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ABSTRACT

The growing threat of antimicrobial resistance (AMR) necessitates the
development of novel therapeutic strategies capable of restoring the
efficacy of existing antibiotics. In this study, levofloxacin-loaded chitosan—
graphene oxide (CS—GO-LVX) nanocomposites were developed as a
synergistic nanocarrier system to enhance antibacterial performance and
drug stability. The nanocomposites were optimized using a Box—Behnken
design, evaluating the effects of CS:GO ratio, glutaraldehyde
concentration, stirring speed, and sonication time on key formulation
parameters. The optimized formulation (CGLN4) exhibited a particle size
of 209.9 nm, PDI of 0.22, and zeta potential of —33.2 mV, indicating
uniformity and colloidal stability. FTIR confirmed strong electrostatic,
hydrogen bonding, and Schiff base interactions among CS, GO, and LVX,
ensuring structural integrity and sustained drug encapsulation. The
optimized formulation achieved an entrapment efficiency of 85.3% and
demonstrated pH-responsive sustained release (~85% over 18 h) following
Fickian diffusion kinetics. SEM analysis revealed aggregated yet discrete
nanosheets with rough morphology, consistent with nanoscale dispersion.
Accelerated stability testing over six months showed acceptable physical
and chemical stability, maintaining entrapment efficiency above 76%.
The combined physicochemical and release characteristics indicate that
CS-GO-LVX nanocomposites provide a stable and effective antibacterial
platform with potential applications in combating resistant bacterial
infections and promoting targeted dermal or wound drug delivery.

systems worldwide [1,2]. The World Health
Organization has identified antimicrobial resistance
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as one of the top ten global public health threats,
necessitating urgent innovation in therapeutic
strategies to combat resistant pathogens [3].
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INTRODUCTION:

The escalating global crisis of antimicrobial
resistance (AMR) poses one of the most significant
threats to modern healthcare, with multidrug-

resistant bacterial infections contributing to
millions of deaths annually and imposing
substantial economic burdens on healthcare
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Traditional antibiotic monotherapy increasingly
fails against evolving bacterial resistance
mechanisms, driving the need for novel approaches
that can enhance drug efficacy while potentially
overcoming resistance barriers [4,5].

Levofloxacin (LVX), a third-generation
fluoroquinolone antibiotic, demonstrates broad-
spectrum activity against both Gram-positive and
Gram-negative bacteria through inhibition of
bacterial DNA gyrase and topoisomerase IV
enzymes [6,7]. Levofloxacin {LVX}) remains a
critical asset for treating various infections, but its
therapeutic utility is being rapidly eroded by the
emergence of fluoroquinolone-resistant strains.
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This resistance is complex, involving key
mechanisms like target enzyme mutations, efflux
pump overexpression, and reduced membrane
permeability. To effectively restore and enhance
LVX's antibacterial potential against these resilient
pathogens, developing innovative drug delivery
systems that can bypass these biological defenses is
no longer optional, it is essential. [8,9].

Nanotechnology-based drug delivery systems have
emerged as a promising paradigm for addressing
the limitations of conventional antibiotic therapy
[10]. Nanocarriers offer unique advantages
including enhanced cellular uptake, controlled drug
release, improved bioavailability, and the potential
to overcome bacterial resistance mechanisms
[11,12]. Among various nanomaterial platforms, the
combination of chitosan and graphene oxide has
garnered significant attention due to their
complementary properties and synergistic potential
for antimicrobial applications [13,14].

Chitosan, a natural cationic polysaccharide derived
from chitin deacetylation, possesses inherent
antimicrobial properties attributed to its positively
charged amino groups that interact with negatively
charged bacterial cell walls, leading to membrane
disruption and cell death [15]. Its biocompatibility,
biodegradability, non-toxicity, and mucoadhesive
properties make it an ideal candidate for
pharmaceutical applications. Furthermore,
chitosan's film-forming ability and pH-responsive
behavior enable controlled drug release, while its
positive charge facilitates electrostatic interactions
with bacterial surfaces, potentially enhancing
antibiotic penetration [16].

Graphene oxide (GO), a two-dimensional carbon
nanomaterial, exhibits remarkable physicochemical
properties including high surface area, excellent
mechanical strength, and unique electronic
properties [17]. GO's amphiphilic nature, attributed
to oxygen-containing functional groups such as
hydroxyl, epoxy, and carboxyl groups, enables
facile functionalization and drug loading [18].
Recent studies have demonstrated GO's intrinsic
antimicrobial activity through multiple
mechanisms, including oxidative stress induction,
membrane damage, and interference with bacterial
metabolic processes. The sharp edges of GO
nanosheets can physically disrupt bacterial
membranes, while reactive oxygen species
generation leads to intracellular damage.

