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Abstract

The development of sustainable biopolymer-based active packaging materials is essential to
replace single-use petroleum-derived plastics and reduce food deterioration. In this study,
chitosan-based films incorporating green-synthesized silver microparticles (Ag microparticles)
obtained from pecan nutshell extract rich in phenolic compounds were developed as multi-
functional materials with antioxidant and antibacterial properties. Films were prepared by
the casting method using chitosan solutions at different concentrations (1.5–2.5% w/v), with
Ag microparticles incorporated at 0.25% (w/v). The phenolic profile of the extract (gallic acid,
catechin, ferulic acid, and ellagic acid), determined by UPLC-DAD, confirmed its role as a
reducing and stabilizing agent during Ag microparticle synthesis. All film-forming solutions
exhibited non-Newtonian pseudoplastic behavior, and variations in viscosity and consistency
were directly reflected in the mechanical behavior of the films. Strong antioxidant activity,
mainly governed by single-electron transfer mechanisms, was observed in ABTS, DPPH, and
FRAP assays. The films also showed pronounced antibacterial activity, achieving complete
inhibition of Listeria monocytogenes. Finally, it is concluded that film mechanical properties are
strongly governed by the rheological behavior of the chitosan-based film-forming solutions. The
resulting chitosan-Ag microparticle films combine suitable mechanical behavior with antioxi-
dant activity and antibacterial effects against Listeria monocytogenes, suggesting their potential
for future application in active food-packaging systems.

Keywords: chitosan films; silver microparticles; green synthesis; pecan nutshell extract;
rheology; active packaging; antioxidant activity; antibacterial activity
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1. Introduction
Food packaging plays a critical role in preserving food quality and extending shelf life

by protecting products from physical, chemical, and microbiological deterioration [1–4].
Growing environmental concerns associated with petroleum-based plastics have stim-
ulated the development of biodegradable packaging materials based on renewable
biopolymers [5–8]. Among these materials, polysaccharides have attracted considerable
attention due to their availability, biocompatibility, non-toxicity, and excellent film-forming
properties, making them promising candidates for sustainable food packaging applica-
tions [9,10].

Among polysaccharides, chitosan has emerged as one of the most promising biopoly-
mers for active food packaging applications due to its biodegradability, biocompatibility,
non-toxicity, and excellent film-forming ability [11–13].

Several studies have demonstrated that the incorporation of metallic particles into
chitosan films enhances their functional properties compared to neat chitosan films [14,15].
In particular, silver particles (Ag particles) have been shown to improve antimicrobial activ-
ity against a broad spectrum of microorganisms. Moreover, Ag particles can reinforce the
polymer matrix, leading to improvements in mechanical strength and barrier performance
through modifications in film microstructure and polymer–particle interactions [15–17].

The functional properties of chitosan–silver composites strongly depend on the charac-
teristics of the incorporated silver particles, which are influenced by the synthesis method
employed. Conventional chemical and physical synthesis methods are often expensive
and involve toxic reagents that may leave harmful residues on the particle surface [18].
In contrast, green synthesis using biological resources such as plant extracts has emerged
as an eco-friendly and cost-effective alternative. In these systems, naturally occurring
biomolecules, including flavonoids, phenolic acids, and tannins, act as reducing and stabi-
lizing agents, promoting particle formation while enhancing stability, biocompatibility, and
antioxidant activity [19–22].

Among the different biological sources employed for green synthesis, pecan nutshell
represents an abundant agro-industrial by-product rich in phenolic compounds such
as gallic acid, catechin, and tannins, which can effectively participate in the reduction
and stabilization of silver particles [23–26]. The incorporation of these biofunctionalized
particles into polymeric matrices represents a promising strategy for developing active
packaging materials that combine the antibacterial and antioxidant properties of silver with
the stability and biocompatibility of chitosan-based films [27,28].

Polymer–particle interactions can significantly alter the mechanical behavior of active
packaging materials. The intermolecular interactions that govern the structural organi-
zation of films originate at the solution stage. Therefore, the analysis of the rheological
properties of film-forming solutions provides valuable information about these interactions
and constitutes a predictive and non-destructive tool for assessing the mechanical behavior
of the resulting films [29].

Despite the large number of studies focused on the development and characteriza-
tion of chitosan–silver composite films, most investigations have primarily evaluated the
properties of the final materials, including antimicrobial activity, antioxidant capacity, bar-
rier performance, and mechanical behavior [11,30–33]. However, limited information is
available regarding the relationship between the rheological properties of film-forming
solutions and the mechanical performance of films containing silver particles. Furthermore,
studies employing green-synthesized Ag microparticles obtained from pecan nutshell
extract remain scarce. Therefore, the novelty of the present work lies in evaluating the
relationship between the rheological properties of chitosan film-forming solutions and the
mechanical properties of films containing green-synthesized Ag microparticles produced
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using an aqueous pecan nutshell extract as a reducing agent. In addition, the antioxidant
and antibacterial activities of the resulting films were evaluated to assess their potential
application as active food packaging materials.

Therefore, the aim of the present study was to develop and characterize chitosan
films incorporated with Ag microparticles obtained through green synthesis using an
aqueous pecan nutshell extract as a reducing agent. Particular emphasis was placed on
evaluating the relationship between the rheological properties of film-forming solutions
and the mechanical properties of the resulting films. Additionally, the antioxidant and
antibacterial activities of the films were assessed to determine their potential application as
active food packaging materials.

2. Materials and Methods
2.1. Materials

The reagents used in this study were medium molecular weight chitosan (190,000–
310,000 Da) with a degree of deacetylation of 75–85%, silver nitrate (AgNO3) (≥99%),
glacial acetic acid (≥99.94%), 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
2,2-diphenyl-1-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), potassium persulfate (K2S2O8), iron(III) chloride hexahydrate (FeCl3•6H2O),
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), and sodium acetate (C2H3NaO2). All reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Pecan nuts (Carya illinoinensis) were
purchased from a local market; the shells were separated and pulverized using a blender to
obtain the aqueous extract.

2.2. Green Synthesis of Ag Microparticles
2.2.1. Preparation of Pecan Nutshell Extract

The pecan nuthsell extract was prepared following the methodology described by
Ozuna-Valencia et al. (2025) [26]. 1 g of pulverized pecan nutshell was suspended in 50 mL
of deionized water and subjected to sonication in an ice bath at 50% amplitude for 25 min
using a digital probe sonicator (Sonifier® S-450D, 20 kHz, 400 W, Branson Ultrasounds TM,
Danbury, CT, USA). The resulting solution was then centrifuged at 5031× g for 15 min at
4 ◦C. The supernatant was collected and stored under refrigeration for subsequent use in
the synthesis of Ag microparticles (Figure 1).

Figure 1. Schematic representation of the preparation of aqueous pecan nutshell extract by ultrasonic-
assisted extraction followed by centrifugation to obtain a phenolic-rich extract used for the green
synthesis of Ag microparticles.

