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ARTICLE INFO ABSTRACT

Keywords: Biopolymer films have garnered interest as wound dressing materials. However, they lack antibacterial
Ag properties, which are essential for effective wound healing. To address this limitation, we created a cellulose-
C.ellulose gelatin film impregnated with silver nanoparticles (Ag-NPs). Spherical Ag-NPs were distributed on the cellulose-
;i?:oscale gelatin film’s surface. The concentration of silver nitrate as a primary source of Ag-NPs is essential to the
Polymer nanoparticle size generated. From the data obtained, using a higher silver nitrate concentration resulted in

AgNPs with a larger size distribution, as corroborated by a previous study. Interestingly, the size distribution
of nanoparticles significantly affects the film’s antibacterial performance. The smallest has the strongest
antibacterial properties against negative and positive gram bacteria. This study concluded that the right size
Ag-NPs could find prospective application in the biomedical needs, particularly as a wound dressing.

1. Introduction

Cellulose, a biopolymer derived from plant cell walls, has gained
significant attention as a multipurpose material due to its safe interaction
with living tissues, environmental friendliness, and structural integrity
[1]. Natural origin and abundant availability make it an attractive
alternative to synthetic materials. Moreover, the properties of cellulose-
derived materials might be improved by combining them with other
biopolymers, such as gelatin [2,3]. As a natural polymer derived
from collagen, it complements cellulose in medical applications by
enhancing the healing properties of the composite materials [4]. Its
high biocompatibility and biodegradability also make it suitable for
medical use, while its excellent film-forming capabilities provide good
elasticity and tensile strength, making it more durable and capable
of conforming to various shapes and sizes [5-7]. By embracing these
advantages, cellulose and gelatin can significantly improve structural,
mechanical, and biological properties, resulting in efficient and
multipurpose biofilm, especially for novel wound dressing materials.

Nevertheless, both cellulose and gelatin exhibit poor antibacterial
activity [8,9]. To overcome this limitation, it is crucial to incorporate
antibacterial agents into wound dressing; e.g., chitosan [10],
benzalkonium chloride [11], silver sulfadiazine [12], and metallic
nanoparticles [13]. The remarkable antibacterial capabilities of
metallic nanoparticles have been highlighted in recent reports, largely
attributed to their nanostructure and significant surface area [14,15].

Silver nanoparticles (AgNPs) have been the focus of numerous studies
targeting bacteria, fungi, and viruses. However, controlling its size
and tendency to aggregate is a critical issue that must be considered
in AgNPs synthesis [16]. One fundamental aspect that needs to be
studied is how the precursor concentration affects nanoparticle size and
its antibacterial effectiveness. Besides, to our knowledge, research on
AgNP size in cellulose-gelatin film for wound dressing application has
never been studied.

In this study, we developed a multipurpose film with excellent
mechanical properties and strong antibacterial activity. The film
utilizes a sustainable biopolymer matrix derived from extracted
avocado seed waste, a novel approach that promotes circular economy
principles and, to our knowledge, has not been previously explored.
We further enhanced the film’s properties by integrating cellulose and
gelatin within a citric acid crosslinking system, which significantly
improved both mechanical strength and biocompatibility. Importantly,
citric acid also contributed to the film’s antibacterial function. In vitro
assays were conducted against E. coli and S. aureus for 7 days (7x24
h) to evaluate the impact of AgNP size on antibacterial performance.
The results demonstrated sustained antibacterial activity against both
Gram-negative and Gram-positive bacteria, a level of performance
that has not been reported in previous studies utilizing AgNPs within
biopolymer matrices. These findings suggest that the developed film
holds strong potential for biomedical applications, particularly as a
wound dressing material.
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2. Materials and Methods

2.1. Materials

The avocado seed powder was obtained from the solid residue
left after extracting avocado seeds with hexane, as described in our
previous study [17]. The chemicals used for film preparation are sodium
hydroxide (NaOH, Merck), citric acid (CA, Sigma-Aldrich), and gelatin
(Sigma-Aldrich). Furthermore, chemicals used for synthesizing AgNPs
are silver nitrate (AgNO,, Merck) and trisodium citrate (Na,C;H,O,,
Merck). Demineralized water, supplied by Sumber Ilmiah Persada,
Indonesia, was used as the solvent throughout the experiment.