Chitosan-graphene oxide hybrid nanocomposites
offer a synergistic platform for antibiotic delivery,
leveraging the antimicrobial properties of both
materials.  Electrostatic  interactions  between
cationic chitosan and anionic GO enable stable
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nanoparticle formation, enhancing mechanical
strength, drug loading capacity, and sustained
release. This study develops and characterizes
levofloxacin loaded chitosan-GO nanoparticles to
improve antibacterial efficacy against susceptible
and resistant bacterial strains. The hypothesized
mechanisms include enhanced drug stability,
improved  bacterial ~membrane  penetration,
sustained release, synergistic antimicrobial effects,
and evasion of efflux pump-mediated resistance.
The research involves nanoparticle synthesis
optimization, physicochemical characterization,
drug loading, and release studies. Findings aim to
advance next-generation antimicrobial therapeutics
to combat antibiotic resistance effectively.

2.0. MATERIAL AND METHODS:

2.1. Materials:

Chitosan (CS, medium molecular weight, 70-80%
deacetylation, Sigma-Aldrich), Graphene oxide
(GO, synthesized via modified Hummer’s method),
Levofloxacin (LVX, >98%, Sigma-Aldrich),
Glutaraldehyde (GA, 25% aqueous solution,
Merck), Acetic acid, NaOH, acetone, deionized
water.

2.2. Box-Behnken Design (BBD):

The formulation was carefully optimized using a
Box-Behnken design (BBD) generated by Design-
Expert® software (version 13.0, Stat-Ease Inc.,
MN, USA). The design focused on four
independent variables: the CS-to-GO ratio (Xu),
glutaraldehyde concentration (Xz), stirring speed
(X3). These factors were selected based on
preliminary studies that demonstrated their
significant influence on the properties of the
nanocomposite hydrogel. The responses evaluated
included drug entrapment efficiency (Y:), mean
particle size (Y2), zeta potential (Ys) (Table 1). A
desirability function approach was employed to
achieve multi-response optimization, ensuring a
balanced enhancement of all critical parameters.

Table 1:

Independent variables (factors) and dependent
variables (responses) evaluated in the Box-
Behnken Design (BBD), including their coded
levels (-1, 0, +1) and optimization constraints

Factors Levels
Low Medium High
) | © 1)
X1: Cs: GO ratio 0.1 0.55 1
X2: Glutaraldehyde 0.5 1.25 2
(crosslinker)
concentration
X3: Stirring speed (rpm) 600 800 1000
X4: Sonication time 10 20 30
(min)
Responses Constraints
Y1: % Entrapment Maximum
Efficiency (%)
Y2: Particle Size (nm) Minimum
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| Y3: Zeta potential (mV) I In range

2.3. Statistical Analysis and Modeling

The experimental data were thoroughly analyzed
using ANOVA to assess the significance of each
model term. The results showed highly significant
p-values (p < 0.0001 and p < 0.05), confirming the
reliability of the model. The relationships between
the input variables and responses were
mathematically expressed through a second-order
polynomial equation (Equation 1). In this equation,
Bo represents the intercept, while Bi—Pi« denote the
regression coefficients corresponding to linear,
quadratic, and interaction effects.

Y = B0 + B1X1 + P2X2 + B3X3 + B4X4
+ B5X1X2 + P6X1X3 + P7X1X4
+ B8X2X3 + PIX2X4
+ B10X3X4 + +p11X12
+ B12X22 + B13X3% + p14X4?

2.5. Formulations:

CS (0.1-1% w/v) was dissolved in 1% (v/v) acetic
acid, sonicated for hydration, and adjusted to pH
5.0 £ 0.2 with 1 M NaOH. GO (0.1-2% w/v) was
exfoliated in deionized water via sonication (40
kHz, 300 W, 30 min), and LVX (10 mg/mL) was
incorporated into the GO dispersion. The LVX-
loaded GO dispersion was added dropwise to the
Cs solution under stirring (500 rpm, 3 h) to enable
electrostatic interactions between CS amines and
GO carboxyl groups. GA (variable concentrations)
was added for covalent crosslinking via Schiff base
formation, followed by high-frequency sonication
(75 kHz, variable times) for dispersion. The
mixture was purified by triple centrifugation
(10,000 x g, 10 min), redispersed in a 30:70
acetone—water blend, and evaporated under reduced
pressure at 50°C to remove acetone. The final
nanocomposites (CGLN1-CGLNS) were stored in
ultrapure water at 4-8°C.