2.2.2. Identification and Quantification of Individual Phenolic Compounds in the Pecan
Nutshell Extract

Phenolic compounds (PCs) were extracted from 2 g of pulverized pecan nutshell with
10 mL of 80% (v/v) methanol. The suspension was stirred for 10 min, sonicated in an ice
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bath for 30 min, and centrifuged at 10,000× g for 15 min at 25 ◦C. Free PCs were analyzed in
the supernatant, while the pellet was subjected to sequential acidic and alkaline hydrolysis
to quantify chemically bound PCs. For acidic hydrolysis, 5 mL of 37% (v/v) HCl were
added and the sample incubated at 85 ◦C for 3 h, stirred for 4 h, and the pH adjusted to 7.0
using 2 M NaOH.

Alkaline hydrolysis was performed by adding 10 mL of 2 M NaOH, purging the
solution with nitrogen (N2) for 15 s to prevent oxidation, and stirring at 100 rpm for
4 h under dark conditions at 25 ◦C; the pH was then adjusted to 1.5–2.0 with HCl. The
hydrolyzed sample was extracted twice with 15 mL of 50:50 (v/v) ethyl acetate/diethyl
ether, and the combined organic phases were concentrated by rotary evaporation at 45 ◦C,
resuspended in 5 mL of 80% methanol, and filtered through a 25 µm filter.

PCs were analyzed using an ultra-performance liquid chromatography (UPLC) system
equipped with a diode array detector (DAD) (ACQUITY, Waters Corp, Milford, MA, USA).
Separation was achieved on a BEH C18 column (1.7 µm, 3.0 × 100 mm) maintained at
60 ◦C. The mobile phase consisted of water containing 0.5% (v/v) formic acid (solvent A)
and methanol (solvent B). Elution was performed using a gradient program expressed as
percentage of solvent B (v/v) as follows: 0–0.25 min, 20% B (flow rate 0.4 mL/min); 5 min,
20% B (0.2 mL/min); 12 min, 45% B (0.18 mL/min); 25 min, 100% B (0.1 mL/min); 26 min,
40% B (0.2 mL/min); and 30 min, 20% B (0.4 mL/min).

PCs were identified by retention time and UV–Vis spectra compared to commercial
standards, and quantified using external calibration curves, expressed as concentration in
the extract [34].

2.2.3. Synthesis of Ag Microparticles

The synthesis of Ag microparticles was performed following the methodology de-
scribed by Ozuna-Valencia et al. (2025) [26]. A 1:1 mixture was prepared by combining the
pecan nutshell extract with an AgNO3 precursor solution. The resulting suspension was
continuously stirred for 4 h at room temperature in the dark to prevent the degradation
of bioactive compounds. The homogenized solution was then subjected to three washing
cycles with distilled water by centrifugation at 11,180× g for 15 min at 20 ◦C. After each
cycle, the supernatant was discarded, and the resulting precipitate was redispersed using
an ultrasonic bath for 60 min. Finally, the material was dried in a convection oven (Yamato
Scientific Co., Ltd. ADP310C, Tokyo, Japan) at 50 ◦C for 48 h to remove residual moisture.

2.3. Characterization of Ag Microparticles
2.3.1. Scanning Electron Microscopy (SEM)

The morphology of the Ag microparticles was analyzed using a scanning electron
microscope (SEM) (JEOL JSM-5410LV, JEOL Ltd., Tokyo, Japan) operated at an accelerat-
ing voltage of 20 kV. The samples were mounted on aluminum stubs using double-sided
carbon tape and coated with a thin gold layer to ensure electrical conductivity prior to
morphological characterization. Elemental analysis of the Ag microparticles was per-
formed by energy-dispersive X-ray spectroscopy (EDX) using a detector coupled to the
microscope [35].

2.3.2. Dynamic Light Scattering (DLS) and Z-Potential Measurements

The hydrodynamic size and Z-potential of Ag microparticles were determined by
Zetasizer Nano instrument (Malvern Panalytical, Model Nano-ZS90). For this purpose,
Ag microparticles were dispersed in ultrapure water at a concentration of 1 mg/mL, and
3 mL of the resulting suspension were used for each measurement. The zeta potential was
determined by electrophoretic light scattering, and the values were calculated using the
Smoluchowski equation [36].

https://doi.org/10.3390/micro6030053

https://doi.org/10.3390/micro6030053


Micro 2026, 6, 53 5 of 25

2.4. Evaluation of the Antioxidant Activity of Ag Microparticles

The antioxidant activity of Ag microparticles at a concentration of 0.25% (w/v) was
evaluated to determine their potential as active agents for food packaging applications. The
ABTS, DPPH, and FRAP assays were performed according to the methodology reported by
García-Lárez et al. (2025) [37] with minor modifications.

2.4.1. ABTS Radical Scavenging Capacity

The ABTS radical was generated by mixing ABTS with 1.5 mL of potassium persulfate
(K2S2O8) and allowing the mixture to react for 12–16 h in the dark. Subsequently, the
solution was adjusted with ethanol to an absorbance of 0.70 ± 0.01 at 734 nm.

Then, 20 µL of a 0.25% (w/v) Ag microparticle suspension were added to a 96-well
microplate containing 270 µL of the ABTS solution. The mixture was incubated for 30 min
at 25 ◦C in the dark, and the absorbance was measured at 734 nm. Results were expressed
as percentage inhibition (%) and micromoles of Trolox equivalents per gram of sample
(µM TE/g).

2.4.2. DPPH Radical Scavenging Capacity

The DPPH radical was prepared in methanol, and the solution was adjusted to an
absorbance of 0.70 ± 0.01 at 515 nm. Then, 20 µL of a 0.25% (w/v) Ag microparticle
suspension were added to a 96-well microplate containing 200 µL of the DPPH solution.
The mixture was incubated for 30 min at 15 ◦C in the dark, and the absorbance was
measured at 515 nm. Results were expressed as percentage inhibition (%) and micromoles
of Trolox equivalents per gram of sample (µM TE/g).

2.4.3. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay is based on the reduction of Fe3+ in the presence of 2,4,6-tripyridyl-s-
triazine (TPTZ). The FRAP reagent was prepared by mixing acetate buffer (300 µM, pH 3.6),
TPTZ (10 µM in 40 µM HCl), and FeCl3. Then, 20 µL of a Ag microparticle suspension at
a concentration of 0.25% (w/v) were added to 280 µL of the FRAP solution in a 96-well
microplate. After incubation for 30 min at 15 ◦C in the dark, the absorbance was measured
at 638 nm using a microplate reader. The results were expressed as micromoles of Trolox
equivalents per gram of sample (µM TE/g).

2.5. Antibacterial Activity

The bacterial growth inhibition of Ag microparticles was evaluated using a liquid
diffusion method, with Mueller–Hinton broth as the culture medium. The antibacterial ac-
tivity of the samples was tested against the Gram-positive bacterium Listeria monocytogenes
(ATCC 7644).

