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ARTICLE INFO ABSTRACT

Keywords: This study investigates the effects of incorporating ZnO, TiO2, and colloidal Ag nanoparticles on
PaCkaging the antioxidant, antimicrobial, and physical properties of biodegradable chitosan films. The
Nanoparticles research focuses on addressing the growing demand for sustainable packaging solutions that offer

Chemical and physical characterization efficient food preservation while mitigating environmental concerns. In this investigation, the

physical properties including thickness, water content, solubility, swelling degree, tensile
strength, and elasticity of the chitosan films were examined. Additionally, the samples were
analyzed for total polyphenol content, antimicrobial activity, and antioxidant capacity. Notably,
the incorporation of ZnO nanoparticles led to the lowest water content and highest strength
values among the tested films. Conversely, the addition of colloidal Ag nanoparticles resulted in
films with the highest antioxidant capacities (DPPH: 32.202 + 1.631 %). Remarkably, antimi-
crobial tests revealed enhanced activity with the inclusion of colloidal silver nanoparticles, yet
the most potent antimicrobial properties were observed in films containing ZnO (E.coli: 2.0 + 0.0
mm; MRSA: 2.0 + 0.5 mm). The findings of this study hold significant implications for the
advancement of edible biodegradable films, offering potential for more efficient food packaging
solutions that address environmental sustainability concerns. By elucidating the effects of
nanoparticle incorporation on film properties, this research contributes to the ongoing discourse
surrounding sustainable packaging solutions in the food industry.

1. Introduction

In recent years, much attention has been focused on edible films as a substitute for petroleum-based materials due to their de-
gradability, sustainability, as well as eco-friendly and non-toxic properties [1,2]. Chitosan is a linear polysaccharide with an amino
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group and a hydroxyl group, which is widely used in the food industry [3]. It is obtained by deacetylation of chitin, which is abundant
in crustaceans. This biopolymer is biodegradable, non-toxic, stable, flexible and has excellent film-forming capabilities. Its antimi-
crobial and antioxidant properties have made it a suitable alternative for the production of active biodegradable packaging films [4].
Since oxidation is a major food safety issue, a number of packaging systems have been developed containing various antioxidants.
Among various antioxidant ingredients, metal nanoparticles represent an auspicious candidate.

Due to their unique properties, nanoparticles are used in many areas such as optics, chemistry, electronics, medicine, etc. They are
also used in the food industry in the production, processing, storage and distribution of food [5]. Nanoparticles are added to food
packaging to sterilize the food and increase the stability of the packaging [6]. The polymer composites of the packaging are usually
mixed in a certain ratio with the metal nanoparticles in the form of an oxide. The particle size of the nano material is in the range of
1-100 nm [7].

ZnO nanoparticles are one of the best-known nanomaterials. ZnO is generally recognised as safe (GRAS) by the FDA. The study
conducted by Aristizabal-Gil et al. [8] stated that the combination of nano ZnO and alginate plays an important role in food preser-
vation. The recent works have been indicating the beneficial role of zinc. Bahrampour et al. [9] describe the addition of ZnO nano-
particles to feed as beneficial for improving the quality and quantity of broiler chickens; since zinc is an essential trace element in the
body and is involved in a number of enzymatic activities in protein and nucleic acid synthesis [10]. Zinc in the form of nanoparticles is
considered as non-toxic to healthy cells, but it is active against cancer cells [11]. The nanoparticle size of ZnO enhances zinc absorption
[12] and nutrient absorption in the intestine [13]. Nano ZnO is also characterized by higher antioxidant activity compared to other
forms of zinc [14]. ZnO nanoparticles are mainly used as an antibacterial and antifungal agent. A wide range of bacteria are sensitive to
ZnO nanoparticles [15].

Zinc oxide nanoparticles exhibit strong antimicrobial activity against a wide range of microorganisms, including bacteria, fungi,
and viruses. This property is particularly beneficial for food packaging applications as it helps inhibit the growth of spoilage micro-
organisms and pathogens, thereby extending the shelf life of packaged foods and reducing the risk of foodborne illnesses [16,17].

