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Abstract

Silver nanoparticles (AgNPs) have been widely used in developing antibacterial preparations. AgNPs are used in film preparation to
enhance the film's antibacterial properties. The combination of natural polymers is an effective strategy to enhance mechanical
properties, prolong degradation time, preserve gas and vapor permeability, and maintain biocompatibility. This research aims
to develop an AgNP-chitosan-carboxymethyl chitosan (CMChi) nanocomposite film that exhibits desirable physical properties
and enhances antibacterial activity by incorporating AgNPs. Chitosan-CMChi composite films were prepared using the solvent
casting method. Characterization and antibacterial tests using Propionibacterium acnes (P. acnes) were carried out for AgNO; and
AgNP-chitosan-CMChi nanocomposite films. The results showed that a 1 mM AgNO; solution with 1% lime powder at pH 9 was the
optimal formulation for AgNP formation, exhibiting an absorbance of 4.631at 408.1 nm, a particle size of 68.4 nm, and antibacterial
activity. To optimize the chitosan-CMChi composite film, a formula of 1.5% chitosan and 1.5% CMChi was selected, yielding a
tensile strength value of 0.514 MPa. The AgNP solution was then added. In the AgNP-chitosan-CMChi nanocomposite film, it
was observed that increasing the AgNP volume affected the mechanical strength of the film. The antibacterial activity of the
AgNP-chitosan-CMChi nanocomposite film increased with the AgNP concentration. Combining AgNPs with the chitosan-CMChi
polymer yields nanocomposite films with good physical properties and enhanced antibacterial activity against P. acnes compared

with films without AgNPs.
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1. INTRODUCTION

Many antibacterial materials are made from metal nanopar-
ticles such as silver (Ag) and gold (Au). Silver nanoparticles
(AgNPs) are known to exhibit strong antibacterial activity, even
at lower concentrations than other metals (Chadha et al., 2014).
Because they possess a large surface area relative to their vol-
ume and small size, AgNPs easily penetrate bacterial cell walls
(Alafandi et al., 2021; Alshamari et al., 2026; Kinoan, 2025).
Based on the antibacterial mechanism of AgNP, free silver
ions (Ag") released from AgNPs can efliciently inhibit bacterial
growth (Mohamed and Madian, 2020). Synthesizing AgNPs
using green methods, such as plants as reducing agents, of-
fers significant advantages over other AgNP synthesis methods,
as reported in recent plant-mediated nanoparticle fabrication
studies (Fithri et al., 2025; Madaniyah et al., 2025). Functional
groups in plant biomolecules, such as flavonoids, terpenoids,

polyphenols, alkaloids, saponins, and tannins, can act as reduc-
ing agents, forming Ag+ ions that reduce to Ag® (Ceballos et al.,
2021). These biomolecules are found in various plant parts,
including leaves, roots, seeds, stems, and flowers (Zimet et al.,
2019). Different synthesis conditions result in nanoparticles
with varying characteristics, including stability and antibacte-
rial performance (Madaniyah et al., 2025). Therefore, it is
essential to identify the desired physicochemical characteristics
of nanoparticles to determine the parameters used in synthe-
sis. Some parameters include reaction time, temperature, pH,
AgNOjg concentration, and reducing agent concentration (Nu-
graheni et al., 2018).

Films have been developed as a new approach for topical
drug delivery due to their thin form and flexible nature, and
are easier to use (Karki et al., 2016; Takeuchi et al., 2018).
Adding AgNPs (nanocomposites) to the film matrix can signifi-
cantly affect the film’s mechanical properties and transparency
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(Nishigaki et al., 2012). Chitosan can form films with favor-
able mechanical strength due to strong ionic interactions be-
tween its negatively charged hydroxyl groups and positively
charged amine groups. It can form transparent films that en-
hance moisture-barrier performance (Dayarian et al., 2014;
Psimadas et al., 2012). Chitosan is widely applied in different
areas, such as cosmetic products and pharmaceutical drug de-
livery systems, by enhancing formulation stability, acting as
a chelating agent, promoting healing, such as tissue growth,
and inhibiting fibrosis (Cazon et al., 2017). The flexibility of
chitosan films can be increased by adding other polymers and
plasticizers. Since chitosan has amine (—NHg) and hydroxyl
(—OH) groups in its structure, it is well-suited for various cross-
linking reactions, including with other polymers and AgNPs
(Ag") (Abraham et al., 2016).

