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The migration of metal ions to the food matrix has been always a challenge in the production of active food
packaging films. In this study, it was tried to evaluate the idea of using hairy cellulose nanocrystals (HCNs) in
controlling the migration of Silver Nanoparticles (AgNPs) from polycaprolactone (PCL)-based films to the Tilapia
fish. HCNs and the final films (integrated with various amounts of HCNs and AgNPs) were evaluated physico-
chemically and mechanically. Tilapia fish were packed using the films and after specific periods, the fish samples
were assessed microbiologically and physiochemically. According to the results, incorporating NPs into PCL films
enhanced tensile strength, elasticity, and toughness making the films more resistant to breakage and deformation
under stress. The introduction of HCNs reduced the surface roughness level, decreasing AgNPs migration, but
also accelerated the degradation rate. Films with [1% AgNPs +2% HCNs] and [1% AgNPs] had the lowest and
highest water vapor transmission rate. The use of AgNPs (1%) + HCNs (2%) incorporated into PCL films resulted
in a lower pH value, TVB-N, TBARs, and PV. It also decreased microbial activities in samples in comparison to the
control. Therefore, the idea of using HCNs along with antibacterial metal-based nanoparticles can control the
rate of ion migration.

Shamekova, Dautkanova, Kazhymurat, & Ilyassova, 2023; Yu, Fei, He, &
Li, 2021; Zhang et al., 2023).

1. Introduction

Tilapia (Oreochromis niloticus), due to its high nutritional value (rich
in unsaturated fatty acids, essential amino acids, minerals, and vita-
mins), low price, few bones, and attractive flavor, is widely consumed or
utilized to produce high-quality salt fish and ready-to-eat fish products.
However, due to microorganism proliferation, protein degradation,
oxidation, and drip loss, it is susceptible to deterioration during shelf
life. Packaging is one of the best techniques to inhibit decreased fish
quality during storage time. Plastic packaging films are problematic due
to poor sterilization, antibacterial performance, and environmental
pollution (Kavuncuoglu, Yalcin, & Dogan, 2023; Zeng, Yang, Tong, &
Zhao, 2023). Hence, using safe and green biodegradable biopolymers
incorporated with antimicrobial ingredients (active packaging) has
become the main focus of food packaging research (Mukhametov,

While only a limited number of synthetic polymers exhibit the
crucial trait of biodegradability, polycaprolactone (PCL) has garnered
increased attention in recent times due to its biocompatibility and
biodegradability. This polymeric material shares similarities with con-
ventional plastics while possessing the added advantage of being
biodegradable. This characteristic opens up avenues for replacing non-
biodegradable synthetic plastics commonly used in everyday items
such as bags, packaging, and bottles (Sadeghi, Razavi, & Shahrampour,
2022). In the food industry, PCL is fashioned into porous or dense films
to accommodate bioactive compounds in packaging design, thereby
prolonging the shelf life of food items. Concerning encapsulation ap-
plications, PCL serves to shield bioactive compounds, enabling their
incorporation into food products and enhancing their nutritional value.
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In agro-industrial settings, PCL microcapsules safeguard target sub-
stances from degradation, ensuring their stability until they are deliv-
ered to plants or soils (Oney-Montalvo, Dzib-Cauich, de Jestis Ramirez-
Rivera, Cabal-Prieto, & Can-Herrera, 2024).

Hairy nanocellulose, recently introduced, is a novel type of nano-
cellulose in which amorphous cellulose chains protrude from both ends
of a crystalline body (Van De Ven & Sheikhi, 2016). These cellulose
protrusions, or fiber extensions, are inherently rich in bi-functional
aldehyde-carboxylic acid moieties, aldehyde groups in sterically stabi-
lized nanocrystalline cellulose, and carboxylic acid groups in electro-
sterically stabilized nanocrystalline cellulose. The hairs consist of dia-
ldehyde and carboxylated containing disordered cellulose chains,
rendering high chemical reactivity and colloidal stability. The most
functional groups are located in the amorphous regions, and these
accessible regions can be extensively and easily modified with various
functional groups (Tavakolian et al., 2019).

Silver nanoparticles (AgNPs) are one of the most used nanomaterials
in food packaging due to their antibacterial properties. AgNPs possess
antimicrobial, antifungal, anti-yeast, and antiviral properties, making
them suitable for integration into active food packaging alongside both
non-biodegradable and edible polymers (Khursheed et al., 2023). AgNPs
can be mixed with various matrices, like stabilizing agents, polymers,
and biodegradable and non-biodegradable compounds. Excellent anti-
bacterial properties of packaging containing AgNPs contribute consid-
erably to enhanced shelf life (Onyeaka, Passaretti, Miri, & Al-Sharify,
2022). High antimicrobial attributes of AgNPs have been reported in
chicken meat (Majumder, Huang, Zhou, Wang, & George, 2023). AgNPs
have been widely used as an antimicrobial agent in food packaging
technologies. However, the risks associated with their potential migra-
tion into foods are a major concern as it has implications for human
health associated with their toxicity properties. Addressing this chal-
lenge requires the exploration of novel approaches to mitigate ion
migration, potentially involving the incorporation of additives or sur-
face modifications aimed at impeding ion mobility (Carbone, Donia,
Sabbatella, & Antiochia, 2016).