2.2. Film preparation

The film was prepared according to our earlier study [18]. The solid
waste of extracted avocado seed was delignified using 2 (wt%) NaOH
with a solid: liquid ratio of 1:20 (w/v) in a three-necked rounded flask,
under refluxing conditions, using the B-One Digital Heating Mantle
at boiling point for 1 h. Then, the delignified pulp was rinsed and
centrifuged repeatedly with demineralized water until a neutral pH
was obtained. Components composition of delignified pulp compared
with extracted avocado seed waste as raw materials has been shown
in Table 1, highlighting the delignification impact to increase the
purity of cellulose obtained, as reported in our earlier study [19,20].
Afterward, gelatin was dissolved in demineralized water with a 1:10
(w/v) ratio under stirring conditions at 50°C for 45 min. Next, the
delignified cellulose pulp was added to the gelatin solution with a
volume ratio of 1:1. Then, the mixture was stirred at 50 °C for 3 h. Citric
acid monohydrate powder was added to the mixture with a 10 (wt%)
ratio. The solution was stirred continuously at 120 °C for 1 h. Next, the
viscous solution was cast and dried at 100 °C for 3 h.

2.3. Synthesis of Ag-NPs

AgNPs were synthesized by reducing silver nitrate (AgNO,) as an
Ag" ion source with trisodium citrate (C;H,Na,0,) as a reducing agent.
Briefly, 0.01 M C,H,Na,O, was heated at 100°C for 15 min. After that,
0.001 M AgNO, solution was dropped wisely and heated at 100°C. A
few drops of 0.5 M NaOH were added during the reaction process to
obtain pH conditions of ~10. The solution was gradually changed from
pale yellow to dark orange/brown, indicating that the AgNPs were
obtained. The process was stopped to prevent particle agglomeration
due to elevated temperatures. Hence, the colloidal solution was kept at
ambient temperature in a dark environment to ensure particle stability.
Synthesis of AgNPs conducted with three different concentrations of
AgNO,, 1 x 1073, 3 x 10%, and 5 x 10 M, which are labeled as AgNPs-X,
where X values are 1, 3, and 5 for AgNO, concentration of 1 x 103, 3 x
1073, and 5 x 10 M, respectively.

2.4. Cellulose-gelatin film impregnated with Ag-NPs

AgNPs were impregnated into the film by immersing the synthesized
film in AgNPs colloidal solution for +2 min. Furthermore, after removing
the film from the liquid, the cellulose-gelatin film was dried at 100°C for
+ 15 min. Moreover, the drying process was continued in a desiccator
to prevent black silver oxide (AgO) formation due to overheating. The

Table 1. Components composition of extracted avocado seed waste as raw
material and cellulose pulp from the delignification process of this study.

Component (%) Raw material After delignification
Extracted avocado seed waste Cellulose pulp

Water solubility of 13.87 +0.71 6.86 + 0.88
impurities

Hemicellulose 12.28 +1.58 4.97 £ 0.47
Cellulose 58.08 + 4.17 85.12 + 2.96
Lignin 15.13 +5.77 3.00 + 2.59

Ash 0.64 +0.73 0.05 + 0.04
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cellulose-gelatin film impregnated with AgNPs is denoted as CA/S-Ag-
[X], which X is the synthesized AgNPs mentioned above.

2.5. Characterization

The particle size distribution of AgNPs colloidals was measured
using the Malvern Zetasizer nano-ZS instrument. Furthermore, the
absorbance curves of different concentrations of AgNPs were obtained
using a UV-Vis spectrophotometer (West tune, N2S). To further confirm,
a simple Tyndall effect experiment was also conducted to validate that
AgNPs colloidal were successfully synthesized. The surface morphology
and structural features of the cellulose-gelatin films were analyzed
using a scanning electron microscope (SEM, HITACHI FLEXSEM-100).
Additionally, Fourier-transform infrared spectroscopy (FTIR; Shimadzu
IRTracer-100) was employed to characterize the chemical bonds present
in the raw materials, intermediates, and final products. Furthermore, to
ensure the synthesized films did not contain any toxic elements, an
X-Ray Fluorescence (XRF; PANalytical Prodigi) analysis was conducted,
highlighting their relevance to health and environmental safety.

Furthermore, an antibacterial assay was performed using Escherichia
coli and Staphylococcus aureus as representatives of Gram-negative
and Gram-positive bacteria, respectively. A bacterial suspension (1
dose) was diluted in 10 mL of water, and 4 pL of this suspension was
transferred onto nutrient agar. The bacteria were evenly spread across
the agar surface using a cell spreader. A circular film sample, 1 cm in
diameter, was then placed at the center of each plate. The appearance
of an inhibition zone around the film indicated antibacterial activity,
which was monitored over a period of 7 x 24 h.