A single colony from the bacterial culture was selected, and the turbidity of the
suspension was adjusted to the 0.5 McFarland standard (equivalent to 1.5 × 108 CFU/mL).
The culture medium was prepared by dissolving 1.28 g of Mueller–Hinton broth in 160 mL
of ultrapure water and subsequently sterilized by autoclaving at 121 ◦C for 15 min. After
cooling to room temperature, aliquots of the sterile medium were dispensed into test tubes,
to which 100 µL of the bacterial inoculum and 20 µL of Ag microparticle suspension (0.25%
w/v) were added in triplicate. The tubes were incubated at 37 ◦C for 24 h, and bacterial
growth was evaluated by measuring the absorbance at 600 nm.

The percentage of L. monocytogenes growth inhibition was calculated according to
Moreno-Vásquez et al. (2017) [38] using the following equation:

Inhibition (%) = 1 −
(
(T f sample − Tosample)− (T f blank − Toblank)

(T f growth − Togrowth)− (T f blank − Toblank)

)
(1)
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where T f sample represents the absorbance of the culture medium containing the sample
and the bacterial inoculum; Tosample and Toblank correspond to the initial absorbance of the
sterilized culture medium; T f blank represents the absorbance of the sterile culture medium
containing the sample without inoculum; and finally, T f growth represents the absorbance of
the sterilized culture medium containing the bacterial inoculum (growth control).

2.6. Preparation of Chitosan Films with Ag Particles

Chitosan and chitosan-Ag microparticle films were prepared by the casting method
according to the procedure reported by Ozuna-Valencia et al. (2025) [26], with minor
modifications. Polymeric solutions at different concentrations (1.5, 2.0, and 2.5% w/v) were
prepared by dissolving chitosan in a 2% v/v acetic acid solution. The mixtures were stirred
for 24 h to ensure complete polymer dissolution. Subsequently, 16 mL of each solution
were cast onto plastic Petri dishes with a diameter of 8.5 cm and dried in a convection oven
at 50 ◦C for 48 h to allow controlled solvent evaporation and film formation.

For chitosan films containing Ag microparticles, 0.25% (w/v) of the previously dried
microparticles was suspended in a volume corresponding to 50% of the total distilled water
required (50 mL). This suspension was subjected to sonication at 50% amplitude for 45 min
(three cycles of 15 min) in ice-cooled containers using a probe-type ultrasonic processor
to ensure adequate microparticle dispersion. Subsequently, chitosan solutions at different
concentrations (1.5, 2.0, and 2.5% w/v), prepared in 2% (v/v) acetic acid using the remaining
50 mL of distilled water, were added to the Ag microparticle suspension and stirred until
homogeneous solutions were obtained. The final mixture was stirred under the same
conditions previously described and then cast onto Petri dishes for drying in a convection
oven at 50 ◦C for 48 h, following the same protocol used for films without microparticles.
The Ag microparticle content (0.25% w/v) was selected based on our previous study
using pecan nutshell extract-mediated green synthesis, which demonstrated that higher
microparticle contents promoted aggregation and adversely affected film homogeneity [26].
Therefore, this concentration was employed to minimize aggregation effects while allowing
the evaluation of the influence of chitosan concentration on the rheological and mechanical
properties of the films. The resulting formulations are summarized in Table 1.

Table 1. Composition of chitosan and chitosan-Ag microparticle films.

Sample Chitosan (% w/v) Ag Microparticles (% w/v)

Ch-1.5 1.5 -
Ch-2.0 2.0 -
Ch-2.5 2.5 -

Ch-1.5Ag 1.5 0.25
Ch-2.0Ag 2.0 0.25
Ch-2.5Ag 2.5 0.25

2.7. Flow Behavior and Rheological Properties of Film-Forming Solutions

The rheological behavior of the chitosan-Ag microparticle film-forming solutions was
analyzed using an MCR-102 rheometer (Anton Paar, Ostfildern, Germany) equipped with
a CC27 concentric cylinder geometry with a 1 mm gap. For each measurement, 19 mL of
film-forming solutions were loaded into the measuring cell. Measurements were performed
in controlled shear rate (CSR) mode by recording shear stress as a function of shear rate
under a continuous shear-rate ramp from 0.1 to 100 s−1 at a constant temperature of 25 ◦C.
A total of 100 data points were collected at 2 s intervals, resulting in a total measurement
time of 200 s per sample. All measurements were carried out in triplicate.
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The experimental flow curves were fitted to the Power Law model using the follow-
ing equation:

τ = Kγn

where τ is the shear stress (Pa), K is the consistency index (Pa·sn), γ is the shear rate (s−1),
and n is the flow behavior index. According to the Power Law model, solutions with n = 1
exhibit Newtonian behavior, whereas solutions with n < 1 and n > 1 exhibit pseudoplastic
(shear-thinning) and dilatant (shear-thickening) non-Newtonian behavior, respectively. The
model parameters were used to determine the flow behavior of the film-forming solutions.
Determining the flow behavior of these systems is essential for linking their rheological
properties to the mechanical performance of the resulting films [39].

2.8. Characterization of Chitosan-Ag Microparticles Films
2.8.1. Film Thickness

The thickness of chitosan and chitosan-Ag microparticle films was determined ac-
cording to the ASTM D1708-18 standard [40], using a micrometer (C112XBS, Mitutoyo
Corporation, Kawasaki, Japan). For each formulation, three independent films were ana-
lyzed, with ten random thickness measurements taken per film. The results were reported
as mean ± standard deviation.

2.8.2. Mechanical Properties

Tensile strength, elongation at break, and Young’s modulus of chitosan and chitosan-
Ag microparticle films were determined from stress–strain curves using a TA.XT.plus
universal testing machine (Texture Analyzer, Stable Micro Systems, Surrey, UK).

The instrument was configured with an initial grip separation of 30 mm, a crosshead
speed of 5 mm/s, an applied force of 0.1 N, and a sensitivity of 0.1 N. Data acquisition and
analysis were performed using Exponent software (Stable Micro Systems Ltd., Godalming,
Surrey, UK). Prior to mechanical testing, strips (10 mm × 5 mm) were cut from the films
and conditioned for 72 h at a relative humidity of 57 ± 2% at 25 ◦C. For each formulation,
three independent films were analyzed, and four strips were obtained from each film [41].

2.8.3. Fourier Transform Infrared (FTIR)

The structural analysis of chitosan and chitosan-Ag microparticle films was performed
using a Subtech Spectrum FTIR spectrophotometer (PerkinElmer, Waltham, MA, USA)
equipped with an attenuated total reflectance (ATR) accessory with a diamond crystal as
the contact element. Spectra were recorded over the range of 4000–400 cm−1, accumulating
16 scans per spectrum [26].

2.8.4. Scanning Electron Microscopy (SEM)

The surface morphology of chitosan and chitosan-Ag microparticle films was analyzed
to evaluate the dispersion of the active agent within the polymer matrix and its influence
on surface homogeneity. Morphological characterization was carried out using scanning
electron microscopy (SEM). Prior to analysis, the samples were mounted on aluminum
stubs using double-sided conductive carbon tape and coated with a thin gold layer to
ensure adequate electrical conductivity [26].

