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In this study, silver nanoparticles (AgNPs) were synthesized via a green method from pomegranate 
peel extract and incorporated into polyvinyl alcohol (PVA) to produce AgPVA nanofibers through 
electrospinning. Nanofibers containing different silver concentrations (0.5, 1, and 1.5% Ag) were 
used as coating materials to coat minced meat, and their effects on various quality parameters during 
storage at 4 °C were evaluated. FTIR, XRD, SEM, and antibacterial analyses were conducted for the 
characterization of AgNPs and AgPVA nanofibers. To assess the quality characteristics of the minced 
meat during storage, pH, color, peroxide, TBARS, and microbiological analyses were performed. The 
results indicated that silver concentrations up to 1% could delay oxidation in minced meat and help 
preserve its quality. Compared with the other samples, the samples coated with 0.5% AgPVA (A1) and 
1.0% AgPVA (A2) nanofibers exhibited a significant antimicrobial effect at the 6-day storage point 
(p < 0.05). The migration of AgNPs into minced meat was monitored during storage, and all migration 
values remained below the European food safety authority (EFSA) safety limit of 0.05 mg/kg, 
demonstrating the safety of the coatings. These findings suggest that AgPVA nanofibers synthesized 
via a green method could be a promising approach for extending the shelf life of perishable foods by 
reducing spoilage.

One of the most effective methods for ensuring food safety and preventing foodborne illnesses is the utilisation 
of food packaging. In recent years, there has been a notable shift in consumer and producer awareness, with 
increasing demand for minimally processed foodstuffs and a growing emphasis on sustainability. This has led 
to significant interest in the development of biodegradable materials, particularly in sectors such as healthcare, 
agriculture, and food processing1. Increased awareness of green packaging and government regulations has led 
to the research and development of biodegradable natural materials2.

The use of nanotechnology in food packaging systems has been extensively researched and developed with 
the aim of monitoring product conditions at every stage of the food production and consumption process3. 
Nanotechnology has revolutionized food packaging systems, allowing for the development of nanocomposite 
materials with enhanced properties. Active packaging systems, in particular, interact with food and its 
environment to maintain sensory and microbiological quality while extending shelf life4.

There is a strong demand for the development of safe, biodegradable, and environmentally friendly active 
food packaging materials. Among these alternatives, the electrospinning technique stands out as a promising 
candidate5. This technology uses electrostatic force to generate an electrically charged jet of viscoelastic polymer 
solution, which forms an ultrathin structure upon solvent evaporation6. The process of integrating different food 
packaging materials with nanoparticles has recently gained popularity in the food packaging industry. These 
nanocomposites not only exhibit outstanding antibacterial properties but also demonstrate good mechanical 
performance and strong resistance characteristics7. Nanoparticles (NPs) have gained significant attention 
in food packaging due to their potential to improve the mechanical, thermal, and antimicrobial properties 
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of packaging materials. Recent studies have demonstrated the application of nanoparticles such as silver8, 
titanium dioxide9, and zinc oxide10 in active food packaging systems, where they play a key role in extending 
shelf life by inhibiting microbial growth and preventing spoilage11. Among these, silver nanoparticles (AgNPs) 
are particularly valued for their strong antimicrobial effects against a broad spectrum of pathogens, making 
them a popular choice in food packaging applications12. In recent years, interest in synthesizing AgNPs via 
plant extracts as an environmentally friendly, cost-effective, and reliable alternative to chemical methods has 
increased13. Nanofibers containing nanoparticles have emerged as a novel solution in food packaging, offering 
ultrathin structures with enhanced barrier and antimicrobial properties. AgNP-based antimicrobial packaging is 
a form of active food packaging that plays a significant role in extending the shelf life of various food products12. 
Numerous researchers have investigated the effects of silver nanoparticles on various food items, including meat, 
poultry, dairy, and fruits14–19.

AgNPs synthesized through biological methods are often highlighted as a safer, cost-effective, and 
environmentally sustainable alternative to conventionally produced nanoparticles. These biologically synthesized 
nanoparticles are typically derived using green materials, including plant extracts, enzymes, and microorganisms, 
which align with the principles of green chemistry20. Despite their potential, the primary concern regarding the 
use of nanoparticles in food packaging remains their migration into food products, posing a risk similar to that 
of other heavy metals21. To ensure consumer safety, it is crucial to better understand the interaction between 
nanomaterials and food, as well as to comprehensively assess their migration behavior from packaging to food 
items22.

To ensure food safety and protect environmental sustainability, various natural biodegradable polymers, such 
as chitosan and cellulose derivatives, have been utilised in food packaging. However, their limitations, including 
low water resistance and sensitivity to pH fluctuations, have driven increased interest in the application of 
synthetic biodegradable polymers23. Poly (vinyl alcohol) (PVA) is a hydrophilic polymer that has excellent 
chemical and thermal stability. PVA is a nontoxic, biocompatible, highly water-soluble, and biodegradable 
polymer that can easily be transformed into fibers through electrospinning. These unique properties make PVA 
an ideal candidate for applications in sustainable food packaging systems24–27.

The pomegranate (Punica granatum L.) belongs to the Punicaceae family and is grown in warm regions 
worldwide28. Pomegranate peel is a rich source of antimicrobial agents, tannins, anthocyanin pigments, 
antioxidants such as catechins and polyphenols, ellagitannins, ellagic acid, gallic acid, and flavonoids29. These 
bioactive compounds have been reported to play a key role in the effective stabilization and reduction of metal 
ions into AgNPs29–31.

The selection of pomegranate, watermelon, orange, and apple peels was based on their high content of bioactive 
compounds, which are essential for the green synthesis of silver AgNPs32–34. Additionally, Türkiye is a leading 
producer of these fruits, particularly pomegranate, orange, apple, and watermelon, which are grown abundantly 
across the country. As a result, the peels of these fruits are widely available as agricultural waste. Utilizing these 
wastes aligns with the principles of green chemistry and contributes to environmental sustainability.

The aim of this study was to identify the most suitable food waste for the synthesis of silver from pomegranate 
(Punica granatum L), watermelon (Citrullus lanatus), orange (Citrus sinensis), and apple (Malus domestica) 
peels. AgNPs were synthesized from the selected pomegranate peel, and AgPVA nanofibers were produced via 
the electrospinning method. The synthesized AgNPs and fibers were characterized, and the nanofibers were 
applied to minced meat to evaluate the effects of PVA-based coating on product quality.

