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This study aimed to investigate the release of silver ions from the packaging, their diffusion within a food
hydrogel and the effect on the growth of Pseudomonas fluorescens. Biosorbed-silver nanoparticles (BSNPs) were
synthesized using a plant extract and were incorporated into chitosan or poly (vinyl alcohol) polymer to prepare
biocomposite films. The addition of BSNPs improved the physical and antimicrobial properties of the films as
shown by tensile strength and inhibition of P. fluorescens in hydrogels, respectively. PVA based BSNPs film
showed a stronger antimicrobial effect, compared to chitosan based BSNPs film and this correlated with a higher
amount of silver ions release from the PVA film into the hydrogel. Results suggest that the strength of the
interaction between BSNPs and the film polymer is the key factor leading to the difference in the release
behaviour of the antimicrobials, which in turn determines the antimicrobial activity of the active packaging.

1. Introduction
The microbial growth in food reduces product quality, causes food
waste and endangers human health: food packaging, especially antimi
crobial active packaging, can be a pragmatic solution to alleviate these
problems (Khaneghah, Hashemi, & Limbo, 2018). Biobased nano
composite antimicrobial films consist of a biodegradable polymer matrix
incorporated with antimicrobial agents that can inhibit the growth of
microorganisms and maintain the quality of foods (Ortega, Giannuzzi,
Arce, & García, 2017). The application of antimicrobial packaging
prepared with the biobased nanocomposites is known for its advantages,
such as improved mechanical properties, good antimicrobial activity
and environmentally friendly characteristics (Roy, Shankar, & Rhim,
2019). Among the most cited biodegradable nanocomposites, those
containing chitosan and poly (vinyl alcohol) (PVA) are the most studied
(Kadam, Momin, Palamthodi, & Lele, 2019; Wang, Yu, Alsammarraie,
Kong, Lin, & Mustapha, 2020)
Chitosan (CS) is an abundant polysaccharide found in nature. It is
non-toxic, biodegradable, biofunctional, biocompatible and antimicro
bial (Dutta, Tripathi, Mehrotra, & Dutta, 2009). It showed good per
formance in maintaining the quality of foods and extending its shelf life
by the incorporation of antimicrobial compounds such as essential oils,

metal or metal oxide nanoparticles (Elsabee & Abdou, 2013). In addi
tion, CS is effective in the inhibition of a wide range of microorganisms,
so a synergistic effect with other incorporated antimicrobial agents is
expected (Wang et al., 2011). PVA is a non-toxic and biodegradable
synthetic polymer that has excellent film forming properties due to its
good chemical stability, tensile strength, gas barrier properties and
biocompatibility (Youssef, El-Naggar, Fouda, & Youssef, 2019).
Silver nanoparticles (AgNPs) have gained increasing attention
because of their antimicrobial activity, cost-effective preparation and
heat resistance property (Roy et al., 2019). The most common approach
to synthesize AgNPs is the chemical reduction, conducted by using
different reducing agents, including sodium borohydride (NaBH4), so
dium citrate, and ascorbate (Wang et al., 2020). However, AgNPs
obtaining via chemical reduction are not desired by consumers, which
limits their use in food product preservation. To ensure safe and envi
ronmentally friendly production of AgNPs the use of plant phytochem
icals as the reducing and stabilizing agents is considered a promising
approach (Roy, Bulut, Some, Mandal, & Yilmaz, 2019). Plant extracts
are particularly effective in the biosynthesis of AgNPs since they are rich
in reducing agents, including proteins, enzymes, polyphenolic com
pounds (Abalkhil, Alharbi, Salmen, & Wainwright, 2017). In this paper,
we used an extract of cynodon dactylon (CD) leaves for the production of
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AgNPs. The synthesized CD biosorbed silver nanoparticles (BSNPs) were
then incorporated into the CS or PVA to prepare BSNPs-biocomposites.
The critical factor determining the antimicrobial packaging efficacy
is the capacity to modulate the rate of diffusion of the antimicrobial
agent from the polymer in the food (Bahmid, Dekker, Fogliano, &
Heising, 2021). This passage is dependent on the physicochemical
characteristics of the various system components and should be studied
case by case. In particular the type of food matrix determines the efficacy
of a specific active packaging (Bahmid et al., 2021; Wang, 2020). This
highlights the importance of using proper model foods to test the effi
cacy of the developed BSNPs films. In this paper, we utilized a hydrogel
prepared with whey protein (WPI) and carrageenan which simulates
real foods in a broad range of chemical and physical properties (Wang,
Fogliano, Heising, Meulenbroeks, & Dekker, 2020).
Many intertwined factors determining the antimicrobial efficacy of
BSNPs loaded biodegradable films (CS or PVA). Physical properties of
polymer matrices, target microorganisms and food products, diffusion of
BSNPs in the target food, and the interaction between BSNPs and
polymer matrices all play a role (Kanmani & Rhim, 2014). However,
little is known about the release and migration of nanoparticles from
polymer film to the food matrix (Roy et al., 2019). In this case, we
assumed BSNPs can be released from the CS or PVA film when the films
were in contact with the surface of the hydrogels. We hypothesized that
depending on the strength interaction between the BSNPs and polymer
films, the release behaviours may be different. This would have caused
the difference in the concentrations of BSNPs or silver ions in the
hydrogel, which directly impacts the antimicrobial activity of the
developed packaging film.
This study aims to test the efficacy of BSNPs loaded CS or PVA films
on the inhibition of the growth of P. fluorescens and to find the key
factors explaining the extent of the antimicrobial effects of the two
BSNPs films. The physical characteristics of the biocomposite film and
the results on the release behaviour of the silver ions and antimicrobial
efficacy provided a coherent picture to explain the empirical results.