2.9. Determination of the Antioxidant Activity of Chitosan-Ag Microparticle Films

The antioxidant activity of chitosan-Ag microparticle films was evaluated using a
direct contact method with ABTS, DPPH, and FRAP radicals, following the methodology
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reported by Acuña-Pacheco et al. (2024) [42]. The percentage inhibition (%) for the ABTS
and DPPH assays was calculated using the following equation:

%ARA =

(
1 −

Abssample

Blank

)
× 100 (2)

2.9.1. ABTS Radical Scavenging Capacity

The ABTS radical was prepared and adjusted according to the methodology previously
described in Section 2.4.1. Subsequently, 48 mg of the Ch-2.0Ag film was placed in an
amber glass container containing 10 mL of the ABTS solution and incubated at 25 ◦C in the
dark for 30 min. After incubation, the absorbance was measured at 734 nm. The results
were expressed as percentage inhibition (%) and micromoles of Trolox equivalents per
gram of sample (µM TE/g).

2.9.2. DPPH Radical Scavenging Capacity

The DPPH radical was prepared and adjusted according to the methodology previ-
ously described in Section 2.4.2. Subsequently, 48 mg of the Ch-2.0Ag film was placed in
an amber glass container containing 10 mL of the DPPH solution and incubated at 25 ◦C
in the dark for 30 min. After incubation, the absorbance was measured at 515 nm. The
results were expressed as percentage inhibition (%) and micromoles of Trolox equivalents
per gram of sample (µM TE/g).

2.9.3. Ferric Reducing Antioxidant Power (FRAP)

The FRAP reagent was prepared according to the methodology previously described
in Section 2.4.3. Subsequently, 48 mg of the Ch-2.0Ag film was placed in an amber glass
container containing 10 mL of the FRAP solution and incubated at 25 ◦C in the dark for
30 min. After incubation, the absorbance was measured at 638 nm. The results were
expressed as micromoles of Trolox equivalents per gram of sample (µM TE/g).

2.10. Antibacterial Activity

The bacterial growth inhibition of chitosan and chitosan-Ag microparticle films was
evaluated using a liquid diffusion method, with Mueller–Hinton broth as the culture
medium. The antibacterial activity of the samples was tested against Listeria monocytogenes
(ATCC 7644).

A total of 10 mg of Ch-2.0 Ag films was cut into small pieces and added to sterile
Mueller–Hinton broth. Subsequently, 100 µL of a Listeria monocytogenes inoculum adjusted
to the 0.5 McFarland standard (1.5 × 108 CFU/mL) were added. The cultures were incu-
bated at 37 ◦C for 24 h, and bacterial growth was monitored by measuring the absorbance
at 600 nm. The percentage of Listeria monocytogenes growth inhibition was calculated ac-
cording to Moreno-Vásquez et al. (2017) [38], using the same equation previously described
and considering the corresponding growth and sample blanks.

2.11. Statistical Analysis

The preparation of chitosan films incorporating Ag microparticles as the active agent
was carried out following a 3 × 2 factorial experimental design. The first factor was the
chitosan concentration, with three levels: 1.5%, 2.0%, and 2.5% (w/v); the second factor
corresponded to the presence or absence of Ag microparticles at 0.25% (w/v).

The response variables evaluated included antibacterial activity, antioxidant activity,
mechanical properties, and film thickness, which were analyzed in three independent
replicates per treatment. Additionally, the chromatographic analysis of the pecan nutshell
extract was performed in duplicate. All results are expressed as mean ± standard deviation.

https://doi.org/10.3390/micro6030053

https://doi.org/10.3390/micro6030053


Micro 2026, 6, 53 9 of 25

Statistical analysis was conducted using analysis of variance (ANOVA), and significant
differences among treatments were determined using Tukey’s multiple comparison test at
a confidence level of p < 0.05, employing InfoStat software, version 2020.

3. Results and Discussion
3.1. Chromatographic Analysis

A detailed chromatographic analysis of the pecan nutshell extract was carried out
(Figure 2). The chromatograms allowed the qualitative and quantitative identification of
four PCs: gallic acid, catechin, ferulic acid, and ellagic acid. Table 2 shows the correspond-
ing retention times, the fraction (free, acidic, or alkaline) in which each compound was
detected, and their concentrations (mg/g). Some compounds showed signals that could
be distinguished by comparing their absorbance spectra and retention times with those
reported in the literature; however, they were not detected or quantified by the system (NQ,
not quantified).

Figure 2. Representative UPLC-DAD chromatograms used for the identification and quantifica-
tion of PCs present in the pecan nutshell extract: (1) gallic acid, (2) catechin, (3) ferulic acid, and
(4) ellagic acid, in three fractions: free compounds in the extract (A), alkaline hydrolysis (B), and
acidic hydrolysis (C).
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Table 2. PCs present in pecan nutshell extract.

Compound

Retention Time
(min) Free Fraction Alkaline

Fraction Acidic Fraction

mg/g

1. Gallic acid 3.02 * 4.27 ± 0.01 *
2. Catechin 3.49 NQ 0.51 ± 0.04 NQ

3. Ferulic acid 11.20 2.26 ± 0.00 9.01 ± 0.28 *
4. Ellagic acid 11.88 * NQ *

Data are expressed as mean ± standard deviation (n = 2). The symbol (*) indicates the absence of the compound
in the corresponding fraction, whereas NQ indicates that the compound was not quantified by the system.

Ferulic acid was the compound present at the highest concentration, with a value of
9.01 ± 0.28 mg/g in the pecan nutshell extract. This compound is widely recognized for its
remarkable antioxidant activity, which is attributed to the presence of an unsaturated side
chain that facilitates electron delocalization. This structural feature enables the formation
of a resonance-stabilized phenoxy radical, therefore significantly contributing to its ability
to neutralize reactive oxygen species [43,44].

Catechin was the most frequently detected compound, as it was identified in the
three fractions; however, it was only detected and quantified in the alkaline hydrolysis
fraction (Figure 2B). According to Demir et al. (2025) [45], catechin is one of the main PCs
involved in the reduction of silver ions, which makes it a fundamental reducing agent in
the synthesis of Ag microparticles. This reducing capability is attributed to the presence of
multiple hydroxyl groups in its structure, which facilitate electron donation due to the high
electron density on the oxygen atoms of the O–H bonds. In addition, it has been reported
that PCs such as catechin and gallic acid not only participate in the reduction process but
also act as stabilizing agents, contributing to the morphological and dimensional control of
Ag microparticles during their formation [46,47].

