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Abstract

Foodborne microbial contamination remains a major challenge for the safety and shelf
life of poultry and other perishable foods. This study developed a silver nanoparticle
(AgNP)-based antimicrobial formulation and evaluated its physicochemical characteristics,
antibacterial activity against Escherichia coli, and preliminary concentration-dependent ef-
fects on bovine sperm viability. AgNPs were synthesized using a modified glucose–citrate
reduction method. UV–Vis measurements showed characteristic surface plasmon resonance
maxima within approximately 411–422 nm across the evaluated synthesis experiments.
Transmission electron microscopy revealed predominantly quasi-spherical particles with a
mean diameter of 23.14 ± 8.31 nm (n = 100), a median diameter of 25.30 nm, and a size range
of 5.07–34.88 nm. The mean hydrodynamic radius was 15.47 nm, and the zeta potential
was −38.80 ± 0.63 mV, indicating pronounced electrostatic stabilization of the colloidal
dispersion. In antibacterial assays, the complete AgNP–chitosan–lactic acid–collagen for-
mulation resulted in complete absence of visible E. coli growth at all tested concentrations,
including the lowest evaluated nominal Ag concentration of 6.5 mg/L in the prepared
formulation, corresponding to approximately 3.25 µg/mL in the final antibacterial assay
mixture, whereas the other tested formulation variants did not achieve complete growth
suppression. In the preliminary bovine sperm assay, AgNP dispersion alone caused a
concentration-dependent decline in viability, with statistically significant effects observed
from 1.37 mg/L onward. These findings demonstrate that the complete multicomponent
formulation provides strong antibacterial activity at relatively low nominal Ag concentra-
tions while also highlighting the need for further toxicological and migration assessment.
Future studies should validate the formulation in real food matrices and evaluate silver
release, migration, and safety under relevant storage and application conditions.

Keywords: silver nanoparticles; chitosan; collagen; antimicrobial formulation; Escherichia
coli; food preservation; sperm viability

1. Introduction
Microbial contamination remains a major constraint on food quality, safety, and shelf

life. Spoilage microorganisms reduce sensory acceptability and storage stability, while
foodborne pathogens create direct public health risks and economic losses for producers,
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retailers, and consumers [1,2]. These challenges have stimulated interest in complementary
antimicrobial systems that can be incorporated into food-processing, surface-treatment,
packaging, and other food-contact applications [3,4]. At the same time, increasing concern
regarding antimicrobial resistance among foodborne bacteria, including Escherichia coli,
Salmonella enterica, and Listeria monocytogenes, has strengthened interest in non-antibiotic
antimicrobial strategies that can complement hygiene, refrigeration, and established preser-
vation practices [5,6].

Poultry meat represents a particularly relevant potential application area because it is
highly perishable and may become contaminated during slaughter, processing, handling,
and storage. Poultry-associated microorganisms of concern include Campylobacter spp.,
Salmonella enterica, Listeria monocytogenes, and Escherichia coli, while spoilage microbiota such
as Pseudomonas spp., Brochothrix thermosphacta, and lactic acid bacteria can reduce product
quality and shelf life [3,7]. Chicken meat therefore provides an important application
context for the development of complementary antimicrobial systems.

Conventional preservation and sanitation approaches remain indispensable, but they
may not fully prevent microbial persistence under all processing and storage conditions.
In poultry-processing environments, microorganisms are exposed to cold, desiccation,
heat, and chemical stresses, which can trigger adaptive responses involving stress-protein
production, altered membrane function, efflux systems, and mono- or mixed-species biofilm
formation [8]. Such responses are relevant because biofilms on food-contact surfaces may
act as persistent contamination reservoirs. Consequently, active packaging, antimicrobial
films, coatings, and other food-contact systems have been investigated as complementary
hurdles rather than replacements for good manufacturing practice, cold-chain control, or
regulatory hygiene requirements [9,10].

Silver nanoparticles (AgNPs) have attracted considerable attention as antimicrobial
agents because their activity is multifactorial. AgNPs may interact with bacterial surfaces,
disrupt cell envelopes, increase membrane permeability, generate reactive oxygen species,
release Ag+ ions, and interfere with proteins, enzymes, nucleic acids, and intracellular
signaling pathways [11–14]. These concurrent mechanisms can inhibit bacterial growth and,
in some systems, interfere with biofilm formation. Importantly, antibacterial performance
is not determined by silver concentration alone; it is strongly influenced by particle size,
morphology, surface chemistry, surface charge, aggregation state, colloidal stability, and
the composition of the surrounding matrix [11,12,15].

Food-related studies have investigated AgNPs and other antimicrobial agents in
active packaging, edible films, coatings, and polymer composites as a means of combining
physical protection with antimicrobial functionality [10,16,17]. For example, biodegradable
films based on taro starch, sodium alginate, and nisin significantly reduced microbial load
and extended the refrigerated shelf life of chicken meat, demonstrating the relevance of
active antimicrobial systems for poultry products [16]. In another meat-preservation study,
nanosilver treatment reduced microbial load in beef samples, with the strongest short-term
effect observed at the highest tested concentration [18]. These studies provide a broader
application context for the present formulation but do not represent direct experimental
analogues of the current study.

The synthesis route is a critical determinant of AgNP properties because reaction con-
ditions influence nucleation, particle growth, morphology, surface characteristics, colloidal
behavior, and biological activity. The present study employed a mild aqueous glucose–
citrate reduction system. Previous studies and recent reviews have shown that citrate
concentration, temperature, pH, precursor concentration, reaction time, and stabilizing
components can substantially influence AgNP size, morphology, and stability [11,17]. The
surrounding medium can also affect dispersion behavior. Park and Lee [19], for example,
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reported that citrate-capped AgNPs remained dispersed in a 5% isotonic glucose solu-
tion, whereas aggregation and precipitation occurred in phosphate-buffered saline and
0.9% NaCl.

For food-related applications, antibacterial efficacy alone is insufficient. The com-
position of the carrier system, the concentration of silver, the potential release of Ag+,
and the concentration-dependent effects of the nanoparticle dispersion on cell viability
all require consideration. AgNP cytotoxicity is concentration-dependent and can also be
affected by particle size, surface chemistry, aggregation state, exposure duration, and ion
release [12,20]. Therefore, preliminary in vitro sperm viability assessment can provide an
initial indication of concentration-dependent effects following AgNP exposure, although
such assays cannot establish toxicological safety, regulatory compliance, or suitability for
direct food-contact use.

Biopolymer-based matrices are of particular interest because they may combine struc-
tural functionality with antimicrobial activity. Chitosan has intrinsic antibacterial properties
and is widely used in edible films and coatings, whereas collagen can function as a bio-
compatible carrier suitable for food-contact applications [21,22]. In the present formulation,
collagen was incorporated as a viscous biopolymer carrier intended to provide a suitable
matrix for surface application, whereas lactic acid served as a food-compatible medium
for chitosan solubilization and could additionally contribute to antimicrobial activity. The
formulation was designed to determine whether combining these components with AgNPs
could maintain antibacterial performance while progressively reducing the amount of
silver in the final system.

