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ABSTRACT: In this research, the antibacterial properties of a composite material prepared from agave bagasse
cellulose fibers doped with silver nanoparticles and chitosan were studied. The development of composite materials
with antibacterial properties and environmentally friendly based on cellulose fibers from agave bagasse with silver
nanoparticles prepared by green synthesis and chitosan from shrimp waste enhances the value of these agro-industrial
wastes and offers the opportunity for them to have biomedical applications since these raw materials have been poorly
reported for this application. The antibacterial properties of chitosan and silver nanoparticles are already known.
However, the combination of silver nanoparticles with cellulose fibers and chitosan has been studied poorly. Green
synthesis of silver nanoparticles was carried out, and spherical shape nanoparticles with a size between 20 and 50 nm
were obtained by ultraviolet-visible (UV-Vis) spectroscopy and transmission electron microscopy (TEM) analysis.
Additionally, in this research, the cellulose obtained from agave bagasse, the chitosan extracted from shrimp shells,
and the composite material were characterized by infrared spectroscopy, mechanical analysis, and antibacterial tests.
A decrease in the growth of Escherichia coli bacteria with 100% growth inhibition on cellulose, chitosan, and silver
nanoparticles composite material and an increase in mechanical properties from 13.67 MPa of cellulose pure to 110 MPa
of composite material was observed. These findings support the idea that the composite material has potential use in
wound care dressings for antibacterial care.
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1 Introduction

In recent decades, industrial waste production and using non-renewable resources as raw materials
for industries have gained significant importance due to the need to reduce the environmental impact of
such activities and ensure that natural resources are available for future generations. Consequently, actions
have been taken to guide the industry’s path toward a sustainable future [I]. Among these actions is the
emergence of so-called green chemistry, which involves the synthesis of compounds or products by less
polluting methods than conventional ones so that no harmful waste is generated or the least amount of it
is produced. Additionally, non-renewable resources used by industry have been replaced with renewable
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raw materials, and there is even a focus on utilizing industrial waste to manufacture products or energy
production [1,2].

In Jalisco, Mexico, due to the significant tequila industry expansion, one of the central agro-industrial
residues is agave bagasse, obtained after preparing the alcoholic beverage called tequila. It has been reported
that almost half of bagasse composition is cellulose, around one-fifth is hemicellulose, and one-sixth is
lignin [3]. These bagasse components have recently been proposed to obtain new raw materials, with
particular attention given to cellulose [3,4]. Cellulose can be defined as a biopolymer formed by a long
chain of carbohydrates, composed exclusively of glucose molecules linked by glycosidic bonds (1-p4) and
interconnected by hydrogen bonds [5,6]. This polymer can be obtained from natural sources such as
cotton [7], trees [8], and bacteria [9,10].

Furthermore, cellulose can be isolated from agave bagasse and used for various purposes, such as bio-
plastics manufacture or composite materials [11,12]. Another critical residue is the crustacean shells, such as
shrimp and lobsters, from which chitin can be extracted to obtain chitosan [13]. Chitosan is a natural polymer
derived from chitin deacetylation with antimicrobial, anti-inflammatory, and antioxidant properties, used
in pharmacy, food, and cosmetics [13,14]. The cellulose and chitosan combination has been extensively
investigated due to their complementary properties and potential in various applications [9,15]. Cellulose has
a fibrous structure, providing high mechanical strength and chemical stability, while chitosan contributes
antimicrobial and biocompatibility properties [9]. This composite material has found applications in various
fields, such as cellulose-chitosan films with improved oxygen and water vapor barrier properties for food
packaging [16]. Other studies have demonstrated that cellulose-chitosan sponges are helpful in the removal
of heavy metals and dyes from wastewater, leveraging the adsorption capacity of chitosan and the porous
structure of cellulose [17-19]. In the biomedical field, studies have been reported using cellulose derivatives
(carboxymethyl cellulose, cellulose acetate, and others) [20,21], nanocellulose [22], and bacterial cellulose
combined with chitosan loaded with silver nanoparticles to enhance antibacterial activity [23], suggesting
their potential use for applications in wound dressings and medical devices. Silver nanoparticles (AgNPs)
are highly effective in biological tests for burn treatment or antisepsis, and they have been widely used for
their antimicrobial properties in drug delivery vehicles development or other medical devices [24].