3. Results and Discussion

The AgNPs produced from AgNO, precursors with different
concentrations have different colors, as shown in Figure 1(a). The
AgNPs-1 have a yellow color with the lowest color intensity, the
intensity of yellow increases in AgNPs-3 and approaches a brownish
color at AgNPs-5. Results with similar trends were also obtained from
spectrophotometer analysis. The absorbance curve shown in Figure
1(b), AgNPs-1 has an absorbance peak at a wavelength of 420 nm,
a higher intensity, followed by AgNPs-3 with an absorbance peak
at a wavelength of 423 nm, and AgNPs-5 has an absorbance peak
with the highest intensity at a wavelength of 429 nm. Furthermore,
Figure 1(c) shows the size distribution of AgNPs, which increases as
the concentration of AgNO, increases. In addition, a simple analysis
was carried out using laser light directed at demineralized water and
AgNPs colloids, as shown in Figure 1(d). The light beam directed at
demineralized water will be forwarded so that the light is invisible.
A different phenomenon occurs when the light beam is pointed at
colloidal AgNPs; it dissipates and leaves a visible trace. It is the initial
evidence of AgNPs colloid formation, other than the color change,
known as the Tyndall Effect.

After AgNPs were embedded in the cellulose-gelatin film, the
SEM image (Figure 2) showed the presence of brighter components
on the film's surface. These components were none other than silver
nanoparticles scattered over the film surface. Furthermore, an analysis
of the Ag composition using Energy-dispersive X-ray spectroscopy
(EDX) shows that the Ag composition increases as the concentration
of AgNO, used increases. In addition, it was observed that the size of
Ag-NPs appeared larger as the concentration of AgNO, precursor used
increased, which was in line with the size distribution results obtained.
Not only that, Ag-NPs on the surface of the CA/S-Ag-5 film also appear
to agglomerate or gather close together into one. It can occur because
the higher concentration of AgNO, precursors will increase the number
of particle nuclei formed in the nucleation process and accelerate
particle growth. Without being accompanied by a sufficient stabilizer,
in this case, trinatrium citrate (Na,C;H;O), particle agglomeration is
more prone to occur. Meanwhile, Figure 3 shows the chemical bonds
in cellulose-gelatin films before and after Ag-NPs embedded in various
concentrations. There is no significant difference in the resulting FTIR
spectra, indicating that adding Ag-NPs to the film does not change the
film's chemical bonding or the film or the crosslinking behavior of the
film.
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Figure 1. (a) Visual appearance and different colors of AgNPs colloidal resulted
from different silver nitrate concentrations, (b) absorbance curve of AgNPs, (c) AgNPs
size distribution and (d) simple experiment of Tyndall effect between demineralized
water and AgNPs-[3]. [1] for Ag-NPs-[1] with AgNO, concentration of 1x10° M, [2]
for Ag-NPs-[3] with AgNO, concentration of 3x10° M, [3] for Ag-NPs-[5] with AgNO,
concentration of 5x10° M.
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Antibacterial properties are essential for specific functional
applications, such as wound dressings. Cellulose-gelatin films with the
addition of Ag-NPs show antibacterial properties that can persist up to
7 x 24 h in Gram-negative and positive bacterial media cultures such
as E. coli and S. aureus. This result indicates that adding Ag-NPs has a
much better antibacterial ability than without adding Ag-NPs in CG-
CA/S-10 films.

Based on the inhibition zone until the 7™ day of observation on both
E. coli and S. aureus bacterial cultures, cellulose-gelatin films with the
addition of Ag-NPs have the best antibacterial performance on CA/S-
Ag-1 film, followed by CA/S-Ag-3 and CA/S-Ag-5. It indicates that the
concentration of AgNO, precursor, which then affects the size of Ag-

(b) CA/S-Ag-3

Ag=0.8 (Wt.%)
10 kV X20K BSE 1pum

Ag=0.87 (Wt.%)
10 kV X20K BSE

Figure 2. (a-c) SEM images and Ag elemental compositions of the synthesized film with Ag-NPs in various concentrations.
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Figure 3. FTIR spectra of the synthesized film with- and without Ag-NPs addition.

NPs formed, can have different antibacterial effects on cellulose-gelatin
films.

This phenomenon can be explained through the antibacterial
mechanism that Ag-NPs can perform. Researchers have accepted two
common antibacterial mechanisms by Ag-NPs: direct contact with
microorganisms and the release of Ag* ions. In the mechanism of direct
contact with microorganisms, it is reported that Ag-NPs can adhere to
the bacterial cell wall so that Ag-NP penetration can occur inside. It
will undoubtedly cause physical changes to the bacterial membrane,
such as membrane damage that leads to bacterial death [21,22].
It is also the reason why the antibacterial performance of Ag-NPs is
stronger on E. coli, which is a Gram-negative bacterium, compared to
S. aureus, which is a Gram-positive bacterium, because Gram-positive
bacteria are reported to have cell walls with a thickness of up to 10x
that of Gram-negative bacteria, so that their resistance is stronger [23].
After attachment and penetration into the bacterial cell wall, there is
a relationship between the antibacterial effect and the size of Ag-NPs.
Smaller nanoparticles will have a larger surface area, making contact
with bacterial cells more intense. In addition, the smaller size will make
it easier for Ag-NPs to penetrate the bacterial wall, and they tend to be
more reactive to bacterial cell components, which makes it easier to
cause death [22] [Figure 4].