3.2. Characterization of Ag Microparticles

SEM analysis revealed that the synthesized Ag microparticles exhibited a strong
tendency to form agglomerates, as observed at 2000× magnification (Figure 3A), while
individual microparticles displayed spherical and quasi-spherical morphologies at higher
magnification (5000×, Figure 3B). Due to the extensive aggregation and overlap of individ-
ual particles, a reliable and statistically representative particle-size distribution could not
be obtained directly from the SEM micrographs. This observation is consistent with our
previous findings, in which Ag microparticles synthesized using pecan nutshell extract also
exhibited a marked tendency to aggregate [26]. The EDX spectrum (Figure 3C) confirmed
the presence of carbon and oxygen, associated with PCs from the pecan nutshell extract,
which remain adsorbed on the particle surface and are responsible for their antioxidant
and antibacterial potential [48].

The colloidal stability of the Ag microparticles was evaluated by zeta potential mea-
surements, yielding a low value of 8.28 ± 0.17 mV (Figure 3D), which indicates weak
electrostatic repulsion and, consequently, a high propensity for aggregation, since absolute
ζ-potential values above ±30 mV are typically required for stable colloidal systems [49,50].
Consistently, DLS analysis (Figure 3E) revealed a large submicron hydrodynamic diam-
eter (100 nm < d < 1 µm) of 896 ± 52 nm (n = 3), with a PDI of 0.59 ± 0.16, indicating a
moderately polydisperse system dominated by agglomerated structures [51].

These results are in agreement with previous reports on Ag microparticles synthe-
sized using pecan nutshell extract, where Argenziano et al. (2023) [52] obtained much
smaller hydrodynamic sizes (20–150 nm) when employing a low AgNO3 concentration
(0.01 M), whereas Ozuna-Valencia et al. (2025) [26] reported significantly larger micropar-
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ticles (545–1043 nm) when using a higher precursor concentration (0.3 M), similar to that
applied in the present study. This comparison supports that increasing the AgNO3 con-
centration leads to higher supersaturation and insufficient surface passivation, promoting
particle growth and aggregation by coalescence, and thus resulting in larger hydrodynamic
diameters.

 

Figure 3. Characterization of Ag microparticles: scanning electron microscopy (SEM) images at
2000× (A) and 5000× (B); EDX spectrum of the Ag microparticles (C); zeta potential distribution
of Ag microparticles at 1 mg/mL (D); and hydrodynamic size distribution of Ag microparticles in
solution (E).

In addition, the presence of PCs in the pecan nutshell extract (previously detected
by UPLC), containing multiple hydroxyl groups that act as mild reducing agents, also
contributed to the formation of larger Ag particles [53]. Although smaller Ag microparticles
enhance their antioxidant and antibacterial activity due to their higher specific surface area,
which promotes greater Ag+ release and more efficient radical scavenging, it also entails a
higher toxicological risk, which is particularly relevant when this active agent is intended
for use in food-contact active packaging applications [54,55].

3.3. Evaluation of the Antioxidant Activity of Ag Microparticles

The results obtained from the evaluation of the antioxidant activity of Ag microparti-
cles are expressed as percentage inhibition and as µM TE/g and are summarized in Table 3.
The Ag microparticle solution at 0.25% (w/v) exhibited an inhibition of 69.26 ± 1.51%
(141.59 ± 2.32 µM TE/g) against the ABTS radical (Figure 4A), whereas a lower inhibition
of 48.86 ± 1.99% (126.43 ± 9.35 µM TE/g) was observed for the DPPH• radical (Figure 4B).
Similar inhibition values have been reported by Ozuna-Valencia et al. (2025) [26], where
Ag microparticles synthesized via a green route using pecan nutshell extract at a con-
centration of 500 µg/mL showed inhibition percentages of 79.84% for ABTS and 79.20%
for DPPH. The higher scavenging efficiency toward ABTS compared to DPPH indicates
that the antioxidant activity of the green-synthesized Ag microparticles is mainly gov-
erned by an electron-transfer mechanism, which can be associated with the presence of
PCs from the pecan nutshell extract acting as surface capping agents. According to pre-
vious studies, ABTS neutralization predominantly proceeds via single-electron transfer
(SET), whereas DPPH scavenging mainly occurs through hydrogen atom transfer (HAT)
mechanisms [55–57].
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Table 3. Antioxidant activity of Ag microparticles, chitosan and chitosan-Ag microparticle films
evaluated by ABTS, DPPH, and FRAP assays.

Formulation
ABTS DPPH FRAP

µM ET/g Inhibition (%) µM ET/g Inhibition (%) µM ET/g

Ag micropar-
ticles

(0.25%/V)
141.59 ± 2.32 b 69.26 ± 1.51 b 126.43 ± 9.35 b 48.86 ± 1.99 c 281.15 ± 12.04 b

Ch-2.0 58.04 ± 6.93 a 47.52 ± 1.20 a 85.32 ± 12.26 a 20.64 ± 2.05 a 141.29 ± 0.57 a

Ch-2.0Ag 71.80 ± 1.29 a 70.57 ± 1.68 b 115.77 ± 6.98 b 31.53 ± 3.05 b 137.29 ± 0.58 a

Data are presented as mean ± standard deviation (n = 3). Different letters indicate statistically significant
differences according to Tukey’s test (p < 0.05).

Figure 4. Antioxidant activity of Ag microparticles, chitosan, and chitosan-Ag microparticle films
evaluated by ABTS (A) and DPPH (B) assays. Different letters indicate statistically significant
differences according to Tukey’s test (p < 0.05).

The ferric reducing antioxidant power (FRAP) of the Ag microparticles, corresponding
to their ability to reduce Fe3+ ions to Fe2+, is also presented in Table 3. Antioxidant activity
was confirmed by a color change in the FRAP reagent from transparent/yellow to intense
blue upon sample addition and is expressed as µM TE/g. The Ag microparticles exhibited
a ferric reducing activity of 281.15 ± 12.04 µmol TE/g.

Although the FRAP value obtained in this study is lower than that reported by
dos Santos et al. (2025) [58] for Ag microparticles synthesized using an aqueous extract
of Euterpe edulis (386.66 ± 6.50 µmol TE/g), the reducing capacity can be classified as
high (100–400 µmol TE/g) according to the antioxidant power categories established by
Fernandes et al. (2016) [59].

Overall, these results confirm that the green-synthesized Ag microparticles exhibit
antioxidant activity, mainly governed by electron-transfer mechanisms, supporting their
potential application as active agents in functional packaging systems.

3.4. Antibacterial Activity

The antibacterial activity of Ag microparticles was evaluated against Listeria mono-
cytogenes. The results demonstrated that Ag microparticles at 0.25% (w/v), synthesized
using pecan nutshell extract as a reducing agent, achieved 100% bacterial inhibition after
24 h of incubation (Figure 5). L. monocytogenes possesses a cell wall mainly composed
of peptidoglycan, which provides rigidity and structural protection [60]. Upon contact
with Ag microparticles, an autolytic process of peptidoglycan may be induced, in which
the polymer is degraded by endogenous enzymes, leading to cell wall disruption and
preventing bacterial survival [61].
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Figure 5. Antibacterial activity against Listeria monocytogenes of Ag microparticles, chitosan, and
chitosan-Ag microparticle films evaluated by the liquid diffusion method. Different letters indicate
statistically significant differences according to Tukey’s test (p < 0.05).