England). 5 mL of clear leaf extract was assorted with 95 mL of 1 mmol
silver nitration solution, and the reaction mixture was exposed to sun
light. Within a few seconds, the clear reaction mixture turns brownish
indicating the formation of AgNPs. After 5 min of sunlight exposure the
reaction mixture turns completely dark suggesting Ag+ was reduced to
Ag0 forming nano size particles hereinafter named BSNPs. The synthe
sized BSNPs were then purified by centrifugation and the BSNPs were
washed at least three times with deionized water to remove the excess of
silver ions. The purified BSNPs were dried at 40 ◦ C around 12 h and
stored at room temperature.
The formation of BSNPs was traced using UV–vis spectrophotometer
(Spectro VU-Vis double Beam UVD-3500, Labomed, Inc.) at a scan rate
of 600 nm.min− 1. The reaction mixture was subjected to UV–Vis ab
sorption for every 5 min time interval from the addition of CD extract
into 1 mmol AgNO3 solution to record the maximum absorption max of
CD and λmax wavelength throughout the reaction.
2.3. Preparation PVA/BSNPs and CS/BSNPs biocomposite films
In order to prepare BSNPs blended biopolymer films, various com
positions of materials were taken based on weight per hundred parts of
polymer (php) method. PVA solution was prepared by taken of 0.25 g
(100% php) in 5 mL deionized water and sonicated with 10% Horn
Amplitude. CS solution was prepared by taken of 0.25 g (100% php) of
CS in 5 mL deionized water with 2% of glacial acetic acid and sonicated
with 10% Horn Amplitude. After obtaining homogeneous solutions, the
required quantity of BSNPs [0.0125 g (5% php), 0.0250 g (10% php),
0.0500 g (20% php)] was added and sonicated another 5 to 10 min to
make a uniform blend with PVA or CS solution.
The obtained blended mixtures were degassed and films formed by
casting in 80 mm × 10 mm sterile petri dishes (Bibby Sterilin Ltd, Stone,
Staffs, UK). The PVA/BSNPs and CS/BSNPs mixture were left over 48 h
in 30 and 50 ◦ C, respectively. All the prepared films were dehydrated in
a desiccator for another 12 h before testing. All the steps were performed
under natura daylight.

2. Material and methods

2.4. WPI-carrageenan hydrogel preparation

2.1. Reagents and materials

K+ induced gelation of WPI and carrageenan hydrogel was prepared
according to L. Wang et al. (2020) with modifications. All the materials
used for hydrogel preparation were sterilized for further experiment.
Stock solutions of WPI (20% w/v) solution and the mixture of carra
geenan (0.8% w/v) and 50 mM KCl (carrageenan/KCl) were prepared in
ultrapure water (pH 6.7) under stirring by a magnetic stirrer for 4 h at
room temperature (≈20 ◦ C). Stock solutions were kept overnight at 4 ◦ C
to promote complete hydration. To prepare WPI/carrageenan hydro
gels, the carrageenan/KCl mixture was heated at 80 ◦ C in a water bath
for 30 min before mixing with WPI solution. The WPI solution was
heated to 40 ◦ C and subsequently mixed with the carrageenan/KCl
mixture. The WPI/carrageenan/KCl mixture was stirred on a magnetic
stirrer at 45 ◦ C for 30 min for the preparation of the pre-gel solution. To
test the antimicrobial effects of PVA/BSNPs and CS/BSNPs biocomposite
films, a common Gram-negative bacterium, P. fluorescens, was inocu
lated in the test model food. The inoculation of P. fluorescens (104 CFU/
mL) was performed when the pre-gel solutions were cooled down to
37 ◦ C to reach a final concentration of 104 CFU/mL. The final mixture
was stirred at a magnetic stirrer for 1 min to ensure the bacteria was
evenly distributed in hydrogels.
6.9 mL of the solution was pipetted into the individual well of 12well cell culture plates. The cell culture plates containing hydrogel so
lutions were stored at 4 ◦ C in a fridge in the dark overnight for hydrogel
formation.