Materials and methods
Preparation of extracts
Fresh pomegranate (Punica granatum L.), watermelon (Citrullus lanatus), orange (Citrus sinensis), and apple 
(Malus domestica) fruits were obtained from a local greengrocery in Nevşehir, Turkey. The fruits were thoroughly 
washed, and their peels were separated, and dried at 50 °C to reach a moisture content of 25–30%. Each peel was 
then ground into a powder via a food processor. Ten grams of each sample was weighed and heated with 100 
mL of distilled water at 60 °C for 20 min. The samples were allowed to cool to room temperature and were then 
filtered first through coarse filter paper and subsequently through Whatman No. 1 filter paper. The resulting 
extracts were stored at 4 °C in a dark environment for future analysis35.

Green synthesis of silver nanoparticles
Green synthesis of silver nanoparticles was conducted by mixing 10 mL of the extract with 90 mL of a 1 millimolar 
(mM) AgNO2 solution, and the mixture was kept in the dark for 24 h at room temperature, as adapted from35. 
After the reaction was complete, the extract mixture was centrifuged at 14,000 rpm for 20 min. The solid residue 
obtained after centrifugation was washed with distilled water to remove excess silver, as commonly reported 
in green synthesis protocols using plant extracts36,37. This washing process is essential to remove unreacted 
silver ions (Ag+) and by-products that could interfere with subsequent analyses and stability of the synthesized 
nanoparticles. The material was then dried in an oven at 50 °C for 24 h. The dried material was ground with a 
glass rod and stored at 4 °C in the dark for further characterization and antimicrobial activity testing.

Characterization of synthesized silver nanoparticles
The reduction of silver ions in the synthesized AgNPs was analyzed via a UV-vis spectrophotometer (Shimadzu 
UV 1800, Japan). The samples were measured at specific time intervals (1 h, 12 h, and 24 h) within the wavelength 
range of 300–700 nm. To identify the functional groups present in the green nanoparticles synthesized from 
pomegranate peels, FT-IR absorption spectra were recorded in the wavenumber range of 4000 –400−1using 
a SpotLight 400 FT-IR spectrometer (PerkinElmer, USA). The crystallinity and phase composition of the 
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synthesized AgNPs were examined via an X-ray diffractometer (Malvern Panalytical Ltd., UK) operating at 
45 kV and 200 mA with Cu Kα radiation in the 2θ angle range of 5–90.

Antibacterial activity of synthesized silver nanoparticles
The antibacterial activity of AgNPs was investigated against a range of bacterial strains, including Staphylococcus 
aureus (ATCC 25923), Bacillus cereus (ATCC 11778), Escherichia coli (ATCC 25922), and Pseudomonas 
aeruginosa (Clinic isolate), using the agar well diffusion method. The bacteria were spread on Müller-Hinton 
agar media at a turbidity of 0.5 McFarland. Agar wells with a diameter of 6 mm were prepared and loaded with 
50 µL of AgNPs solution at concentrations of 150, 75, 37.5, and 18.75 µg/mL. A well containing deionized water 
served as the negative control, while ampicillin was used as the positive control. The plates were incubated at 
37 °C for 24 h, after which the diameter of the inhibition zone, indicated by a clear zone with no bacterial growth, 
was measured.

Preparation of AgPVA nanofibers by electrospinning
AgPVA nanofibers were produced via the electrospinning method, with 0.5%, 1%, and 1.5% (w/v) Ag 
nanoparticles added to polyvinyl alcohol (PVA), hydrolyzed at 87–89% (Sigma-Aldrich, USA) and prepared at 
a concentration of 10% (w/v) using distilled water as the solvent. The solutions prepared for production were 
transferred into a 5 mL plastic syringe and placed in a syringe pump. After multiple preliminary trials, the 
distance between the collector and the feed tip was set to 12 cm, the applied voltage was 12 kV, and the feed rate 
was 0.30 mL/hr, resulting in the production of AgPVA nanofibers.

Characterization of nanofibers
The morphologies of the films produced by electrospinning were examined by scanning electron microscopy 
(SEM) (Zeiss Evo LS-10, Germany). Before SEM analysis, the samples were coated with a thin layer of gold 
under vacuum conditions to increase the electrical conductivity of the nanofibers and obtain clearer images. The 
diameters of the nanofibers were measured at 100 randomly selected points and analyzed using ImageJ software. 
Additionally, energy-dispersive X-ray spectroscopy (EDXS) measurements were conducted to determine the 
types and quantities of elements present in the sample. The FT-IR absorption spectra of the AgPVA nanofiber were 
analyzed in the wavenumber range of 4000 –400 cm− 1 using a SpotLight 400 FT-IR spectrometer (PerkinElmer, 
USA). The crystallinity and phase composition of the synthesized nanofibers were investigated using an X-ray 
diffractometer (Malvern Panalytical Ltd., UK) operating at 45 kV and 200 mA with Cu Kα radiation in the 2θ 
angle range of 5–90.

Antimicrobial activity of the nanofibers
A zone of inhibition test was conducted to determine the antimicrobial efficacy of the AgPVA nanofibers. The 
gram-positive bacteria Bacillus cereus and Staphylococcus aureus, as well as the gram-negative bacteria Escherichia 
coli and Pseudomonas aeruginosa, were selected. A 100 µL suspension of each bacterial strain was prepared at 0.5 
McFarland turbidity and homogeneously inoculated onto Mueller-Hinton agar plates. The AgPVA nanofibers 
were placed on the surface of the agar plate. A 10% PVA nanofiber was used as the negative control, and an 
ampicillin disc served as the positive control. The Petri dishes were incubated at 37 °C for 24 h. After this period, 
the diameter of the inhibition zone around the samples was measured via a caliper.

Coating of minced meat samples with nanofiber film
Fresh minced meat samples derived from the chuck (shoulder) region of beef were obtained from a local 
supermarket (Migros) in Ürgüp, Türkiye. The meat was minced at the time of purchase to ensure uniformity. 
For the experiment, 20 g of minced meat was weighed for each sample, ensuring consistency across all groups. 
The samples were coated with nanofibers deposited on aluminum foil, ensuring complete coverage without 
removing the foil. The minced meat samples were divided into five groups and coated with nanofibers. These 
groups were defined as follows: P10: PVA nanofibers prepared at a 10% (w/v) concentration without silver; A1: 
AgPVA nanofibers with 0.5% (w/v) Ag; A2: AgPVA nanofibers with 1.0% (w/v) Ag; A3: AgPVA nanofibers with 
1.5% (w/v) Ag; and NC: aluminum foil without nanofiber film. The samples were stored in a refrigerator at + 4 °C 
for 9 days, and quality analyses were performed on days 0, 3, 6, and 9.