Research reporting the use of cellulose and chitosan for biomedical applications generally sources
cellulose from natural sources such as cotton [7], trees [8], and bacteria [9,10]. In this research, the aim is
to add value to agave bagasse residues by obtaining cellulose to develop eco-friendly composite materials
made of agave bagasse cellulose fibers with silver nanoparticles prepared by green synthesis and shrimp
chitosan to enhance their antibacterial properties and potential uses in biomedical applications, as this
raw material has not been reported for this application. Green synthesis is defined as using processes that
minimize or eliminate the generation of toxic byproducts through renewable raw materials, safe solvents,
or more benign reaction conditions [25]. Therefore, the research aims to prepare a composite material with
agave bagasse cellulose fibers, varying the chitosan amounts between 0 to 4% w/w and the size (20 and
100 nm) and concentration (0 to 4% w/w) from silver nanoparticles. In this study, the developed composite
materials are prepared from agave bagasse fibers and chitosan derived from shrimp shells, two renewable
and underutilized raw materials that, if not harnessed, could be disposed of inefficiently or polluting [26].
In addition, the silver nanoparticles were synthesized using glucose as a reducing agent, thus avoiding
toxic chemicals used in conventional commercial methods [27]. The aim is to revalue agro-industrial and
marine residues for biomedical applications. In medicine, there is a need for low-cost and accessible wound
care materials with a broad range of antimicrobial activity. The synergy between agave cellulose fibers and
chitosan will support silver nanoparticles to enhance their antibacterial activity, a characteristic that will
be evaluated based on their concentration and size. Finally, agave fibers and chitosan are biodegradable,
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reducing their persistence in the environment after use. Promoting the production of this composite material
highlights its contribution to sustainability, its alignment with the principles of the circular economy, and its
ability to meet industrial demands with a lower ecological impact.

2 Materials and Methods

2.1 Isolation and Characterization of Cellulose from Agave Bagasse

Bagasse fibers from the agave tequilana Weber plant were obtained from a tequila company named
“Grupo Internacional de Exportacion, S.A de C.V.” located in Tlajomulco de Zuiiga Jalisco, Mexico. A total
of 20 kg of agave bagasse was collected at the company and sun-dried to eliminate the excess moisture. The
bagasse was passed through a Sprout Waldron mill with a Kopper’s feeder to undo the existing knots in the
bagasse and separate the fiber from the pith (demented) to facilitate the pulping stage. Once the bagasse was
depicted, alkaline cooking was carried out, for which a solution of 200 g of sodium hydroxide (NaOH) and
1 g of anthraquinone in 2 L of water was prepared. One kg of bagasse, NaOH, and anthraquinone solutions
were introduced into a Jaime-type digester for 90 min at 165°C + 5°C. After washing the pulp with water, it
was purified in a scrubber and a Dutch pile to separate the fibers. The Kappa number was determined by the
T 236 om-22 standard [28] to estimate the residual lignin amount and proceed to bleach the fibers. Then,
the cellulose pulp was bleached by applying 80% w/v sodium hypochlorite (NaClO,) and 99% w/v acetic
acid (CH;COOH)) in a ratio of 1:25 at 75°C. Three doses of the bleaching solution were added every 12 h to
remove lignin from agave bagasse. The fibers were then washed with distilled water.

The cellulose obtained was characterized according to the T 203 cm-22 standard to determine the
percentage of alpha cellulose [29]. The morphology of cellulose fiber obtained from agave bagasse (fiber
length, crimp index, twist index, and fiber width) was evaluated using a fiber quality analyzer (FQA) Op Test
Equipment Inc. The FQA was calibrated according to the T 271 om-07 standard [30]. Additionally, images
were obtained with a scanning electron microscope (SEM) model MIRA 3 LMU; TESCAN. For SEM images,
the cellulose fiber samples were coated with a layer of gold. The inherent viscosity of cellulose was used to
measure the degree of polymerization of agave bagasse cellulose, as defined in standard D1795-13 [31]. Fourier
transform infrared spectroscopy (FT-IR) analysis identified the functional groups present in cellulose, which

was carried out with a Perkin Elmer Spectrum GX spectrometer in the range of 4000 to 500 cm™! with a

resolution of 4 cm™.