The physical and mechanical characteristics of chitosan
films can be enhanced by blending chitosan with other poly-
mers, such as poly(vinyl alcohol) (PVA), carboxymethyl cellu-
lose (CMChi), hydroxypropyl methylcellulose (HPMC), poly-
lactic acid (PLA), and carboxymethyl chitosan (CMChi) (Bah-
saine et al., 2023; Elgharbawy et al., 2024; Wardhono et al.,
2022). CMChi is a water-soluble biopolymer derived from
chitosan by chemical modification, characterized by its high
hydrophilicity. It is produced by incorporating carboxymethyl
groups into chitosan, yielding an amphoteric polymer with
both —NHg and —COOH groups along the chain. In addi-
tion to its excellent solubility, CMChi is biocompatible and
biodegradable, exhibits film-forming ability, and possesses an-
tibacterial properties (Ounkaew et al., 2020; Savencu et al.,
2021; Yang et al., 2020). The combination of natural polymers
aims to improve mechanical properties, extend degradation
time, maintain gas and water vapor permeability, and maintain
product biocompatibility (Li et al., 2024). The physical and
mechanical characteristics of composite films can be enhanced
by blending chitosan with CMChi (Rozilah et al., 2020).

By considering these aspects, this research aims to develop
an AgNP-grafted chitosan-CMChi nanocomposite film for-
mulation that exhibits good physical properties and enhances
antibacterial activity, particularly against acne-causing bacteria.
The research involves synthesizing AgNP-chitosan-CMChi
nanocomposite films with varying AgNP concentrations to im-
prove their properties and antibacterial activity. These films
should exhibit mechanical properties that are not easily brittle
when applied and a pH that does not irritate the skin. The
nanocomposite films were evaluated for their physical and me-
chanical characteristics and for antibacterial activity against
Propionibacterium acnes (P. acnes).

2. EXPERIMENTAL SECTION

2.1 Materials

2.1.1 Chemicals and Reagents

AgNOg (Sigma-Aldrich, USA), lime, chitosan (100 cps) (Biotech
Surindo), carboxymethyl chitosan (CMChi) (Sigma-Aldrich,
USA), glacial acetic acid (Merck, Germany), distilled water,
propylene glycol (PT. Brataco, Indonesia), nutrient broth (Merck,
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Germany), nutrient agar (Merck, Germany), NaOH (sodium
hydroxide) (Merck, Germany), and Propionibacterium acnes bac-
teria (ATCC 11827) from Center of Health Laboratory, Suraba
ya, Indonesia (Balai Besar Laboratorium Kesehatan).

2.2 Methods

2.2.1 Synthesis of AgNP at pH 9

A 1% lime juice powder solution and a 1 mM AgNOg solution
were prepared separately. Then, 25 mL of the lime juice so-
lution was mixed with 25 mL of the AgNOg solution, and the
mixture was stirred at 250 rpm for 1 hour. The pH of the
mixture was adjusted to 9 using 1 N NaOH, followed by con-
tinuous stirring at 250 rpm at room temperature for another
hour. Finally, the resulting AgNP solution was heated in an
oven at 60°C for 2 hours (Mulyana et al., 2024).

2.2.2 Preparation of Chitosan-CMChi Composite Film
Chitosan was first dissolved in 1% acetic acid, while CMChi was
prepared in distilled water. The two solutions were then mixed
under constant stirring. Propylene glycol was added gradually
until a uniform mixture was obtained, and the final volume was
adjusted to 100 mL with distilled water. An aliquot of 5 mL
was poured into a 5 cm diameter petri dish and dried at 40°C
for 5 hours. After drying, the films were removed and kept in
airtight containers for subsequent characterization (Dayarian
et al., 2014; Zhang et al., 2015).

2.2.3 Preparation of AgNP-Chitosan-CMChi Nanocompos-
ite Film
Chitosan was prepared in 1% acetic acid, while CMChi was
dissolved in distilled water, and both solutions were stirred con-
tinuously at 250 rpm for 80 minutes. Propylene glycol and the
AgNP solution were then added to the mixture, and the final
volume was adjusted to 100 mL with distilled water. A 5 mL
portion of the solution was poured into a 5 cm diameter petri
dish and dried at 40°C for 5 hours. The resulting nanocom-

posite films were collected and stored in airtight containers for
further analysis (Tang et al., 2022).