The five formulations were prepared with varying
CS: GO ratios, GA concentrations, and sonication
times, as outlined in Table 1. The objective to
optimize the formulation is to maximize LVX
entrapment efficiency, achieve a particle size
suitable for dermal penetration (~150-200 nm), and
ensure colloidal stability (zeta potential ~—30 mV).

Table 1. Composition of Cs-GO-LVX Nanocomposite
Formulations (CGN1-CGNS5)

Formulation | Cs: GA Sonication
GO Concentration Time (min)
Ratio (% wiv)

CGLNI1 1:1 0.25 20

CGLN2 1.5:1 0.50 25

CGLN3 2:1 0.75 20

CGLN4 1.5:1 0.25 30

CGLN5 2:1 0.50 25

2.6. Physicochemical Characterization
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To evaluate the structural and functional properties
of CGLN1-CGLN5 nanocomposites,
comprehensive physicochemical characterization
was performed to assess particle size, surface
morphology, molecular interactions, thermal
stability, and crystallinity.

2.6.1. Particle Size and Zeta Potential:

I mL of each nanocomposite suspension was
diluted with 1 mL of ethanol, sonicated, and
vortexed for 30 seconds to ensure homogeneity.
Hydrodynamic diameter and polydispersity index
(PDI) were measured via dynamic light scattering
(DLS) using Nanosizer ZS (Malvern Instruments,
UK). Zeta potential was determined using
electrophoretic light scattering to assess colloidal
stability.

2.6.2. Surface Morphology:

Samples were deposited onto aluminum stubs,
gold-coated (~300 A thickness), and visualized
under high-vacuum conditions at 5-15 kV to
examine morphology using Quanta 200 SEM (FEI,
USA) and confirm porous, stratified structures.

2.6.3. Fourier-Transform Infrared Spectroscopy
(FTIR):

KBr pellets of CGN1-CGNS5, pure LVX, Cs, and
GO were prepared under 15 tons of pressure.
Spectra were recorded from 4000 to 400 cm™ using
PerkinElmer Spectrum 2000 (UK) to identify
molecular interactions (e.g., Schiff base formation,
hydrogen bonding).

2.6.4. Drug Loading and Release Studies

To assess the drug loading capacity and pH-
responsive release behavior of CGN1-CGNS, drug
content, entrapment efficiency, and in vitro release
profiles were evaluated.

2.64.1. Drug Content and Entrapment

Efficiency (EE):

10 mg lyophilized nanocomposite was dissolved in

2 mL methanol, sonicated for 10 min, diluted to 10

mL, and centrifuged (10,000 rpm, 20 min). The

supernatant was analyzed at 283 nm using a UV-

visible spectrophotometer (Shimadzu 1700, Japan).

Drug content (%DC) was calculated as:

%DC = Actual LVX content x 100
Theoretical LVX content

EE: Nanocomposite dispersions were centrifuged

(10,000 rpm, 30 min), and the supernatant was

analyzed for free LVX at 283 nm.

EE was calculated as:

%EE = Total LVX - Free LVX x 100

Total LVX

2.6.4.2. In Vitro Drug Release:
1 mL of each nanocomposite dispersion was placed
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in a dialysis membrane (MWCO 12-14 kDa) and
immersed in 100 mL PBS (pH 5.5, mimicking
wound conditions) at 37 + 2°C. Aliquots (1 mL)
were withdrawn over 18 hours, replaced with fresh
PBS, and analyzed at 283 nm. Release kinetics
were modeled using Higuchi, Korsmeyer-Peppas,
and Hixon-Crowell models via PCP Disso v3.0
software.

2.7. Accelerated Stability Studies

The accelerated stability of the optimized
levofloxacin-loaded  chitosan-graphene  oxide
nanocomposite (CGLN4) was conducted in strict
accordance with the ICH guideline [21]. The
primary objective was to assess the formulation's
physical and colloidal stability under stressful
conditions over six months. An aliquot of the
CGNL1 nanosuspension was filled into clear,
sealed glass vials, which represented the proposed
primary packaging. These vials were placed in a
stability chamber maintained at accelerated
conditions of 40°C + 2°C and 75% + 5% Relative
Humidity (RH). Samples were withdrawn at
predefined intervals: initial (time zero), 1 month, 3
months, and 6 months. At each time point, the
samples were visually inspected for any changes in
physical appearance and then analyzed for critical
quality attributes. The particle size (Z-average),
PDI, and zeta potential were determined using DLS
and electrophoretic light scattering, respectively,
after appropriate dilution. The drug entrapment
efficiency was measured by centrifuging a sample
to separate free drug, dissolving the pellet, and
analyzing the levofloxacin content using UV-
Visible spectrophotometry at 283 nm. The
acceptance criteria for stability were set as follows:
particle size not more than 250 nm, PDI not more
than 0.3, zeta potential not less than -20 mV, and
entrapment efficiency not less than 80% of the
initial value.