2.2 Preparation and Characterization of Chitosan

The shrimp shells were sourced from an aquaculture byproduct company on the Pacific coast of Costa
Rica. The shells were crushed and treated with 5% w/w hydrochloric acid followed by 5% w/w sodium
hydroxide at room temperature. After that, the material was rinsed to neutral pH and sun-dried using a solar
oven. Finally, the material underwent deacetylation to transform chitin to chitosan with 50% w/w NaOH
at 100°C for 2 h with continuous stirring at 200 rpm. The resulting mixture was filtered, washed to neutral
pH, and then dried in an oven at 70°C. The chitosan’s viscosimetric molecular weight (Mv) was determined
by viscosimetry using a buffer of 0.25 M acetic acid/0.25 M sodium acetate, applying the Mark-Houwink-
Sakurada constants of K =1.57 x 10~* and a = 0.79 [32]. To estimate the degree of deacetylation was measured
by conductometric titration with 0.1 M HCl as the solvent and 0.1 M NaOH as the titrant [33].

2.3 Synthesis and Characterization of Silver Nanoparticles

Silver nanoparticles were synthesized using the green carbohydrate reduction method described by
Aguilar-Méndez et al. (2010). The synthesis consists of adding 10 mL of 0.1 M silver nitrate to a solution of
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glucose and gelatin in different proportions for 30 min under magnetic stirring and controlling the pH at 10
with NaOH to obtain silver nanoparticles in two size ranges as described in Table 1 [27].

Table 1: Synthesis conditions for silver nanoparticles

AgNPs Glucose (wt%) Gelatin (wt%) Temperature (°C)
Small (<20 nm) 0.90 0.36 85
Large (>20 nm) 0.72 0.84 75

An UV-Vis spectrophotometer (Shimadzu 1600 UV spectrometer, Kyoto, Japan) was used to monitor the
reduction of silver nitrate into AgNPs between 200 and 800 nm. The AgNPs were characterized using TEM
(JEOL, JEM2011) at a voltage of 120 kV. A suspension of 5 pL. AgNPs was put on carbon-coated copper grids
and dried in a desiccator with silica for 16 h. Furthermore, the hydrodynamic diameter, zeta potential, and
polydispersity of the AgNPs were evaluated using dynamic light scattering (DLS) on a nanoparticle analyzer
(NanoPartica SZ-100V2, Horiba, Japan), with a dispersion angle of 173° and a temperature of 25°C.

2.4 Preparation of Cellulose, Chitosan and AgNPs Composite Material

The composite material was prepared as follows: the cellulose fibers were dispersed in water to a
consistency of 10%, and the chitosan was dissolved in 1% m/v acetic acid. Different concentrations (2% and
4%) and size (small and large) from silver nanoparticles and chitosan (4% and 8 %) were added, respectively,
as seen in Table 2.

Table 2: Composite materials quantities (dry basis percentage)

Nomenclature Cellulose (% w/w) AgNPs (% w/w) Chitosan (% w/w)
Small (<20 nm) Large (>20 nm)

Cel 100 0 0 0
Cel + Ch 96 0 0 4
CelAgNpLarge 98 0 2 0
CelAgNpSmall 98 2 0 0
CelAgNpLargeCh 94 0 2 4
CelAgNpLargeCh+ 94 0 4 8
CelAgNpSmallCh 94 2 0 4
CelAgNpSmallCh+ 88 4 0 8

The paper-type composite material was made using the TAPPI T218 sp-02 Buchner method by suction
and water elimination (Fig. 1) [34]. The composite material was allowed to dry air and subsequently weighed.
The thickness of each material obtained was measured, and the final material was characterized by FTIR and
SEM microscopy.
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Figure 1: Buchner TAPPI T218 sp-02 method representation