AgNP–chitosan systems and AgNP-containing biodegradable materials have already
been widely investigated. For example, Ogungbesan et al. [23] developed a chitosan–AgNP
film and evaluated its antibacterial activity and cytotoxicity, whereas das Neves et al. [24]
incorporated biogenic AgNPs into biodegradable polymer films and examined antibacterial
performance together with silver migration into chicken meat. Accordingly, the novelty of
the present study does not reside in the AgNP–chitosan association itself. Instead, the study
evaluates a multicomponent formulation in which separately synthesized glucose–citrate
AgNPs are combined with chitosan solubilized in lactic acid and collagen as a biopolymer
matrix. The experimental design additionally compared matched component combinations
and progressively reduced the nominal Ag concentration to determine whether antibacterial
activity could be retained at lower silver levels.

The aim of this study was therefore to synthesize and characterize AgNPs using
a modified glucose–citrate reduction method and to evaluate their incorporation into a
multicomponent antimicrobial formulation containing chitosan, lactic acid, and collagen.
Particular attention was given to the physicochemical characteristics of the synthesized Ag-
NPs, the antibacterial performance of the different formulation variants against Escherichia
coli, and the concentration-dependent effect of the AgNP dispersion on bovine sperm
viability as a preliminary biological screening model.

2. Materials and Methods
2.1. Materials and Experimental Overview

Silver nitrate (AgNO3; chemically pure grade, ≥99.9%; SIBPROEKT, Moscow, Rus-
sia), D-glucose (dextrose; C6H12O6), and sodium citrate (Na3C6H5O7·5.5H2O; analytical
grade) were used for AgNP synthesis. Food-grade collagen and chitosan were used as
biopolymer components of the antimicrobial formulation. The chitosan was derived from
deacetylated chitin and had a degree of deacetylation of 75–85%, an average molecular
weight of 190–310 kDa, and a reported purity of ≥75% (Sigma-Aldrich Co., St. Louis, MO,
USA). Lactic acid was used to prepare the chitosan-containing component of the formu-
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lation. A sterile 0.9% NaCl solution was used for preparation and dilution of bacterial
suspensions. Meat-peptone broth (MPB) and meat-peptone agar (MPA) were used for
bacterial cultivation and antimicrobial testing. A 5% eosin solution was used for sperm
viability staining.

Bidistilled water was used for preparation of aqueous solutions and AgNP dispersions.
Water was produced using a GFL 2302 glass bidistillation system (GFL Gesellschaft für
Labortechnik mbH, Burgwedel, Germany). According to the instrument specifications, the
resulting water had an electrical conductivity of ≤1.6 µS/cm at 20 ◦C.

The study comprised three experimental stages: (i) synthesis and physicochemical
characterization of AgNPs; (ii) preparation and antibacterial evaluation of AgNP-containing
biopolymer formulations; and (iii) preliminary in vitro assessment of the concentration-
dependent effect of the AgNP dispersion on bovine sperm viability. Detailed procedures for
formulation preparation, antibacterial testing, and sperm viability assessment are provided
in Sections 2.3, 2.7 and 2.8, respectively.

2.2. Synthesis of Silver Nanoparticles

Silver nanoparticles (AgNPs) were synthesized using a glucose–citrate procedure
developed from a previously reported citrate-reduction protocol [25] and informed by
previous reports of glucose-mediated AgNP synthesis in the presence of sodium citrate [26].
In the reference citrate procedure [25], 80 mL of 0.002 M AgNO3 is combined with 16 mL
of 0.0075 M sodium citrate under heated reflux/boiling conditions and magnetic stirring,
followed by continued boiling for 20 min after development of the characteristic yellow
color. In the present study, glucose was introduced as an additional reducing agent, a lower
amount of sodium citrate was used, the citrate-containing solution volume was increased
to 30 mL, and reflux/boiling was replaced by heating in a water bath at approximately
74–75 ◦C with periodic manual mixing. Heating was terminated after formation of an
intense yellow to yellow–olive dispersion rather than continuing boiling for 20 min.

Briefly, 80 mL of the 0.002 M silver nitrate (AgNO3) solution was used as the silver
precursor. A glucose–citrate solution was prepared by dissolving 35 mg of sodium citrate
and 5.0 g of glucose in 95 mL of bidistilled water. A 30 mL aliquot of this solution was
measured using a graduated cylinder and added to the AgNO3 solution, giving a final
reaction volume of 110 mL.

The reaction mixture was heated in a water bath maintained at approximately 75 ◦C.
The temperature of the reaction mixture was monitored directly using a thermometer placed
in the flask. During heating, the flask was removed from the water bath approximately four
to five times and gently swirled manually for four to five circular movements to ensure
mixing and allow visual assessment of color development. For a 110 mL reaction volume,
formation of the characteristic intense yellow to yellow–olive colloidal dispersion occurred
after approximately 22 min of heating, although the exact time depended on the initial
temperature of the reagents.

Heating was discontinued when the characteristic yellow–olive color was obtained.
Further heating was avoided because progressive darkening toward brown and the develop-
ment of turbidity were regarded as indicators of excessive particle growth or aggregation.
The resulting AgNP dispersion was allowed to cool to approximately 20 ◦C. No post-
synthesis purification, centrifugation, dialysis, or filtration was applied because the freshly
prepared colloid showed no visible particulate contamination or precipitate. The dispersion
was used directly for physicochemical characterization and formulation preparation or
stored at 18–24 ◦C in the dark or under light-protected conditions for up to two months.
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2.3. Preparation of AgNP-Containing Composite Formulations

The AgNP-containing composite formulations were prepared by combining AgNP
dispersion, a chitosan–lactic acid solution, and a collagen solution at a volume ratio of
1:1:1 (v/v/v). For the standard formulation, the chitosan component was prepared as a
1% (w/w) chitosan solution in 2% lactic acid. Briefly, 1.0 g of chitosan was mixed with 2.5 g
of 80% lactic acid and 96.5 mL of distilled water. The mixture was agitated on a laboratory
shaker at 30 rpm for 10–20 min at room temperature until a homogeneous, transparent to
slightly brownish solution was obtained.

The standard collagen component was prepared by dispersing 10 g of food-grade
collagen in 90 mL of sterile distilled water to obtain a 10% (w/w) solution. The mixture
was periodically agitated at room temperature until complete dissolution, which required
approximately 30–35 min. The solution was then allowed to stand for approximately 30 min
to remove entrapped air bubbles.

To prepare the complete composite formulation, one volume of freshly prepared AgNP
dispersion was mixed with one volume of the collagen solution, followed by one volume
of the chitosan–lactic acid solution. The mixture was gently agitated until homogeneous.
Thus, the standard 1:1:1 formulation prepared from the 10% collagen, 1% chitosan, and 2%
lactic acid stock components contained approximately 3.33% collagen, 0.33% chitosan, and
0.67% lactic acid in the prepared formulation.