2.2.4 Characterization of Chitosan-CMChi Composite and

AgNP-Chitosan-CMChi Nanocomposite Film
The dried film formulation underwent physical and mechan-
ical evaluations. FTIR analysis was performed to determine
functional groups and verify possible chemical interactions.
Surface morphology was examined using SEM. In addition,
film thickness (mm), folding endurance, moisture content (%),
swelling index (%), tensile strength (MPa), elongation at break
(%), and Young’s modulus (N/mm?) were measured to assess
the film’s elasticity and mechanical performance (Zhang et al.,
2015).

2.2.5 Antibacterial Activity Test

The antibacterial activity of the film was assessed using the
agar diffusion method against Propionibacterium acnes. Warm
nutrient media were prepared and poured into sterile petri
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dishes, containing 12 mL (base layer) and 8 mL (seed screen),
to which 10 ul of P. acnes bacterial inoculum had been added.
The AgNP-Chitosan-CMChi nanocomposite film was cut into
a 5 mm diameter and then placed on the media. The media
were incubated at 87°C for 24 hours, and the inhibition zone
formed was measured. Clindamycin was used as a positive
control (Awaluddin et al., 2022).

2.2.6 Data Analysis

The properties of the nanocomposite films, including tensile
strength and antibacterial activity, were statistically analyzed
using a One-way ANOVA at the 95% confidence level, followed
by a Tukey HSD post hoc test. All tests were carried out in trip-
licate unless specified otherwise, and the data are presented as
mean = standard deviation (SD). Statistical analysis was applied
to determine significant differences between samples, with sig-
nificance defined at p <0.05 (Gurvich and Naumova, 2021;
Montgomery, 2019; Zar, 2010).

3. RESULTS AND DISCUSSION

3.1 Characteristics of Silver Nanoparticles: Spectrophotome-
ter & Delsa Nano
The absorbance values and particle size of AgNPs synthesized
using lime juice powder extract (1%) with 1.0 M AgNOg solu-
tion at pH 9. The UV-Vis analysis showed a distinct absorption
peak at 408.1 + 0.02 nm, corresponding to the typical surface
plasmon resonance (SPR) band of silver nanoparticles. This
result confirms the successful formation of AgNPs, as absorp-
tion in the 400-450 nm range is commonly associated with
nanoscale silver. The corresponding absorbance value (4.631
+ 0.11) indicates a relatively high intensity, suggesting efficient
nanoparticle formation and stability. Dynamic Light Scattering
(DLS) analysis revealed that the synthesized AgNPs had an av-
erage hydrodynamic diameter (D) of 63.4 + 1.40 nm, with
a polydispersity index (PDI) of 0.251 + 0.04, indicating a rela-
tively narrow particle size distribution and acceptable nanopar-
ticle homogeneity. In addition, a PDI value approaching 0
indicates a homogeneous particle size, whereas a PDI value
<0.3 indicates a heterogeneous particle size (Danaci et al., 2018;
Hoseini et al., 2023). The particle size obtained falls within
the nanometer scale, supporting the UV-Vis results. Moreover,
the PDI value, which is close to 0.2, suggests a narrow size
distribution and acceptable homogeneity of the nanoparticle
population. The wavelength and absorption intensity of the
SPR phenomenon depend on several factors that can affect the
electron charge density at the particle’s surface. Some of these
factors include the type of metal, particle size, shape, structure,
and the medium’s dielectric constant. Increasing the concen-
tration of lime as a reducing agent can accelerate the formation
of AgNPs because a greater availability of biomolecules, such
as flavonoids, saponins, and tannins, acts as a reducing agent,
capping agent, and stabilizer, thereby protecting the nanopar-
ticles from aggregation (Alafandi et al., 2021; Chadha et al.,
2014). Based on the formation mechanism, silver ions (Ag")
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will receive electrons from the reducing agent, become metal
(Ag"), and form AgNPs.