By strategically enhancing the packaging matrix to regulate ion
diffusion, advancements can be made toward the development of more
effective and reliable silver-based active packaging solutions for
ensuring food quality and safety. In this study, it was tried to evaluate
the idea of using HCNs along with AgNPs to develop a PCL-based active
food packaging with reduced Ag migration. To achieve this, at first, the
HCNs were synthesized and evaluated physiochemically, and then PCL-
based films were fabricated containing various amounts of HCNs and
AgNPs. The final films were studied and used to package Tilapia fish.

2. Materials and methods
2.1. Preparation of nanocomposite films

Synthesis of HCNs: This step was performed according to the study
by Esmaeili, Pirzadeh, Pakrooyan, Lukolayeh, and Kirboga (2024) with
a little modification (Esmaeili et al., 2024). Spinach samples were
washed, swollen in deionized water (24 h), and bleached in sodium
hydroxide (NaOH, Merck) (3% w/v) and Sodium hypochlorite (NaOCl,
Merck) (5% w/v) solutions (100 mL, 60 °C, 5 days). The spinach-
bleached stems were decellularized, stored in deionized water (4 °C),
and pulverized in water.

The decellularized Spinach leaf (10 g) was oxidized with Sodium
chloride (NaCl, Merck) (38.7 g), Sodium periodate (NalO4, Merck)
(13.2 g), and distilled water (625 mL) in the dark (42 h) at room tem-
perature. Ethylene glycol (10 mL) quenched the reactions, and the fibers
were filtered using a 4 pm filter, washed, and dehydrated with ethyl
alcohol under slow agitation (3 times, 10 h). The filaments named HCNs
were immersed in alcohol (24 h, 25 °C). For amination, HCN (4 g),
ammonia bicarbonate (2.5 g), and ammonium (80 m mol) were added to
a beaker containing 200 mL of ethanol to reduce the amine group at
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80 °C. Finally, the reaction was stopped by placing the beaker in an ice
bath, and then 0.46 g of NaBH4 was slowly added to the mixture and
stirred gently on a stirrer for one hour. The final HCNs were centrifuged
and stored at 4 °C.

Preparing the polymeric films: Polycaprolactone (Sigma-Aldrich)
(0.5 g) was dissolved in chloroform (Merck) (10 mL) and mixed with the
appropriate amount of AgNPS)ARMINANO Co., Cas No. 7440-22-4) and
HCNs for two hours (Yu et al., 2021). The final solutions were cast and
left at room temperature for 7 days to evaporate the chloroform. Then
the films were washed with sterile distilled water several times. Four
polymeric films were fabricated with the concentration of AgNPS and
HCNs including film A (1% w/w AgNPs), film B (1% w/w AgNPs and 1%
w/w HCNs), film C (1% w/w AgNPs and 2% w/w HCNs), Film D (1% w/
w HCNs), and control.

2.2. Film properties

2.2.1. Scanning Electron microscopy (SEM)

The surface morphology of films was studied by scanning electron
microscopy (AIS 2000 model, Seron Technology, Korea) (Yu et al.,
2021).

2.2.2. Energy dispersive X-ray (EDX) analysis

The crystal structure of the HCNs was analyzed by EDX (Mahamax,
Iran). A speed of 40/min was used for recording EDX patterns (Balak-
rishnan et al., 2019).

2.2.3. Dynamic light scattering (DLS) and zeta potential

The DLS method was used to assess the particle size distribution and
mean diameter of NPs using a Shimadzu particle size analyzer (SALD
2101, Japan). Before performing size measurement (at 25 °C), distilled
water was used to dilute the samples (1:100) to avoid multiple laser
dispersion caused by the particle accumulation. The zeta potential of
NPs was assessed at 25 °C by a Zetasizer Nano (ZS90, Malvern, U.K.)
based on Dilbaghi, Kaur, Ahuja, Arora, and Kumar (2014).

2.2.4. Fourier transform infrared spectroscopic (FTIR) analysis

The structural attributes of nanoparticles were assessed at 25 °C by
FTIR spectra (Bruker Co., Germany) based on the method reported by
Balakrishnan et al. (2019).

2.2.5. Atomic force microscopy (AFM)
An APER-A-100 SPM was used to evaluate the sample AFM based on
Balakrishnan et al. (2019).

2.2.6. Mechanical properties

The elongation at break and tensile strength (TS) of the meat samples
were determined based on the ASTM 882-00 standard (ASTM, 2001)
using an Instron 5543 Co. (Canton, MA, USA) apparatus. Tensile
strength (TS) was calculated based on methods reported by Yu et al.
(2021).