Analyses performed on minced meat samples
The pH of all the minced meat samples was measured at three different points via a portable pH meter (Milwaukee, 
MW102-F, Romania) with an immersion-type probe. The cross-sectional color (L brightness, a redness, b* 
yellowness) was determined using a portable color meter (PCE-CSM 7, Germany) with four repetitions. The 
determination of peroxide in the test samples was carried out according to the method described by38. A quantity 
of 5 g of the sample was weighed and crushed with 30 mL of chloroform in a blender for 2 min. The mixture was 
filtered through Whatman No. 1 filter paper, and 30 mL of glacial acetic acid and 2 mL of saturated potassium 
iodide solution were added. The flask was then stirred for 2 min and kept in the dark for 5 min. After this waiting 
period, 100 mL of distilled water and 2 mL of 1% starch solution were added, and the solution was titrated 
with 0.1 N sodium thiosulfate. The peroxide values of the samples were expressed as milliequivalents of oxygen 
per kilogram (meq O2/kg) of sample. The secondary products of lipid oxidation in the samples during storage 
were determined via the spectrophotometric TBA method described by39. Accordingly, 20 g of the sample was 
weighed into a beaker, 100 mL of 20% TCA solution was added, and the mixture was homogenized for 2 min. 
Then, 50 mL of cold water was added, and the mixture was further homogenized for 1 min. The mixture was 
filtered into a 100 mL flask using filter paper, and the flask was filled to a volume of 100 mL with a 1:1 TCA 
solution. A 5 mL aliquot was taken from the flask, and transferred to a test tube, and 5 mL of 0.02 M TBA 
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solution was added. The test tubes were incubated in a water bath at 80 °C for 35 min. For the blank sample, 5 
mL of 1:1 TCA solution was added, and 0.02 M TBA was added. After the heating period, the absorbance values 
of the cooled samples were measured at 532 nm using a UV-vis spectrophotometer. The absorbance values were 
multiplied by a factor of 5.2 to calculate the TBA value in mg malondialdehyde/kg.

Assessment of the Microbiological characteristics of the minced meat samples
Total mesophilic aerobic bacteria count
The total mesophilic aerobic bacteria count (TMABc) was defined in accordance with the specifications set forth 
in the FDA’s Bacteriological Analytical Manual (FDA-BAM). The number of TMABc was analyzed using the 
plate colony counting method. For this purpose, samples were removed from their coating after each storage 
period. Then, 10  g of samples from each group were homogenized for 150  s using a stomacher. After serial 
dilutions (10¹ to 108) were prepared, the samples were spread onto plate count agar (PCA, Merck-VM888763 
930) and incubated at 35 °C for 48 h. The TMAB counts were expressed as log CFU/g40.

Total psychrophilic bacteria count
The total psychrophilic bacterial count (TPBc) was determined following the FDA-BAM method. The same 
steps described in Sect. 2.10.1 were followed. The plates were incubated at 7 °C for 10 days, and the results are 
expressed as log CFU/g40.

Migration of silver test
0.1–0.2 g sample is taken and 2 ml HNO3 and 3ml H2O2 are added. A temperature and pressure program is 
applied in the microwave solubilizer (closed system). The clear solutions obtained are taken and diluted to 10 ml 
with pure water (MİLESTONE brand).

Before the analysis, standards are prepared at known concentrations (0, 1, 5, 10, 20, 30, 40, 50 ppb) containing 
the elements to be analyzed. To check the measurement parameters of the device, performance adjustment is 
made by passing tune solution (200 ppb Li, Yb, Cs) through the device. After the performance of the device is 
checked with the tune solution, the method containing the elements to be analyzed is selected and the standards 
are first introduced to the device, then the analysis of the solubilized and diluted samples is started. Analysis 
representing the entire periodic table during analysis. Apart from the elements to be determined, the solution 
containing 200 ppb internal standard elements (Sc, In) is fed to the device. Dissolved samples are analyzed on an 
Agilent 7900 ICP MS instrument.

Statistical analysis
The statistical analysis of the data was performed using the SPSS software for windows (SPSS 25.0 for Windows; 
SPSS Inc. Chicago, IL, USA) package at a 95% confidence interval. The data from each experiment were analyzed 
using ANOVA and Duncan’s Post-Hoc tests.

Results and discussion
Characterization of AgNPs
The synthesis of AgNPs from pomegranate peel was first indicated by a color shift in the solution, which changed 
from pale yellow to a yellowish-brown hue35,41. The spectra of watermelon, pomegranate, apple, and orange 
samples after synthesis, revealed that the pomegranate sample presented the highest peak between 400 and 
450 nm across all three time intervals. The presence of a distinct peak within this range, characteristic of AgNPs, 
along with the observation of the optimal brown color, confirms the presence of AgNPs42–44. Moreover, the 
stability of the pomegranate sample at a wavelength of approximately 450 nm after 24 h further indicates that 
stable nanoparticles were produced.

The FTIR spectrum of the biosynthesized AgNPs shows multiple absorption peaks corresponding to various 
functional groups, such as hydroxyl, carbonyl, and amine groups, which are responsible for the reduction and 
stabilization of AgNPs45,46. These functional groups are essential for the reduction and stabilization of AgNPs, 
contributing to their high stability and reactivity for diverse applications such as photocatalytic dye degradation 
and antimicrobial activity46–48. Figure 1 shows the FT-IR measurements used to determine the reduction of Ag 
ions to AgNPs.

Strong vibrational bands of AgNPs were observed at 2971, 2307, 1879, 1576, 1247, 993, and 517 cm−1. The peak 
at 2917.2 cm−1 typically corresponds to C–H stretching vibrations, which are commonly found in the aliphatic 
chains of organic compounds41,49. The value at 2307.7 cm−1 typically indicates the occurrence of C≡N stretching 
vibrations50. The peak at 1879.0 cm−1 is associated with carbonyl groups (C=O stretching), although peaks at this 
wavelength are less common. These peaks may indicate specific structures, such as metal-carbonyl complexes51. 
The peak at 1576.3 cm−1 corresponds to the C=C stretching vibration band in aromatic compounds, indicating 
the presence of aromatic rings52. The peak at 1247.4 cm−1 typically indicates C–O–C stretching vibrations, which 
may suggest the presence of structures such as esters or ethers53,54. The peak at 993.15 cm−1 typically indicates 
C–H bending vibrations, suggesting the presence of aromatic rings or alkenes55. A peak at 517.13 cm−1 indicates 
the presence of metal-oxygen (M-O) or metal-sulfur (M-S) bonds. Indeed, owing to the substantial mass of 
silver, infrared radiation emitted at low energies is capable of vibrating the oxide or nitride bonds of this element. 
Given the direct relationship between the energy of electromagnetic radiation and its wavenumber, it can be 
concluded that bonds involving the silver element vibrate at low wave numbers. A comparison of the spectra 
indicates that the enhanced peak intensity at wavenumbers below 700 cm−1 is likely attributable to the presence 
of silver-containing bonds41. This finding provides evidence supporting the successful synthesis of AgNPs.