UV-Vis and DLS results verified the successful synthesis of
AgNPs and provided information on their optical properties
and hydrodynamic diameter in colloidal form; these data reflect
the nanoparticle characteristics before incorporation into the
film. After being embedded within the chitosan-CMChi ma-
trix, the nanoparticles interact with the polymer chains, which
can modify their apparent size, distribution, or detectability
in the solid state (Angastiniotis et al., 2021; Harun-ur Rashid
and Foyez, 2025). The SEM images in this study primar-
ily reflect the morphological features of the composite films;
however, individual AgNPs are not distinctly visible due to
polymer coverage and limitations in SEM resolution for detect-
ing small, embedded nanoparticles. Similar observations have
been reported in other chitosan-based nanocomposite systems,
in which AgNPs are often encapsulated within or distributed
throughout the polymer network, making direct visualization
challenging. Therefore, although the presence of AgNPs influ-
ences the surface texture and structural uniformity of the films,
confirming their exact spatial distribution typically requires
higher-resolution or element-specific methods such as TEM or
EDS mapping (Abbasian et al., 2020; Kora and Rastogi, 2021;
Li, 2028; Ramezani et al., 2022).

3.2 Characteristics of Chitosan-CMChi Composite Film
3.2.1 Organoleptics

Based on organoleptic evaluation, all chitosan-CMChi com-
posite film formulations (F1, F2, and F3) exhibited similar
physical characteristics. Each formulation appeared as a trans-
parent, yellowish film. The surface texture of all films was
smooth, indicating good polymer miscibility and homogene-
ity. Furthermore, the films were flexible and not easily torn,
suggesting adequate interaction between chitosan and CMChi,
resulting in strong film integrity. The essential considerations
for choosing this formula are that it forms a film, has a smooth,
even surface, peels off easily, and does not tear easily. The
following tests were conducted to evaluate the characteristics
of the chitosan-CMChi composite film, including organoleptic
tests, pH change tests, thickness, foldability, moisture con-
tent, swelling index, tensile strength, elongation at break, and
Young’s modulus.

3.2.2 Spectroscopy ATR-FTIR Analysis

Based on Figure 1, the spectral profile of the chitosan-CMChi
composite film is identical. At a wave number of 3425.58
em™!, absorption from the stretching vibration of the —OH
group overlaps with the stretching absorption band of the -NH
group, forming a broader band compared to chitosan alone.
This indicates an increase in the =OH group, attributed to the
addition of a carboxylic group (-COOH) (Hadi et al., 20238;
He et al., 2015). The vibrations of the C—H group appear
at wave numbers 2878.64 — 2972.48 cm™'. The vibration
of the C=0O carbonyl group in amide and the N—H bond is
indicated by absorptions at wave numbers 1649.84 cm™! and
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Figure 1. Infrared Spectra of Chitosan-CMChi Composite
Film with CMChi Concentration of F1 (0.5%), F2 (1%), and
F3 (1.5%)

1565.05 cm™, respectively (Ceballos et al., 2021; Mohamed
and Madian, 2020).

Table 1. Composition of Chitosan and CMChi Composite Film

Concentration (%)

Material Function
F1 F2 F3
Chitosan Polymer 1.5 1.5 1.5
CMChi Polymer 0.5 1 1.5
Acetic Acid 1% Solvent 40 40 40

Propylene Glycol Plasticizer 7 7 7
Aquadest Solvent 100 100 100
3.2.3 SEM

Encapsulation based on the SEM results in Figure 2, the chitosan-
CMChi composite film exhibits a flat, smooth, and non-porous
surface, indicating a compact polymer chain arrangement that
does not alter the film’s microstructure (Zimet et al., 2019).
In this study, SEM was primarily used to examine the sur-
face and cross-sectional morphology of the nanocomposite
films, rather than to quantitatively measure the particle size
or dispersion of AgNPs. Due to the polymeric nature of the
chitosan—CMChi matrix, individual AgNPs may be embed-
ded within the polymer network and covered by the polymer
chains, thereby limiting their direct visualization by SEM. Al-
though direct visualization of interfacial interactions between
AgNPs and the polymer matrix was not possible using SEM,
the observed changes in film surface morphology after AgNP
incorporation indirectly suggest the presence of interactions
between AgNPs and the chitosan—CMChi matrix. Similar ob-
servations have been reported in previous studies, where SEM
images of polymer-AgNP nanocomposites provided qualitative
morphological information, while nanoparticle localization and
dispersion required complementary techniques such as trans-
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mission electron microscopy (TEM) or elemental mapping

(EDS) (Mohamed and Madian, 2020; Yang et al., 2020).