2.2.7. Biodegradability analysis

To evaluate the films’ biodegradability, agricultural soil (50 g) and
water (10 mL) were added to plates along with a piece of film (1 x 1 cm).
Water (5 mL) was sprayed on it every three days. The samples were
evaluated after 1, 7, 14, and 21 days. The samples were cleaned, dried
for 24 h at 50 °C, and weighed. Eq. 1 was used for determining weight
loss:

Weight loss(%) = [(Mi— Mf)/Mi] x 100 (@)

where Mf and Mi denoted final mass and initial mass, respectively
(Balakrishnan et al., 2019).
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2.2.8. Water vapor transmission rate (WVTR)

The weight reduction was calculated by a microbalance of gravi-
metric apparatus (IGA-003). The slope of weight change versus time was
used to obtain the WVTR values by the exposed surface area of samples
(Yu et al., 2021) (Eq. 2).

WVTR = (change in sample weight)/(Area x time) 2)

2.3. Chemical and microbiological evaluation of samples

The evaluation was performed in 3 runs over 3 days O, 3, and 7.
Meats were washed, sized (1 x 2 x 3 crn3), and packed by films con-
taining various percentages of AgNPs and/or HCNs according to the
polymer weight. The experimental procedures were conducted in trip-
licate, and control samples were included.

2.3.1. pH values

pH value of the samples was assessed using a pH meter (Hanna,
Methrom, Switzerland) after homogenization of samples (1:10 v/v) with
distilled water (Afrin et al., 2023).

2.3.2. Peroxide value (PV)

For the measurement of peroxide value, fish oil (1 g), potassium
iodide (1 g), acetic acid (20 mL), and chloroform were mixed and heated
(30 s) using a boiling water beaker. Then, starch (1-5%) and potassium
iodide solution (20 cm?, 5%) were mixed, and added sodium hyposulfite
solution 1.5 N for titration (Afrin et al., 2023). The content of peroxide
value expressed in milli-eq of oxygen/sample (kg) in Eq.3:

PV = (Normality x Consumption volume of sodium hyposulfite) 3
x 1000/Sample weight of oil )
2.3.3. Thiobarbituric acid reaction (TBARs)

The determination of TBARS values in tilapia samples followed the
methodology described by Yaghoubi et al. (2021). The oxidation prod-
ucts were assessed through their reaction with thiobarbituric acid, with
subsequent quantification performed using a spectrophotometer
(UNICO, US) set at a wavelength of 532 nm. Standard curves were
prepared using 1,1,3,3-tetraethoxypropane (TEP) across concentrations
ranging from O to 10 ppm, facilitating the expression of data in terms of
mg of malondialdehyde per kilogram (mg MDA/kg) of chicken meat
samples.

2.3.4. Total volatile basic nitrogen (TVB-N)

The assessment of total volatile nitrogen (TVB-N) in meat samples
was conducted utilizing the Kjeldahl method, employing vapor distil-
lation following the procedure outlined by Yaghoubi et al. (2021). The
resulting data were expressed in milligrams per 100 g (mg/100 g) of
Tilapia meat samples.

2.3.5. Microbial activity

25 g of meat samples were homogenized with 225 mL of peptone
water (0.1%) by sterile lab blender (Neutec; Paddle Lab Blender, USA)
for 3 min. Serial dilutions were prepared with peptone water (0.1% w/v;
Difco, Becton Dickinson). Plate count agar was used to evaluate total
viable counts (PC Agar, Merck; 48-72 h at 30 °C and seven days at 7 °C
for total thermophilic and psychrotroph count, respectively). Staphylo-
coccus aureus and coliforms were enumerated on Baird Parker agar (48 h
at 30 °C) and Red bile agar (VRB Agar, Merk; 24 h at 37 °C), respectively.
The pour plate method was utilized for bacteria enumeration. The re-
sults of bacterial count were reported as Log CFU/g of meat samples
(Zhai, Zhou, Zhang, Wang, & Hou, 2022).

2.4. Evaluation of nanoparticle migration into Tilapia tissue

1 g of Tilapia sample, packed in nano-film, was heated at 500 °C for
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1 h using an oven. All the elements in the sample were evaporated and
destroyed, and only silver material remained. After reaching ambient
temperature, 20 mL of nitric acid (1 N) was added, forming nitrate salt.
The metal was separated from the bottom of the container and became
metal salts that can be dissolved in water. The obtained liquid was
diluted to 50 mL. The amount of nanoparticle migration to the sample
was measured by the ICP-MS apparatus (Liu et al., 2019).

2.5. Statistical analysis

The statistical analysis of fish sample results was assessed using
statistical analysis software (SAS) (v.9, SAS Institute, United States
America). A random block design was used to analyze the results using a
mixed impact of storage period (7 days), sample treatments as fixed
effects, and 3 measurements as a random effect. Statistical significance
was shown by p < 0.05; all results were indicated as mean values + SE.