Chitosan (Medium molecular weight) and silver nitrate (ACS re
agent, ≥99.0%) were purchased from Sigma Aldrich Pty. Ltd., USA. PVA
was obtained from LOBA chemicals, India. The fresh CD leaves were
collected from the Chemistry Department garden in King Saud Univer
sity. Potassium chloride, ringers solution 1/4 strength tablets, carra
geenan (predominantly κ and lesser amounts of λ carrageenan,
specification: PRD.1.ZQ5.10000042025), and 12 Well Cell Culture
Plates were purchased from Sigma Aldrich Pty. Ltd., Netherlands. As the
statement from the manufactory, carrageenan consists of ≤11% K+,
≤3.5% Ca2+ and ≤2.0% Na+. Whey protein isolate (WPI) (97.5% pro
tein, dry basis) was obtained from Davisco (Bipro, Davisco, lot # JE 1981-420, USA). The Brain Heart Infusion (BHI) and nutrient broth were
purchased from Merck (Schiphol-Rijk, Netherlands). Peptone Physio
logical Salt Solution (PFZ) was purchased from Tritium Microbiologie
BV (Eindhoven, Netherlands). P. fluorescens ATCC 13525 was obtained
from the collection of the Food Microbiology Group (Wageningen Uni
versity & Research, the Netherlands).
2.2. Synthesis of biosorbed zero valent AgNPs (BSNPs) and their
characterizations
The BSNPs were synthesized according to Sharma et al. (2013) with
some modifications. The collected fresh Cynodon dactylon (CD) leaves
were rinsed with water and 70% ethanol solution in order to remove
contaminants and pathogens. 10 g of leaves were sliced into fine pieces,
and 100 mL of deionized water was added, then boiled for 10 to 15 min
and filtered using Whatman No.1 filter paper (Whatman Company,

2.5. Experimental design
The diffusion of silver ions and/or BSNPs and the antimicrobial
2
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activities of the biocomposite films were studied in the 12-well cell
culture plates in the dark at 4 ◦ C (Fig. 1). This system contains WPIcarrageenan hydrogel (6.9 mL), a piece of double layer film, and a
polystyrene lid. As illustrated in Fig. 1, the double layer film was used to
control the microbial quality of the hydrogel, of which the inner layer
(PVA/BSNPs or CS/BSNPs film) was attached to the outer layer (the
adhesive polylactic acid film) so that the double layer film was sealed in
the 12-well plate. Hydrogels were cut with a sterile cutter into three
cylindrical slices of hydrogels (3.8 cm2 surface area and 7 mm thick
ness), abbreviated as top, middle and bottom layer, respectively, to
measure the diffusion of the BSNPs in the hydrogels during 10-day
storage.

glutaraldehyde in phosphate/citrate buffer for 7 h followed by washing
three times in phosphate/citrate buffer. Washed samples were dehy
drated with ethanol solutions prepared with increasing concentrations
as follows: 10, 30 and 50% for 10 min each, 70% for overnight and
80–90-100% for 10 min each, followed by dehydration twice with 100%
ethanol for 10 min each time. 100% ethanol was added to the critical
point dryer (CPD 030 BalTec, Liechtenstein). Then the samples were
added to CPD, top off with 100% ethanol and the lid was closed. The
samples were then dried by critical point drying (CPD 030 BalTec,
Liechtenstein) followed by breaking the hydrogels into smaller pieces
and coating with 10 nm iridium in SCD 500 (Leica EM VCT 100, Leica,
Vienna, Austria). SEM characterization was performed with a field
emission scanning electron microscope (Magellan XHR 400L FE-SEM,
FEI, Eindhoven, The Netherlands) at room temperature (20±2 ◦ C) at a
working distance of 4 mm with SE detection at 2 kV. Analyses of the
images were performed with the ImageJ software (1.52, National In
stitutes of Health, USA) to estimate the average pore size of the hydrogel
by using four independent images obtained from different parts of the
hydrogel.

2.6. Characterization of the BSNPs and BSNPs composite films
2.6.1. FTIR analysis of BSNPs, CS/BSNPs and PVA/BSNPs biocomposite
films
FTIR spectra of dried samples were recorded using Fourier Transform
Infra-Red Spectrophotometer (FTIR-8400) Shimadzu, Japan in potas
sium bromide (KBr) medium in the range of 4000–400 cm− 1 at room
temperature. IR grade KBr was used as a scanning matrix and the 1:200
ratio mixture of BSNPs and KBr mixture was transferred to make a
transparent and homogeneous pallet. Attenuated Total Reflectance
(ATR) was used to acquire the FT-IR spectrum for the films between
4000 and 400 cm− 1 wavelengths with a resolution of 4 cm− 1.

2.8. Antimicrobial experimental design
Antimicrobial activities of BSNPs (0%, 5%, 10% and 15% php)
loaded CS or PVA films were tested both on agar medium and model
food hydrogel by using the agar diffusion test and colony count method,
respectively. P. fluorescens was used as a testing strain to analyze the
efficacies of BSNPs loaded CS/BSNPs and PVA/BSNPs films. Cells were
cultivated in nutrient broth in the dark at 35 ◦ C for 24 h after inoculation
with the stock culture.

2.6.2. Morphology studies of BSNPs, CS/BSNPs and PVA/BSNPs
biocomposite films
To investigate the formation of BSNPs and the distribution of BSNPs
in the films, Scanning Electron Microscopic (SEM) and Transmission
Electron Microscopy (TEM) were carried out. The surface morphology of
synthesized BSNPs and the films were observed by a FESEM (JSM 7600F
JEOL, Japan). The sample was dispersed in EtOH on a carbon-coated
copper TEM grid, and the TEM images were obtained by operating at
an accelerating voltage of 200 kV using JEOL 2100 TEM instrument.