Table 2. Composition of Nanocomposite AgNP-Chitosan-
CMChi Film

Material Fn0 Fnl Fn2 Fn3

AgNP (mM) 0 0.25 0.875 0.50
Chitosan (%b/v) 1.5 1.5 1.5 1.5
CMChi (%b/v) 1.5 1.5 1.5 1.5
Acetic Acid 1% (%v/v) 40 40 40 40
Propylene Glycol (%v/v) 7 7 7 7

Aquadest ad (ml) 100 100 100 100

3.2.4 Physical and Chemical Properties of Chitosan-CMChi
Composite Film

As presented in Table 8, the thickness of the chitosan—-CMChi
composite film increases with increasing CMChi concentra-
tion, ranging from 0.07 to 0.11 mm for concentrations of 0.5%
to 1.5%. Film thickness is directly related to film weight; as
thickness increases, so does film weight. From these results, the
combination of the two polymers produces a greater increase
in film thickness than either polymer alone. Additionally, chi-
tosan retains water molecules, thereby contributing to a thicker
film (Nugraheni et al., 2018). The acceptable range of film
thickness is 0.05—1 mm (Karki et al., 2016). The foldability
test aims to determine a film’s durability when folded, flexibility
during use, and elasticity (Takeuchi et al., 2018). The foldabil-
ity test results for chitosan-CMChi composite films indicate
that all films fold more than 800 times without damage or tear-
ing. The polymer concentration influences the folding strength
(Nishigaki et al., 2012). The combination of chitosan and CM-
Chi enhances the film’s strength, making it more tear-resistant.
The interaction between the —OH and —NH groups enhances
the film’s strength (Dayarian et al., 2014). The requirement
for good film folding strength is a folding resistance >300x
(Psimadas et al., 2012). A high folding strength value indicates
that the film has excellent mechanical properties. Therefore,
all formulas demonstrate good foldability.

The moisture content of the chitosan-CMChi composite
film was analyzed to determine the amount of water retained
within the film matrix. The results of the moisture content
test are presented in Table 3. The moisture content of the
chitosan-CMChi composite film ranges from 9.31% to 12.92%.
An increase in CMChi concentration results in a higher mois-
ture content in the film. The hydrophilic properties of the
—OH and —COOH groups in chitosan and CMChi contribute
to the composite film’s increased water content (Cazon et al.,
2017; Zimet et al., 2019). This increase in moisture content
reduces the film’s tensile strength; the lower the moisture con-
tent, the greater the film’s mechanical strength, as stronger
hydrogen bonds form (Abraham et al., 2016). The swelling
index reflects the film’s ability to absorb wound exudate and
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Figure 2. SEM Test Results of Chitosan-CMChi Composite Film: (a). Cross-Section and (b). Surface at 1000x Magnification

Table 3. The Mechanical Properties of Chitosan-CMChi Composite Film with a CMChi Concentration of F1 (0.5%), F2 (1%),

and F3 (1.5%)

) Formula

Evaluation
F1 F2 F3

Thickness (mm) 0.07 £0.01 0.10 + 0.00 0.11 £ 0.01
Foldability >300 >300 >300
Moisture Content (%) 9.31 + 0.09 11.11 +0.16 12.92 + 0.04
Swelling Index (%) 698.45 +0.32 753.59+0.54 822.72+0.61
Tensile Strength (MPa) 0.276 £ 0.00 0.889+0.08 0.514 +0.06
Elongation at break (%) 57.28 + 5.12 57.57 £ 5.85 58.31 + 3.60
Young’s Modulus (N/mm?)  1.885 + 0.61 1.916 + 0.33 4.658 + 0.82

expand, which is crucial for optimizing drug release. The
chitosan—CMChi composite films showed swelling index of
698.45-822.72%, with statistical analysis (ANOVA, p <0.05)
confirming significant differences among the formulas. Higher
CMChi concentrations increased the swelling index by pro-
moting interactions between carboxyl (—COOH) and amino
(—NH,) groups, thereby enhancing water absorption and film
flexibility. The tensile strength of the composite films ranged
from 0.276 to 0.514 MPa. ANOVA results (p = 0.002) in-
dicated that higher CMChi concentrations, especially 1.5%,
significantly increased tensile strength via hydrogen bonding
and electrostatic interactions between polymer chains, resulting
in stronger, more cohesive films. Elongation at break values
ranged from 57.28% to 58.31%, indicating good flexibility, as
all values exceeded 15%. Statistical analysis (p >0.05) revealed
no significant difference among formulas, suggesting that all
CMClhi levels provided similar elasticity. The use of propylene
glycol as a plasticizer further reduced brittleness and enhanced
film flexibility. Young’s modulus values ranged from 1.835-
4.588 N/mm?, with ANOVA (p = 0.006) indicating significant
differences among formulas. The 1.5% CMChi concentration
produced stronger and less brittle films. Overall, increasing
CMChi concentration improved mechanical strength and elas-
ticity due to synergistic interactions between chitosan and CM-
Chi polymers.