The second mechanism is the release of Ag" ions by Ag-NPs. In this
mechanism, one of the crucial parameters in Ag-NPs against bacteria
is the surface area of the nanomaterial [24-26]. Ag-NPs can release
Ag" ions both inside and outside the bacterial wall. Previous studies
convey that Ag-NPs release higher concentrations of Ag" ions with a
larger surface area, and conversely, the smallest Ag* ions are released
by Ag-NPs with the lowest surface area [27]. It can be explained why
CA/S-Ag-1, with the smallest size distribution of Ag-NPs, has the best
antibacterial performance. Nanomaterials with smaller sizes will have a
larger surface area, so the ability to release Ag" ions will also be higher.
Furthermore, Ag" ions will bind to proteins in the cell membrane and
form stable bonds that cause protein deactivation. These proteins play

(c) CA/S-Ag-5
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Figure 4. Digital photos of the antibacterial activity assays of the films with the
addition of Ag-NPs using E. coli and S. aureus media cultures at 1, 3, and 7X 24 h of
observation.

an important role in the transportation system and cellular respiration,
so disruption of the proteins will disrupt the process of cell division and
reproduction, leading to bacterial death [15,28].
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On the other hand, it is considered that the Ag-NPs have spherical
geometry, and the release of Ag” ions follows an unsteady state diffusion
process, as described by Fick's second law of diffusion, shown in Eq.
(1). According to the equation, the diffusion rate is influenced by both
the diffusion coefficient (8) and the spatial gradient of concentration.
For smaller values of x, which corresponds to the particle size
(radius) or the distance from the particle's center to its surface, the
concentration gradients become steeper, resulting in a faster diffusion
rate. This relationship highlights that smaller sizes of Ag-NPs led to
reduced diffusion distances and exhibited accelerated release dynamics
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Table 2. Component amounts and limits of toxic elemental composition.

Class | Element Component limits (%) | Component amounts identified
(%)
1 Lead (Pb) 0.1 0.02 + 0.00
Cadmium (Cd) 0.05 No Intensity
Mercury (Hg) 0.15 No Intensity
Arsenic (As) 0.15 No Intensity
2 Copper (Cu) 25 3.70+0.14
Vanadium (V) 2.5 0.15 + 0.07
Nickel (Ni) 2.5 0.72+0.34

compared to larger particles. Such behavior aligns with the fundamental
principles of diffusion, where reduced spatial constraints promote rapid
molecular transport.

Moreover, ensuring that the material is free from toxic or hazardous
substances is crucial for its application as a functional material. To
confirm this, XRF analysis was conducted to detect the presence of any
toxic elements in the synthesized film, as shown in Table 2. Typically,
elemental impurities are categorized into class 1 and class 2. Class 1
elements, such as Pb, Cd, Hg, and As, must be absent due to their high
toxicity and environmental risks, while class 2 elements, like Cu, V,
and Ni, are less toxic but still need to be present in limited amounts
[29,30]. XRF analysis confirmed that class I and II elements were
absent or present in trace amounts below safety thresholds, indicating
that the synthesized biopolymers are non-toxic and environmentally
safe.

4. Conclusions

AgNPs were successfully embedded into the cellulose gelatin as
antibacterial agents. AgNPs were distributed with an average size of
37.6-59.1 nm. SEM-EDX provided clear evidence for the presence of
AgNPs in the cellulose-gelatin film with a mass fraction of about 0.8-
0.96%. FTIR spectrum confirmed that there is no significant difference
between the films with and without AgNP materials, indicating that
the chemical bonding of the film isn’t affected by the presence of
AgNPs. Importantly, in vitro evaluation against E. coli and S. aureus
bacteria was observed up to 7 x 24 h. The results reveal that the size
of AgNPs influences the antimicrobial activity of the film, with smaller
sizes having a better ability. One probable explanation is that a smaller
size allows for a larger surface area, resulting in better direct contact
with bacteria and providing sufficient Ag* ion release. Besides, AgNPs
with a larger size tend to aggregate, which is unfavorable for the
antibacterial performance. This study confirms that a novel cellulose-
gelatin film with AgNPs was successfully produced from avocado
seed waste with excellent antibacterial activity, pointing out their
promising possibilities for medical use, especially in wound dressing
applications.
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