For the antibacterial screening experiments, the concentrations of the individual
components were systematically varied while maintaining the 1:1:1 volumetric ratio. The
chitosan–lactic acid stock component was tested at chitosan:lactic acid concentrations of
1:2%, 0.5:1%, 0.25:0.5%, and 0.125:0.25% (w/w), respectively. Collagen stock solutions
ranging from 5% to 30% were evaluated. The AgNP stock dispersion had a nominal
silver concentration of approximately 157 mg/L, calculated from the amount of AgNO3

introduced into the reaction mixture. Serial two-fold dilutions of this dispersion with sterile
distilled water were used to obtain nominal Ag concentrations of approximately 79, 39,
and 20 mg/L.

Nominal Ag concentrations of 157, 79, 39, and 20 mg/L in the AgNP component
corresponded to approximately 52, 26, 13, and 6.5 mg/L, respectively, in the prepared
1:1:1 formulations and to approximately 26, 13, 6.5, and 3.25 µg/mL, respectively, in the
final 400 µL antibacterial assay mixtures. These silver concentrations were calculated
nominal values rather than analytically measured total silver concentrations.

The complete formulations were prepared under sterile conditions immediately before
antimicrobial testing. Formulations containing only selected components were prepared
in parallel to evaluate the contribution of the individual constituents, as described in the
antibacterial-assay subsection.

2.4. UV–Vis Spectroscopic Analysis

The optical characteristics of the synthesized AgNP dispersions were evaluated by
ultraviolet–visible (UV–Vis) spectroscopy using a Specord 210 Plus spectrophotometer
(Analytik Jena, Thuringia, Germany). Absorption spectra were recorded over the wave-
length range of 300–700 nm, with bidistilled water used as the blank. AgNP formation was
assessed from the appearance of the characteristic surface plasmon resonance absorption
band in the visible region. UV–Vis spectroscopy was used as a primary method for moni-
toring AgNP formation and the optical characteristics of the colloidal dispersions rather
than as a direct method for determining particle size [27].

In addition, an early repeat AgNP synthesis prepared with 35 mg sodium citrate was eval-
uated using a KFK-3-01-ZOMZ manual spectrophotometer (Zagorsk Optical-Mechanical Plant,
Sergiev Posad, Russia). Absorbance was measured wavelength-by-wavelength from 400 to
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440 nm at 2 nm intervals to determine the position of the SPR maximum. This dataset is
presented separately in Figure 1.

Figure 1. Absorbance profile of a AgNP dispersion obtained during an early repeat synthesis using
35 mg of sodium citrate. Measurements were performed with a KFK-3-01-ZOMZ spectrophotometer
from 400 to 440 nm at 2 nm intervals; the SPR maximum was observed at approximately 422 nm.

2.5. Transmission Electron Microscopy and Particle-Size Analysis

The morphology and primary particle size of the synthesized AgNPs were exam-
ined by transmission electron microscopy (TEM) using a JEOL JEM-1400Plus micro-
scope (JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 120 kV. For
sample preparation, a 10 µL aliquot of the AgNP dispersion was deposited onto a
200-mesh Formvar/carbon-coated copper grid and allowed to dry at room temperature
before imaging.

Particle dimensions were determined from calibrated TEM micrographs using ImageJ
software (version 1.54g; National Institutes of Health, Bethesda, MD, USA). A total of 100 in-
dividual nanoparticles were measured across several representative fields. Particle-size
data were used to calculate the mean diameter, standard deviation, median, and observed
size range, and to construct the particle-size distribution. TEM-derived measurements
were interpreted as the primary particle dimensions in the dried state [28].

2.6. Dynamic Light Scattering and Zeta-Potential Measurements

The hydrodynamic characteristics and surface charge of the synthesized AgNPs were
evaluated by dynamic light scattering (DLS) and electrophoretic light scattering.

The hydrodynamic radius (rh) of the AgNPs was determined using a 3D light scat-
tering spectrometer (LS Instruments AG, Fribourg, Switzerland). The colloidal dispersion
was analyzed without additional dilution or filtration. A 0.2 mL aliquot was used for
measurement and equilibrated at 25 ◦C before analysis. Measurements were performed
at a goniometer angle of 90.06◦ and a temperature of 25 ◦C. The scattered-light intensity
was approximately 30 kHz, and correlation analysis was carried out in 3D cross-correlation
mode at a laser power of 0.0032 mW. The hydrodynamic radius was obtained from the
translational diffusion coefficient using the Stokes–Einstein relationship [29].

Zeta potential was measured using a Litesizer 500 particle analyzer (Anton Paar GmbH,
Graz, Austria) equipped with an Omega cuvette and operated using Kalliope™ software
(version 2.34.3; Anton Paar GmbH, Graz, Austria). Measurements were performed at 25 ◦C
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using automatic voltage adjustment, with a maximum applied voltage of 200 V and a Henry
function value of 1.5. The AgNP dispersion was analyzed without additional dilution. Five
replicate measurements were performed for zeta-potential determination [30].

2.7. Determination of Antibacterial Activity

The antibacterial activity of the AgNP-containing formulations was evaluated against
Escherichia coli VKPM B-6645 (ATCC 25922; DSM 1103), which was obtained from the
National Bioresource Center-All-Russian Collection of Industrial Microorganisms, NRC
“Kurchatov Institute”—GosNIIgenetika (Moscow, Russia). Before testing, the strain was
reactivated by three successive 24 h passages in meat-peptone broth and on meat-peptone
agar at 37 ◦C.

A bacterial suspension was prepared from a 24 h culture in sterile 0.9% NaCl so-
lution. The turbidity of the suspension was adjusted spectrophotometrically to an optical
density of 0.08–0.10 at 625 nm using a KFK-3 spectrophotometer (UNICO-SYS, St. Petersburg,
Russia) and a 10 mm cuvette, corresponding to an approximate bacterial concentration of
1.5 × 108 CFU/mL. The prepared suspension was used immediately for antimicrobial testing.

The antibacterial assay was developed specifically for the present study as a qualitative
direct-contact screening method rather than as a standardized MIC or MBC procedure.
Its design was informed by established microbiological susceptibility-testing principles
and by published direct-contact approaches. For example, Talebpour et al. [31] evaluated
nanoparticle-containing antimicrobial materials by placing the test preparation in direct
contact with bacteria on an agar surface. In the present study, this concept was modified
by mixing the bacterial suspension directly with nutrient broth and the tested formulation
before application of the entire mixture to the agar surface. This approach was selected
because formulation-related turbidity could interfere with broth-based optical assessment,
incorporation into molten agar could expose the formulation to elevated temperatures,
and diffusion-based methods could be affected by unequal diffusion of the individual
formulation components.

Preliminary verification of the direct-contact procedure was performed using a com-
mercial thermostable antimicrobial preparation. The preparation was evaluated both by
the direct-contact procedure and by agar dilution using an inoculum of approximately
104 CFU/mL, and comparable qualitative growth-suppression outcomes were obtained.
Preliminary experiments with the complete AgNP formulation also compared bacterial
suspensions of approximately 1.5 × 104 and 1.5 × 108 CFU/mL; comparable qualitative
outcomes were obtained, and the higher concentration was selected for the principal ex-
periment to provide a more stringent bacterial challenge. In addition, immediate plating
was compared with 2 h and 4 h pre-incubation at 37 ◦C in three replicate experiments.
Complete suppression of visible growth was observed under all three contact-time condi-
tions, whereas untreated controls showed bacterial growth in every replicate. Therefore,
immediate plating without a separate pre-incubation period was used in the principal
experiment. These preliminary experiments supported use of the procedure as a qualitative
screening assay but do not constitute formal validation against a standardized antimicrobial
susceptibility-testing method.