3. Results and discussion
3.1. HCNs characterization

The HCNs characterization including DLS analysis, zeta potential,
SEM images, and FTIR were shown in Fig. 1. The size of HCNs was
detected using DLS analysis. Based on the obtained results, two peaks
can be observed: the first peak indicated the presence of 92.96% of NPs
with a diameter of 98 nm, and the second peak revealed the presence of
approximately 3% of NPs with a diameter of 823 nm. It can be concluded
that the reason for the increase of the NPs diameter from 98 nm to
approximately 823 nm might be attributed to clumping (aggregation of
NPs and their connection) (Fig. 1). The hydrodynamic diameter of HCNs
can be in wide ranges from 82 nm up to 150 nm, or 5-150 nm (Koshani,
Eiyegbenin, Wang, & van de Ven, 2022; Koshani, Zhang, van de Ven, Lu,
& Wang, 2021). Homogenization and enzymatic/acid hydrolysis cause
the breaking of hydrogen bonds and cleaving of cellulose chains to
produce nano-cellulose. Based on the technique, the surface charge of
HCNs may be positive, negative, or neutral (Van De Ven & Sheikhi,
2016). The main reason might be related to both crystalline and amor-
phous regions, which, based on the synthesis protocol, the cleavage may
happen in the amorphous site.

Three peaks with different zeta potentials have been obtained
(Fig. 1a). The first peak confirmed that nearly 21% of HCNs had a zeta
potential of around —40.3 mV. About 25% of HCNs showed a positive
zeta potential of 27.9 mV, and 15.3% of HCNs showed a zeta potential of
+134 mV. The concentration of NPs is one of the most critical factors in
evaluating the zeta potential. So, the accumulation of NPs directly af-
fects the value of the zeta potential. By the evolution of the obtained
peaks (Fig. 1b), helpful information regarding the structure of the pro-
duced NPs can be obtained. The nanoparticle structure has a negatively
charged part (amorphous part) and a positively charged part (crystalline
part). Cellulose chains, composed of laminated fibers resembling small
hairs, are a common feature of crystalline segments. These chains, which
protrude from the poles of the crystalline segments, are not soluble in
isopropanol. As a result, the chains remain intact even when exposed to
this solvent. This is because the isopropanol molecules cannot break
down the deaminated fibers of the chains. Therefore, the chains remain
protruding from the poles of the crystalline segments despite exposure to
isopropanol (Koshani et al., 2022).

Results of SEM images demonstrated that the developed HCNs had a
well-defined morphology and were in the shape of rod-like and spherical
nanosized cellulose particles (Fig. 1c). The spherical-like and rod-like
NPs were found to have an average length and diameter of <200 nm.
However, some spherical NPs had an average diameter of about 20 nm.
According to the DLS results, these particle sizes are consistent with the
dimensions of aminated nanocrystalline cellulose particles. The syn-
thesized particles were uniform and well-dispersed, although accumu-
lation was observed, which might be related to the sample preparation
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Fig. 1. The HCNs characterization (a: DLS analysis, b: zeta potential, ¢: SEM images, and d: FTIR) and the SEM of prepared films containing A: 1% AgNPs, B: 1%
AgNPs and 1% HCNs, C: 1% AgNPs and 2% HCNs, D: 1% HCNs.
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for SEM analysis. Similar results were reported by Koshani et al. (2021).
The outcomes of the FTIR analysis are depicted in Fig. 1d. The peak
that appeared at 616.73 cm ™" is attributed to the O—H bending. The
peak that appeared at 931.13 cm ™! can be justified by the deformation
of the C—H bond of the glucosidic bond between the glucose units.
Peaks at 1238.03 cm ! and 1315.31 cm ™! were due to the bridge oxygen
stretching and CH, wagging, respectively (Mahrous, Koshani, Tavako-
lian, Conley, & van de Ven, 2021; Morantes, Munoz, Kam, & Shoseyov,
2019). The broad peak at 3435.32 cm ™! was related to the stretching of
the hydroxyl group. As a result, it is difficult to detect the amine groups;
instead, HCNs showed a prominent sharp peak for the C-NH2 bending
vibrations at 1635 cm™!. The characteristic peak of aldehyde groups
around 931.13 cm ™! implies the conversion of the aldehyde to amine
groups (Ly, Thielemans, Dufresne, Chaussy, & Belgacem, 2008).

3.2. Physical and chemical characterization of the fabricated films

3.2.1. SEM and EDX

Several parameters that can affect the quality of these films are as
follows: the thickness of the film, the uniformity of the film, the mate-
rials used to form the film, and the surface properties of the film.

The morphological attributes of the prepared films were studied
using SEM (Fig. 1A-D) and EDX (Fig. 2A-D). The SEM results showed the
presence of uniform surfaces in all of the prepared films. The lumping
phenomenon can be observed on the surface of the films, indicating
unevenness. Due to the lack of roughness, it can be concluded that HCNs
were well dispersed and fixed inside the film structure. It can minimize
the risk of high WVTR and low mechanical strength for food packaging
approaches. However, several parameters (e.g., film concentration,
drying rate, HCNs dispersion) must be considered during film prepara-
tion to reach a uniform film.

The EDX results obtained from the films proved that there were no
silver NPs in group C films, while in groups A and B, the amount of silver
NPs was close to each other and equal to 9.2 and 10.7, respectively.
From the SEM and EDX results, it can be concluded that the concen-
tration of silver NPs and the uniformity of silver NPs per unit area of the
produced films are the same.