3.0 RESULTS AND DISCUSSION:

3.1 Preparation and Optimization of CS-GO-
LVX

The systematic optimization of levofloxacin-loaded
chitosan—graphene oxide CS-GO-LVX
nanocomposites using the Box—Behnken design
successfully yielded the highly favorable CGLN4
formulation. This optimized batch exhibited
excellent colloidal properties crucial for topical
delivery, including a small particle size 209.9 nm, a
uniform distribution PDI of 0.22, and high stability
zeta potential of 33.2 mV.

3.1.1 Effect of Independent Variables on
Entrapment Efficiency
The final quadratic regression model for

entrapment efficiency (EE%) was expressed as
follows:
EE%=99.83+22.49X1-33.59X2—-0.045X3—0.67X4
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+0.74X1X2-0.0014X1X3-0.11.X1.X4+0.025X2X3
+0.27X2X4+0.0023X3X4-2.10X12+2.31X22
—0.000024X32-0.028X42

where X1X1 represents the CS:GO ratio, X2X2 the
GA  concentration, X3X3 the  stirring  speed,
and X4.X4 the sonication time.

The model demonstrated excellent predictive
capability, with an R? value of 0.8484, adjusted R?
of 0.8951, and predicted R* of 0.8138. Statistical
analysis revealed highly significant model terms
(F-value = 16.31, p < 0.0001), while the lack of fit
test was non-significant (p = 0.8873), confirming
model adequacy.

The quadratic regression model for entrapment
efficiency (EE%) revealed significant insights into
how various formulation parameters influence drug
loading. The model equation (presented in the
supplementary materials) demonstrated excellent
predictive capability with an R? of 0.8269 and
adjusted R? of 0.8851, indicating it could explain
nearly 95% of the variability in EE%. Statistical
validation showed highly significant model terms
(F-value 16.39, p < 0.0001) with a non-
significant lack of fit (p = 0.7943), confirming the
model's reliability.

Analysis of individual factors showed the CS:GO
ratio had the most pronounced positive effect on
EE% (coefficient: +22.49), suggesting that
increasing graphene oxide content significantly
enhances drug encapsulation. This occurs through
multiple mechanisms: GO's large surface area
provides abundant binding sites, while its
interaction with chitosan creates a more stable
matrix for drug retention. In  contrast,
glutaraldehyde  concentration  exhibited a
substantial negative effect (coefficient: -33.59),
indicating that excessive crosslinking may reduce
the system's capacity to entrap drug molecules by
making the matrix too rigid.

The study also revealed important interactions
between variables. The positive synergy between
CS:GO ratio and GA concentration (coefficient:
+0.73) suggests that optimal crosslinking becomes
particularly important at higher GO contents.
Similarly, the interaction between GA
concentration and sonication time (coefficient:
+0.26) indicates that proper dispersion techniques
can mitigate some of the negative effects of
crosslinking on drug entrapment. These findings
emphasize the need for balanced formulation
parameters to achieve maximum drug loading
while maintaining matrix stability. The model's
predictive power was further confirmed by
comparison with experimental results, which
showed good agreement between predicted and
actual EE% values.



Journal of Molecular Science

Journal of Molecular Science

Volume 35 Issue 3, Year of Publication 2025, Page 741-751

3.1.2 Effect of Independent Variables on Particle
Size

The quadratic regression model for particle size
(Y2) was developed as follows:

Particle Size (nm)=207.67+38.13X1-172.67X2
—0.21X3+6.02X4+22.96.X1X2-0.05X1X3-0.28 X1
X4+0.08X2X3+2.87X2X4+0.007X3X4+12.55X12
+10.96X22-8.33x10—-6.X32-0.37.X42

The model demonstrated good fit (R* = 0.6760) and
statistical significance (F-value = 5.07, p = 0.0004),
though with moderate predictive capability
(predicted R? = 0.4105). The Cs: GO ratio (Xi)
emerged as the most influential parameter
(coefficient: +34.13, F=67.80, p<0.0001), where
higher ratios led to increased particle size. This
phenomenon occurs because at pH 5.5 (below
chitosan's pKa), protonated amine groups induce
electrostatic repulsion between polymer chains,
causing chain expansion and subsequent bridging
of GO sheets during nanocomposite formation.