For each assay, 50 µL of the E. coli suspension (1.5 × 108 CFU/mL) was mixed with
150 µL of nutrient broth in a sterile microcentrifuge tube, followed by 200 µL of the tested
formulation, giving a final volume of 400 µL and approximately 7.5 × 106 CFU per assay.
The components were mixed by pipetting, and the entire 400 µL mixture was immediately
applied to the agar surface without a separate pre-incubation period.

The complete formulation consisted of AgNP dispersion, chitosan dissolved in lactic
acid, and collagen solution mixed at a volume ratio of 1:1:1 (v/v/v). Additional formulation
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variants containing lactic acid alone, chitosan with lactic acid, or lactic acid combined with
AgNPs and collagen were evaluated for comparison. In the complete formulations, the
nominal Ag concentration in the AgNP component was varied from 157 to 20 mg/L
by serial two-fold dilution of the original AgNP dispersion with sterile distilled water.
These concentrations corresponded to approximately 52, 26, 13, and 6.5 mg/L nominal Ag,
respectively, in the prepared 1:1:1 formulation.

The lowest tested complete formulation contained 6.5 mg/L nominal Ag in the pre-
pared formulation, corresponding to approximately 3.25 µg/mL Ag in the final 400 µL
antibacterial assay mixture.

The agar medium was meat-peptone agar in a Petri dish. The inoculum was distributed
over the agar surface by gentle horizontal and circular movement of the plate. Plates were
incubated at 37 ◦C for 20 h.

For each experimental series, the control contained 50 µL of the E. coli suspension,
150 µL of nutrient broth, and 200 µL of sterile distilled water instead of the antimicrobial
formulation. The experiment was performed twice independently, with three Petri dishes
per treatment and control in each experiment.

Separate formulation-containing blank plates without bacterial inoculation were not
included in the principal experiment. During the assay, however, the agar surface was
visually examined after formulation application. The formulation produced a relatively uni-
form cloudy area after partial drying, whereas the appearance of discrete rounded colonies
identified bacterial growth. Plates without visible growth after 24 h were additionally
observed for up to 3 days, and no delayed colony development was detected. Nevertheless,
the absence of a dedicated formulation-only blank is considered a limitation of the visual
endpoint used in this study.

Antibacterial activity was evaluated qualitatively as the presence or absence of visible
bacterial growth after incubation. Visible growth was recorded as positive (+), whereas
complete absence of visible growth was recorded as negative (−). The lowest tested
nominal Ag concentration within the complete multicomponent formulation that resulted
in complete absence of visible E. coli growth under the assay conditions was identified.
Because no broth microdilution MIC assay, agar-diffusion assay, or confirmatory subculture
from growth-negative plates was performed, the results were not interpreted as MIC, MBC,
or definitive bactericidal activity.

2.8. Preliminary In Vitro Assessment of AgNP Effects on Bovine Sperm Viability

The concentration-dependent effect of the synthesized AgNP dispersion on bovine
sperm viability was evaluated in vitro. Spermatozoa are sensitive to membrane damage and
oxidative stress and were therefore used as a preliminary screening system for the effects
of AgNP exposure [32,33]. Sperm viability after exposure was the measured endpoint. For
the preliminary in vitro sperm viability assessment, AgNP dispersion alone, rather than
the complete collagen–chitosan formulation, was tested using bovine spermatozoa.

Cryopreserved bovine semen in 0.24 mL straws from a Kazakh Whiteheaded bull
(Krepysh/Ruslan; identification no. KZP157267) was provided by Shakarim University
(Semey, Kazakhstan). The semen was diluted using a modified glucose–citrate extender
prepared without ethylenediaminetetraacetic acid (EDTA) to avoid chelation of silver. The
extender contained 60 g of glucose, 3.5 g of trisodium citrate dihydrate (Na3C6H5O7·2H2O),
and 1.2 g of sodium bicarbonate per 1 L of distilled water.

For each sample, 0.3 mL of diluted semen was mixed with 0.2 mL of extender con-
taining the required amount of AgNP dispersion. The final nominal Ag concentrations
tested were 0.136, 0.274, 1.37, 2.74, 4.567, 6.85, 13.7, and 27.4 mg/L. A negative control
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containing diluted semen and the same extender without AgNPs was prepared under
identical conditions. Samples were incubated at 37 ◦C for 2 h before viability assessment.

Sperm viability was evaluated using an eosin dye-exclusion method based on es-
tablished procedures for bovine sperm viability assessment [34]. A drop of each sample
was placed on a clean glass slide and mixed with one drop of the 5% eosin solution for
1–2 s. A thin smear was then prepared and air-dried at room temperature. Spermatozoa
with unstained heads were classified as viable, whereas spermatozoa with pink-to-red
stained heads were classified as non-viable. Microscopic examination was performed at
×400–×600 magnification. Seven independent cryopreserved semen straws were used, and
a corresponding untreated control was prepared for each semen sample, resulting in n = 7
independent samples for each AgNP concentration and for the control. Two slides were pre-
pared for each concentration. A fixed number of microscopic fields was not used; instead,
each smear was examined systematically by moving sequentially across adjacent fields. At
least 200 spermatozoa were counted per slide, with approximately 200–500 cells evaluated
in practice. Viable and non-viable spermatozoa were counted manually. Sperm viability
was calculated as the percentage of unstained spermatozoa relative to the total number of
spermatozoa counted. Preliminary experiments used to optimize sample handling, eosin
staining, and counting procedures were excluded from the final analysis.

2.9. Statistical Analysis

Quantitative data were expressed as mean ± standard deviation (SD). Statistical
analysis of the sperm-viability data was performed using Microsoft Excel 2016 (Microsoft
Corp., Redmond, WA, USA). Differences among the control and AgNP exposure groups
were evaluated by one-way analysis of variance (ANOVA), followed by Tukey’s post hoc
multiple-comparison test. Differences were considered statistically significant at p < 0.05.

The principal antibacterial experiment was performed twice independently, with
three Petri dishes per treatment and control in each experiment. Because the antibacterial
endpoint was qualitative, based on the presence (+) or complete absence (−) of visible
E. coli growth after incubation, these results were summarized descriptively rather than
subjected to parametric statistical comparison.

3. Results
3.1. Modified Glucose–Citrate Synthesis and Optical Characteristics of AgNPs

Formation of silver nanoparticles was accompanied by a progressive change in the
reaction mixture from colorless to light yellow and subsequently to an intense yellow or
yellow–olive color. The resulting colloidal dispersions exhibited a characteristic absorption
band in the visible region attributable to the surface plasmon resonance (SPR) of AgNPs. A
AgNP dispersion obtained during an early repeat synthesis with 35 mg of sodium citrate
showed an SPR maximum at approximately 422 nm (Figure 1). This measurement was
obtained separately using the manual KFK-3-01-ZOMZ spectrophotometer and should
therefore be distinguished from the three preliminary synthesis variants subsequently
compared in Figure 2.