2.8.1. Agar diffusion test
The prepared CS/BSNPs and PVA/BSNPs films were evaluated for
their antimicrobial activity in the inhibitory of P. fluorescens by deter
mining the inhibition zone diameters after direct contact with the films.
50 μL of P. fluorescens ATCC 13525 with a density of about 105-106 CFU/
mL were cultivated in 10 mL of BHI. The nanocomposite films were cut
into pieces with 10 mm in diameter and exposed to UV light for 30 min,
followed by placed on the culture medium. The plates were incubated in
the dark at 35 ◦ C for 24 h.

2.6.3. Thickness of the biocomposite films
Film thickness measurements were performed by a digital micro
meter (Mitutoyo Micrometer, Germany) with a precision of 0.001 mm.
Film thickness can be obtained at various positions on the surface of the
film.

2.8.2. Bacterial cell counting during a 10-day storage
Hydrogels were used to test the antimicrobial activities of the
packaging films on the preservation of model food. Hydrogels that were
covered with the biocomposite films were considered as the antimicro
bial group, while the samples without the protection of films were in the
control group (see Fig. 1). All the samples were stored in the dark at 4 ◦ C
during 10-day storage. Hydrogels in 6.9 mL quantities each were diluted
with 10 mL ringer’s solution (a solution that can maintain the osmotic
balance for bacteria) and were homogenized with the stomacher 400
circulator for 2 min at 230 rpm at room temperature (≈20 ◦ C). The
mixtures were then serially diluted with Peptone Physiological Salt
Solution (PFZ) by mixing 10 μL of each cultured PFZ into 90 μL of clean

2.6.4. Tensile properties of biocomposite films
The tensile properties of the samples were measured using a tensile
testing instrument Instron (Model 3345, Instron, Norwood, MA, USA) as
per ASTM D882. The crosshead speed of the test was 500 mm/min.
2.7. Scanning electron microscope (SEM) of hydrogels
Hydrogels for SEM analysis were prepared according to Munialo, van
der Linden, Ako, Nieuwland, Van As, and de Jongh (2016) with modi
fications in which the samples were cross-linked with 2.5% (v/v)

Fig. 1. Panel A: Setup used to study BSNPs diffusion and the antimicrobial efficacy of biocomposite films in food packaging system during the storage. Panel B:
Schematic representation of experiments performed to assess the biocomposite films effect on P. fluorescens inhibition in the top, middle, and bottom layer
of hydrogels.
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PFZ. Counts of P. fluorescens were determined in triplicate by the dropplating method that plate 100 μL of the solution on BHI. Agar plates
were incubated in the dark at 30 ◦ C for 24 h, followed by the enumer
ation of colonies. The antimicrobial activities of the BSNPs loaded CS or
PVA films were evaluated at 0, 1, 3, 6 and 10 days.

FTIR spectrum of dried powder of BSNPs, high-resolution scanning
electron microscope (HRSEM) and TEM. Fig. 2, panel A showed a welldefined surface plasmon band centred at 431 nm, which is the charac
teristic extinction coefficient of monodispersed spherical particles sup
porting the formation of well-defined silver nanoparticles in CD extract
medium (Henglein, 1993; Zaheer, 2012).
Fig. 2, Panels C-G highlighted particles were in a spherical shape
with smooth surfaces and well dispersed. The average diameter of par
ticles was around 15 nm, which was in line with the results from Zaheer
(2012) who obtained the synthesized silver nanoparticles by chemical
reduction of silver nitrate by oxalic acid with an average size of 19 nm.
To identify the plant extract functional groups that may be respon
sible for the synthesis of BSNPs, FTIR measurements were performed
and the results are shown in Fig. 2B. The peaks obtained at 3450 cm− 1
and 3417 cm− 1 were attributed to the O–H stretching in phenols and
alcohols. The peaks at 2925 cm− 1 and 2851 cm− 1 were assigned to O–H
stretching of carboxylic acids and C–H stretching in aromatic ring,
respectively. The band at 1743 cm− 1 and the broad and sharp peaks at
1458 and 1401 cm− 1 corresponded to C–O–H bending in carbohy
drates and proteins. The bands in the range 1200–600 cm− 1 were due to
the C–O–C ring vibrations in polysaccharides together with the C–H
rocking of –CH2 in fatty acid chains and proteins (Philip & Unni, 2011).
Data confirmed that the silver ions are reduced by the reactive groups of
the metabolites present in the CD water extract plant which subse
quently remained bound to the surface of the nanoparticles.