© 2026 The Authors.

3.3 Characteristics of AgNP-Chitosan-CMChi Nanocom-
posite Films

3.3.1 Organoleptics

The organoleptic evaluation of AgNP—chitosan—-CMChi nanocom-

posite films with varying AgNP concentrations showed that the

films appeared brownish clear, had a slightly sour odor, and

possessed a smooth texture that was not easily torn. These

results indicate that increasing the AgNP concentration within

the studied range did not cause significant changes in the films’

visual appearance, odor, or texture.

3.3.2 Spectroscopy ATR-FTIR Analysis

Figure 8 shows that the AgNP-chitosan-CMChi nanocompos-
ite films have identical spectral profiles. At a wave number of
8425.58 cm™!, there is an absorption of the stretching vibration
of the —OH group, which overlaps with the stretching vibra-
tion absorption of —NH in Carboxymethyl chitosan, which is
broader than that of chitosan. This indicates that there has been
an increase in the -OH group originating from the addition
of the carboxylate group (—COOH) (Hadi et al., 2023; He
etal., 2015). Vibrations from the C—H group are seen at wave
numbers 2878.64-2972.48 cm™!. The carbonyl group C=0
vibrations in amide and N—H are indicated by absorption at
wave numbers 1649.84 cm™! and 1565.05 cm™!. The shift in
the chitosan absorption band around 1585.71 em™! to 1565.05
em™!, which corresponds to the stretching of the N—H group,
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Figure 3. ATR Spectra of AgNP-Chitosan-CMChi
Nanocomposite Films with Different AgNP Concentrations:

Fnl (0.25 mM), Fn2 (0.8375 mM), and Fn3 (0.5 mM)

is caused by the interaction between AgNP and the N—H group
in chitosan. The N—H bond of the amide in chitosan can act
as a capping agent to maintain the stability of AgNP (Ceballos
etal., 2021; Mohamed and Madian, 2020).

3.3.3 SEM

Based on the SEM results in Figure 4, the cross-section of the
AgNP-chitosan-CMChi nanocomposite films exhibited an un-
even morphology with several pores and micro-cracks, which
may be attributed to polymer chain expansion and rearrange-
ment induced by interactions with AgNPs (Susilowati et al.,
2021). SEM analysis in this study was primarily intended to
evaluate surface and cross-sectional morphology rather than to
identify the embedded nanoparticles chemically.

3.3.4 Physical and Chemical Properties of AgNP-Chitosan-
CMChi Nanocomposite Film
A swelling index test was conducted to determine the ability
of the AgNP-chitosan-CMChi nanocomposite film to absorb
wound fluid and exudates (Savencu et al., 2021). The swelling
index of AgNP-chitosan-CMChi nanocomposite films ranges
from 561.45% to 912.18%. To determine the effect of different
AgNP concentrations on the swelling index of AgNP-chitosan-
CMChi nanocomposite films. The statistical test results showed
that p-values <0.05 indicate that all AgNP concentrations differ
significantly. The results show that the three film formulas
have a higher water absorption capacity than the chitosan-
CMChi composite film. The swelling index results are also
influenced by the degree of cross-linking. A high and appropri-
ate level of cross-linking can increase hydrogel water retention,
whereas a three-dimensional network with poor cross-linking
will decrease film water retention. In the presence of acetic
acid vapor, the —COO groups in CMChi are protonated to
—COOH, while the —NHg groups in chitosan become —NHg".
These changes promote electrostatic interactions that generate
a densely crosslinked network, thereby enhancing water reten-
tion within the film (Ounkaew et al., 2020; Yang et al., 2020).
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Additionally, AgNP can enhance cross-linking, resulting in a
higher swelling ratio for AgNP-chitosan-CMChi nanocompos-
ite films compared to chitosan-CMChi composite films. This
is due to the dispersion of Ag+ ions within the polymer net-
work, which can induce network repulsion and ultimately lead
to increased swelling in the system (Li et al., 2024).