Preliminary synthesis trials examined the effect of sodium citrate concentration and
temperature control on the optical characteristics of the resulting AgNP dispersions. These
three preliminary variants were separate synthesis experiments from the 35 mg sodium
citrate preparation shown in Figure 1 and exhibited SPR maxima of 414.4, 420.6, and
411.3 nm, respectively. In all trials, 80 mL of 0.002 M AgNO3 solution was used as the silver
precursor, while the glucose–citrate component contained 5 g of glucose and the specified
amount of sodium citrate dissolved in 95 mL of bidistilled water; 30 mL of this solution
was subsequently combined with the AgNO3 solution.
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Figure 2. UV–Vis absorption spectra of AgNP dispersions obtained under different synthesis condi-
tions: Variant 1 (black/gray curve), 70 mg sodium citrate, visual monitoring, water bath at 75 ◦C,
λmax = 414.4 nm; Variant 2 (red curve), 70 mg sodium citrate, controlled reaction temperature of
71.5 ◦C, λmax = 420.6 nm; Variant 3 (blue curve), 41 mg sodium citrate, controlled reaction tempera-
ture of 72.5 ◦C, λmax = 411.3 nm. Variant 2 showed the highest absorbance, Variant 1 the lowest, and
Variant 3 an intermediate absorbance.

In the first preliminary variant, 70 mg of sodium citrate was used and the reaction
was monitored primarily by visual observation while the water bath was maintained at
75 ◦C. The resulting dispersion exhibited an SPR maximum at 414.4 nm and the lowest
absorbance among the three compared variants (Figure 2).

In the second variant, the same amount of sodium citrate (70 mg) was used, but the
temperature of the reaction mixture was monitored more closely. A light-yellow color
developed after approximately 10 min, when the reaction temperature reached 70.7 ◦C,
and an intense yellow–olive color was observed after approximately 15 min at 71.5 ◦C. This
dispersion exhibited the highest absorbance among the compared preparations, with an
SPR maximum at 420.6 nm (Figure 2).

In the third variant, the sodium citrate content was reduced to 41 mg. A light-yellow
color developed after approximately 10 min at 72.3 ◦C, followed by more intense coloration
after 15 min at 72.5 ◦C. The corresponding SPR maximum occurred at 411.3 nm. The
corresponding SPR maximum occurred at 411.3 nm, and the maximum absorbance was
intermediate between those of Variants 1 and 2. The absorption band was somewhat
narrower than those observed for the 70 mg citrate preparations, indicating differences in
the optical characteristics of the colloidal system (Figure 2).

The corresponding differences in the visual appearance of the three colloidal disper-
sions are shown in Figure 3. All preparations exhibited the characteristic yellow coloration
associated with AgNP formation, although differences in color intensity were evident
among the synthesis variants.

Overall, the preliminary experiments showed that changes in sodium citrate concen-
tration and reaction-temperature control affected the position, intensity, and shape of the
AgNP SPR absorption band. Across the evaluated preparations, the SPR maxima ranged
from 411.3 to 420.6 nm. These observations were used to refine the synthesis procedure.
For the AgNP dispersion subsequently used for physicochemical characterization and
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biological experiments, the standardized synthesis protocol described in the Materials and
Methods section employed 35 mg of sodium citrate.

 

Figure 3. Visual appearance of AgNP colloidal dispersions obtained during preliminary synthesis
trials: (1) 70 mg sodium citrate with visual process monitoring; (2) 70 mg sodium citrate with
controlled heating to 71.5 ◦C; and (3) 41 mg sodium citrate with controlled heating to 72.5 ◦C.

3.2. Morphological Characteristics, Hydrodynamic Radius, and Zeta Potential of AgNPs

Transmission electron microscopy confirmed the formation of nanoscale AgNPs with
predominantly quasi-spherical morphology, together with occasional irregular, polygonal,
triangular, and other anisotropic particles (Figure 4A). Quantitative analysis of 112 individ-
ual particles yielded a mean primary particle diameter of 23.14 ± 8.31 nm and a median
diameter of 25.30 nm, with an observed range of 5.07–34.88 nm. The two most populated
size intervals, 25–30 and 30–35 nm, contained a total of 53 particles, corresponding to
47.3% of the analyzed population (Figure 4B). The TEM-derived size distribution therefore
confirmed that the analyzed particles were predominantly below 35 nm. These dimensions
were consistent with the characteristic surface plasmon resonance region observed by
UV–Vis spectroscopy.

The colloidal behavior of the synthesized AgNPs in aqueous dispersion was further
evaluated by dynamic light scattering. The mean hydrodynamic radius (rh) was 15.47 nm,
corresponding to an equivalent hydrodynamic diameter of approximately 30.94 nm. The
hydrodynamic dimensions were therefore of the same general size order as the TEM-
derived primary particle dimensions.

TEM and DLS characterize different physical dimensions of the nanoparticle sys-
tem and should therefore not be interpreted as directly equivalent. TEM measures the
dimensions of individual particle cores in the dried state, whereas DLS estimates the hydro-
dynamic dimensions of particles dispersed in the liquid phase and includes contributions
from the surrounding solvation layer and surface-associated species. Nevertheless, the
TEM-derived particle sizes and the DLS-derived hydrodynamic diameter were of the same
general order of magnitude.
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Figure 4. Morphology and primary particle-size distribution of AgNPs synthesized by the glucose–
citrate method. (A) Representative TEM micrograph; scale bar = 100 nm. (B) TEM-derived particle-
size distribution based on measurements of 112 individual particles. The mean particle diameter was
23.14 ± 8.31 nm, the median diameter was 25.30 nm, and the observed range was 5.07–34.88 nm.

The mean zeta potential of the AgNP dispersion was −38.80 ± 0.63 mV (n = 5). The
pronounced negative surface charge is consistent with substantial electrostatic stabilization
of the colloidal dispersion and is compatible with the presence of citrate species at the
nanoparticle interface. The magnitude of the measured zeta potential indicates strong
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electrostatic repulsion between dispersed particles under the measurement conditions,
which may contribute to limiting aggregation.

Overall, the combined TEM, DLS, and zeta-potential measurements demonstrated
the formation of nanoscale AgNPs with TEM-derived primary particle diameters ranging
from 5.07 to 34.88 nm and a negatively charged colloidal dispersion. These physicochemi-
cal characteristics provided the basis for subsequent evaluation of the AgNP-containing
antibacterial formulations.

3.3. Antibacterial Activity of AgNP-Containing Formulations Against Escherichia coli

The antibacterial activity of the developed multicomponent formulations was eval-
uated against Escherichia coli using the presence or complete absence of visible bacterial
growth after incubation as the experimental endpoint. The assay was performed with a
relatively high initial bacterial load of approximately 7.5 × 106 CFU per assay. In all control
plates, intensive confluent bacterial growth was observed, confirming the viability of the
inoculum under the experimental conditions.

Initial screening demonstrated clear differences in antibacterial performance among
the tested formulation variants (Table 1). Lactic acid alone, tested at concentrations of
0.25–2% in the corresponding stock component, did not prevent visible bacterial growth.
Similarly, chitosan–lactic acid solutions without AgNPs and collagen did not produce com-
plete growth suppression within the tested concentration range. Formulations containing
lactic acid, AgNPs, and collagen but lacking chitosan also showed visible bacterial growth,
even when the nominal Ag concentration in the prepared formulation was approximately
52 mg/L.