GA concentration (Xz) showed a counterintuitive
negative effect (coefficient: -173.67), suggesting
that crosslinking may help control particle growth
despite expectations. Process parameters exhibited
more modest effects: stirring speed (Xs) showed a
non-significant trend toward reducing size
(coefficient: -0.21, p=0.0686), while sonication
time (X4) had negligible impact (p=0.9429). The
most significant interaction occurred between CS:
GO ratio and GA concentration (XiXz, coefficient:
+22.96), indicating these formulation parameters
require careful balancing.

While the model adequately described the
experimental space (lack of fit p=0.7601), the
notable gap between adjusted R? (0.5320) and
predicted R? (0.3305) suggests limitations in
extrapolating beyond tested conditions. This
reflects the complex colloidal behavior of the Cs-
GO system, where multiple competing interactions
influence particle formation. The results highlight
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the critical need to optimize both material ratios
and processing conditions to achieve desired
nanoparticle characteristics.

3.1.3 Effect of Independent Variables on zeta
potential

The 3D surface plots illustrate the effect of various
formulation parameters, glutaraldehyde (GA)
concentration, stirring speed, sonication time, and
CS:GO ratio, on the =zeta potential of the
levofloxacin-loaded CS—GO nanocomposite. As
shown in Figure A, variation in GA concentration
(0.5-2%) and stirring speed (600—-1000 rpm) had a
mild influence on surface charge, with zeta
potential values remaining between —20 and —30
mV. In Figure B, an increase in sonication time
(15-25 min) also produced minimal change,
indicating that the electrostatic stability of the
system was largely unaffected by sonication energy
within the studied range. However, Figure C
demonstrates a more pronounced trend: increasing
GA concentration and decreasing CS:GO ratio
resulted in a progressive decline in zeta potential
toward more negative values (=35 mV).

These results suggest that GA concentration and
polymer-to-nanofiller ratio play a greater role in
determining surface charge than mechanical
parameters such as stirring or sonication.

The observed zeta potential values (ranging from
—20 to —35 mV) confirm the good colloidal
stability of the levofloxacin-loaded CS-GO
nanocomposites. The negative surface charge
originates mainly from the deprotonated carboxyl
and hydroxyl groups of graphene oxide, which
dominate over the protonated amine groups of
chitosan under slightly acidic to neutral conditions.

The increase in GA concentration enhanced
crosslinking density, potentially reducing the
availability of positively charged amino groups on
chitosan and shifting the surface charge toward
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more negative values. Similarly, a lower CS:GO
ratio increases the relative proportion of GO,
further contributing to a higher surface negativity.
This enhanced -electrostatic repulsion improves
suspension  stability and prevents particle
aggregation.

Conversely, stirring speed and sonication time
showed negligible impact within the studied limits,
indicating that the formulation’s electrokinetic
stability is governed primarily by chemical
composition rather than process energy. Overall,
the response surface analysis indicates that optimal
stability is achieved at moderate GA concentration
and balanced CS:GO ratio, providing a stable
nanosystem suitable for sustained drug delivery
applications.

3.2. Physicochemical Characterization
3.2.1. Particle Size and Zeta Potential

The synthesized Cs-GO-LVX nanocomposites
(CGLN1-CGLNS5) exhibited distinct
physicochemical  properties  influenced by

variations in Cs: GO ratio, GA concentration, and
sonication time. Table 2 summarizes the particle
size, PDI, and zeta potential data obtained from
DLS analysis.

Table 2. Physicochemical properties of CGNL1-CGNLS5S

nanocomposites
Formulation Particle PDI Zeta
Size (nm) Potential

(mV)
CGLN1 180.5 0.13 -20.4
CGLN2 245.1 0.11 -194
CGLN3 223.2 0.27 -16.6
CGLN4 209.9 0.22 -33.2
CGLNS5 165.6 0.24 -23.6

Particle sizes ranged from 165.6 nm (CGNLS5) to
245.1 nm (CGNL2), all within the optimal range
(~150-250 nm) for enhanced dermal penetration
and cellular uptake. PDI values (<0.3) indicated
monodisperse populations, with CGNL2 showing
the most uniform distribution. Zeta potentials were
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negative (-16.4 to -33.2 mV), confirming colloidal
stability due to electrostatic repulsion from GO's
anionic groups, with CGNL4 exhibiting the highest
stability.

The particle size analysis of the levofloxacin-
loaded  chitosan—graphene oxide (CS-GO)
nanocomposite showed a Z-average diameter of
209.9 nm with a polydispersity index (PDI) of 0.22,
as determined by dynamic light scattering (DLS)
(Fig. 1A). The PDI value below 0.3 indicates a
narrow size distribution and good uniformity of the
dispersed nanoparticles. The zeta potential of the
optimized formulation was recorded as —31.2 mV,
suggesting high electrostatic stability of the
nanocomposite dispersion (Fig. 1B).