Tensile strength is the maximum stress a film can with-
stand before breaking. This evaluation aims to determine the
tensile strength and flexibility of the AgNP-chitosan-CMChi
nanocomposite film. The tensile strength results are presented
in Table 4. The tensile strength of the AgNP-chitosan-CMChi
nanocomposite film ranges from 0.496 to 0.941 MPa as the ef-
fect of different AgNP concentrations on the tensile strength of
the AgNP-chitosan-CMChi nanocomposite film. The results
of the Tukey HSD post hoc test revealed that the concentration
of AgNP 0.5 mM is significantly different from the concentra-
tions of AgNP 0.25 mM and 0.375 mM. This improvement in
the tensile strength of the film can be attributed to strong inter-
molecular interactions between the amino group (—NHgy) of
chitosan and the generally negatively charged AgNPs, which re-
sult in a more robust structure (Mohamed and Madian, 2020).

The elongation at break value (%) is the percentage increase
in length at which the film breaks (Savencu et al., 2021). The
elongation at break evaluation aims to determine the film’s
toughness. The elongation at break value of the chitosan-
CMChi composite film ranges from 55.12% to 61.47%. To
assess the effect of differences in AgNP concentration on the
clongation at break of the AgNP-chitosan-CMChi nanocom-
posite film, a one-way ANOVA statistical test was performed.
The results showed no significant difference between formulas
(p = 0.435; p >0.05). Based on the statistical test results, there
is no interaction among AgNP concentrations. The elonga-
tion at break value increases with the addition of AgNPs. This
can be attributed to the increasing number of AgNPs, which
reduce the mobility of the chitosan matrix, making the film
stiffer, more resistant to breaking, and less elastic (Rozilah et al.,
2020).

Young’s modulus describes the film’s resistance to changes
in length. The Young’s modulus value is calculated by divid-
ing the stress value by the strain value. The Young’s modu-
lus value of the AgNP-chitosan-CMChi nanocomposite film
ranges from 2.163 to 7.492 N/mm?. To assess the effect of
differences in AgNP concentrations on the Young’s modulus
of the AgNP-chitosan-CMChi nanocomposite film, a one-way
ANOVA statistical test was performed. To assess the impact
of differences in AgNP concentrations. The statistical test re-
sults showed that the AgNP concentration at 0.25 mM dif-
fers significantly from that at 0.5 mM. The increase in the
value of Young’s modulus is attributed to the presence of cross-
linking between AgNP and the polymer, which enhances tensile
strength and makes the film more resistant to breaking (Dash
etal., 2021).

The results for mechanical properties indicated a gradual
increase as the concentration of AgNPs rose, suggesting their
function as reinforcing nanofillers. When evenly distributed
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Figure 4. SEM Test Results of AgNP-Chitosan-CMChi Nanocomposite Film (a). Cross-Section and (b). Surface with 1000x

Magnification

Table 4. Physical and Mechanical Properties for AgNP-Chitosan-CMChi Nanocomposite Film Formulations with Different

AgNP Concentrations

. Formula

Evaluation

Fnl Fn2 Fn3
Thickness (mm) 0.18 £ 0.00 0.19 + 0.02 0.22 + 0.02
Foldability >300 >300 >300
Moisture Content (%) 2.73 + 0.57 6.31 +0.73 9.68 + 0.35
Swelling Index (%) 561.45+0.81 705.05+0.74 912.18 +0.30
Tensile Strength (MPa) 0.496 + 0.02 0.602 + 0.07 0.941 + 0.08
Elongation at break (%) 55.12 + 6.83 60.97 + 2.45 61.47 + 6.06
Young’s Modulus (N/mm?)  2.168 + 0.28 5.996 + 2.60 7.492 + 0.09

within the matrix, AgNPs promote more eflicient stress transfer
between the polymer network and the nanoparticles, thereby
enhancing tensile strength and elastic modulus. However,
at elevated concentrations, stronger interactions between the
nanoparticles and polymer chains can limit chain mobility, lead-
ing to greater stiffness and reduced flexibility, which may cause
the film to become more brittle. Furthermore, excessive AgNP
content may promote particle aggregation, forming stress con-
centration sites that could compromise long-term structural
stability. Thus, although incorporating AgNPs strengthens the
film, optimizing their concentration is essential to achieve an
appropriate balance between mechanical reinforcement and
flexibility (Islam et al., 2025; Mebed et al., 2026; Sati et al.,
2025).