Table 1. Effect of Different Formulation Combinations and Concentrations on Visible Growth of
Escherichia coli.

Variant Lactic Acid
(% w/w)

Chitosan:Lactic
acid (% w/w)

Ag in Final
Assay (µg/mL)

NaCl
Fraction (v/v)

Collagen
(% w/w)

E. coli
Growth

Group A. Lactic acid + 0.9%
NaCl (1:2, v/v)

A1 2 — — 2/3 — +

A2 1 — — 2/3 — +

A3 0.5 — — 2/3 — +

A4 0.25 — — 2/3 — +

Group B. Chitosan–lactic acid
component + 0.9% NaCl (1:2,
v/v)

B1 — 1:2 — 2/3 — +

B2 — 0.5:1 — 2/3 — +

B3 — 0.25:0.5 — 2/3 — +

B4 — 0.125:0.25 — 2/3 — +

Group C. Lactic acid + AgNP
dispersion + collagen (1:1:1,
v/v/v)

C1 2 — 26 — 10 +

C2 1 — 26 — 10 +

C3 0.5 — 26 — 10 +

C4 0.25 — 26 — 10 +
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Table 1. Cont.

Variant Lactic Acid
(% w/w)

Chitosan:Lactic
acid (% w/w)

Ag in Final
Assay (µg/mL)

NaCl
Fraction (v/v)

Collagen
(% w/w)

E. coli
Growth

Group D. Chitosan–lactic acid +
AgNP dispersion + collagen
(1:1:1, v/v/v)

D1 — 1:2 26 — 30 −
D2 — 0.5:1 26 — 15 −
D3 — 0.25:0.5 26 — 10 −
D4 — 0.125:0.25 26 — 5 −
Group E. Complete formulation
with decreasing Ag
concentration

E1 — 1:2 26 — 10 −
E2 — 1:2 13 — 10 −
E3 — 1:2 6.5 — 10 −
E4 — 1:2 3.25 — 10 −
Group F. Complete formulation
with simultaneous reduction in
chitosan–lactic acid and Ag
concentration

F1 — 1:2 26 — 10 −
F2 — 0.5:1 13 — 10 −
F3 — 0.25:0.5 6.5 — 10 −
F4 — 0.125:0.25 3.25 — 10 −

Note: +, visible bacterial growth; −, complete absence of visible bacterial growth after incubation; —,
component absent or not applicable. Lactic acid, chitosan, and collagen concentrations are expressed
as % (w/w) in the separately prepared components before formulation mixing. For Groups C–F,
the formulation components were mixed at 1:1:1 (v/v/v). For Groups A and B, one volume of the
indicated component was mixed with two volumes of 0.9% NaCl (1:2, v/v). The Ag values shown
in the table represent the calculated nominal concentration in the final 400 µL antibacterial assay
mixture. Corresponding nominal concentrations in the AgNP dispersion of 157, 79, 39, and 20 mg/L
were equivalent to approximately 52, 26, 13, and 6.5 mg/L in the prepared formulation and 26, 13,
6.5, and 3.25 µg/mL, respectively, in the final assay mixture.

In contrast, complete formulations containing the AgNP dispersion, chitosan in lactic
acid, and collagen at a 1:1:1 (v/v/v) ratio completely suppressed visible E. coli growth
under the assay conditions. This effect was maintained across several concentrations of
the biopolymer components. For example, complete suppression was observed when the
chitosan–lactic acid stock component was reduced from 1:2% to 0.125:0.25% and the colla-
gen stock concentration was reduced from 30% to 5%, while the nominal Ag concentration
in the prepared formulation was maintained at approximately 52 mg/L.

The effect of reducing the AgNP content of the complete formulation was subsequently
examined. Serial two-fold dilution of the original AgNP dispersion decreased the nominal
Ag concentration in the AgNP component from 157 to 79, 39, and 20 mg/L, corresponding
to approximately 52, 26, 13, and 6.5 mg/L, respectively, in the prepared 1:1:1 formulation.
Complete absence of visible E. coli growth was observed at all four concentrations. Thus,
6.5 mg/L was the lowest nominal Ag concentration evaluated in the prepared complete for-
mulation that produced complete suppression of visible bacterial growth; after mixing with
the bacterial inoculum and nutrient broth, this corresponded to approximately 3.25 µg/mL
Ag in the final assay mixture. In comparison, the formulation containing lactic acid, Ag-
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NPs, and collagen but no chitosan still showed visible growth at approximately 52 mg/L
Ag in the prepared formulation, corresponding to approximately 26 µg/mL in the assay
mixture. Therefore, complete growth suppression by the full formulation was retained at
an eightfold lower Ag concentration than that used in this chitosan-free comparator.

The experiment was conducted twice independently, with three Petri dishes used for
each treatment and control in each experiment. The absence of visible growth in the effective
complete formulations was reproducible across all replicate plates. Representative plates
showing complete growth suppression by the full formulation, growth in an incomplete
formulation, and confluent growth in the untreated control are presented in Figure 5.

 

Figure 5. Representative E. coli growth patterns observed in the antibacterial assay: (1) complete
absence of visible growth after treatment with formulation variant D4 (AgNP–chitosan–lactic acid–
collagen); (2) visible bacterial growth after treatment with formulation variant C1 (lactic acid–AgNP–
collagen); and (3) confluent bacterial growth in the untreated control.

These findings demonstrate that the AgNP–chitosan–lactic acid–collagen formulation
was substantially more effective than the other tested component combinations. The
consistently stronger antibacterial effect indicates that the combined action of AgNPs,
chitosan, lactic acid, and collagen enhanced the overall antimicrobial performance of
the system.

3.4. Preliminary In Vitro Assessment of the Concentration-Dependent Effect of AgNPs on Bovine
Sperm Viability

A preliminary in vitro assay was conducted to evaluate the concentration-dependent
effect of the synthesized AgNP dispersion on bovine sperm viability. Spermatozoa were
exposed to nominal Ag concentrations ranging from 0.136 to 27.4 mg/L for 2 h, after which
the proportion of viable cells was determined by eosin staining. The results are presented
in Figure 6.

The mean proportion of viable spermatozoa in the untreated control was 71.26%. At
the two lowest Ag concentrations, 0.136 and 0.274 mg/L, sperm viability was 68.53% and
66.46%, respectively. Although these values were lower than those of the control, neither
treatment differed significantly from the control according to the multiple-comparison
grouping shown in Figure 6 (p > 0.05).

A progressive decline in sperm viability was observed with increasing AgNP concen-
tration. At 1.37 mg/L, mean viability decreased to 62.63%, representing a 12.1% reduction
relative to the control and the first statistically significant decrease under the conditions
of the assay. At 2.74 and 4.567 mg/L, viability decreased further to 53.63% and 45.77%,
corresponding to reductions of approximately 24.7% and 35.8%, respectively.
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Figure 6. Effect of nominal Ag concentration in the AgNP dispersion on bovine sperm viability after
2 h of exposure. Data are presented as mean ± SD (n = 7 independent semen samples per group).
Different lowercase letters indicate significant differences among groups at p < 0.05.