2.9. Quantification of BSNPs and/or silver ions in hydrogels by ICP-MS
Determination of BSNPs and/or silver ions in food hydrogel was
performed by using a NexION 350D inductively coupled plasma mass
spectrometer (ICP-MS) (PerkinElmer, Waltham, MA, USA) at Wagenin
gen Food Safety Research (WFSR). Samples were weighed in Greiner
tube an amount in gram (for hydrogel samples) or milligram (for film
composites) and vortexed with additional ultrapure water for 30 s at the
speed of 3000 rpm, followed by 5-minute ultrasonication (HBM Ma
chines, Moordrecht, the Netherlands) at 40 kHz at room temperature.
The concentrations of silver ions and BSNPs were analyzed by ICPMS according to Abdelkhaliq, van der Zande, Peters, and Bouw
meester (2020) with modifications. Silver/BSNPs were measured using
the selected element-monitoring mode with m/z values of 107. A cali
bration curve of an ionic Ag standard (NIST-AgNO3) (Merck; Darmstadt,
Germany) ranging from 0.1 to 5 μg/L was included.
2.10. Statistical analysis
All the experiments were performed in triplicate. Data were pre
sented as means ± standard deviation (SD). Significant differences were
evaluated by using SPSS (version 25.0, International Business Machines,
Armonk, NY, USA), one-way analysis of variance (ANOVA) with posthoc pairwise analysis was performed and the significant differences
among the values were determined using Tukey’s test with the signifi
cance level of p=0.05. The differences in bacteria count in log CFU/mL
between antimicrobial and control groups were analyzed by the inde
pendent samples t-test.

3.2. Fourier transform of BSNPs biocomposite films
Fig. 3A and 3B showed the FTIR spectra of CS/BSNPs and PVA/
BSNPs films, respectively. A wide range of overtone bands between
1680 cm− 1 –1945 cm− 1 was observed due to symmetric stretch of
aliphatic secondary amines (–NH-) and sharp bands appeared between
699 cm− 1 –760 cm− 1 due to the presence of primary amine (–NH2) in
BSNPs surface. We observed these bands because of high population of
BSNPs in the biopolymer film and the similar absorptions does not
showed in BSNP pellets (Fig. 2, Panel B) due to less concentration of
organic materials present in the surface of nanoparticles. In Fig. 3A, the
FTIR absorption bands of CS/BSNPs suggested that the primary amine
(NH2) and alcoholic groups (OH) of CS have specific interactions at the
surface of the nanoparticles. The absorption band 3450 cm− 1

3. Results and discussions
3.1. Characterization of BSNPs
The formation of BSNPs was analyzed by UV–vis spectrophotometry,

Fig. 2. Panel A: UV–vis absorption spectra of CD leaf extract and BSNPs. Panel B: FTIR spectrum of dried powder of BSNPs. Panel C-D: High-resolution scanning
electron microscope (HRSEM) image of the BSNPs at magnifications 50000 × and 75000×. Panel E-G: Transmission Electron Microscope (TEM) images of BSNPs.
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Fig. 3. FTIR spectra of the two biocomposite films. Panel A: CS & CS/BSNPs at 5% 10% and 20% concentrations of BSNPs. Panel B: PVA & PVA/BSNPs at 5% 10%
and 20% concentrations of BSNPs. FE-SEM images of BSNPs synthesized with different amount of silver in the PVA/BSNPs (C1-3) biocomposite polymers and in the
CS/ BSNPs biocomposite polymers (C4-6). (C1) pure PVA film; (C2) PVA/BSNPs film (5 wt%); (C3) PVA/BSNPs film (10 wt%); (C4) pure CS film; (C5) CS/BSNPs film
(5 wt%); (C6) CS/BSNPs film (10 wt%).

corresponding to phenolic OH of phytochemical components is dimin
ished in biopolymer composite films than isolated BSNPs. This is due to
the formation of cluster and involving the not covalent interaction be
tween nanoparticles and biopolymer. The formation of chelate rings
between silver ions and amino/ hydroxyl groups of CS further was
previously highlighted (Sawssen et al., 2017). In theory, the possibility
of coordination effects between the silver atoms and the electron-rich
atoms (e.g. oxygen and nitrogen) may cause strong interactions be
tween silver ions and CS composites (Kadam et al., 2019; Lin, Chen,
Huang, Cao, Luo, & Liu, 2015). As shown in Fig. 3 Panel B the inter
action between BSNP and PVA is different than with CS. No new peaks
due to the PVA/BSNPs interaction were observed suggesting limited
chemical forces between the PVA and BSNPs at BSNPs concentration
below 5%, At 10% concentration of BSNPs in PVA an increased band at
2916 cm− 1 was detected. This can be due to a weak physical interaction
and the formation of weak hydrogen bonds between BSNPs and PVA
which is also evidenced by earlier report Yu, Xu, Chen, Lu, Zhang, and
Jing (2007). Similar data were also reported by W. Wang et al. (2020),
who synthesized the PVA/BSNP/BNC films via reduction and UVassisted methods.
In both CS/BSNPs and PVA/BSNPs composites there is no variations
or shifting peak positions in FTIR spectra by changing concentration of
nanoparticles. These observations suggest that the BSNPs are packed in
the polymer matrix and did not chemically bind with any functional
groups of oxidized phytochemical components. The BSNPs has