Consistent with these findings, Amer et al. (2021) [62] reported that plantaricin alone
did not exhibit antibacterial activity against Listeria monocytogenes, whereas its incorporation
into Ag microparticles resulted in a marked inhibitory effect against this strain, highlighting
the key role of Ag microparticles in enhancing antibacterial performance.

Overall, these results confirm the antibacterial effectiveness of Ag microparticles
against Listeria monocytogenes under the conditions evaluated. However, additional studies
involving a broader spectrum of pathogenic and spoilage microorganisms are necessary
to better establish their potential application in active food-packaging systems aimed at
enhancing food safety and extending shelf life.

3.5. Rheological Behavior

The rheological behavior of chitosan and chitosan-Ag microparticle film-forming solu-
tions was evaluated to assess the effects of chitosan concentration and Ag microparticles
incorporation. Figure 6A,B shows similar behavior for all solutions. The shear stress in-
creased with increasing shear rate; however, this relationship was not linear, as observed for
Newtonian fluids. Instead, a progressive decrease in the slope of the curves was observed,
indicating a downward-concave behavior. Additionally, increasing the chitosan concen-
tration resulted in higher shear stress values, which is attributed to restricted molecular
mobility due to physicochemical interactions among chitosan chains [63]. In contrast, the
incorporation of Ag microparticles led to a decrease in the shear stress of the film-forming
solutions. This behavior is attributed to alterations in the chitosan microstructure, associ-
ated with modifications in the intermolecular interactions between polymer chains, which
directly affect the apparent viscosity of the solutions as a function of shear rate.

Figure 6C,D illustrates the viscosity behavior of the film-forming solutions as a func-
tion of shear rate. A progressive decrease in apparent viscosity was observed with in-
creasing shear rate, a phenomenon known as shear thinning, which is characteristic of
pseudoplastic fluids. This behavior reflects the presence of an initial viscosity associated
with chitosan chain entanglement in the resting state, which is gradually disrupted as the
shear rate increases [64]. The apparent viscosity increased with increasing chitosan concen-
tration; however, a decrease in apparent viscosity was observed after the incorporation of
Ag microparticles, which is attributed to their interaction with the polymeric matrix and
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the disruption of intermolecular interactions among chitosan chains [65]. Several studies
have demonstrated that changes in the rheological properties of film-forming solutions can
influence the mechanical properties of the resulting films. In this system, the decrease in
apparent viscosity following Ag microparticles incorporation is associated with reduced
film rigidity, as confirmed by tensile testing.

 

Figure 6. Shear stress–shear rate curves of the film-forming solutions of chitosan (A) and chitosan-Ag
microparticles (B). Viscosity–shear rate curves of the film-forming solutions of chitosan (C) and
chitosan-Ag microparticles (D).

Table 4 presents the rheological parameters obtained by fitting the experimental shear
stress and viscosity data to the power-law model. The consistency index (K), flow behavior
index (n), and coefficient of determination (R2) were determined for each formulation. All
film-forming solutions exhibited n values lower than 1 (n < 1), confirming a non-Newtonian
pseudoplastic behavior.

Understanding the rheological behavior of film-forming solutions is essential for
optimizing the film production process and tailoring materials with specific mechanical
properties. In subsequent analyses, the mechanical properties of films prepared from these
non-Newtonian, pseudoplastic solutions are evaluated.
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Table 4. Rheological parameters obtained by fitting the experimental data to the power-law model
for chitosan and chitosan-Ag microparticle film-forming solutions.

Sample Consistency Index
(K)

Flow Behavior
Index (n) R2

Ch-1.5 1.015 ± 0.090 b 0.745 ± 0.001 c 0.992
Ch-2.0 3.749 ± 0.054 d 0.669 ± 0.001 b 0.988
Ch-2.5 5.221 ± 0.373 e 0.670 ± 0.008 b 0.988

Ch-1.5Ag 0.113 ± 0.001 a 0.973 ± 0.003 d 0.999
Ch-2.0Ag 0.236 ± 0.002 a 0.955 ± 0.001 e 0.999
Ch-2.5Ag 2.005 ± 0.541 bc 0.679 ± 0.146 ac 0.937

Data are reported as mean ± standard deviation (n = 3). Means with different letters are significantly different
according to Tukey’s test (p < 0.05).

3.6. Characterization of Chitosan-Ag Microparticle Films
3.6.1. Film Thickness

Table 5 shows the variations in film thickness as a function of polymer concentration
and incorporation of Ag microparticles. In chitosan films, increasing the polymer concen-
tration from 1.5 to 2.0% (w/v) resulted in a significant increase (p < 0.05) in thickness, from
29 ± 2 to 52 ± 3 µm. However, a further increase in polymer concentration to 2.5% (w/v)
led to only a slight change in thickness, reaching 53 ± 2 µm. This behavior is attributed to
the increase in polysaccharide concentration, which leads to a higher mass of solid material
per unit volume. Since all films were prepared using a constant casting volume (16 mL),
increasing the polymer concentration results in a greater solid content, thereby increasing
the film thickness [63].

Table 5. Mechanical properties of chitosan and chitosan-Ag microparticle films.

Sample
Tensile

Strength
(MPa)

Elongation at
Break (%)

Young’s
Modulus

(GPa)

Thickness
(µm)

Ch-1.5 35.02 ± 2.07 a 2.99 ± 0.44 bc 2.43 ± 0.21 b 29 ± 2 a

Ch-2.0 38.99 ± 1.66 a 2.56 ± 0.55 abc 2.55 ± 0.26 b 52 ± 3 bc

Ch-2.5 40.77 ± 2.90 a 3.30 ± 0.28 c 2.51 ± 0.25 b 53 ± 3 c

Ch-1.5Ag 16.96 ± 3.28 b 1.35 ± 0.43 a 1.87 ± 0.30 ab 45 ± 4 b

Ch-2.0Ag 18.40 ± 2.75 b 1.26 ± 0.23 a 2.05 ± 0.08 ab 53 ± 2 c

Ch-2.5Ag 20.31 ± 2.50 b 1.84 ± 0.31 ab 1.61 ± 0.14 a 142 ± 9 d

Results are expressed as mean ± standard deviation (n = 12). Means with different letters are significantly different
according to Tukey’s test (p < 0.05).

When Ag microparticles were incorporated at 0.25% (w/v), the films exhibited a
significant increase in thickness, from 29 ± 2 to 45 ± 4 µm for Ch-1.5Ag and from 53 ± 2 to
142 ± 9 µm for Ch-2.5Ag. In contrast, the Ch-2.0Ag film showed no significant difference,
maintaining a thickness of 52 ± 3 µm. The increase in film thickness observed after the
incorporation of Ag microparticles is mainly attributed to the higher solid content in the
film-forming solution, which promotes the formation of thicker films. At higher chitosan
concentration (2.5% w/v), the dispersion of Ag microparticles within the chitosan polymer
matrix becomes more difficult, leading to the formation of several agglomerates, which
significantly increase the film thickness [66].