Combining SEM and EDX results, it can be inferred that AGNP con-
centration and uniformity per unit area are consistent across the pro-
duced films. Recent studies have emphasized the critical role of NP
dispersion and distribution within polymer matrices in determining
barrier properties and antimicrobial efficacy in nanocomposite films.
Additionally, the interaction between nanoparticle morphology and film
surface properties has been shown to affect water vapor barrier per-
formance, highlighting the importance of optimizing film composition
and processing parameters. By elucidating these relationships, a more
comprehensive understanding of the structure-property-function re-
lationships of the fabricated films can be achieved, informing future
advancements in food packaging technology (Attaran, Hassan, & Wahit,
2017).

3.2.2. FT-IR and mechanical properties

The FTIR spectra of the 1% AgNPs, 1% AgNPs +1% HCNs, 1% AgNPs
+2% HCNs, and 1% HCNs are shown in Fig. 3. The FTIR spectrum of all
groups included specific absorption peaks of ~CHj groups in the range of
2940 em ™!, and the peak that appeared in the range of 2864 cm™! was
due to the asymmetric CHy. From the interaction between the C=0
groups, peaks around 1718 cm™!, associated with the stretching ab-
sorption of the carbonyl group, were formed. In addition, the peak of the
C-O-C spectrum was in the range of 1292 cm™". The peak in the range of
1237 em™! indicated oxygen bridge tension and the range of 933 cm ™!
showed C—H deformation.

The mechanical properties of the fabricated films, including tensile
strength (TS) and elongation at break (EB), are demonstrated in Fig. 3.
According to the results of EB, there was no significant difference be-
tween Group A (containing 1% of AgNPs) and Group B (containing 1% of
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AgNPs +1% of HCNs) (P > 0.05). By increasing the HCN content to 2%,
the EB reduced (group C) (P < 0.05). Group D, with just 1% of HCN,
showed significantly the lowest EB values. Regarding TS (Fig. 3), it can
be concluded that the addition of HCNs increased TS from around 9.3%
to 11.8% (P < 0.05). Increasing HCNs from 1% to 2% did not signifi-
cantly affect TS (P > 0.05). The results also indicated that treated
samples with 1% AgNPs had significantly higher TS than those treated
with 1% HCNs. Furthermore, the combination of the AgNPs and HCNs
showed the highest TS values compared to samples containing AgNPs or
HCNs. NPs have been found to impact the mechanical properties of PCL-
based films significantly. The observed variations in TS and EB among
different film formulations underscore the intricate interplay between
film composition and mechanical performance. Recent studies have
highlighted the influence of nanoparticle dispersion and interfacial in-
teractions within polymer matrices on the mechanical properties of
nanocomposite films. The combination of AgNPs and HCNs in the films
not only enhanced tensile strength but also contributed to improved
toughness and elasticity, as evidenced by the increased elongation at
break values observed in certain formulations (Chen, Ma, Hu, & Fei,
2021). Research has shown that adding NPs into the PCL-based films
improved properties like tensile strength, elasticity, and toughness. This
means the films become more resistant to breakage and less likely to
deform under stress (Toncheva et al., 2018).

3.2.3. Atomic force microscopy (AFM)

AFM was used to examine the topography and surface roughness of
the samples (Kan et al., 2023). Based on our findings presented in Fig. 4.,
it is evident that the surfaces of all four coatings exhibited uniformity.
This observation implies that the size distribution of the NPs within the
layers remained consistent across all four coatings. However, uneven-
ness was observed in some areas. In films containing silver NPs, the
surface roughness parameter for nanofibers was approximately 170-80
nm, whereas this value was about 29 nm for group C (control). The
results showed that the presence of AgNPs increased the surface
roughness, and the presence of HCNs decreased the surface roughness.
Subsequently, reduced surface roughness indicates a decreased contact
area and, more importantly, a decreased migration rate of the NPs. The
outcomes of the present study showed that at a constant concentration of
AgNPs, adding HCNSs to the films reduced the level of surface roughness.

3.2.4. Biodegradability

The investigation into the degradability of films sheds light on their
environmental implications, particularly in the context of addressing
plastic pollution concerns. As highlighted by the reviewer, the growing
awareness of plastic pollution and its environmental impact underscores
the importance of assessing the biodegradability of packaging materials.
The results of the film’s degradability showed that the films containing
AgNPs did not produce a significant degradability rate, whereas in other
groups containing HCNs, an effective degradability rate was observed
suggesting a potential advantage in terms of environmental sustain-
ability. This enhanced degradability presents an opportunity to mitigate
the long-term accumulation of plastic waste in the environment, offering
a promising alternative to conventional packaging materials (Fig. 4.). By
observing the films containing HCNs and comparing them, the degrad-
ability rate changes in the different groups are quite evident. Group B
showed a high degradability rate due to the increase in HCNs compared
to group A. Group C had the highest degradability rate. According to the
obtained results, it can be concluded that several factors increase the
degradability rate, particularly the hydrophilicity and degradability of
HCNs (Zhang, Ding, Povey, & York, 2008). Because HCNs are inherently
degradable, their presence in the film structure increases the degrada-
tion rate. Additionally, the presence of AgNPs in the films of A and B
reduced the amount of water penetration, leading to a delay in the water
supply to HCNs and reducing the degradability rate. By comparing films
A and C, the significant role of the HCNs in the destruction of the films
was confirmed. By incorporating HCNs into film structures, it may be
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possible to accelerate the degradation process, thereby reducing the
environmental footprint associated with packaging materials. There-
fore, the biodegradability of HCN-containing films opens up avenues for
sustainable waste management practices. Films that degrade over time
can alleviate the burden on landfill sites and minimize the risk of
environmental contamination, contributing to a more circular economy
approach to packaging. The findings of this study underscore the po-
tential of HCN-containing films to make significant contributions to
sustainability in the packaging industry and offer a promising avenue for
addressing concerns related to plastic pollution and advancing the
development of sustainable packaging solutions that align with current