X-ray diffraction (XRD) analysis, shown in (Fig. 2), revealed that the synthesized AgNPs possessed a face-
centered cubic (FCC) crystal structure. The positions at 38, 44, 65, and 77° corresponded to the (111), (200), 
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(220), and (311) planes, respectively. It has been documented in the literature that these peaks correspond to 
the crystal surfaces of the face-centered cubic (FCC) form of silver56. The XRD noise can be attributed to the 
presence of complex biomolecules originating from the fruit peel extract35. The AgNP sample exhibits the (111) 
plane, which is the typical high-density peak for a face-centered cubic (FCC) structure. The high degree of 
crystallinity of the AgNP is reflected in the peak intensity57. A comparison of the XRD results with those of 
previous studies in the literature revealed that the obtained XRD results were consistent with the literature57–60.

Antibacterial activity of synthesized AgNPs
AgNPs have long been acknowledged as broad-spectrum antimicrobial agents. Research has demonstrated 
that AgNPs exhibit strong antibacterial activity against both Gram-positive and Gram-negative pathogenic 
bacteria61. Furthermore, studies have reported that the antibacterial efficacy of nanoparticles and their effective 
concentrations are largely influenced by the synthesis method, particle size, and specific bacterial strains being 
investigated62,63.

In this study, the antibacterial activity of AgNPs was evaluated against various bacterial strains, including 
Staphylococcus aureus (ATCC 25923), Bacillus cereus (ATCC 11778), Escherichia coli (ATCC 25922), and 
Pseudomonas aeruginosa (clinic isolate). The results revealed that the antibacterial activity against all test bacteria 
was sensitive to increasing AgNP concentrations (Table 1; p < 0.05). Thus, as the concentration of nanoparticles 
increased, the inhibition of bacterial growth gradually increased (Table 1; Fig. 3). The greatest antibacterial effect 
of the AgNPs was observed against Staphylococcus aureus and Pseudomonas aeruginosa. A comparison of the 
inhibition zones of Staphylococcus aureus and Escherichia coli with those of ampicillin revealed that although the 
activity of AgNPs was lower than that of ampicillim, they still exhibited notable inhibition. A comparison of the 
inhibition zones of Bacillus cereus and Pseudomonas aeruginosa with those of ampicillin revealed that AgNPs 
were more effective.

The development of an inhibition zone is dependent on the diffusion rate of the antibacterial agent and 
the growth rate of the microorganism. The appearance of halos with diameters of 10  mm or more signifies 
the presence of inhibitory activity35. The inhibition diameter ranged from 10.18 to 12.84 mm in the highest 

Fig. 1.  FT-IR spectra of AgNPs synthesized from pomegranate peel extract.
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concentration solution (150 µg/mL) and from 9.15 to 10.62 mm in the lowest concentration solution (18.75 µg/
mL).

Many studies have explored the antibacterial mechanisms of AgNPs, with one of the primary mechanisms 
being the release of silver ions (Ag+). These ions bind to the bacterial cytoplasm and cell wall via electrostatic 
interactions and have an affinity for sulfur-containing proteins, significantly enhancing membrane permeability. 
The uptake of free Ag+ by bacterial cells triggers the generation of reactive oxygen species (ROS), which 
exacerbates membrane damage and induces DNA alterations. In addition, Ag+ ions can inhibit protein synthesis 
and affect signal transduction pathways. Smaller nanoparticles are able to penetrate the bacterial cell wall, 
resulting in cell lysis. However, the formation of bacterial capsules and biofilms often impedes the transfer of 
Ag+ ions or AgNPs, providing bacteria with protection against these agents61,63,64.

Characterization of the AgPVA nanofibers
The functional groups of the produced nanofibers were characterized using FTIR spectroscopic analysis, and the 
resulting spectra are presented in (Fig. 4).

The prominent O–H stretching vibrations were observed in the 3400–3900 cm−1 range, specifically at 3279.1, 
3288.3, 3305.5, and 3312.0 cm−1 across all samples, indicating that the hydroxyl groups of PVA remained intact 
despite the incorporation of Ag nanoparticles. Minor shifts in these peaks were noted as the silver concentration 
increased, which may be attributed to interactions between the hydroxyl groups of PVA and the Ag nanoparticles.

Bacteria

Diameter of inhibition zone (mm) ± SD Ampicilin

150 µg/ml 75 µg/ml 37.5 µg/ml 18.75 µg/ml

Staphylococcus aureus 12.52 ± 0.24a 11.95 ± 0.10a 10.97 ± 0.03b 10.44 ± 0.39a

Bacillus cereus 10.84 ± 0.14b 10.26 ± 0.19b 10.25 ± 0.23c 9.15 ± 0.16b

Escherichia coli 10.18 ± 0.06c 9.87 ± 0.36b 9.40 ± 0.15d 9.21 ± 0.09b

Pseudomonas aeruginosa 12.84 ± 0.48a 11.92 ± 0.39a 11.74 ± 0.31a 10.62 ± 0.62a

Table 1.  Well agar diffusion test of AgNPs from Staphylococcus aureus, Bacillus cereus, Escherichia coli and 
Pseudomonas aeruginosa. a–dDifferent letters in the same column indicate a significant difference (P < 0.05). The 
data are presented as the means ± standard errors.

 

Fig. 2.  XRD pattern of the AgNPs obtained from pomegranate peel extract.
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The C–H stretching vibrations (around 2915.1–2951.6 cm−1) also showed slight shifts, likely due to changes 
in the polymer matrix structure caused by AgNP incorporation. Additionally, the C=O stretching vibrations, 
indicative of ester or carbonyl groups, appeared in the 1730–1714 cm−1 region and shifted significantly with 
increasing Ag content, suggesting chemical changes in the matrix.