Further increases in nominal Ag concentration produced progressively greater effects.
At 6.85 and 13.7 mg/L, sperm viability decreased to 39.31% and 32.32%, respectively. The
strongest response was observed at 27.4 mg/L, where mean viability declined to 18.12%,
representing a 74.6% reduction relative to the untreated control.

Overall, the AgNP dispersion produced a clear concentration-dependent reduction in
bovine sperm viability after 2 h of exposure. Concentrations of 0.136 and 0.274 mg/L caused
only limited changes relative to the untreated control, whereas statistically significant and
progressively greater reductions were observed from 1.37 mg/L onward.

These results should be interpreted as a preliminary in vitro sperm viability assess-
ment rather than a definitive toxicological assessment. The bovine sperm assay provides an
initial indication of the concentration-dependent effect of the synthesized AgNP dispersion
on bovine sperm viability but does not establish a safe exposure threshold for food-related
applications. Further studies using standardized mammalian cell models, validated cy-
totoxicity assays, and additional endpoints are required to characterize the toxicological
profile of the synthesized AgNPs more comprehensively.

4. Discussion
This study evaluated a modified glucose–citrate route for AgNP synthesis and ex-

amined the resulting nanoparticles within a multicomponent AgNP–chitosan–lactic acid–
collagen formulation. The synthesized AgNPs exhibited nanoscale dimensions and a pro-
nounced negative surface charge. The complete formulation suppressed visible Escherichia
coli growth under the applied assay conditions, including at reduced silver concentrations,
whereas the tested incomplete formulations did not achieve complete suppression. The
AgNP dispersion also produced a concentration-dependent reduction in bovine sperm via-
bility, emphasizing the need to consider antibacterial performance together with subsequent
safety assessment.

The modified glucose–citrate route produced colloidal AgNP dispersions under rela-
tively mild aqueous conditions. SPR maxima between 411.3 and 420.6 nm were observed
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across the preliminary synthesis variants, while an earlier repeat synthesis using 35 mg
of sodium citrate, measured separately with the KFK-3-01-ZOMZ spectrophotometer,
showed a maximum at approximately 422 nm. Absorption in this region is characteristic
of dispersed AgNPs, although UV–Vis spectroscopy alone cannot establish particle size
or morphology [35]. The shifts in SPR position and intensity observed after changes in
citrate content and reaction-temperature control are consistent with the sensitivity of citrate-
mediated AgNP synthesis to reagent ratio, temperature, reaction time, pH, and precursor
concentration [36,37]. Similar effects of citrate concentration and reaction conditions on
AgNP growth and morphology have been reported previously [36,37]. These synthesis
factors affect silver-ion reduction, nucleation, particle growth, and stabilization, supporting
the need for controlled reaction conditions when reproducible colloidal systems are re-
quired. The optical data were therefore interpreted together with TEM and light-scattering
measurements rather than as independent proof of particle size.

TEM confirmed nanoscale particle formation. Quantitative analysis of 112 particles
yielded a mean primary diameter of 23.14 ± 8.31 nm, a median of 25.30 nm, and an ob-
served range of 5.07–34.88 nm. Predominantly quasi-spherical particles were observed
together with occasional irregular and anisotropic morphologies, which are consistent with
the morphological heterogeneity reported for citrate-mediated AgNP synthesis [35–37].
DLS gave a mean hydrodynamic radius of 15.47 nm, corresponding to an equivalent hy-
drodynamic diameter of approximately 30.94 nm. Although TEM and DLS should not be
interpreted as directly equivalent because they measure dried primary-particle dimensions
and hydrodynamic dimensions in liquid, respectively; DLS also reflects the associated
solvation layer and surface-bound species [38,39], both measurements placed the particles
within the same general nanoscale size range. The zeta potential of −38.80 ± 0.63 mV was
consistent with pronounced electrostatic stabilization under the measurement conditions.
This negative surface charge is compatible with citrate-associated stabilization: negatively
charged surface groups increase electrostatic repulsion between particles [40], and its mag-
nitude is comparable with values reported for stable AgNP dispersions [24,41]. Das Neves
et al. reported −36.4 mV before incorporation into biodegradable films [24]. High absolute
zeta-potential values are generally associated with increased resistance to aggregation in
electrostatically stabilized colloids [41]. However, the zeta-potential measurement should
not be interpreted as direct evidence of long-term storage stability.

The principal antibacterial finding was that the complete AgNP–chitosan–lactic acid–
collagen formulation suppressed visible E. coli growth, whereas the tested individual or
incomplete component combinations did not achieve complete suppression. Lactic acid
alone and chitosan combined with lactic acid allowed visible growth at the tested concen-
trations. Most importantly, complete suppression was retained at 6.5 mg/L nominal Ag in
the prepared formulation, corresponding to approximately 3.25 µg/mL in the final 400 µL
assay mixture. In contrast, the chitosan-free lactic acid–AgNP–collagen formulation still
showed visible growth at approximately 52 mg/L Ag in the prepared formulation (approx-
imately 26 µg/mL in the assay mixture). Thus, the observed antibacterial performance
cannot be attributed solely to nominal silver concentration. Collagen served primarily as a
viscous biopolymer carrier, whereas lactic acid enabled chitosan solubilization and may
also contribute antimicrobial activity. However, the experimental design does not establish
formal synergism or quantify the individual contribution of collagen and lactic acid; Ag
release was not measured, and enhanced physicochemical stability of AgNPs within the
complete formulation was not quantitatively demonstrated.

The present system also differs from previously reported AgNP–chitosan materials
in formulation composition and experimental design. Ogungbesan et al. [23] generated
AgNPs within an acetic-acid-based chitosan film, whereas the present study incorporated
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separately synthesized citrate-stabilized AgNPs into a collagen–chitosan–lactic acid formu-
lation. Das Neves et al. [24] studied biogenic AgNPs in starch/PBAT biodegradable films
and additionally evaluated silver migration into chicken meat. In the present study, formu-
lation components were systematically varied while maintaining comparable volumetric
proportions, with omitted components replaced by equivalent volumes of 0.9% NaCl.
This matched-component design, together with maintenance of antibacterial activity at
reduced Ag concentrations, distinguishes the present formulation from the simple addition
of AgNPs to an established chitosan matrix.

Previous studies confirm that incorporation of AgNPs into chitosan-containing ma-
trices can substantially influence antibacterial performance. Wei et al. [42] reported MIC
and MBC values of 10 µg/mL against E. coli for chitosan-based AgNPs, compared with
an MIC of 48 µg/mL for chitosan alone. Yoksan and Chirachanchai [43] reported an MIC
of 5.64 µg/mL against E. coli, Staphylococcus aureus, and Bacillus cereus for 20–25 nm Ag-
NPs dispersed in irradiated chitosan, while Behera et al. [44] reported an E. coli MIC of
1.56 µg/mL for a AgNP–chitosan nanocomposite and an additive interaction (FIC = 0.73).
In that study, the MICs for AgNPs alone and chitosan alone were 6.25 and 3.125 µg/mL,
respectively, reinforcing the need to distinguish improved formulation performance from
formal synergism. Tankhiwale and Bajpai [45] likewise observed almost complete suppres-
sion of E. coli using AgNP-loaded chitosan-lactate films compared with the corresponding
chitosan matrix, providing a particularly relevant precedent for combining silver with
a chitosan–lactate system. Collectively, these studies demonstrate that antibacterial per-
formance depends strongly on nanoparticle characteristics, matrix composition, and the
experimental assay.