3.4 Antibacterial Test of Nanocomposite Film

The antibacterial activity test was conducted in vitro using the
diffusion method. This method determines a substance’s an-
tibacterial activity was evaluated by measuring the diameter
of the inhibition zone observed. The test bacteria used were
Propionibacterium acnes (ATCC 11827), a gram-positive, anaer-
obic bacterium that causes acne (Jawetz et al., 2008). The
antibacterial activity of the AgNP-chitosan-CMChi films was

© 2026 The Authors.

evaluated by the agar diffusion method, which is widely used
for qualitative screening of antimicrobial performance in solid
materials such as films and coatings. The agar diffusion assay
provides a relative indication of the inhibitory effect through
the measurement of inhibition zones formed by the diffusion
of active components from the film into the surrounding agar
medium. This method is particularly appropriate for intact
films because it reflects the release and diffusion behavior of
the active agents within the polymer matrix, without requiring
the material to be dissolved or dispersed in liquid, which can
alter its structure and properties (Hossain, 2024; Savencu et al.,
2021). In contrast, MIC and time-kill assays are designed for
liquid culture systems in which the sample is fully solubilized
or dispersed and may not be representative of the activity of
solid films in their native form.

The antibacterial activity results for the nanocomposite
film (Figure 5) and the visual observation in Figure 6 showed
that the average inhibition zone diameter ranged from 7.98
to 14.17 mm. The inhibition diameter zone increased with
increasing AgNP concentration. However, there was a slight
decrease in the diameter of the inhibition zone for Fn3, al-
though this was not statistically significant. This was due to
an effect on the nanoparticles’ shape, since different particle
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Figure 5. Antibacterial Activity of FO (Chitosan 1.5%: CMChi
1.5%), Fnl (Chitosan 1.5%: CMChi 1.5%: AgNP 0.25mM),
Fn2 (Chitosan 1.5%: CMChi 1.5%; AgNP 0.875mM), Fn3
(Chitosan 1.5%: CMChi 1.5%: AgNP 0.5mM), and the
Positive Control (Clindamycin) Against Propionibacterium acnes

shapes can yield different antibacterial activities (Abbaszadegan
et al., 2015). According to the results of the Tukey HSD post
hoc test, it is evident that the composite film without AgNP is
significantly different from the nanocomposite film formulas
with AgNP. Increasing NPAg in the nanocomposite film en-
hances antibacterial activity. Compared to films that do not
contain AgNP (Fn0), the AgNP-chitosan-CMChi nanocom-
posite film exhibited a larger inhibition zone diameter than the
chitosan-CMChi composite film.

(a) Before

(b) After

Figure 6. Antibacterial Activity Test Results of Fn0O (Chitosan
1.5%: CMChi 1.5%), Fn1 (Chitosan 1.5%: CMChi 1.5%:
AgNP 0.25mM), Fn2 (Chitosan 1.5%: CMChi 1.5%; AgNP
0.375mM), Fn3 (Chitosan 1.5%: CMChi 1.5%: AgNP
0.5mM), and Positive Control (Clindamycin) Against
Propionibacterium acnes

The antibacterial performance of the AgNP-chitosan-CMC
hi films increased with higher nanoparticle concentrations, as
reflected by the larger inhibition zone diameters observed in the
agar diffusion test. Films containing greater amounts of AgNPs
produced wider clear zones, indicating stronger antimicrobial

© 2026 The Authors.
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activity. This effect is likely due to the increased release of
silver ions (Ag") and the presence of more nanoparticles, which
can attach to bacterial cell walls, disturb membrane integrity,
and promote the formation of reactive oxygen species (ROS),
ultimately leading to bacterial cell death.

Nevertheless, at very high concentrations, AgNPs may
aggregate, which can reduce their effective diffusion and di-
rect interaction with bacterial cells. These findings emphasize
the importance of optimizing nanoparticle loading to maxi-
mize antibacterial performance while ensuring proper disper-
sion within the polymer matrix. Comparable concentration-
dependent antibacterial effects of AgNPs have also been docu-
mented in earlier studies (Darvish and Ajji, 2021).

4. CONCLUSIONS

The combination of AgNP with the chitosan—CMChi polymer
in the AgNP-chitosan-CMChi nanocomposite film exhibited
better characteristics compared to the film without AgNP, as
indicated by improved mechanical properties such as higher
tensile strength, elongation at break, and Young’s modulus.
Furthermore, the AgNP-chitosan—CMChi nanocomposite film
demonstrated vigorous antibacterial activity against the gram-
positive bacterium Propionibacterium acnes (P. acnes).
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