed to determine whether the oxidation state of graphene reinforcement influenced antimicrobial
activity, physical stability, mechanical behavior, and basic biocompatibility. Membrane preparation,
characterization, antimicrobial testing, and biological compatibility assessment were conducted under
standardized laboratory conditions, while clinically relevant bacterial isolates were obtained with support
from selected tertiary-care hospitals in Sindh, Pakistan. The total study duration was six months, during
which material procurement, membrane fabrication, bacterial confirmation, antimicrobial testing,

mechanical evaluation, and biocompatibility assessment were completed.

Medium-molecular-weight chitosan with a high degree of deacetylation was used as the base polymer.
Glacial acetic acid was used for chitosan dissolution, while analytical-grade graphene oxide and reduced
graphene oxide powders were used as reinforcing nanomaterials. Sodium hydroxide and distilled water
were used for membrane neutralization and washing, and glycerol was added as a plasticizing agent to
improve film flexibility and reduce brittleness. Microbiological testing was performed using Mueller—
Hinton agar, nutrient agar, nutrient broth, phosphate-buffered saline, sterile swabs, micropipettes, Petri
plates, and standard microbiological reagents.

Clinical bacterial isolates were selected according to their relevance to hospital-associated infections.
The tested organisms included Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and
Klebsiella pneumoniae. Only pure, actively growing cultures were included. Isolates were subcultured
and confirmed using standard microbiological procedures, including Gram staining and routine
biochemical identification where required. Before antimicrobial testing, bacterial suspensions were
standardized to approximately 0.5 McFarland turbidity to ensure comparable inoculum density across
all experimental groups.

The pure chitosan membrane was prepared by dissolving chitosan powder in 1% acetic acid under
continuous magnetic stirring until a homogeneous viscous solution was obtained. A fixed amount of
glycerol was added to improve membrane flexibility. The solution was filtered to remove undissolved
particles and air bubbles, poured onto clean leveled casting plates, and dried under controlled conditions.
After drying, the membrane was carefully peeled, neutralized using dilute sodium hydroxide, repeatedly
washed with distilled water until neutral pH was achieved, dried again, and stored in sterile polythene
sheets until testing.

The chitosan-graphene oxide membrane was prepared by dispersing a fixed amount of graphene oxide
in distilled water through magnetic stirring followed by sonication to reduce aggregation and improve
uniformity. The graphene oxide dispersion was gradually added to the chitosan solution under
continuous stirring and mixed until a uniform composite solution was obtained. The mixture was cast,
dried, neutralized, washed, and stored using the same procedure as the pure chitosan membrane to
minimize procedural variation between groups.

The chitosan-reduced graphene oxide membrane was prepared using the same casting approach.
Reduced graphene oxide was dispersed in distilled water using extended stirring and sonication because
of its relatively lower hydrophilicity and greater tendency toward aggregation. The dispersion was slowly
incorporated into the chitosan solution under continuous stirring, followed by casting, drying,
neutralization, washing, and storage under identical conditions. All membranes were prepared with
comparable target thickness, and circular discs of equal diameter were cut under sterile conditions for
antimicrobial testing.

The experimental groups were defined as Group A, pure chitosan membrane; Group B, chitosan-
graphene oxide membrane; and Group C, chitosan-reduced graphene oxide membrane. Each
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membrane group was prepared and tested in repeated experimental replicates to improve
reproducibility. Membrane thickness was measured at multiple points using a digital micrometer, and
mean thickness was recorded. Water uptake was assessed by weighing dried membrane samples,
immersing them in distilled water for a fixed duration, removing surface moisture, and reweighing them
to calculate percentage weight gain. Surface pH was measured to confirm that residual acidity or
alkalinity did not confound biological response. Mechanical stability was assessed through tensile
testing, and tensile strength and elongation at break were recorded as indicators of reinforcement
performance.

Antimicrobial activity was assessed using agar diffusion and direct-contact viable count methods. For
agar diffusion testing, standardized bacterial inoculum was spread uniformly over Mueller-Hinton agar
plates. Sterile membrane discs from each group were placed on the inoculated agar surface and
incubated at 37°C for 18-24 hours. After incubation, zones of inhibition were measured in millimeters
using a standardized measuring scale. Because membrane-based materials may not diffuse uniformly
through agar, direct-contact testing was also performed to provide a more reliable estimate of contact-
mediated bacterial reduction.