The peaks observed in the lower wavelength regions (500–600  cm−1) confirmed the presence of Ag–O 
vibrations, further supporting the integration of AgNPs into the PVA matrix. These results collectively align 
with previous studies, confirming the successful incorporation of silver nanoparticles and their interactions with 
the PVA polymer65–71.

The crystal structure properties of the produced nanofibers were investigated through X-ray diffraction 
(XRD) analyses, and the results are presented in (Fig. 5).

All three Ag-containing nanofiber structures exhibited peaks at 38, 44, 65, and 77° on the 2θ axis. As 
documented in the literature, the peaks at these values in the XRD patterns correspond to the (111), (200), 
(220), and (311) crystal planes of the face-centered cubic form of Ag, respectively56. In the A1 group, the 
formation of crystal phases of the AgNPs was observed; however, the peaks remained relatively weak due to 
the low concentration. This result suggests that a low concentration of silver had a limited effect on the crystal 
structure. In the 1.0% AgPVA group, the crystalline phases of the AgNPs became more pronounced, and sharper 
peaks formed. This indicates that the tendency of nanoparticles to crystallize increases with increasing silver 
concentration, leading to more dominant crystalline phases. The A3 group exhibited the highest density and 
sharpest peaks, indicating that the AgNPs crystallized in the highest amount and with the best organization. The 
peak density and clarity demonstrated that, at this concentration, the AgNPs formed the most homogeneous 
and organized crystal structure. The P10 group displayed an amorphous structure, with no characteristic 
crystal peaks observed. This observation aligns with the amorphous nature of PVA, which lacks a crystalline 
structure72. The diffuse background noise in the XRD patterns of the PVA-based nanofibers, particularly in the 
P10 group, can also be attributed to the non-crystalline nature of the polymer matrix. However, the introduction 
of silver nanoparticles into the PVA matrix (A1, A2, and A3 groups) resulted in the formation of crystalline 
phases, demonstrating the successful integration of AgNPs. The weak intensity of the peaks in the A1 group, 
compared to the A2 and A3 groups, may also reflect the heterogeneous distribution of silver nanoparticles at 
lower concentrations, a phenomenon commonly reported in nanoparticle-polymer systems.

Overall, the findings indicate that increasing silver concentration in the PVA matrix enhances the crystalline 
characteristics of the nanofibers. Notably, the A3 group contained the most pronounced crystalline phases of the 
AgNPs, suggesting that AgNPs can be effectively integrated into PVA and that such nanofibers have potential for 
advanced material applications.

Figure 6 presents SEM images and histograms of nanofiber films containing 10% PVA and various ratios 
of Ag SEM images, revealed that the nanofibers exhibited a homogeneous, particle-free structure. The average 
diameter of the nanofibers ranged between 166 and 186 nm. The P10 sample had the largest diameter (186.89 nm) 
among the samples analyzed via the ImageJ program. Compared with that of the P10 sample, the diameter of the 
AgPVA nanofibers containing different concentrations of Ag tended to decrease. However, this decrease did not 

Fig. 3.  The antibacterial activities of AgNPs were evaluated at concentrations of 150, 75, 37.5, and 18.75 µg/
mL(1,2,3 and 4, respectively). The central wells of each plate were filled with deionized water as the negative 
control and ampicillin (150 µg/mL) as the positive control.

 

Scientific Reports |        (2025) 15:17083 7| https://doi.org/10.1038/s41598-025-95349-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


significantly differ with respect to the silver concentration. This may suggest that the addition of silver up to a 
certain concentration has a stabilizing effect on the fiber diameter. It has been reported that AgNPs synthesized 
from Ficus altissima Blume leaf extract produce nanofibers with diameters ranging from 40  nm to 178  nm 
according to SEM images of a study where AgPVA nanofibers were formed via the electrospinning technique73.

Figure 7 shows the EDX spectra of the fibers. An analysis of the EDX results revealed that the carbon and 
oxygen ratios in all the samples confirmed the presence of the PVA polymer. The high proportions of carbon and 
oxygen indicate the dominance of the polymer matrix. The EDX results show that as the silver concentration 
increases, the proportion of silver in the nanofibers also increases. However, the difference between the silver 
ratios in the A2 and A3 groups was not as significant as expected. This is thought to be due to the inhomogeneous 
distribution of silver particles. In conclusion, silver was successfully integrated into the PVA nanofibers in all the 
groups, but the differences between the concentrations were less pronounced than expected.

Antibacterial activity of AgPVA nanofibers
The AgPVA nanofibers exhibited substantial inhibitory activity against the tested microorganisms, as presented 
in (Table 2). A notable difference in the antibacterial effectiveness of the AgPVA nanofibers against pathogenic 
bacteria was observed with increasing silver concentration (Table  2, p < 0.05). An increase in the silver 
concentration resulted in increased antibacterial activity against Bacillus cereus, Staphylococcus aureus, and 
Pseudomonas aeruginosa, whereas an increased concentration of silver did not significantly affect the inhibition 
zone for Escherichia coli. The AgPVA nanofibers exhibited superior activity (ZOI) against S. aureus. Similar 
results have been reported by35,50. The P10 group (nanofibers without AgNPs) exhibited no antibacterial activity, 
confirming that the antibacterial properties of the AgPVA nanofibers are dependent on the presence of AgNPs 
on the fiber surface. These results indicate that AgPVA nanofibers possess substantial antibacterial activity 
against both Gram-positive and Gram-negative microorganisms.

Fig. 4.  FT-IR spectra of the AgPVA nanofibers.
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Effects of the AgPVA nanofiber coating on the quality of minced meat
The changes in the pH values of the minced meat during the storage period are presented in (Table 3). Initially, 
the pH range of fresh minced meat was determined to be 5.87. Compared with the initial pH value, the pH 
values of all the samples increased significantly (p < 0.05). An increase in pH is observed due to the formation of 
alkaline amines resulting from the breakdown of protein by microorganisms74. An increase in the pH of minced 
meat has also been reported by researchers75–77. The pH value of the group containing 0.5% Ag was the lowest 
during the whole storage period. The results show that the films can reduce the growth of microorganisms, 
which leads to a lower pH value.