distributed in the cavity of polymer matrix by various non-covalent in
teractions such that cohesive, adhesive, repulsive forces, and van der
Waals forces. CS/BSNPs biocomposite may be more stable due to
participating in many functional groups (OH, NH, NH2, ether) in chi
tosan molecule. While in PVA/BSNPs biocomposite, the polymer (PVA)
has only one functional group (–OH).
3.3. Morphology analysis of CS/BSNPs and PVA/BSNPs biocomposite
polymers
To determine the surface morphology of various concentrations in
BSNPs blended PVA or CS films, FE-SEM images were taken and re
ported in Fig. 3C1-3 for PVA/BSNPs films and Fig. 3C4-6 for CS/BSNPs
films. BSNPs dispersed uniformly in the CS film without large agglom
eration while BSNPs were more randomly distributed in PVA films with
the formation of large agglomerates. The size of agglomerations
increased with the increase in the concentrations of BSNPs for bio
composite polymers. The clear tendency to aggregate the PVA/BSNPs
biocomposite polymer is in line with the lack of covalent interaction and
the hydrogen bonding that promotes the agglomerations (Fortunati
et al., 2013). The formation of a percolating network can also explain the
rough surface of the PVA/BSNPs biocomposite polymer. On the other
side, the interaction between carboxylate and silver surface can effec
tively prevent the agglomeration between the nanoparticles in CS
polymers (Hu, Ge, Lim, Zhang, & Yin, 2008; Lin et al., 2015). BSNPs can
5
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strongly attach to the CS polymer via the Schiff base reaction between
the carboxyl groups on BSNPs and the amino groups of CS, which may
also explain the limited agglomeration of BSNPs detectable in CS poly
mer (Lin et al., 2015).

observed by Salari et al. (2018) and Mathew, Jayakumar, Kumar,
Mathew, and Radhakrishnan (2019).
3.5. Microstructure of the food hydrogel
The characterization of the NaCl induced-WPI-carrageenan hydrogel
was previously reported by our group and it proved to be a good model
to investigate the diffusion of volatile compounds (L. Wang et al., 2020).
The porous structure of the KCl induced-WPI-carrageenan hydrogel was
shown in supplementary Fig. 1. The interior morphology of the hydrogel
confirmed porous structure, and the sphere-like aggregates were
disconnected by pores, forming an uneven appearance. The spherical
beads observed at the sub-micron length scale indicated the presence of
protein aggregates (Van den Berg, Rosenberg, Van Boekel, Rosenberg, &
Van de Velde, 2009). The network of WPI-carrageenan hydrogel formed
by the presence of KCl was the result of the competition between gela
tion and biopolymers incompatibility, which may promote the forma
tion of the porous network (Kuhn, Cavallieri, & Da Cunha, 2011). The
pores were observed with an irregular shape, and some large caves were
formed by the interconnected of small pores. The pore size of hydrogel
was estimated by ImageJ software with the average pore size of 581±69
nm2.
The migration of antimicrobial is governed by the mesh size of the
hydrogel and by the size of the antimicrobials: the migration can only
occur when the size of the antimicrobials is smaller than the mesh size of
the hydrogel. The migration speed determines the location of antimi
crobial in the hydrogels, which determines its effectiveness. In our case
the hydrogel pores have an average mesh size of 581±69 nm2, therefore
it did not obstruct the diffusion of BSNPs or silver ions from the surface
of the packaging to the upper part of the hydrogel. BSNPs have the
possibility to get in contact with the bacterial cells and therefore
inhibiting the growth of P. fluorescens both at the surface and in the inner
part of food hydrogel.

3.4. Bsnps biocomposite polymers physical properties
The film thickness of BSNPs mixed biopolymers has been calculated
with the mean values of ten determinations of each film and data are
presented in Table 1. The mechanical properties (tensile strength, tensile
modulus and tensile strain) of the PVA and CS films containing various
concentrations of BSNPs were investigated and the results are shown in
Table 1. The tensile strength data clearly showed the addition of BSNPs
improved the film performance, thus suggesting that the incorporation
of BSNPs into the biocomposites causes a strong interaction between the
filler and the polymer matrices, which in turn enhances the mechanical
strength of films (Xu, Yang, Xing, Yang, & Wang, 2013). Increasing the
amount of BSNPs up to 10 wt% into the PVA film, the tensile strength
increased, but the value drops in the 20 wt% BSNPs sample. Similarly,
the tensile strength of CS/BSNPs peaks at 5% BSNPs concentration while
decreased by increasing the concentration of BSNPs up to 20 wt%. This
behaviour can be explained by the occurrence of two contrasting phe
nomena: the chemical-physical interactions between particles and
polymers initially prevail, while at higher concentration of BSNPs the
filler effect becomes more important. The excess of BSNPs may break the
interaction between the polymer matrices and the fillers, and may in
crease the crystallinity of the biopolymers (Hsu, Chou, & Tseng, 2004).
Compared to PVA/BSNPs films, CS/BSNPs films showed a higher tensile
strength. The tensile modulus of PVA/BSNPs films also shows an
improvement over the pure PVA film, which was not the case for the CS/
BSNPs films.
Mechanical properties of the BSNPs biocomposites are important
factors guiding their use as food packaging material. Food packaging
films should have proper mechanical resistance to protect foods. The
addition of BSNPs improves the stiffness of the films as a result of the
BSNPs reinforcement effect. The observed improvement of the me
chanical properties of BSNPs biocomposites were attributed to the in
teractions between BSNPs and the polymer films (Salari, Khiabani,
Mokarram, Ghanbarzadeh, & Kafil, 2018). The stronger interaction be
tween CS and BSNPs than the interaction between PVA and BSNPs leads
to stiffer CS/BSNPS films with the noticeable stretching ability (SilvaWeiss, Bifani, Ihl, Sobral, & Gómez-Guillén, 2013). The effect of BSNPs
on improving mechanical resistance of biocomposite films was also