For viable count testing, membrane samples were placed in direct contact with standardized bacterial
suspensions for predetermined exposure periods of 2, 6, and 24 hours. After exposure, surviving bacteria
were serially diluted and plated on nutrient agar. Colony-forming units were counted after incubation,
and percentage bacterial reduction was calculated by comparing viable counts across membrane groups.
The primary antimicrobial outcome was percentage bacterial reduction after 24-hour direct contact.
Secondary antimicrobial outcomes included zones of inhibition and surviving bacterial counts for each
tested organism.

Biocompatibility was assessed using cell viability and hemocompatibility-related screening. For cell
viability assessment, membrane extracts were exposed to cultured cells under controlled conditions, and
relative cell viability was recorded as a percentage compared with control conditions.
Hemocompatibility was assessed by exposing membrane samples to diluted human blood and
calculating hemolysis percentage. These outcomes were included to determine whether improved
antimicrobial activity was accompanied by acceptable biological safety.

All experimental data were recorded on structured data sheets and checked for completeness before
analysis. Continuous variables, including membrane thickness, water uptake, tensile strength,
elongation at break, zones of inhibition, percentage bacterial reduction, surviving bacterial count, cell
viability, and hemolysis percentage, were summarized using means and standard deviations. Intergroup
comparisons among the three membrane groups were performed using one-way analysis of variance.
Where statistically significant differences were observed, post hoc pairwise comparisons were applied to
identify differences between pure chitosan, chitosan-graphene oxide, and chitosan-reduced graphene
oxide membranes. A p-value of less than 0.05 was considered statistically significant. Analytical
interpretation focused on both statistical significance and biological relevance, particularly the balance
between antimicrobial efficacy, mechanical performance, and compatibility outcomes.

Permission was obtained from the relevant institutional and hospital authorities before collection and
use of clinical bacterial isolates. Standard biosafety procedures were followed during culture handling,
membrane exposure testing, incubation, and disposal of infectious material. For blood-contact testing,
ethical approval and informed consent procedures were followed according to institutional
requirements. Reproducibility was strengthened by using standardized membrane preparation
procedures, equal-sized test discs, comparable membrane thickness targets, standardized bacterial
inoculum density, repeated experimental measurements, calibrated measurement tools, and structured
data recording.
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RESULTS

The study compared pure chitosan, chitosan-graphene oxide, and chitosan-reduced graphene oxide
membranes for physical stability, antimicrobial performance, and basic biocompatibility. All membranes
were successfully fabricated, but graphene-reinforced membranes showed better handling strength than
pure chitosan. The chitosan-GO membrane showed the strongest overall profile, while chitosan-rGO
improved performance compared with pure chitosan but remained slightly inferior to chitosan-GO in
most outcomes. Exact p-values and confidence intervals could not be added because raw replicate-level
data were not provided; therefore, the manuscript’s reported significance threshold is retained as p <
0.05.

Table 1. Physical and Mechanical Characteristics of the Prepared Membranes

Parameter Chitosan Membrane Chitosan-GO Membrane Chitosan-rGO Membrane Statistical Interpretation
Thickness (mm) 0.23 + 0.02 0.25 + 0.01 0.24 + 0.02 Comparable across groups
Water uptake (%) 1486 + 6.4 132.8 + 5.9 1184 + 6.1 p<0.05

Tensile strength (MPa) 214 +18 327 +21 293 +19 p<0.05

Elongation at break (%) 182+15 246 +1.7 203 1.4 p<0.05

Surface pH 6.4+0.1 6.6+ 0.1 6.5+ 0.1 Comparable across groups

Pure chitosan showed the highest water uptake at 148.6 + 6.4%, indicating greater hydrophilicity but
lower dimensional stability. Water uptake decreased to 132.8 + 5.9% in the chitosan—GO group and 118.4
+ 6.1% in the chitosan-rGO group. Tensile strength increased from 21.4 + 1.8 MPa in pure chitosan to
32.7 + 2.1 MPa with GO reinforcement and 29.3 + 1.9 MPa with rGO reinforcement, showing that both
graphene derivatives strengthened the membrane, with GO producing the highest mechanical gain.