2.5 Antibacterial Activity Evaluation from Composite Materials of Cellulose Fiber, Chitosan and AgNPs

A

An antibacterial test was adapted for the composite materials using the immersion method [12,35].
The technique consists of preparing a bacterial inoculum with a chosen common bacterium, in this case,
Escherichia coli (ATCC 25922). An isolated bacterium colony was inoculated into 10 mL of nutrient broth
suitable for the bacteria and incubated at 37°C for 24 h. Growth culture dilution with 20 mL of nutrient
broth and 400 pL from inoculum were prepared. The optical density was measured with a spectrophotometer
and diluted to achieve an absorbance of approximately 0.13 at 600 nm wavelength, which corresponds to
1 x 103 UFC/mL. The inoculum was further diluted to achieve a concentration of ~ 5 x 10° UFC/mL; for this
purpose, 100 uL was placed in 19.9 mL of nutrient broth and incubated again at 37°C for 24 h. Two serial
dilutions 1/10 in saline solution (0.9% NaCl) were prepared from the inoculum. Then, 100 uL of each dilution
was inoculated by surface extension on nutrient agar plates. This was repeated three times for each sample
and the control. Finally, the plates were incubated at 37°C for 24 h. After the incubation period, the CFU in
each plate was determined. The antimicrobial activity value was obtained according to Eq. (1).

R=10g[I/T] 1)

where R is the antimicrobial activity coeflicient, I correspond to the amount of colony forming units (CFU)
found in the control, and T is the CFU found in the sample. An R-value > 2 denotes antimicrobial property
(or bacterial inhibition at least 99%). The antibacterial assay was repeated with each formulation prepared
according to Table 1.

2.6 Mechanical Properties Evaluation from Composite Materials

From each composite material formulation, five pieces of 7.5 x 1.5 cm were cut for tensile analysis
using an Universal Machine in stress-strain mode according to the ASTM D 3822-01 standard of the STPSF
(Standard for Tensile Properties of Single Fibers) [36]. The values obtained were recorded and averaged for
each condition.
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2.7 Statistics Analysis

The statistical significance was calculated to compare the means and identify differences between the
experimental data from different materials and the control. Each test was carried out in triplicate. The
Student’s t-test (p-value < 0.05) was utilized for this analysis, using Origin statistical software, version 9.0.
The mean and standard deviation were used for descriptive analysis from the cellulose, chitosan, and silver
nanoparticles characterization.

3 Result
3.1 Characterization of Cellulose, Chitosan and AgNPs

The quality of the cellulose fiber obtained from agave bagasse was evaluated according to morphology
analysis, and parameters commonly used in cellulose extraction via chemical processes, like kappa number
and degree of polymerization, were assessed. The kappa number measures the lignin content in the pulp
and the residual lignin remaining after the pulping process. The cellulose obtained from agave bagasse
after pulping had a kappa number of 25.64 mL/g, which aligns with alkaline pulps obtained from bamboo
(26.02 mL/g) [37]. This value is relatively low compared to alkaline pulps obtained from pine wood
(64 mL/g) [38]. These differences are explained by the fact that the kappa number depends on the
characteristics and properties of the raw material and the extraction conditions [38].

The kappa number represents an indirect measure of the amount of residual lignin in the fibers after
pulping; a lower kappa number suggests the ease of bleaching that must be applied to remove the residual
lignin [37]. The bleaching process removed lignin adequately, which spectroscopy infrared analysis (FTIR)
corroborated. Fig. 2 shows the FTIR spectra for untreated agave bagasse, bagasse pulp, and bleached cellulose,
which compare their chemical compositions. The FTIR spectrum compares agave bagasse, bagasse pulp, and
bleached cellulose derived from bagasse. The bagasse spectrum displays peaks at 3335 cm™* (O-H stretching
vibrations), 2850 cm™! (C-H aliphatic stretching), and significant features around 1600 and 1030 cm™" (C= O
stretching and C-O stretching, respectively). The bagasse pulp has similar peaks but more defined features,
indicating partial purification. The bleached cellulose fiber exhibits pronounced peaks at 3335 and 1030 cm™’,
with reduced intensity at 2850 and 1600 cm™', suggesting higher cellulose purity and reduced hemicellulose

and lignin content.

The polymerization degree is another crucial variable and refers to the length of repeated cellobiose
chains that compose the cellulose [39]. Therefore, in this research, a DP of 650 was obtained for agave bagasse
cellulose fibers obtained after bleaching and corresponds to what was reported in previous studies for alkaline
cellulose from agave bagasse (625 DP) [3]. These results suggest that the pulping and bleaching processes
reduces the lignin content and increase the cellulose purity. Also, the kappa number of the agave bagasse
cellulose compared to other sources and the degree of polymerization evidences the potential of this raw
material for cellulose production.