3.6. Antimicrobial effects of the CS/BSNPs and PVA/BSNPs films.
The antimicrobial activities of the developed biocomposite films on
the growth of bacteria were evaluated both on the growth medium (BHI)
and the hydrogel model food. The results of the agar diffusion tests
showed that the single CS and PVA film without the addition of BSNPs
did not show any antimicrobial activities (Fig. 4; Panels A-B). A clear
inhibition of the P. fluorescens growth was measured when the BHI agar
was directly contacted with the biocomposites incorporated with BSNPs.
At every concentration of BSNPs, the inhibitory zone against
P. fluorescens was larger when BHI was exposed to the PVA/BSNPs
composites, compared to the BHI covered by CS/BSNPs films. The dif
ferences were not significant comparing the biocomposites containing
different concentration of BSNPs (p>0.05). The maximum zone of the
inhibition was observed in the BHI agar protected by 10% PVA/BSNPs
composite, with a diameter of 10.9±0.9 for the clear zone (Fig. 4, Panel
B).
The effects of the CS/BSNPs and PVA/BSNPs films on the bacterial
count reductions in the hydrogels were shown in Fig. 4; Panel C-D. The
bacteria in the control groups increased by almost 4.5 log CFU/mL in 10
days. The CS/BSNPs and PVA/BSNPs films showed significant re
ductions during a 10-day storage period (p<0.05). Compared to the
control groups without the exposure of the BSNPs loaded films, 2.9 and
2.2 log CFU/mL reductions were observed for the 5 wt% PVA/BSNPs
and 5 wt% CS/BSNPs composite, respectively. From day 1 to day 6, the
PVA/BSNPs film showed significantly greater antimicrobial activity
than the CS/BSNPs film, as indicated by the significantly lower values of
the bacteria count in the hydrogel (p<0.05). Comparisons of the bac
terial count reductions among the CS/BSNPs films (or PVA/BSNPs films)
at different concentrations of BSNPs were not significantly different
(p>0.05). This suggests that for both films the lowest loading concen
tration of BSNPs (5 wt%) is already sufficient to inhibit the growth of

Table 1
Thickness and mechanical properties (tensile strength, modulus, and strain) of
BSNPs blended PVA and CS films.
Sample

PVA
PVA/BSNP
(5 wt%)
PVA/BSNP
(10 wt%)
PVA/BSNP
(20 wt%)
CS
CS/BSNP (5
wt%)
CS/BSNP
(10 wt%)
CS/BSNP
(20 wt%)
a
b

Thickness
(mm)a

Mechanical properties
Tensile
strength
(MPa)b

Tensile
modulus
(MPa)b

Tensile
strain (%)b

0.59
0.60

14.05 ± 4.1
18.35 ± 5.8

637 ± 13
773 ± 15

7.07 ± 1.2
4.69 ± 1.6

0.62

23.81 ± 2.6

1015 ± 28

11.25 ± 1.6

0.62

16.97 ± 5.5

752 ± 16

3.05 ± 1.3

0.60
0.61

14.31 ± 8.5
23.99 ± 13.6

1155 ± 32
730 ± 17

4.25 ± 2.5
3.35 ± 1.9

0.59

22.22 ± 17.3

956 ± 20

3.50 ± 2.0

0.62

21.19 ± 15.7

976 ± 19

3.51 ± 2.2

The results are the means of ten determinations in each film composites.
The results are the means of five determinations in each film composites.
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Fig. 4. Effect of CS/BSNPs and PVA/BSNPs composite films on the growth and survival of P. fluorescens in (Panels A-B) BHI and (Panels C-D) WPI-carrageenan
hydrogels at 4 ◦ C. The inhibitions of P. fluorescens in hydrogels by CS/BSNPs were shown in Fig. 4C, while the activities of the PVA/BSNPs composite film were
shown in Fig. 4D. Results are expressed as mean±SD for n=3. Bars with the same letter are not significantly different at p>0.05.