3.1.2. Surface Morphology:

The surface morphology observed under SEM (Fig.
1C) demonstrated irregularly shaped, aggregated
nanosheets with a rough, wrinkled surface typical
of graphene oxide-based structures. The nanosheets
appeared to be coated and partially embedded
within a chitosan matrix, with particle dimensions
in the range of 200—300 nm, which correlated well
with the DLS data.

Figure 1: A. Particle Size and Pdl of CGNL4; B. Zeta
potential of CGNL4; C. SEM of CGNL4

The nanoscale particle size obtained (<300 nm)
confirms the successful formation of a uniform
chitosan—graphene oxide nanocomposite system
capable of effective drug encapsulation and
enhanced surface interaction [22,23]. The low PDI
(0.22) signifies a homogenous particle population,
which is essential for consistent drug release and
predictable biological behavior. The negatively
charged surface (—31.2 mV) is attributed to the
deprotonated carboxyl and hydroxyl groups of
graphene oxide, partially neutralized by the
positively charged amino groups of chitosan
[24,25]. This moderately high negative potential
ensures adequate repulsion between particles,
preventing aggregation and promoting long-term
colloidal stability [26,27].

The SEM images further confirm the structural
integrity of the nanocomposite, revealing
nanosheets with rough surfaces and aggregated but
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discrete morphology. The rough and layered
appearance indicates successful coating and
interfacial binding between chitosan and graphene
oxide. Such morphology is advantageous for high
surface area and potential mucoadhesive interaction
with Dbiological tissues [28,29]. The nanoscale
dimensions and stable surface charge collectively
enhance the potential of the CS—GO nanocomposite
as a carrier for sustained and localized delivery of
levofloxacin in antimicrobial or ocular drug
delivery applications.

3.1.3. FTIR

Fourier-transform infrared (FTIR) spectroscopy
confirmed molecular interactions (Figure 2). Pure
LVX showed characteristic peaks at 2920 cm™! (C-
H stretch), 1710 cm™ (C=0 carbonyl), and 1620
cm™! (C=C aromatic). Chitosan exhibited bands at
3450 cm™ (O-H/N-H), 1650 cm™ (amide I), and
1380 cm™ (amide III). GO displayed 3400 cm™* (O-
H), 1720 cm™ (C=0), 1620 cm™ (aromatic C=C),
and 1050 cm™ (C-O). In CGNL4 (optimized),
peaks shifted to 3430 cm™ (H-bonded O-H/N-H),
1700 cm™ (interacted C=0), and a new 1600 cm™!
band (Schiff base from GA crosslinking), indicating
successful electrostatic and covalent bonding
between Cs, GO, and LVX.

Chitosan

Graphene Oxide

220 U1, B TONT

%T

Levofloxacin

CGNL4

r 3500 2000 2500 2000 1500 1000
cm-1

Figure 2: FTIR spectra of chitosan, graphene oxide,
levofloxacin and formulation

500400

FTIR spectroscopic analysis provided definitive
evidence for the successful assembly of the
nanocomposite and the molecular-level interactions
responsible for its stability. The observed redshift
in the O-H/N-H" stretching vibration from 3450
cm™ to 3430 cm™ signifies the formation of
extensive  intermolecular hydrogen bonding
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between the hydroxyl and amine groups of
chitosan, the oxygenated functional groups of GO,
and the carbonyl groups of levofloxacin.
Concurrently, the shift in the C=O stretching peak
from 1720 cm™ to 1700 cm ™ strongly suggests n-n
stacking interactions between the aromatic
backbone of graphene oxide and the quinoline ring
of levofloxacin. Most critically, the emergence of a
new, sharp peak at 1600 cm™ is a classic signature
of the C=N bond stretch, confirming the successful
covalent crosslinking via Schiff base formation
between chitosan and glutaraldehyde. These
multifaceted interactions: electrostatic, hydrogen
bonding, n-m stacking, and covalent crosslinking,

collectively contribute to a highly stable
nanocomposite structure [30]. This enhanced
stability is pivotal, as it can protect the

encapsulated drug from enzymatic degradation in
the biological environment, a significant limitation
of free, unformulated levofloxacin.

3.1.4. Drug Loading and Release Studies:
3.14.1. Drug Content and Entrapment
Efficiency (EE):

Drug entrapment efficiency (EE) and content (DC)
varied across formulations, as shown in Table 3.