Other biopolymer systems further illustrate the importance of matrix and exposure
conditions. López-Carballo et al. [46] showed that the antibacterial activity of AgNP-
containing chitosan films against E. coli increased substantially in the diluted growth
medium, demonstrating the influence of the surrounding matrix. At 0.1% silver, these
films produced an approximately 0.9-log reduction in E. coli in Mueller–Hinton broth, with
greater reductions at higher silver contents; dilution of the medium increased reductions
to approximately 3 log cycles. Li et al. [47] reported antibacterial rates exceeding 99% for
AgNP-loaded collagen–chitosan dressings, whereas Yang et al. [48] demonstrated antibac-
terial activity and strawberry-preservation potential for AgNP-loaded chitosan/PVA films.
The collagen–chitosan dressings were effective against S. aureus, E. coli, and Pseudomonas
aeruginosa at loadings above 0.3 mg/cm2 AgNPs. Although this biomedical system differs
from the present food-related formulation, it supports the feasibility of collagen–chitosan
matrices as antimicrobial carriers. Yang et al. reported an E. coli inhibition zone of 16.07 mm
at 0.019% (w/w) AgNPs, with reduced strawberry deterioration during storage; the material
format and assay differed from those used here. In the present study, the lowest tested
effective concentration corresponded to approximately 3.25 µg/mL Ag in the final assay
mixture, which is obtained by mixing 200 µL of formulation with 200 µL of inoculum–
broth phase. This exposure lies within the same general concentration range as several
reported MIC values. However, this comparison is only contextual: the present endpoint
was obtained using a qualitative direct-contact plating assay rather than standardized broth
microdilution, and 3.25 µg/mL must therefore not be interpreted as an MIC.

The direct-contact assay used a relatively high bacterial challenge of approximately
7.5 × 106 CFU per assay. Complete absence of visible growth was reproducible across
the effective full-formulation replicates, whereas the controls showed confluent growth.
Nevertheless, this qualitative endpoint is not equivalent to a standardized MIC or MBC
determination. This reproducibility across independent experiments strengthens the evi-
dence for an antibacterial effect under the tested conditions, while the qualitative readout
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limits the conclusions that can be drawn about its magnitude. The results therefore sup-
port antibacterial activity under the applied conditions but require confirmation using
standardized quantitative assays and a broader panel of foodborne microorganisms.

Because formulation-only blank plates without bacterial inoculation were not included,
possible visual interference from formulation opacity or surface-layer formation could not
be excluded independently. Although bacterial colonies were morphologically distinguish-
able from the relatively uniform formulation-associated turbidity and no delayed growth
was observed during extended monitoring, future studies should include dedicated matrix
blanks together with quantitative colony-counting or standardized susceptibility methods.

The preliminary bovine sperm assay showed a concentration-dependent reduction
in viability following exposure to the AgNP dispersion alone. Viability at 0.136 and
0.274 mg/L remained statistically comparable with the untreated control, whereas the
first significant reduction occurred at 1.37 mg/L and viability declined further with in-
creasing concentration, reaching 18.12% at 27.4 mg/L. This pattern is consistent with the
concentration-dependent biological effects of AgNPs reported in the literature, which are
influenced by particle size, surface chemistry, aggregation state, exposure duration, and
Ag+ release [35,41]. Importantly, the sperm assay did not evaluate the complete AgNP–
chitosan–lactic acid–collagen formulation and therefore cannot demonstrate an improved
antibacterial–biological safety balance for the multicomponent system. Spermatozoa are
sensitive to oxidative stress, membrane damage, and disturbances in mitochondrial func-
tion, supporting their use as a preliminary screening model. Nevertheless, the antibacterial
and sperm experiments involved different biological systems and exposure conditions.
Moreover, bovine sperm viability is only a preliminary biological screening endpoint and
cannot establish food-contact safety, a regulatory safe concentration, or a direct therapeutic
or safety window. Further standardized toxicological evaluation is therefore required.

The potential use of AgNP-containing formulations in food-contact applications also
requires careful consideration of silver migration. Das Neves et al. [24] demonstrated
that AgNP-containing biodegradable films had antibacterial activity against Salmonella but
also reported substantial silver migration into chicken meat, illustrating that antibacterial
efficacy does not itself establish food-contact safety. Reviews similarly identify migration,
bioaccumulation, cytotoxicity, and regulatory uncertainty as important barriers to broader
application of AgNP-based food-packaging systems [15,49]. The antimicrobial contribution
of chitosan is also influenced by factors such as molecular weight, degree of deacetylation,
pH, and formulation conditions [50,51], while reviews of AgNP-containing polymeric and
biopolymer-based food-packaging systems further emphasize the importance of matrix
composition, silver release, migration, and safety assessment [52,53]. The present for-
mulation should therefore be regarded as an experimental antimicrobial system rather
than a ready-to-use food preservative. Although complete visible-growth suppression
was retained at 6.5 mg/L Ag in the prepared formulation, corresponding to approxi-
mately 3.25 µg/mL in the final assay mixture, future work should include standardized
mammalian-cell cytotoxicity testing, determination of Ag+ and total silver release, migra-
tion studies in actual food matrices, quantitative antimicrobial testing against additional
foodborne microorganisms, and validation in meat or poultry systems under refrigerated
storage conditions.

5. Conclusions
Silver nanoparticles synthesized by the modified glucose–citrate method exhibited

nanoscale dimensions and a pronounced negative surface charge consistent with elec-
trostatic stabilization of the colloidal dispersion. When incorporated into the complete
AgNP–chitosan–lactic acid–collagen formulation, the nanoparticles produced marked an-
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tibacterial activity against Escherichia coli. Complete absence of visible bacterial growth
was observed at all tested concentrations of the complete formulation, including the lowest
evaluated nominal Ag concentration of 6.5 mg/L in the prepared formulation, correspond-
ing to approximately 3.25 µg/mL in the final antibacterial assay mixture, whereas the other
tested formulation variants did not achieve complete growth suppression. The preliminary
bovine sperm assay showed a concentration-dependent decrease in cell viability follow-
ing exposure to the AgNP dispersion alone, with statistically significant effects observed
from 1.37 mg/L onward. These findings indicate that the antibacterial performance of
AgNP-based formulations should be considered together with the concentration-dependent
effects of AgNP exposure on bovine sperm viability. Overall, the results support the further
development of the AgNP–chitosan–lactic acid–collagen system as a potential antimicrobial
formulation for food-related applications. Further studies should include standardized
quantitative antimicrobial assays, mammalian-cell cytotoxicity testing, silver-ion and total-
silver release measurements, migration studies, and validation in real food matrices under
relevant storage conditions.
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