Table 2. Zone of Inhibition Produced by Membrane Discs Against Test Bacteria

Test Organism Chitosan Membrane (mm) Chitosan-GO Membrane Chitosan-rGO Membrane Statistical Interpretation
(mm) (mm)

Staphylococcus aureus 92+08 178 +1.1 156 + 1.0 p<0.05

Escherichia coli 84:07 16.9 + 0.9 14808 p<0.05

Pseudomonas aeruginosa 7.1+ 0.6 146+ 0.8 129+ 0.7 p<0.05

Klebsiella pneumoniae 78+0.5 154 + 0.9 137+ 0.8 p<0.05

The inhibition-zone pattern consistently favored chitosan-GO, followed by chitosan-rGO and pure
chitosan. Against S. aureus, chitosan-GO produced the largest zone of inhibition at 17.8 + 1.1 mm,
compared with 15.6 + 1.0 mm for chitosan-rGO and 9.2 + 0.8 mm for pure chitosan. P. aeruginosa was
the least sensitive organism, but chitosan—GO still achieved a zone of 14.6 + 0.8 mm, more than double
the 7.1 + 0.6 mm observed with pure chitosan.

Table 3. Percentage Bacterial Reduction After Direct Membrane Contact

Time Interval  Chitosan Membrane (%) Chitosan-GO Membrane (%) Chitosan-rGO Membrane (%) Statistical Interpretation

2 hours 284 +3.1 61.7 £ 4.2 54.8 +3.9 p<0.05
6 hours 439+ 3.8 79.6 + 4.5 711+41 p<0.05
24 hours 587 +4.0 943 +28 88.5+3.1 p <0.05

Direct-contact testing showed a time-dependent increase in bacterial reduction across all groups. At 24
hours, chitosan—-GO achieved the highest bacterial reduction at 94.3 + 2.8%, compared with 88.5 + 3.1%
for chitosan-rGO and 58.7 + 4.0% for pure chitosan. The absolute improvement of chitosan-GO over
pure chitosan was 35.6 percentage points, while its improvement over chitosan-rGO was 5.8 percentage
points.

Table 4. Mean Surviving Bacterial Count After 24-Hour Contact

Test Organism Chitosan Membrane Chitosan-GO Membrane Chitosan-rGO Membrane Statistical Interpretation
(CFU/mL) (CFU/mL) (CFU/mL)

Staphylococcus aureus 4.8 x10° 3.2 x10? 6.1 x 10* p<0.05

Escherichia coli 5.4 x10° 4.6 x 10? 8.3 x 10? p<0.05

Pseudomonas aeruginosa 7.1 x 10° 9.8 x 102 1.6 x 10° p<0.05

Klebsiella pneumoniae 6.3 x 10° 7.4 x10? 12 x10° p<0.05

After 24 hours, chitosan—-GO produced the lowest surviving bacterial counts for all organisms. The
lowest count was observed for S. aureus at 3.2 x 10> CFU/mL, while the highest residual count in the GO
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group was seen for P. aeruginosa at 9.8 x 10> CFU/mL. This confirms that P. aeruginosa remained
comparatively resistant, although both graphene-reinforced membranes still substantially reduced

bacterial survival compared with pure chitosan.

Table 5. Basic Biocompatibility Assessment of Membrane Groups

Parameter Chitosan Membrane Chitosan-GO Membrane Chitosan-rGO Membrane Statistical Interpretation
Cell viability (%) 93.4 £ 2.5 88.7+2.8 84.9 +3.0 p<0.05
Hemolysis (%) 18+03 26+04 3405 p<0.05

Pure chitosan showed the highest cell viability at 93.4 = 2.5% and the lowest hemolysis at 1.8 + 0.3%,
confirming its favorable baseline compatibility. Chitosan-GO retained acceptable cell viability at 88.7 =
2.8% with hemolysis of 2.6 + 0.4%, whereas chitosan-rGO showed lower viability at 84.9 + 3.0% and higher
hemolysis at 3.4 + 0.5%. These findings suggest that GO provided a better balance between antimicrobial
enhancement and biological safety than rGO.