environmental priorities.

3.2.5. Water vapor transmission rate (WVTR)

The permeability of the prepared films was measured based on the
water vapor transfer rate. The film A, including 1% AgNPs, showed the
highest permeability rate to water vapor (8.84 g.h™1. m~2). The results
indicated that by increasing the concentration of HCNs, the permeability
to water vapor decreased (P > 0.05). According to the results, WVTR
decreased from 8.84 (g.h™'. m™2) in the film containing 1% AgNPs to
8.16 (g.h~!. m™2) in films containing 1% AgNPs +1% HCNs and to 2.72
(g.h~!. m~2) in the films containing 1% AgNPs and 2% HCNs, indicating
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Fig. 4. AFM analysis to monitor the surface roughness of the films; and the degradability rate of prepared films using in-earth technique for films containing A: 1%

AgNPs, B: 1% AgNPs and 1% HCNs, C: 1% AgNPs and 2% HCNs, D: 1% HCNs.

the effects of HCNs in the reduction of WVTR. Shankar, Wang, & Rhim
(2018) also indicated that the WVP of the PLA-based nanocomposite
films decreased in the presence of ZnONPs.

3.2.6. pH values, Thiobarbituric acid rate (TBARs), Total volatile basic
nitrogen (TVB-N), and Peroxide value (PV)

In this section, the pH values, TBARs, TVB-N, and PV have been
analyzed to understand their impact on meat quality and shelf-life
extension. According to Fig. 3, the pH of meat samples increased
throughout the refrigerated period, which is due to the autolytic activity
of the autochthonous enzymes, and the synthesis of alkaline bio-
metabolits of psychrotrophic bacteria, and lactic acid bacteria. The in-
crease in pH values, albeit less pronounced in coated samples, reflects
the complex interplay between microbial activity, enzymatic processes,
and the buffering capacity of the meat matrix. These coatings likely
create a barrier that impedes the diffusion of alkaline biometabolites,
thereby mitigating pH rise and preserving the sensory attributes of the
meat (Yaghoubi et al., 2021). pH increase was more in control (p < 0) in
comparison to pH values in coated samples. Similar antibacterial attri-
butes of treatments have been reported by Berizi, Hosseinzadeh, Shek-
arforoush, and Barbieri (2018)and Yaghoubi et al. (2021) in chicken
meat and other food model systems.

TBARs value is one of the most critical indicators in meat and meat
products for the measurement of oxidation secondary products (partic-
ularly aldehydes from polyunsaturated fatty acids). The results of TBARs

values indicated that the TBAR values of all samples increased
throughout the storage period (Fig. 5). According to the results, treated
samples with 1% AgNPs +2% HCNs (0.651 mg MDA/kg) and control
samples (1.08 mg MDA/kg) displayed the lowest and the highest TBAR
values, respectively. The reduction in TBARs values in coated samples
can be attributed to several mechanisms. The nanocomposite coatings
act as a physical barrier, limiting the exposure of meat lipids to oxygen
and thereby reducing lipid oxidation (Sogut & Seydim, 2019). More-
over, the high antioxidant attributes of treatments would also lead to a
lesser increase in TBARS values throughout the keeping period. The
presence of nanoparticles, such as AgNPs, may exert antioxidant effects
by scavenging free radicals and chelating pro-oxidant metal ions.
Additionally, the incorporation of natural compounds like HCNs may
enhance the antioxidative properties of the coatings through their
ability to donate hydrogen atoms or electrons, thereby interrupting lipid
oxidation chain reactions. Hence, as expected, films containing AgNPs
and HCNs allowed to extend the shelf life of Tilapia samples by their
antioxidative attributes. Similar results were also reported by Majumder
et al. (2023), who assessed the effects of AgNPs in soy protein isolate
(SPI)-based films and reported high antioxidant attributes in packaged
chicken breast meat. The authors indicated that 3.76% of AgNPs/SPI
films scavenged ~4.5% of DPPH in 48 h.