The L* (brightness), a* (redness) and b* (yellowness) values of the minced meat samples are presented in 
(Table 4). It was determined that the L* values of the minced meat samples with an initial L* value of 51.15 
showed a decreasing trend in all groups during the storage period. The highest L* value was observed in 0.5 
AgPVA and AgPVA groups in all storage days. The L* value of A1 was the best maintaining the initial level. 
Day zero a value of minced meat samples was determined as 14.23. A decrease in the a* value of all groups was 
observed during storage. Until day 6, A1 and A2 group had the highest a* value and no statistical difference was 
observed between them (p > 0.0.5). A3, P10 and NC groups showed a faster decrease in a* value. During storage, 
A1 group preserved the color (L*, a*, b*) values better than the other groups. This indicates that nanofiber 
coatings doped with silver at certain concentrations may be effective in preserving the color of minced meat. It 
was determined that the b* value of the minced meat samples with an initial b* value of 8.85 tended to increase 
in all groups during the storage period.

The effects of 9 days of storage at 4 °C on the peroxide value (PV) of minced meat samples are presented 
in (Table 5). The initial PV of all the groups was 2.92 meq O2/kg fat, measured from the minced meat samples 
prior to the application of coatings (day 0). PV measurements were subsequently conducted on coated samples 
at days 3, 6, and 9 to assess the impact of nanofiber coatings during storage. The increase in PV values observed 
in all groups up to the third day of storage, followed by a subsequent decrease, is likely related to the breakdown 
of hydroperoxides into secondary oxidation products such as aldehydes, ketones, and hydroxy compounds78,79. 
The highest peroxide value was observed in the NC group throughout the storage period (p < 0.05). The A1 and 
A2 groups presented lower peroxide values after the third day of storage. In various studies, the peroxide value 
has been reported to range from 2.58 to 5.71 meq O/kg fat in beef patties80, from 0.84 to 5.63 meq O/kg fat in 
raw beef hamburgers81, from 3.31 to 9.73 meq O/kg fat in beef burgers82, and from 2.11 to 9.65 meq O/kg fat in 
beef meatballs83.

Oxidation in meat products is a critical factor in assessing quality, particularly during cold storage. In this 
context, TBARS values, which represent the secondary products of lipid auto oxidation, are used to determine 
lipid oxidation in different types of food40,84. The TBARS values of the minced meat samples stored for nine days 
ranged between 0.16 and 1.95 mg MDA/kg (Table 6). The TBARS values increased over time in all the groups, 
as shown in (Table 6) below. The increase in TBARS values is primarily due to the oxidation of unsaturated 
fatty acids during storage85. During the nine-day storage period, the lowest TBARS value was observed in the 
AgPVA group, with the A1 group showing a slightly higher value. The findings indicated that the A3 group 
presented elevated TBARS values throughout the storage period and no statistically significant difference was 

Fig. 5.  XRD patterns of the AgPVA nanofibers.
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detected between this group and the P10 and NC groups on the sixth day (p > 0.05). The results suggest that silver 
concentrations of up to 1.0% can delay the oxidation of minced beef and help preserve its quality.

Researchers have reported initial TBA values of 0.28386, 0.3387 and 0.28 mg MDA/kg88 in studies using beef 
as a raw material and observed an increase in TBA values throughout the storage period.

Effect of nanofiber treatment on the bacterial counts of minced meat
The effects of nanofiber application on the bacterial counts (TMABc and TPBc) of minced meat samples during 
storage are shown in (Table 7) below. The initial TMAB load in the minced meat was determined to be 7.43 
log CFU/g. The results showed that the total aerobic mesophilic bacteria count exceeded the microbiological 
criteria of the Turkish Food Codex, which states that the total aerobic mesophilic bacteria count should not 
exceed 5 × 106 CFU/g (approximately 6.7 log CFU/g). Similar findings have been reported in studies conducted 
on minced meat products, where microbial loads were observed to be higher due to factors such as inadequate 
hygiene practices, prolonged storage times, and seasonal conditions. Studies in Türkiye have also highlighted 
that minced meat often exhibits higher microbial loads due to insufficient hygiene during production and 
handling89,90. Compared with similar studies40,91,92, the initial load was quite high, but the increase observed 
during storage was significantly lower in percentage terms than the increases reported in those studies. 
Compared with the other samples, the sample coated with A1 nanofiber significantly inhibited the growth of 
TMABc (p < 0.05) and provided a notable antimicrobial effect until day 6.

The initial TPBc load of the minced meat samples was determined to be 8.08 log CFU/g. The initial bacterial 
load of meat products can vary depending on factors such as the slaughter method, storage conditions, and 
atmospheric hygienic conditions93. These findings emphasize the importance of maintaining strict hygiene 
standards during meat production, processing, and distribution to minimize microbial contamination. As 
expected, increase in both TMABc and TPBc were observed during the storage period. However, samples coated 
with A1 and A2 nanofibers showed a significant antimicrobial effect compared with the other groups at the 6-day 
storage point (p < 0.05). On the final day of storage (Day 9), no statistically significant difference was observed in 
the TMABc and TPBc levels between the samples (p > 0.05).

Fig. 6.  SEM images of the AgPVA nanofibers. (a) Group containing 10% PVA (P10), (b) Group containing 
0.5% AgPVA (A1), (c) Group containing 1.0% AgPVA (A2), (d) Group containing 1.5% AgPVA (A3).
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Bacteria

Zone of the inhibition (mm)

Positive control (ampicillin) Negative control (10% PVA) 0.5% AgPVA 1.0% AgPVA 1.5% AgPVA

B.cereus 11.95 ± 0.98c, y – 9.99 ± 0.17b, z 11.03 ± 0.32b, yz 13.95 ± 0.15ab, x

S. aureus 43.06 ± 1.24a, x – 12.36 ± 1.07ab, z 15.00 ± 1.77a, y 15.44 ± 1.55a, y

E.coli 18.56 ± 1.11b, x – 14.10 ± 2.72a, y 10.20 ± 0.15b, z 10.12 ± 1.59c, z

P. aeruginosa – – 10.79 ± 0.62b, y 11.44 ± 0.04b, xy 12.11 ± 1.25bc, x

Table 2.  Antibacterial activity of the nanofibers. a–cDifferent letters in the same column indicate a significant 
difference (P < 0.05). The data are presented as the means ± standard errors. x–zDifferent letters in the same row 
indicate a significant difference (P < 0.05). The data are presented as the means ± standard errors.

 

Fig. 7.  EDX spectra of the AgPVA nanofibers. (a) Group containing 10% PVA (P10), (b) Group containing 
0.5% AgPVA (A1), (c) Group containing 1.0% AgPVA (A2), (d) Group containing 1.5% AgPVA (A3).
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Our findings are consistent with previous studies in the literature. Researchers have reported that silver 
nanoparticle-based coatings effectively inhibit the growth of spoilage microorganisms in meat products12,14,15,18,94.