Table 6. Summary of Intergroup Statistical Findings

Outcome Domain Main Finding Statistical Interpretation
Tensile strength Highest in chitosan-GO p<0.05
‘Water uptake Lowest in chitosan-rGO; balanced in chitosan-GO p<0.05
Zone of inhibition Highest in chitosan-GO across all organisms p<0.05
Direct-contact bacterial reduction Highest in chitosan-GO at all time intervals p<0.05
Surviving bacterial count Lowest in chitosan-GO p<0.05
Cell viability Highest in pure chitosan; better preserved in chitosan-GO than rGO p<0.05
Hemolysis Lowest in pure chitosan; lower in chitosan-GO than rGO p<0.05

Overall, the order of antimicrobial performance was chitosan—GO > chitosan-rGO > pure chitosan, while
the order of biocompatibility was pure chitosan > chitosan-GO > chitosan-rGO. When antimicrobial,
mechanical, and compatibility outcomes were interpreted together, chitosan—-GO showed the most
favorable translational profile.

Integrated Antimicrobial-Mechanical-Biocompatibility Balance of Membrane Groups

—8— Antimicrobial component
Mechanical component
—a— Cell-viability component
=& Hemolysis-safety component
I Composite Translational Balance Index

Normalized Performance Score (0-100)

Chitosan Chitosan-GO Chitosan-rGO

Figure 1 Integrated Antimicrobial-Mechanical-Biocompatibility Balance of Membrane Groups

The integrated performance profile showed that chitosan-GO achieved the highest composite
translational balance index at 73.7, compared with 50.0 for pure chitosan and 38.4 for chitosan-rGO.
This pattern reflects the superior combined performance of chitosan-GO, driven by the highest 24-hour
bacterial reduction of 94.3%, greatest tensile strength of 32.7 MPa, acceptable cell viability of 88.7%, and
controlled hemolysis of 2.6%. Although pure chitosan performed best in compatibility outcomes, its
lower antimicrobial reduction and tensile strength reduced its overall translational suitability. Chitosan—
rGO showed strong antibacterial activity but had a less favorable safety profile, with cell viability
declining to 84.9% and hemolysis increasing to 3.4%.
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DISCUSSION

The present study demonstrated that graphene reinforcement substantially improved the antimicrobial
and mechanical performance of chitosan membranes, with the chitosan-graphene oxide membrane
showing the most favorable overall profile. Compared with pure chitosan, both graphene-containing
membranes produced larger zones of inhibition, greater time-dependent bacterial reduction, lower
surviving bacterial counts, and higher tensile strength, confirming that graphene-based reinforcement
improves both biological and structural membrane behavior. The superiority of chitosan-GO was most
evident in direct-contact testing, where bacterial reduction reached 94.3 + 2.8% after 24 hours compared
with 88.5 + 3.1% for chitosan-rGO and 58.7 + 4.0% for pure chitosan. This finding supports the study
hypothesis that graphene oxidation state influences antimicrobial performance, with GO providing a
more effective balance of bacterial inhibition, polymer compatibility, and biological safety.

The moderate antimicrobial effect observed in the pure chitosan membrane was expected because
chitosan is intrinsically antibacterial. Its positively charged amino groups interact with negatively
charged bacterial cell envelopes, causing membrane permeability changes, leakage of intracellular
components, and interference with normal microbial metabolism (17-21). However, the weaker
inhibition zones and lower 24-hour bacterial reduction in the pure chitosan group indicate that chitosan
alone may be insufficient where stronger infection-control performance and mechanical durability are
required. This limitation is particularly relevant for wound-contact and biomedical surface applications,
where materials must withstand moisture exposure, handling stress, and sustained bacterial challenge.