P. fluorescens in food hydrogels.
It is well documented that biocomposite films incorporated with
AgNPs show strong antibacterial activity against the growth of a wide
range of bacteria, molds, and yeasts (Mathew et al., 2019). W. Wang
et al. (2020) developed PVA/nanocellulose (BNC)/AgNPs composite
films to prevent the growth of Escherichia coli O157:H7 in a liquid me
dium. The bacteria count in the liquid medium preserved with the
composite films containing 5% of AgNPs/BNC slurry showed 4.8 log
CFU/mL reductions, compared to the bacteria in liquid medium in the
control group without the films. Looking at this study the inhibitory
effects of BSNPs composite films we observed is relatively small. This
can be mainly attributed to the difference of the testing system namely a
liquid bacteria growth medium vs a stiffed protein-polysaccharide food
hydrogel. The activity of the antimicrobial packaging is generally lower
in food products possessing a structural complexity than in the model
medium composed of basic enrichments (Weiss, Loeffler, & Terjung,
2015).
The actual inhibition of bacteria growth is due to the interaction
between the positively charged silver ions with the negatively charged
sulphur or phosphorous containing molecules in bacteria causing
structural changes which leads to cell death (Mathew et al., 2019). In
theory, the antimicrobial activity of CS/BSNPs composite can also be
due to the direct effect of CS. The amino groups of CS can interact with
the negatively-charged bacterial cell wall, causing an increase in the cell
membrane penetrability and eventually a leakage of intracellular com
ponents (Jeon, Oh, Yeo, Galvao, & Jeong, 2014). However, in our
experiment CS/BSNP antimicrobial activity was always lower than that
of PVA/BSNPs one and since PVA biopolymer did not have any anti
microbial activity, the responsible for the inhibitory effect we observed
should be the release of BSNPs in the hydrogels, which was investigated
in the next paragraph.

present in the film composites; however, only silver ions were found in
the hydrogels. As shown in Fig. 5, silver concentrations in the hydrogel
placed in contact with PVA/BSNPs composite were significantly higher
than the one in contact with CS/BSNPs composite already after 1-day
storage (p<0.05). For the hydrogel covered by the PVA/BSNPs com
posite, the concentration of silver ion in the top layer of hydrogel was
significantly higher than that in the middle and bottom layers after 1day storage (p<0.05). The gaps among the top, middle and bottom
layers narrowed down as storage time increased, clearly showing the
overtime migration of silver ions from the top to the bottom of the
hydrogel food.
Interestingly, the silver ion concentration in the hydrogel in contact
with the PVA/BSNPs composite was almost 10 times higher than that
covered with the CS/BSNPs composite. This evidence fully account for
the stronger P. fluorescens antimicrobial effect of the PVA/BSNPs film,
compared to the inhibitory effect of the CS/BSNPs film. The increase in
the silver concentrations in the hydrogels covered by both packaging
films during the storage period suggested that both composites are able
to provide a continuous release for up to 10 days and probably beyond.
This sustained transport phenomenon is very important as it ensures a
continuous flow of antimicrobials from the antimicrobial packaging to
the food product which can provide a sustained protection against food
spoilage.
According to Meike et al. (2012) and Liu, Sonshine, Shervani, and
Hurt (2010), the silver ion presence in the hydrogels was highly corre
lated to the fact that silver ion could release from the silver nanoparticles
that are soluble complexes. This indicates that the amount of silver ion
depends on the silver nanoparticle that releases from the biocomposite.
The kinetic of BSNPs release from the packaging film is depending on the
interaction between BSNPs and the polymer matrix. As shown above the
interaction between BSNPs and the PVA polymer chains is much weaker
than the interaction between CS and BSNPs, which results in a less
compact structure with relatively weaker physical properties of the
PVA/BSNPs composite film, compared to CS/BSNPs film. The CS/BSNPs
composite has a higher retention ability of BSNPs, retarding the release
of BSNPs from the polymer films, compared to PVA/BSNPs composite.

3.7. The migration of silver ions in the hydrogels
The over-time migration of silver ions in the layers of the hydrogel
was measured by ICP-MS. Both silver ions and nanoparticles were
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Fig. 5. Silver ions concentration measured by ICP-MS in the top, middle, and bottom layers of the hydrogels covered by either CS/BSNPs or PVA/BSNPs bio
composite polymers. Panel A 1 day of storage. Panel B 10 days of storage.

BSNPs embedded in the PVA matrixes are easily dissolved in water when
the film was in contact with the hydrogel and can be quickly released in
the form of silver ion, which caused a higher concentration of silver ion
in the hydrogel covered with PVA/BSNPs than that covered by CS/
BSNPs film. In turn, the 10 times higher concentration of silver ions in
the hydrogel samples covered by PVA/BSNPs respect to those by CS/
BSNPs films accounted for the significantly stronger inhibition of the
growth of P. fluorescens (p<0.05), as shown in the log reductions from 1
to day 10.
The increase in the total amounts of silver ion in the hydrogel during
the storage period was not significant (p>0.05), indicating that the
release of silver ion from biocomposites was faster when the hydrogels
were immediately covered by the films (from day 0 to day 1), compared
to the release of silver ion from day 1 to day 10. The difference in the
release rate of silver ion can be attributed to the distribution of BSNPs in
the films (Wu, Wang, Hu, & Nerín, 2018). The fast release of silver ion
during a 1-day storage could be a surface release, whereby the superfi
cial BSNPs easily escape from the surface of the biocomposites due to the
lack of blocking and interaction with the polymer chains. When the
superficial BSNPs was consumed, the increase in the silver ion mainly
depends on the release of silver ion within the film, which is a slow and
complex process depending on the interaction between BSNPs and
polymer matrices, on the migration of silver within the films and on the
relaxation of film composites during the storage (Reidy, Haase, Luch,
Dawson, & Lynch, 2013). Similar results were reported by W. Wang
et al. (2020) who found that about 80% of silver release from the
nanocellulose/PVA composite occurred during the first day of storage.
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