The peroxide value results showed that the oxidation increased
throughout the storage period (Fig. 3). After three days, the amount of
peroxide value in the samples containing 1% HCNs was more significant
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Fig. 5. Chemical analysis and microbial count of meat samples during storage time. A: 1% AgNPs, B: 1% AgNPs and 1% HCNs, C: 1% AgNPs and 2% HCNs, D: 1%

HCNs, E: Control.

than that in the other groups. In addition, samples containing AgNPs had
a higher amount of peroxide value than group B (1% AgNPs +1% HCNs)
and C (1% AgNPs and 2% HCNs). These changes in the amount of
peroxide in the groups became more significant by increasing the stor-
age period. The progressive increase in PV values, although attenuated
in coated samples, highlights the ongoing oxidative processes occurring
during storage. Despite the antioxidative properties of the coatings,
oxidation reactions inevitably occur, albeit at a slower rate, due to the
presence of residual oxygen and pro-oxidant factors.

TVB-N is an important indicator for assessing the quality and shelf-
life of meat and meat products (Yaghoubi et al., 2021), and its in-
crease is closely associated with the degradation of protein or non-
protein nitrogenous compounds by spoilage bacteria and enzymes (Li,
Zhu, & Lin, 2011). The TVB-N results of fish samples during storage at
4 °Carerepresented in Fig. 5. Among keeping time. The TVB-N values in

all fish samples increased exponentially (p < 0.05) higher in control
(18.61 vs. 4.46 mg/100 g for control and packed samples with films
containing 1% AgNPs +2% HCNs, respectively). Packed fish samples
with HCNs and AgNPs inhibited synthesis of volatile nitrogen bases until
day 7 (5.93, 4.76, 4.46, and 6.26 mg/100 g for samples treated with
films containing 1% AgNPs, 1% AgNPs +1% HCNs, 1% AgNPs +2%
HCNs, and 1% HCNs, respectively), which is similar to report of Alir-
ezalu et al. (2021) who showed a reduced TVB-N formation in samples
packed by polyamide-alginate incorporated with NPs of natural pre-
servatives on meat products. The low TVB-N values corresponded with
inhibited microbial growth and pH decrease. The inhibition of TVB-N
formation in coated samples suggests effective control of microbial
spoilage and enzymatic degradation of nitrogenous compounds. The
nanocomposite coatings likely create a hostile environment for micro-
bial growth by releasing antimicrobial agents or modifying the surface
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Table 1
WVTR analysis of the prepared films.

Groups WVIR (g.h~' . m~?) ICP-MS mg/1 (ppm)

Day 0 Day 3 Day 7
A 8.84 < 0.001 <0.02 <0.05
B 8.16 < 0.001 <0.01 < 0.02
C 2.72 < 0.001 <0.01 < 0.02
D 5.89

A: 1% AgNPs, B: 1% AgNPs and 1% HCNs, C: 1% AgNPs and 2% HCNs, D: 1%
HCNs.

properties of the meat, thereby impeding the activity of spoilage bac-
teria and enzymes. Furthermore, the presence of nanoparticles may
disrupt the cellular membranes of microorganisms, leading to cell lysis
and inhibition of metabolic processes involved in nitrogen compound
degradation (Ayaseh et al.,, 2022; Peighambardoust et al., 2022;
Yaghoubi et al., 2021). Overall, the observed changes in pH values,
TBARs, TVB-N, and PV highlight the efficacy of the coatings in preser-
ving meat quality and extending shelf-life by mitigating oxidation and
inhibiting microbial growth. Therefore, the integration of nano-
composite coatings represents a promising approach for improving the
preservation of meat quality and extending shelf-life which may lead to
developing more effective strategies to meet the growing demand for
safe and high-quality meat products in the food industry.

3.2.7. Microbial activity

On the first day, the total thermophilic bacteria count was 2.31-2.39
Log CFU/g (less than the control 3.27 Log CFU/g) (Fig. 5). The bacterial
count for psychrotrophic bacteria was 2.83 and 3.17 Log CFU/g,
compared with the control (3.35 Log CFU/g). These bacterial counts
indicated high antimicrobial attributes of films containing AgNPs and
HCNs in fish samples. Films containing 1% AgNPs +2% HCNs led to
approximately 2.1 Log CFU/g and 2.23 Log CFU/g reduction in total
thermophilic and psychrotrophic bacteria, respectively, from those ob-
tained by control, which is similar to those reported by Alirezalu et al.
(2021) on chicken meat packed in polyamide-alginate casing + NPs of
natural preservatives. Films containing 1% AgNPs +2% HCNs have an
impact on impact on fish meat quality and shelf-life. Decrease the oxy-
gen transfer of the films and antimicrobial properties cause extended
shelf life. This study showed that the simultaneous presence of Ag and
HCNs in the film can control the growth of microorganisms. However,
the presence of individual NPs slightly affects the development of mi-
croorganisms. According to Fig. 5, coliforms increased throughout the
keeping period. The rate of this increase was exponentially higher in
control meat (5.75 Log CFU/g) compared to values of 2.55 Log CFU/g
observed in packed meat samples in films containing 1% AgNPs +2%
HCNs. The count of Staphylococcus aureus bacteria also followed a
similar trend over time. The packed samples with films containing 1%
AgNPs +2% HCNs and control meat displayed the lowest and highest
increase among refrigerated periods, respectively.