Table 3. Entrapment efficiency and drug content of CGNL1-
CGNLS nanocomposites

Formulation Entrapment Drug Content
Efficiency (%) (%)

CGNL1 78.1£3.09 70.3£2.62

CGNL2 80.2+3.17 72.242.86

CGNL3 83.9+2.89 75.5+2.33

CGNL4 85.3£2.61 78.1+3.18

CGNLS 80.0+2.87 72.0+2.43

CGNL4 achieved the highest EE (85.3+2.61%) and
DC (78.1£3.18%), likely due to the balanced 1.5:1
Cs: GO ratio enhancing electrostatic adsorption of
LVX onto GO sheets. All formulations exceeded
70% EE, surpassing typical chitosan-based systems
(50-70%) reported in literature [15,16].

The drug loading performance of the
nanocomposites was exceptional, with high
entrapment efficiency (EE) and drug content (DC)
consistently exceeding 70%. This performance
markedly surpasses that of conventional chitosan
nanoparticles, which typically exhibit EE below
60%. The superior loading is a direct consequence
of the synergistic interactions within the hybrid
system. The primary mechanism is electrostatic: the
cationic amine groups of chitosan (Cs") interact
strongly with the anionic carboxylate groups on
graphene oxide (GO"), creating a stable scaffold.
Levofloxacin, which can exist as a zwitterion, then
interacts with this scaffold through its negatively
charged carboxylate group binding to the chitosan,
and its aromatic core adsorbing onto the GO sheets
via hydrophobic and =w-m interactions. The



Journal of Molecular Science

optimized CGNL4 formulation, with a Cs: GO ratio
of 1.5:1, achieved the highest loading (78.1% DC).
This ratio appears to idealize the balance, providing
sufficient cationic charge density for effective drug
binding without causing excessive aggregation that
could reduce the available surface area. This aligns
with literature reports on GO-chitosan hybrids,
where such an optimized charge balance maximizes
the host-guest interactions for -efficient drug
accommodation [31,32].

3.1.4.2. In Vitro Drug Release:

In vitro release from CGNL4 (selected as optimized
for balanced size, stability, and loading)
demonstrated pH-responsive, sustained kinetics in
PBS (pH 5.5) mimicking acidic wound
environments (Figure 3). Cumulative release
reached ~80% over 18 hours, with an initial burst
(~20% in 4 hours) followed by controlled diffusion.
Kinetic modeling via PCPDisso v3.0 fitted best to
the Korsmeyer-Peppas model (R? = 0.96, n = 0.42),
indicating Fickian diffusion-dominated release,
ideal for prolonged therapeutic exposure.

-
=}
=

-
=}
=

@
=)
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40 s L/ S0l el CGNL1 e CGNL2

% Cumulative Invitro Drug Release
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20

Time (Hrz)
Figure 3: In vitro drug release of the pure drug
and formulations
The sustained release profile of CGNL4 (~81 %
over 18 hours) addresses LVX's limitations of rapid
clearance and resistance induction. The Fickian
mechanism (n=0.42) reflects matrix-controlled
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diffusion via chitosan swelling at pH 5.5,
protonating amines, and expanding pores for
gradual LVX elution [34]. This contrasts burst-
release profiles in non-crosslinked systems (<50%
in 6 hours) [35,36], potentially reducing MICs
against resistant strains by maintaining sub-lethal
concentrations that synergize with Cs/GO's
membrane-disruptive effects [37,38]. In wound
contexts, this pH-responsiveness aligns with
infected site acidity (pH 4.5-6.5), promoting on-
demand release and minimizing off-target effects
[39].

3.2. Stability Study

The stability data revealed discernible changes in
the critical attributes of the CGNL4 formulation
over the six-month period. Initially, the
nanocomposite was an off-white, homogeneous
suspension with a particle size of 209.9 nm, a PDI
of 0.22, a zeta potential of -33.2 mV, and an
entrapment efficiency of 81.3%.

Upon storage at accelerated conditions, the
formulation = maintained its = homogeneous
appearance for the first month, with only minor
changes in all parameters. By the three-month
interval, slight sedimentation was observed, which
was redispersible upon mild shaking. Analytically,
this was accompanied by a more noticeable
increase in particle size to 228.7 nm and a PDI of
0.29. The zeta potential also decreased to -21.5 mV,
and the entrapment efficiency dropped to 80.1%.

At the final six-month time point, the particle size
further increased to 245.2 nm, and the PDI
exceeded the acceptance criterion, reaching 0.31.
The zeta potential continued its downward trend to
-25.3 mV, just above the specified limit. The
entrapment efficiency showed a gradual decline,
recording a value of 76.4% at six months, which
was still above the calculated acceptance limit of
68.2%.