The SEM micrographs of Fig. 3 show the morphological differences of agave bagasse fibers during the
extraction processes. The initial agave bagasse fiber is observed (Fig. 3A), which is a set of agglomerated
cellulose fibers with a diameter of around 300 + 25 pm and embedded in other polymers such as lignin and
hemicelluloses, which after the alkaline pulping and bleaching process are individualized into cellulose fibers
as seen in Fig. 3B. The Fiber Quality Analysis (FQA) of the cellulose fibers shows an average length of the
fibers of 776 + 25 um and average diameter of 27.76 + 8.1 pm, with a Curl Index of 0.091 + 0.005 mm and a
Kink Index of 24.1°. These morphological characteristics suggest that the agave cellulose fibers are suitable
as support material for chitosan and AgNps and the development of composite materials.
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Figure 2: FTIR spectra of initial agave bagasse, bagasse pulp obtained from digester and bleached cellulose fiber
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Figure 3: SEM micrographs: (a) Agave bagasse fibers and (b) Cellulose fiber bleached

The chitosan used in this study had a molecular weight of 420 kDa and a deacetylation degree of
73%. Fig. 4 shows the FTIR spectrum of chitosan, confirming the presence of typical chitosan functional
groups, such as amino and hydroxyl groups and glucose units that form its skeleton [14]. The peak at
3354 cm ™! corresponds to the O-H and N-H stretching vibration, indicating the presence of hydroxyl groups
(-OH) and amino groups (-NH,) in the chitosan structure. The peak at 2873 cm™ represents the aliphatic
C-H stretching vibrations from the chitosan structure’s carbon chains. The peak at 1656 cm™ is associated
with the C = O (carbonyl) stretching, indicating the presence of amide I, which is relevant for the partial
deacetylation of chitosan, derived from chitin. The 1571 cm™! peak corresponds to N-H bending vibrations,
which are linked to amide II, another indication of the polysaccharide structure of chitosan. The 1377 cm™
peak is related to C-H angle deformation vibrations in the chitosan molecule skeleton, and the 1154 and
1060 cm™! peaks are associated with C-O-C and C-O stretching vibrations, typical of glycosidic bonds present
in polysaccharides such as chitosan [12,40].



856 ] Renew Mater. 2025;13(5)

3354 2873 1656 1571 1060

1377 1154

Chitosan N

/\, !

Transmittance (a.u.)

LA . — 1 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4: FTIR chitosan spectra

The synthesized silver nanoparticles (AgNps) have a spherical shape, and they are within the nanome-
ter scale (Fig. 5). The two syntheses carried out produced nanoparticles with a characteristic maximum
absorbance peak at 420 nm that corresponds to the surface plasmon resonance that indicates the AgNP
formation [41]. The TEM and DLS analyses showed that the small AgNPs (<20 nm) had an average size of
15.4 + 4.6 nm and a z potential of —18.9 + 6.63 mV. On the other hand, the large AgNPs (>20 nm) present an
average size of 25.67 + 10.5 nm with a z potential of —12.1 + 11.2 mV. The zeta potential of silver nanoparticles
is a crucial parameter that influences their suspension stability; for the larger nanoparticles, a zeta potential
of —12.1 mV indicates that the nanoparticles have a relatively low surface charge, which can lead to moderate
stability and a tendency to aggregate over time due to insufficient electrostatic repulsion between particles,
this trend can be observed in Fig. 5a. In contrast, a zeta potential of —18 mV for the small AgNPs suggests a
higher surface charge, providing better stability in suspension due to stronger electrostatic repulsion, which
helps prevent aggregation as observed in Fig. 5b. However, both values fall within a range that may require
additional stabilization methods, such as the use of surfactants or polymers, to ensure long-term stability
and maintain the desired properties of the nanoparticles for various applications.

420 nm

— Small (= 20nm)
= Large (=20nm)

Absorbance (a. u.)