Migration of silver test
The migration of AgNPs into minced meat samples was monitored over 3, 6, and 9 days of storage, and the results 
are presented in (Fig. 8). The migration levels were dependent on the concentration of AgNPs in the coatings, 
with the A3 group exhibiting the highest migration value of 0.023 mg/kg on day 3. However, all migration values 
recorded for the A1, A2, and A3 groups remained well below the European Food Safety Authority (EFSA) safety 
limit of 0.05 mg/kg for silver migration into food95. This demonstrates that the AgNP-based coatings provide a 
safe and effective means of controlling microbial growth without posing significant migration risks.

AgNPs are widely recognized for their antimicrobial properties, which make them suitable for food 
preservation. However, uncontrolled migration of silver into food can pose health risks due to its potential 
toxicity20. Studies investigating the migration behavior of AgNP-based films in food systems have reported 
varying outcomes depending on the film composition and storage conditions. For instance, one study reported 
that biologically synthesized AgNP films exhibited migration values exceeding EFSA’s limits (12.94  mg/kg 
and 3.79  mg/kg) when applied to chicken meat22. In contrast, research on PLA-based nanocomposite films 
demonstrated that migration levels remained within acceptable limits for food simulant21. Similarly, another 

Samples Day 0 Day 3 Day 6 Day 9

L*

 P10 51.15 ± 0.34a, x 44.16 ± 0.52b, y 43.17 ± 0.43b, z 42.55 ± 0.36b, z

 A1 51.15 ± 0.34a, x 47.95 ± 0.44a, y 47.00 ± 0.37a, yz 46.45 ± 1.13a, z

 A2 51.15 ± 0.34a, x 46.96 ± 1.64a, y 46.04 ± 1.71a, y 45.72 ± 1.14a, y

 A3 51.15 ± 0.34a, x 43.41 ± 1.19b, y 41.65 ± 0.55b, z 42.37 ± 0.55b, yz

 NC 51.15 ± 0.34a, x 43.59 ± 0.85b, y 42.34 ± 0.97b, yz 41.70 ± 0.82b, z

a*

 P10 14.23 ± 0.22a, x 10.98 ± 0.16b, y 9.67 ± 0.22b, z 8.92 ± 0.35c, t

 A1 14.23 ± 0.22a, x 12.62 ± 0.48a, y 11.62 ± 0.07a, z 10.59 ± 0.40b, t

 A2 14.23 ± 0.22a, x 13.21 ± 0.78a, y 12.35 ± 0.24a, y 11.32 ± 0.52a, z

 A3 14.23 ± 0.22a, x 11.42 ± 0.45b, y 10.37 ± 0.81b, z 9.23 ± 0.21c, t

 NC 14.23 ± 0.22a, x 10.92 ± 0.67b, y 9.75 ± 0.85b, z 9.41 ± 0.15c, z

b*

 P10 8.85 ± 0.01a, z 8.97 ± 0.48ab, yz 10.07 ± 0.33a, xy 10.73 ± 1.10a, x

 A1 8.85 ± 0.01a, y 8.51 ± 0.31b, y 9.67 ± 0.06ab, x 9.88 ± 0.36a, x

 A2 8.85 ± 0.01a, z 9.33 ± 0.29a, yz 9.88 ± 0.55a, xy 10.10 ± 0.36a, x

 A3 8.85 ± 0.01a, y 8.72 ± 0.44ab, y 8.81 ± 0.46b, y 9.81 ± 0.18a, x

 NC 8.85 ± 0.01a, yz 8.40 ± 0.09b, y 9.78 ± 0.86ab, y 10.92 ± 0.62a, x

Table 4.  Color values (L* a* b*) of minced meat during storage. P10 PVA nanofibers were prepared at a 10% 
(w/v) concentration without silver; A1 AgPVA nanofibers with 0.5% (w/v) Ag; A2 AgPVA nanofibers with 
1.0% (w/v) Ag; A3 AgPVA nanofibers with 1.5% (w/v) Ag; and NC: aluminum foil without nanofiber film. 
a–cDifferent letters in the same column indicate a significant difference (P < 0.05). The data are presented as the 
means ± standard errors. x–tDifferent letters in the same row indicate a significant difference (P < 0.05). The data 
are presented as the means ± standard errors.

 

Storage period (day)

Samples 0 3 6 9

P10 5.87 ± 0.01a, t 6.15 ± 0.02a, z 6.27 ± 0.01a, y 6.47 ± 0.08a, x

A1 5.87 ± 0.01a, t 6.04 ± 0.01c, z 6.09 ± 0.01d, y 6.20 ± 0.02c, x

A2 5.87 ± 0.01a, t 6.07 ± 0.01b, z 6.12 ± 0.01c, y 6.34 ± 0.03b, x

A3 5.87 ± 0.01a, z 6.10 ± 0.02b, y 6.14 ± 0.03c, y 6.43 ± 0.12ab, x

NC 5.87 ± 0.01a, t 6.15 ± 0.03a, z 6.22 ± 0.02b, y 6.51 ± 0.04a, x

Table 3.  pH values of minced meat during storage. P10 PVA nanofibers were prepared at a 10% (w/v) 
concentration without silver; A1 AgPVA nanofibers with 0.5% (w/v) Ag; A2 AgPVA nanofibers with 1.0% 
(w/v) Ag; A3 AgPVA nanofibers with 1.5% (w/v) Ag; and NC: aluminum foil without nanofiber film. 
a–dDifferent letters in the same column indicate a significant difference (P < 0.05). The data are presented as the 
mean ± standard error. x–tDifferent letters in the same row indicate a significant difference (P < 0.05). The data 
are presented as the means ± standard errors.
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study found that green-synthesized AgNP films derived from dragon fruit stem were safe for short-term storage 
applications, such as strawberry preservation96. Moreover, biodegradable AgNP-containing films were shown 
to be safe for preserving fresh apple slices for up to five days20, while gradual increases in silver content were 
observed over seven days in strawberries coated with PLA films containing green-synthesized AgNPs from 
mango peel, though the migration levels remained within standard limits97.