3.6.2. Mechanical Properties

Adequate mechanical properties are essential for active food packaging materials to
preserve product integrity under the physical stresses encountered during transportation
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and storage [67]. Table 5 summarizes the mechanical properties of the obtained chitosan-
based films. For the Ch-1.5 film, a tensile strength of 35.02 ± 2.07 MPa and an elongation at
break of 2.99 ± 0.44% were recorded. As the chitosan concentration increased, a progressive
increase in tensile strength accompanied by a decrease in elongation at break was observed.
This behavior is attributed to the higher density of intermolecular interactions and physical
crosslinking among chitosan chains, which promote the formation of a more compact and
rigid polymeric network. Consequently, the films exhibit enhanced mechanical resistance
at the expense of reduced flexibility [68].

The incorporation of Ag microparticles at 0.25% (w/v) led to a pronounced reduction
in tensile strength for the Ch-1.5Ag, Ch-2.0Ag, and Ch-2.5Ag films, with decreases of
51.57%, 52.82%, and 49.83%, respectively. A concomitant decrease in elongation at break
was also observed, indicating a loss of deformation capacity. Previous studies have shown
that PCs coating Ag microparticles, derived from green synthesis routes, can disrupt the
crystalline organization of chitosan and weaken intermolecular interactions within the
polymer matrix, ultimately compromising mechanical strength [69].

Similar trends have been reported by Ediyilyam et al. (2021) [32], who demonstrated that
the incorporation of Ag microparticles at low concentrations (0.0075–0.025% w/v) enhanced
the tensile strength of chitosan–gelatin composite films, whereas a further increase to 0.05%
w/v resulted in a decrease in tensile strength. Notably, this concentration is still substantially
lower than the Ag microparticle content employed in the present study (0.25% w/v), which
promotes increased particle aggregation. This behavior is associated with the presence of
hydrophilic phytochemical compounds from plant extracts used during particles synthesis,
which stabilize Ag microparticles while modifying polymer–polymer interactions.

Although a decrease in tensile strength is often associated with an increase in elonga-
tion at break, this relationship does not necessarily apply to particle-reinforced systems.
When particles exhibit a strong tendency to aggregate, rigid and non-deformable domains
are formed within the polymer matrix [70]. These heterogeneities act as stress concentration
sites, disrupt the continuity of the polymer matrix, and promote premature failure, thereby
reducing the deformation capacity of the films.

Young’s modulus, which reflects the elastic stiffness of a material [71], increased with
increasing chitosan concentration, indicating enhanced rigidity accompanied by reduced
elongation at break. In contrast, the incorporation of Ag microparticles resulted in a
decrease in Young’s modulus, suggesting a reduction in film stiffness (Figure 7).

Figure 7. Tensile stress–strain curves of chitosan and chitosan-Ag microparticles films at different
polymer concentrations.
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These results indicate that Ag microparticles directly modify both the rheological and
mechanical properties of the system, particularly tensile strength and Young’s modulus.
Higher solution viscosity is associated with increased mechanical resistance and stiffness
of the films, whereas lower viscosity, resulting from the incorporation of Ag microparticles,
leads to reduced tensile strength and rigidity.

Based on the overall results obtained for thickness and mechanical properties, the Ch-
2.0Ag formulation was selected for subsequent antioxidant and antibacterial evaluations.
This formulation exhibited the most suitable balance between film-forming characteristics
and mechanical performance among the Ag-containing films, making it the most promising
candidate for potential food-packaging applications.

3.6.3. Fourier Transform Infrared (FTIR)

Chitosan and chitosan-Ag microparticle films were structurally characterized by
Fourier transform infrared (FT-IR) spectroscopy (Figure 8). For all chitosan formula-
tions, regardless of concentration, a broad band centered at approximately 3265 cm−1

was observed, which is attributed to the stretching vibrations of hydroxyl (–OH) and
primary amino (–NH2) groups present in the chitosan structure [72]. Bands in the region
of 2855–2920 cm−1 were also identified, corresponding to the stretching vibrations of C–H
bonds. The absorption band located at 1640 cm−1 was associated with the C=O stretching
of amide I groups, while the band at 1533 cm−1 was related to the N–H bending of amide
II groups [42,72]. Additionally, a band at 1155 cm−1, attributed to the C–O–C stretching
vibrations of the polysaccharide backbone, and a characteristic band around 1012 cm−1,
assigned to C–O stretching vibrations, were detected [66].

Figure 8. Fourier transform infrared (FT-IR) spectra of chitosan films (A) and chitosan-Ag microparti-
cles films (B).

The incorporation of Ag microparticles into the chitosan polymer matrix induced
noticeable changes in the characteristic FT-IR bands. In particular, the broad band centered
around 3265 cm−1, attributed to the stretching vibrations of hydroxyl (–OH) and amino
(–NH2) groups, exhibited a decrease in intensity, especially in the Ch-2.5Ag formulation.
Similarly, a reduction in the intensity of the bands corresponding to amide I (1640 cm−1),
associated with C=O stretching, and amide II (1533 cm−1), related to N–H bending, was
observed. Finally, the band attributed to C–O stretching vibrations showed a decrease
in intensity along with a slight shift toward higher wavenumbers, from 1012 cm−1 to
1018 cm−1. Notably, Mohamed and Madian (2020) [31] reported minor shifts in the band
assigned to free amino groups from 1020.4 cm−1 to 1021–1021.5 cm−1 in chitosan films
incorporating Ag microparticles synthesized using Aloe vera extract, which is comparable to
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the slight shift observed in the present study. The observed shifts and intensity variations in
the FTIR bands are attributed to coordination interactions between Ag microparticles and
the electron-donating (–NH) and (–OH) groups of chitosan, which alter the local electronic
environment and bond lengths without the formation of new covalent bonds [73].

3.6.4. Scanning Electron Microscopy (SEM)

Figures 9 and 10 show the macroscopic images and scanning electron microscopy
(SEM) micrographs of chitosan and chitosan-Ag microparticle films. As shown in Figure 9,
the Ch-1.5 films exhibited a translucent appearance at the macroscopic level, as the logo of
the University of Sonora could be clearly observed beneath them.

SEM analysis revealed a smooth, homogeneous, and continuous surface, with the
presence of small white spots dispersed throughout the films, which are attributed to
polymer distribution. Although no marked differences in surface appearance were visually
detected at the macroscopic level with increasing chitosan concentration (up to 2.5% w/v),
the SEM micrographs showed an increase in both the number and size of these white spots.
This phenomenon indicates a tendency toward aggregate formation, which is attributed
to the increase in solution viscosity at higher chitosan concentrations, hindering effective
homogenization during the drying process [74].