The stronger performance of the chitosan-GO membrane can be explained by the oxygen-containing
functional groups present on graphene oxide. Hydroxyl, epoxy, and carboxyl groups improve
hydrophilicity, dispersion, and interfacial bonding within the chitosan matrix, producing a more uniform
membrane structure and more consistent bacterial contact (7,8,11,12). GO may also enhance bacterial
killing through membrane stress, oxidative injury, wrapping or trapping effects, and disruption of cell-
surface integrity (2,4,5,9,10). In the present study, chitosan-GO produced the highest tensile strength at
32.7 + 2.1 MPa and the highest elongation at break at 24.6 + 1.7%, indicating that its antimicrobial
advantage was accompanied by improved mechanical integrity rather than structural compromise.

Chitosan-rGO also showed clear improvement over pure chitosan, but it remained slightly inferior to
chitosan-GO in most antimicrobial, mechanical, and compatibility outcomes. Reduced graphene oxide
contains fewer oxygenated functional groups and is generally less hydrophilic than GO, which may
reduce dispersion uniformity and interfacial interaction with chitosan (2,3,6,11). This may explain why
the rGO membrane showed lower water uptake but also slightly lower flexibility, reduced cell viability,
and higher hemolysis compared with the GO membrane. The results suggest that excessive reduction of
graphene oxide may improve hydrophobic stability but can reduce the biological and structural balance
required for biomedical membrane design.

The organism-wise findings were clinically meaningful. Staphylococcus aureus was the most sensitive
organism, while Pseudomonas aeruginosa showed the greatest resistance across membrane groups. This
pattern is consistent with known bacterial structural differences, as Gram-negative organisms possess an
additional outer membrane barrier, and P. aeruginosa is recognized for adaptive resistance mechanisms
in hospital environments (2,5,17). Even so, both graphene-reinforced membranes produced substantial
reductions in P. aeruginosa survival compared with pure chitosan, supporting their potential relevance
against difficult hospital pathogens.

Biocompatibility findings showed that pure chitosan remained the most compatible material, with the
highest cell viability and lowest hemolysis. However, the chitosan-GO membrane provided the better
translational compromise because it retained acceptable cell viability at 88.7 + 2.8% and hemolysis at 2.6
+ 0.4%, while also achieving superior antimicrobial and mechanical outcomes. Chitosan-rGO showed

stronger antimicrobial performance than pure chitosan but had relatively lower cell viability and higher
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hemolysis, suggesting that antimicrobial enhancement alone should not be considered sufficient for
biomaterial selection. For clinical translation, the optimal membrane should balance bacterial control
with host-tissue safety.

This study has several limitations. First, the work was conducted under in vitro experimental conditions,
so the findings cannot directly predict clinical wound-healing performance or tissue response. Second,
only selected bacterial species were tested, and broader evaluation against multidrug-resistant clinical
isolates would strengthen external validity. Third, the study did not include advanced mechanistic assays
for oxidative stress, membrane disruption, or biofilm inhibition. Fourth, although basic compatibility
screening was included, long-term cytotoxicity, inflammatory response, and in vivo safety were not
assessed. Future studies should include dose optimization, scanning electron microscopy, Fourier
transform infrared spectroscopy, X-ray diffraction, thermal analysis, biofilm models, and animal wound
models before clinical application is considered.

Overall, the findings indicate that graphene oxidation state is a critical determinant of chitosan
composite membrane performance. The chitosan-GO membrane offered the most favorable
combination of antimicrobial efficacy, mechanical reinforcement, and acceptable biocompatibility,
making it the strongest candidate among the tested groups for further antimicrobial biomaterial
development.

CONCLUSION

This comparative experimental study showed that graphene reinforcement improves the antimicrobial
and mechanical performance of chitosan membranes, but the oxidation state of graphene plays an
important role in determining overall biomaterial behavior. Pure chitosan demonstrated good
biocompatibility but weaker antimicrobial and mechanical performance, while both chitosan-GO and
chitosan-rGO membranes showed stronger bacterial inhibition and improved tensile strength. Among
all groups, the chitosan—graphene oxide membrane produced the highest zones of inhibition, greatest
24-hour bacterial reduction, strongest tensile profile, and a more favorable compatibility balance than
chitosan-rGO. These findings suggest that chitosan-GO is the most suitable membrane system under
the present experimental conditions and may be a promising candidate for future wound-care and
hospital infection-control biomaterial applications after further biofilm, cytotoxicity, and in vivo
validation.
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