400 500 600 700

Wavelength (nm)
(¢

Figure 5: TEM micrographs and UV-Vis analysis: (a) Small (<20 nm) AgNPs, (b) Large (>20 nm) AgNPs and (c)
UV-Vis absorption spectra of AgNPs
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3.2 Paper-Type Composite Material of Agave Cellulose, Chitosan, and AgNPs

Fig. 6 shows the FTIR spectra of various composite materials based on cellulose agave fibers and their
modifications with chitosan and silver nanoparticles (AgNPs). The spectrum of cellulose fibers shows peaks
at 3335 cm™! (O-H) and 1030 cm™ (C-O), with a significant reduction at 1732 cm™', indicating higher
cellulose purity [42]. Cellulose modified only with chitosan exhibits broadening at 3335 cm™' (O-H and
N-H), with peaks at 2850 cm™ (C-H) and 1030 cm™' (C-O and C-N), reflecting the integration of
chitosan [40]. Cellulose with AgNPs maintains broadening at 3335 cm™' and peaks at 2850 and 1030 cm™!,
suggesting nanoparticle interactions.
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Figure 6: FTIR spectrum of composite materials of cellulose, chitosan, and AgNPs

The chitosan and nanoparticle incorporation significantly improve the tensile strength of composite
materials. Fig. 7 shows that pure cellulose (Cel) presented the lowest value (13.67 + 8.96 MPa), while the
composite with chitosan (Cel + Ch) significantly increased the strength (42.33 + 9.1 MPa) of the composite
material. The inclusion of silver nanoparticles, both large (CelAgNPLarge) and small (CelAgNPSmall),
improved the strength compared to pure cellulose, reaching values of 39.25 + 7.55 MPa and 42.40 + 3.21 MPa,
respectively. Still, the values are comparable to the composite material only with chitosan added. The
combination of large nanoparticles (CelAgNPLargeCh) and small nanoparticles (CelAgNPSmallCh) with
chitosan increased the strength, reaching values of 69.60 + 7.61 MPa and 73.90 + 7.57 MPa, respectively. The
highest tensile strength was reached by adding small nanoparticles and 8% chitosan (CelAgNPSmallCh+),
reaching the maximum value of 119.85 + 12.47 MPa. These results indicate the synergistic effect of adding
small silver nanoparticles and higher chitosan concentration, giving the best mechanical properties and
standing out as the most resistant composite material. This effect can be explained by the fact that there may
be an increase in hydrogen bonding interactions between cellulose and chitosan.

Additionally, the hydroxyl groups of cellulose are negatively charged on its surface, which allows it to
retain Ag+ nanoparticles [12]. The smaller nanoparticles have a zeta potential of —18.9 mV, which favors
the dispersion of the nanoparticles and reduces their aggregation. It improves electrostatic interactions
with the hydroxyl groups of cellulose; their homogeneous distribution allows filling voids together with
chitosan in the fiber network, creating a “cementation effect” that reinforces the structure of the material
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by strengthening the network of bonds between the fibers, increasing the strength and mechanical stability
of the composite [43]. This effect fills the voids within the composite material’s fiber network, significantly
improving the mechanical properties.
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Figure 7: Tensile strength of composites material of cellulose, chitosan, and AgNPs

3.3 Antibacterial Tests for Composite Material of Cellulose, Chitosan, and AgNPs

The antimicrobial activity of composite materials was evaluated against Escherichia coli. The activity was
compared for pure cellulose, cellulose with chitosan, composites with chitosan, and silver nanoparticles of
different sizes and concentrations, as shown in Fig. 8.

In the images of the antibacterial tests in Petri dishes (Fig. 8), it is observed that cellulose (Fig. 8a)
has no antibacterial properties, evidenced by significant bacterial growth. When chitosan is incorporated
(Fig. 8b), a reduction in bacterial growth is observed, attributed to its antibacterial properties. The chitosan
mechanism involves electrostatic interactions between the NH3+ groups (positively charged) of chitosan
and microbial cell membranes (negatively charged), which increases membrane permeability and causes the
release of intracellular contents [44]. On the other hand, adding large (Fig. 8c) and small (Fig. 8d) silver
nanoparticles improves the inhibition of bacterial growth considerably compared to chitosan alone. Larger
nanoparticles are more effective because larger particles generally have a higher concentration of silver
ions (Ag+) than small nanoparticles [45]. The interaction between AgNPs and microbial cell walls occurs
due to the electrostatic attraction between the positively charged nanoparticles and the negatively charged
microbial membrane [25]. This adhesion disrupts the structural integrity of the cell membrane, leading to
depolarization and impaired cellular respiration, which ultimately causes membrane rupture and initiates
cell death [25,46]. The combinations of silver nanoparticles and chitosan (Fig. 8¢ and f) do not show growth
in Petri dishes, meaning there is antibacterial activity. However, it cannot be assured which components,
whether chitosan or AgNP, perform the inhibition.
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Figure 8: Antibacterial tests of composite materials: (a) Cellulose (Cel), (b) cellulose with chitosan (Cel + Ch), (c)
Cellulose and silver nanoparticles large (CelAgNPlarge), (d) Cellulose and silver nanoparticles small (Cel AgNPSmall),
(e) Cellulose and silver nanoparticles large and chitosan (CelAgNPlargeCh) and (f) Cellulose and silver nanoparticles
small and chitosan (CelAgNPSmallCh)