Table 1: Stability Data for CGNL4 Nanocomposite at Accelerated Conditions (40°C £ 2°C / 75% RH £ 5%)

Time Point Physical Appearance Particle Size (nm) | PDI | Zeta Potential (mV) | Entrapment Efficiency (%)
Initial Off-white, homogeneous 209.9 0.22 | -33.2 85.3
suspension
1 Month Off-white, homogeneous 2155 0.25 | -28.1 83.8
suspension
3 Months Off-white, slight sedimentation | 228.7 0.29 | -26.5 80.1
(redispersible)
6 Months Off-white, slight sedimentation | 245.2 031 | -253 79.3
(redispersible)

Table 2: Summary of Stability Results vs. Acceptance Criteria

Test Parameter

Initial Value

6-Month Value

Acceptance Criteria

Status at 6 Months

Particle Size 209.9 nm 245.2 nm NMT 250 nm Within Limit

PDI 0.22 0.31 NMT 0.3 Out of Specification
Zeta Potential -24.2 mV -20.3 mV NLT -20 mV Within Limit
Entrapment 85.3% 76.4% NLT 68.2% Within Limit
Efficiency
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NMT: not more than; NLT: not less than

The results from the accelerated stability study
provide critical insights into the long-term viability
of the CGNL4 nanocomposite. The consistent
increase in particle size and the eventual failure of
the PDI specification at six months are clear
indicators of colloidal instability. This trend is
likely attributable to the high humidity and
temperature, which can promote Ostwald ripening
where smaller particles dissolve and re-deposit onto
larger ones or induce swelling and partial
hydrolysis of the chitosan matrix [40]. The
reduction in the absolute value of the zeta potential
from -24.2 mV to -20.3 mV further supports this,
suggesting a decrease in the surface charge density
of the nanoparticles. This loss of charge diminishes
the electrostatic repulsion between particles, which
is the primary mechanism preventing aggregation
in colloidal systems. The fact that the zeta potential
approached the -20 mV threshold by the end of the
study signals a system moving towards instability.

The gradual decrease in entrapment efficiency
indicates that the nanocomposite matrix may be
undergoing structural changes, leading to the
leakage of the encapsulated levofloxacin. This
could be due to the relaxation of the crosslinked
polymer network under thermal stress or the
breakdown of the ionic and hydrogen bonds
between chitosan, graphene oxide, and the drug
[41]. While the entrapment efficiency remained
within the acceptance limit, the downward trend is
a cause for concern for the product's shelf-life. In
conclusion, while the CGNL4 formulation
demonstrates marginal stability for key parameters
like drug content, the significant changes in particle
size distribution and surface charge highlight its
vulnerability to aggressive storage conditions.
These findings strongly suggest that for successful
commercial translation, the formulation would
benefit from being lyophilized into a solid powder
to enhance stability, and that real-time, long-term
stability studies are indispensable for assigning an
accurate shelf-life.

CONCLUSION:

This  study  successfully  developed and
characterized a novel levofloxacin-loaded chitosan-
graphene oxide nanocomposite (Cs-GO-LVX) as a

promising  therapeutic  strategy to combat
antimicrobial resistance. Among the various
formulations, CGNL4 was identified as the

optimized nanocomposite, demonstrating an ideal
balance of properties for dermal and targeted
delivery. It exhibited a nanoscale particle size of
209.9 nm, a low polydispersity index of 0.22, a
stable zeta potential of -24.2 mV, and a high drug
entrapment efficiency of 81.3%. Comprehensive
characterization, including FTIR and SEM,
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confirmed the successful formation of a stable,
porous nanocomposite through electrostatic and
covalent interactions. The in vitro drug release
profile demonstrated a desirable pH-responsive and
sustained release mechanism, governed by Fickian
diffusion, which is crucial for maintaining effective
antibiotic concentrations at infection sites, such as
acidic wound environments. While the accelerated
stability study indicated a trend towards colloidal
instability over six months, with a notable increase
in particle size and PDI, the critical parameters of
drug content and zeta potential remained within
acceptable  limits.  Overall, the CGNL4
nanocomposite effectively leverages the synergistic
antimicrobial action of chitosan and graphene oxide
with the potent antibacterial activity of
levofloxacin, presenting a significant advancement
in nano-antibiotic delivery systems.

The promising in vitro results of the Cs-GO-LVX
nanocomposite pave the way for several critical
investigations to translate this technology from the
bench to the bedside. The immediate future work
should focus on comprehensive in vivo efficacy and
toxicity studies. It is essential to evaluate the
formulation's ability to eradicate multidrug-
resistant bacterial biofilms in animal models, such
as murine wound infection models, and to assess its
systemic toxicity and biodistribution profile.
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