The incorporation of 1% AgNPs +2% HCNs, caused antimicrobial
properties against total thermophilic and psychrotrophic bacteria, co-
liforms, and Staphylococcus aureus. The mechanism underlying the

Table 2
Evaluation of the NPs migration into Tilapia tissue.

Groups ICP-MS mg/1 (ppm)

Day 0 Day 3 Day 7
A < 0.001 < 0.02 <0.05
B < 0.001 < 0.01 < 0.02
C < 0.001 < 0.01 < 0.02

A: 1% Ag NPs, B: 1% Ag NPs and 1% HCNs, C: 1% Ag NPs and 2% HCNs.
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antimicrobial activity of these films can be attributed to multiple factors.
The incorporation of 1% AgNPs +2% HCNs reduces the oxygen transfer
rate, creating an environment less conducive to microbial growth.
Additionally, the release of Ag NPs from the films may interact with
microbial cells, disrupting cellular functions and inhibiting their pro-
liferation. This dual mode of action, combining reduced oxygen avail-
ability with the antimicrobial properties of Ag NPs, synergistically
contributes to the observed reductions in bacterial counts. Furthermore,
Tong et al. (2023) similarly reported the antimicrobial properties of SA
films incorporated with cinnamic acid. Majumder et al. (2023) also
mentioned the inhibition impact of soy protein isolate films containing
AgNPs on microbial growth in chicken breast meat. 3.76% AgNP/SPI
reduced (p < 0) a 2.62 logy of S. aureus and 2.14 log; ¢ of S. typhimurium.

3.2.8. Evaluation of NPs migration into Tilapia tissue

According to the results during refrigerated storage, the NPs in
Tilapia tissue were observed to increase over time (Table 1). Initially,
the NPs migration rate was measured to be under 0.001 ICP-MS mg/1 on
the first day of storage, gradually escalating to under 0.02 ICP-MS mg/1
at day 3 and 0.05 ICP-MS mg/1 at day 7 for group A, and under 0.01 ICP-
MS mg/1 at day 3 and under 0.02 ICP-MS mg/1 at day 7 for both groups B
and C. These findings suggest a progressive increase in NP migration into
the Tilapia tissue during the storage period. However, it is noteworthy
that the presence of AgNPs and HCNs in films appeared to decrease the
migration of NPs compared to the presence of AgNPs alone. This
observation underscores the potential role of film composition in miti-
gating NP migration into food matrices. Nanoparticle migration raises
concerns due to their potential bioaccumulation and ingestion by con-
sumers, which could lead to unintended health consequences such as
cellular toxicity and genotoxicity. Stu+dies have also highlighted the
need for comprehensive risk assessment and regulatory frameworks to
ensure the safety of NPs-containing food packaging materials. Strategies
to mitigate potential risks include encapsulating nanoparticles within
food packaging materials, utilizing alternative antimicrobial agents, and
implementing rigorous testing protocols. Future research should focus
on evaluating the long-term effects of nanoparticle exposure on both
food safety and human health, as well as exploring mechanisms of
nanoparticle interaction with biological systems to address knowledge
gaps in nanoparticle safety and food packaging technology (Duncan,
2011; Johnston et al., 2010). (See Table 2.)

4. Conclusion and future perspective

In this study, we successfully developed SA films incorporating
AgNPs and HCNs, which demonstrated multifunctional properties ideal
for Tilapia preservation. These films exhibited remarkable antioxidant
and antimicrobial activities while maintaining biodegradability and
mechanical integrity, making them suitable for food packaging appli-
cations. Specifically, samples packed in films containing 1% AgNPs +2%
HCNs showed superior performance, displaying lower levels of TBARs,
PV, pH, and TVN compared to the control group throughout the storage
period. Our findings signify significant progress in the development of
innovative packaging solutions aimed at extending the shelf-life of meat
and meat products. By leveraging the synergistic effects of AgNPs and
HCNs, we not only achieved enhanced preservation efficacy but also
contributed to the production of safer and environmentally friendly
packaging materials. The observed inhibitory effects against spoilage
and food-borne microorganisms highlight the potential of these active
films to address food safety concerns and meet consumer demand for
healthier and sustainable packaging options. Moving forward, future
research should focus on optimizing film formulations tailored to spe-
cific food packaging applications. This includes exploring different
combinations of antimicrobial agents and biopolymers to enhance film
performance and meet the requirements of diverse food matrices.
Additionally, efforts should be directed toward addressing safety con-
cerns associated with nanoparticle migration from packaging materials
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into food products. Comprehensive risk assessments and migration
studies are essential for ensuring the safety and regulatory compliance of
nanocomposite packaging materials.

In summary, the development of SA films containing AgNPs and
HCNs represents a promising approach for improving the quality and
shelf-life of fish meat and other perishable food items. By providing
insights into the practical implications of our findings and identifying
future research directions, we aim to contribute to the advancement of
sustainable packaging technologies and the promotion of food safety
and quality in the food industry.
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