The bacterial growth images of the Petri dishes are corroborated by the measurement of the antimicro-
bial activity coefficient (R) and bacterial inhibition (%) in Table 3. The value of antimicrobial activity shows
that pure cellulose (Cel) does not present antimicrobial activity, as indicated by an uncountable bacterial.
In contrast, the cellulose composite with chitosan (Cel + Ch) shows a significant bacterial inhibition, with
a value of 95.04% and an R-value of 6.44 + 0.08, evidencing the antimicrobial effect for chitosan. The
composite materials that include the large silver nanoparticles (CelAgNPlarge and Cel AgNPlargeCh) achieve
total bacterial inhibition (100%), suggesting that silver nanoparticles effectively eliminate bacteria, regardless
of the chitosan presence. Similar inhibition results were observed for cellulose-AgNPs hydrogels [47].
Materials with small silver nanoparticles (Cel AgNPSmall and Cel AgNPSmallCh) also show almost complete
inhibition (99.45% and 99.31%, respectively), although with slightly higher R values (2.26 + 0.03 and 2.16 +
0.04), indicating a very high antimicrobial efficacy, but somewhat lower compared to large nanoparticles.
Overall, materials containing silver nanoparticles (AgNP), whether large or small, are more effective than the
cellulose-chitosan composite. In contrast, combining chitosan and silver nanoparticles does not substantially
improve the antibacterial activity compared to AgNPs alone. These findings state the role of the silver
nanoparticles as antimicrobial agents in the composite materials.

Table 3: Antimicrobial activity of composite materials of cellulose, chitosan, and AgNPs

Composites material Bacterial inhibition (%) R
Cel Uncountable Uncountable
Cel + Ch 95.04 6.44 + 0.08
CelAgNplarge 100 0

(Continued)
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Table 3 (continued)

Composites material Bacterial inhibition (%) R

CelAgNplargeCh 100 0
CelAgNpSmall 99.45 2.26 £ 0.03
CelAgNpSmallCh 99.31 2.16 + 0.04

4 Conclusion

In this study, eco-friendly composite materials were successfully obtained from agave bagasse, combined
with chitosan and silver nanoparticles (AgNPs) of both small (<20 nm) and large (>20 nm) sizes, and
thoroughly characterized. The cellulose exhibited high purity, as confirmed by its kappa number and
degree of polymerization (DP), demonstrating its suitability as a base material for composite formation.
Morphological and spectroscopic analyses verified the efficient removal of lignin and hemicellulose during
bleaching, ensuring high cellulose quality. The green synthesis of silver nanoparticles through carbohydrate
reduction methods proved to be a sustainable and effective alternative to traditional chemical synthesis,
offering the advantage of producing nanoparticles with controlled size and properties. This environmentally
friendly approach reduced the ecological footprint while yielding nanoparticles with enhanced stability and
biological activity.

When incorporated into the cellulose matrix, both chitosan and AgNPs significantly enhanced the
mechanical properties of the composites. The system containing small nanoparticles combined with
higher concentrations of chitosan exhibited the highest tensile strength. Regarding antimicrobial efficacy,
composites containing AgNPs, regardless of size, demonstrated near-complete bacterial inhibition against
Escherichia coli, with inhibition rates approaching 100%. While chitosan contributed to the antimicrobial
activity, its effect was less pronounced than silver nanoparticles effective action. These findings underscore
the potential of cellulose-chitosan-AgNP composites for applications requiring both mechanical strength and
robust antimicrobial properties, making them promising candidates for use in biomedicine, food packaging,
and other industries where such characteristics are critical. Additionally, this study highlights the added value
of utilizing agricultural residues such as agave bagasse for cellulose extraction and shrimp shells to produce
chitosan, contributing to a more sustainable and efficient use of these byproducts.
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