Samples Day 0 Day 3 Day 6 Day 9

TMABc (log cfu/g)

 P10 7.43 ± 0.18a, t 8.34 ± 0.41ab, z 9.08 ± 0.07a, y 9.43 ± 0.52a, x

 A1 7.43 ± 0.18a, z 7.57 ± 0.17c, z 8.45 ± 0.13b, y 8.94 ± 0.35a, x

 A2 7.43 ± 0.18a, t 7.87 ± 0.30bc, z 9.10 ± 0.09a, y 9.30 ± 0.28a, x

 A3 7.43 ± 0.18a, y 8.53 ± 0.53a, x 8.97 ± 0.17a, x 9.14 ± 0.44a, x

 NC 7.43 ± 0.18a, t 8.56 ± 0.09a, z 9.08 ± 0.43a, y 9.46 ± 0.18a, x

TPBc (log cfu/g)

 P10 8.08 ± 0.17a, y 9.16 ± 0.03a, x 9.61 ± 0.20ab, x 10.26 ± 1.10a, x

 A1 8.08 ± 0.17a, y 8.25 ± 0.02b, y 9.40 ± 0.39bc, x 9.70 ± 0.46a, x

 A2 8.08 ± 0.17a, y 8.24 ± 0.14b, y 8.95 ± 0.39c, x 9.11 ± 0.48a, x

 A3 8.08 ± 0.17a, z 9.19 ± 0.01a, y 9.62 ± 0.31ab, xy 10.26 ± 0.91a, x

 NC 8.08 ± 0.17a, z 9.17 ± 0.03a, y 10.19 ± 0.29a, x 10.27 ± 0.43a, x

Table 7.  Effects of nanofiber treatment on the bacterial counts of minced meat during storage. P10 PVA 
nanofibers prepared at a 10% (w/v) concentration without silver; A1 AgPVA nanofibers with 0.5% (w/v) Ag; 
A2 AgPVA nanofibers with 1.0% (w/v) Ag; A3 AgPVA nanofibers with 1.5% (w/v) Ag; and NC: aluminum 
foil without nanofiber film. a–cDifferent letters in the same column indicate a significant difference (P < 0.05). 
The data are presented as the means ± standard errors. x–tDifferent letters in the same row indicate a significant 
difference (P < 0.05). The data are presented as the means ± standard errors.

 

TBARS values (mg MDA/kg)

Samples Day 0 Day 3 Day 6 Day 9

P10 0.159 ± 0.003a, z 0.283 ± 0.011a, y 0.284 ± 0.008a, y 1.886 ± 0.016b, x

A1 0.159 ± 0.003a, t 0.191 ± 0.008d, z 0.239 ± 0.014b, y 0.912 ± 0.026c, x

A2 0.159 ± 0003a, z 0.161 ± 0.005e, z 0.217 ± 0.008c, y 0.510 ± 0.046d, x

A3 0.159 ± 0.003a, t 0.211 ± 0.008c, z 0.274 ± 0.003a, y 1.877 ± 0.005b, x

NC 0.159 ± 0.003a, t 0.258 ± 0.008b, z 0.288 ± 0.008a, y 1.947 ± 0.021a, x

Table 6.  TBARS values of minced meat during storage. P10 PVA nanofibers prepared at a 10% (w/v) 
concentration without silver; A1 AgPVA nanofibers with 0.5% (w/v) Ag; A2 AgPVA nanofibers with 1.0% 
(w/v) Ag; A3 AgPVA nanofibers with 1.5% (w/v) Ag; and NC: aluminum foil without nanofiber film. 
a–eDifferent letters in the same column indicate a significant difference (P < 0.05). The data are presented as the 
means ± standard errors. x–tDifferent letters in the same row indicate a significant difference (P < 0.05). The data 
are presented as the means ± standard errors.

 

Peroxide value (meqO2/kg)

Samples Day 0 Day 3 Day 6 Day 9

P10 2.92 ± 0.92a, y 8.71 ± 2.17bc, x 5.05 ± 0.49bc, y 5.41 ± 1.24ab, y

A1 2.92 ± 0.92a, z 9.44 ± 0.57ab, x 4.93 ± 0.12bc, y 4.70 ± 0.67b, y

A2 2.92 ± 0.92a, y 7.53 ± 1.23bc, x 4.51 ± 0.93c, y 4.70 ± 0.38b, y

A3 2.92 ± 0.92a, z 6.72 ± 0.59c, x 5.72 ± 0.26b, xy 5.33 ± 0.30ab, y

NC 2.92 ± 0.92a, z 11.46 ± 0.95a, x 7.23 ± 0.48a, y 6.49 ± 0.11a, y

Table 5.  Peroxide values of minced meat during storage. P10 PVA nanofibers prepared at a 10% (w/v) 
concentration without silver; A1 AgPVA nanofibers with 0.5% (w/v) Ag; A2 AgPVA nanofibers with 1.0% 
(w/v) Ag; A3 AgPVA nanofibers with 1.5% (w/v) Ag; and NC: aluminum foil without nanofiber film. 
a–cDifferent letters in the same column indicate a significant difference (P < 0.05). The data are presented as the 
means ± standard errors. x–zDifferent letters in the same row indicate a significant difference (P < 0.05). The data 
are presented as the means ± standard errors.
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Conclusion
In this study, AgNPs were successfully synthesized via the use of pomegranate peel extract, and silver polyvinyl 
alcohol (AgPVA) nanofibres were fabricated by electrospinning for potential application in food packaging. 
The successful synthesis of the AgNPs and the homogeneity of the nanofiber structure were confirmed via 
characterisation analyses. The antibacterial activity of AgNPs was evaluated against both Gram-positive and 
Gram-negative bacteria, and the greatest inhibitory effects were observed against Staphylococcus aureus and 
Pseudomonas aeruginosa. These findings indicated that elevated concentrations of AgNPs were associated with 
enhanced antibacterial efficacy. The A1 nanofiber group presented the most stable pH values and the highest 
L* values when it was applied to minced meat, thereby maintaining the color quality of the meat throughout 
storage. Compared with the control samples, the A1 and A2 groups presented effective reductions in peroxide 
values and delayed lipid oxidation. These findings indicate that silver concentrations of up to 1% can assist in 
maintaining meat quality by slowing down oxidation processes. Moreover, samples coated with A1 exhibited a 
notable decline in microbial growth (TMABc) until day 6 of storage. Additionally, migration analyses revealed 
that the migration levels of AgNPs from the nanofiber coatings into minced meat samples remained within the 
European Food Safety Authority (EFSA) safety limit of 0.05 mg/kg throughout the storage period. In conclusion, 
the results demonstrate that AgPVA nanofibers, particularly those containing 0.5% Ag, have significant potential 
as antimicrobial coating materials to extend the shelf life of perishable foods, delay spoilage and maintain 
quality. Further research could investigate the optimization of nanoparticle concentrations and the scaling up of 
production for wider applications in food coatings.

Data availability
All data analysed during this study are included in this published article.
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