 
Figure 9. Logo of the University of Sonora covered with Ch-1.5, Ch-2.0, and Ch-2.5 films, along with
their corresponding SEM micrographs at 1000× magnification.
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Figure 10. Logo of the University of Sonora covered with Ch-1.5Ag, Ch-2.0Ag, and Ch-2.5Ag films,
along with their corresponding SEM micrographs at 1000× magnification.

SEM micrographs of the chitosan-Ag microparticle films (Figure 10) reveal the pres-
ence of white spots and agglomerates, indicating difficulties in achieving a homogeneous
dispersion of the microparticles within the polymer matrix. This phenomenon is par-
ticularly pronounced in the Ch-2.5Ag formulations, where the highest accumulation of
Ag microparticles is observed. This trend can be explained by the increased physical
crosslinking between chitosan chains, which restricts chain mobility and hinder the effec-
tive dispersion of particles, thereby promoting agglomeration. These findings are consistent
with those reported by Mohamed and Madian (2020) [31], who prepared chitosan films
with Ag microparticles concentrations of 0, 2, 4, 6, and 8 µg/mL and observed phase
separation at 8 µg/mL. Although this concentration is substantially lower than the Ag
microparticles content used in the present study (0.25% w/v, equivalent to 2500 µg/mL),
the similarity in behavior suggests that phase separation is governed not only by the
nominal Ag microparticles concentration, but also by factors such as particles dispersion,
polymer–particle interactions, and the presence of surface-capping phytochemicals derived
from green synthesis routes. Based on morphological, mechanical, and macroscopic obser-
vations, the Ch-2.0Ag film was selected as the optimal formulation for further evaluation
of its antioxidant and antibacterial properties.

https://doi.org/10.3390/micro6030053

https://doi.org/10.3390/micro6030053


Micro 2026, 6, 53 20 of 25

3.7. Evaluation of the Antioxidant Activity

The results corresponding to the antioxidant activity of the Ch-2.0 and Ch-2.0Ag
films are presented in Table 3. The chitosan films exhibited an inhibition of the ABTS
radical of 47.52 ± 1.20%, corresponding to 58.04 ± 6.93 µM TE/g. The incorporation of Ag
microparticles significantly enhanced this effect, reaching an inhibition of 70.57 ± 1.68%.
Although Ag microparticles have been previously reported to exhibit inhibitory activity
against the ABTS radical, the results of this study confirm that the polysaccharide itself
also possesses antiradical capacity, which is further strengthened by the presence of the
particles (Figure 4A). According to Zagloul et al. (2024) [75], the antioxidant activity of
chitosan is attributed to the presence of amino and hydroxyl groups in the polymer, which
enable the inhibition of chain reactions associated with reactive oxygen species.

Regarding the DPPH radical, the Ch-2.0 films exhibited an inhibition of 20.64 ± 2.05%,
which increased to 31.53 ± 3.05% after the incorporation of Ag microparticles. In this case,
the active packaging system did not show a marked inhibitory effect against the DPPH
radical compared to the control films, likely due to limitations in the reaction mechanism
involved in the neutralization of this radical (Figure 4B).

Regarding the FRAP evaluation of the chitosan films with incorporated Ag micropar-
ticles, a higher absorbance at 638 nm was expected compared to the films without the
active agent. However, a slight decrease in absorbance was observed, resulting in values
of 141.29 ± 0.57 µM TE/g for the pure chitosan films and 137.29 ± 0.58 µM TE/g for the
chitosan films containing Ag microparticles. Although the Ag microparticles exhibited a
strong reducing power when dispersed in solution and in direct contact with the reagent,
their incorporation into the chitosan polymeric matrix hinders the interaction between the
FRAP reagent and the antioxidant agents within the film, thereby limiting the measured
reducing capacity.

The antioxidant activity of chitosan-Ag microparticle films was found to be predomi-
nantly governed by SET mechanisms, consistent with the behavior previously determined
for the Ag microparticle suspension.

3.8. Antibacterial Activity

The antibacterial activity of Ch-2.0 and Ch-2.0Ag films were evaluated to assess their
functionality as active food packaging materials (Figure 5). Ch-2.0 films showed 41.42%
bacterial inhibition due to the intrinsic antibacterial activity of chitosan, which primarily
involves electrostatic interactions with the cell wall of Gram-positive bacteria. However, this
activity is generally insufficient to fulfill the requirements of more demanding antibacterial
applications [76,77].

However, after incorporation of Ag microparticles at 0.25% (w/v), the antibacterial
activity of the Ch-2.0Ag film increased significantly (p < 0.05), reaching complete (100%)
inhibition. This enhancement is attributed to the direct interaction of Ag microparticles
with the negatively charged bacterial cell membrane, promoting membrane destabilization
and subsequent cell death [78].

These findings are consistent with previous studies reporting the strong antibacterial
efficacy of Ag microparticles incorporated polymeric materials against Listeria monocy-
togenes. Shankar et al. (2021) [79] developed chitosan-based films containing essential
oils and Ag microparticles for strawberry packaging, achieving complete inhibition of the
pathogen after 16 h of incubation.

The obtained results confirm the excellent inhibitory capacity of chitosan-Ag micropar-
ticles films, as evidenced by the complete inhibition of the pathogen Listeria monocytogenes.
This finding is particularly promising, as it positions this type of material as an effective
alternative for the prevention of foodborne diseases, especially in foods susceptible to
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spoilage or nutritional quality loss, thereby contributing to food safety and the extension of
the shelf life of perishable products.

4. Conclusions
In conclusion, the rheological parameters of the film-forming solutions are closely

related to the mechanical behavior of the resulting films. An increase in apparent viscosity
and consistency index (K), associated with greater polymer chain entanglement and inter-
molecular interactions in solution, leads to stiffer and mechanically stronger films with
higher Young’s modulus and tensile strength, but lower elongation at break. In contrast,
the reduction in these rheological parameters, as observed after the incorporation of Ag mi-
croparticles, is reflected in films with lower stiffness and mechanical resistance, indicating
a less cohesive polymer network.

Despite these mechanical changes, the chitosan-Ag microparticle films exhibited
enhanced functional performance. Antioxidant activity was mainly governed by single-
electron transfer mechanisms associated with chitosan functional groups and surface
phenolics on the Ag microparticles, while a complete (100%) antibacterial effect against
Listeria monocytogenes was observed under the experimental conditions evaluated.

Overall, these results highlight the importance of controlling solution rheology and
microparticle dispersion to obtain chitosan-based films with adequate mechanical integrity
and enhanced antioxidant and antibacterial functionality. Furthermore, the use of green-
synthesized Ag microparticles obtained from pecan nutshell extract represents a more
sustainable approach for the development of bioactive materials by valorizing an agro-
industrial byproduct and reducing the use of conventional chemical reducing agents.
The developed films showed promising characteristics for potential application in active
food-packaging systems. However, additional studies involving a broader spectrum of
pathogenic and spoilage microorganisms, as well as food-storage evaluations, are required
to further assess their contribution to food safety and shelf-life extension.
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