The presence of TiO, nanoparticles in the packaging protects food against UV radiation [18] and improves the chemical, me-
chanical and barrier properties of films [19]. The study conducted by Siripatrawan and Kaewklin [20] found that TiO; is an oxygen and
ethylene scavenger due to photodegradation of ethylene when exposed to sunlight. TiO, also shows antimicrobial activity [21].
Though, since 2021, TiO3 is not considered a safe additive when ingested, however, TiO, nanoparticles are permitted in the food
industry [22].

Silver is a broad-spectrum antibacterial agent and is currently one of the most commonly used antibacterial agents [23]. Ag
nanoparticles have been found to exhibit antioxidant, antimicrobial and anticancer activities [24]. In addition to their antimicrobial
properties, silver nanoparticles can also act as an ethylene blocker by being able to absorb and degrade it [25].

The aim of the research was to evaluate the physical characteristics, antioxidant capacity, and antimicrobial activity of biode-
gradable chitosan films modified with ZnO, TiO2, and colloidal Ag nanoparticles. The study aimed to deepen our understanding of the
potential of these modified films as environmentally friendly packaging materials, offering improved food preservation while mini-
mizing environmental impact.

2. Material and methodology

Low-molecular-weight chitosan and ZnO (NPZnO) and TiO, (NPTiO,) nanoparticles, as well as other chemicals needed to perform
the analyses, were purchased from Sigma-Aldrich (St. Louis, MO, USA). Colloidal silver nanoparticles (NPAg) were purchased from the
Koloidni stribro s.r.o. in certified quality.

2.1. Preparation of edible packaging

2.1.1. Production of packaging with the addition of NPZnO, NPTiO»

First, the appropriate nanoparticles (NPZnO or NPTiO2) were weighed out at concentrations of 0.02, 0.2 and 0.5%. Then, 135 ml of
1% lactic acid dissolved in distilled water was added. Subsequently, 1.5 g of chitosan was added and the mixture was stirred. Next, the
beaker with the mixture was heated on a hot plate and then stirred using a magnetic stirrer (15 min) at 50 °C and 750 rpm. In the next

Table 1
Composition of prepared edible packaging.
Sample Composition
CH,, Chitosan +1% lactic acid + glycerol
CHyzno,05 Chitosan +1% lactic acid +0.05% NPZnO + glycerol
CHy.zno,02 Chitosan +1% lactic acid +0.2% NPZnO + glycerol
CHyzno,5 Chitosan +1% lactic acid +0.5% NPZnO + glycerol
CHy io,05 Chitosan +1% lactic acid +0.05% NPTiO; + glycerol
CHyrio,2 Chitosan +1% lactic acid +0.2% NPTiO, + glycerol
CHyrio,s Chitosan +1% lactic acid +0.5% NPTiO, + glycerol
CHiagio Chitosan +1% lactic acid + colloidal NPAg 10 ppm + glycerol
CHpagso Chitosan +1% lactic acid + colloidal NPAg 30 ppm -+ glycerol
CHpagso Chitosan +1% lactic acid + colloidal NPAg 50 ppm + glycerol
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step, 0.75 ml of glycerol was added, followed by stirring for 5 min under the same conditions. The film-forming solution was then
poured into a 150 cm diameter Petri dish and left to dry for 48 h. The composition of the packaging samples is given in Table 1.

2.1.2. Production of packaging with the addition of NPAg

First, 1.5 g of chitosan was weighed out. Then, 135 ml of 1% lactic acid containing colloidal NPAg at concentrations of 10, 30 and
50 ppm was added and the mixture was stirred. Next, it was heated on a hot plate until liquid and then stirred for 15 min using a
magnetic stirrer at 50 °C and 750 rpm. In the next step, 0.75 ml of glycerol was added, after which it was stirred for 5 min and poured
into 150 cm diameter Petri dishes and left to dry for 48 h. The composition of the packaging samples is given in Table 1.

Prior to the film formation by their pouring and drying, all the film-forming dispersions were characterized using the method of
electrophoretic light scattering with Zetasizer Nano ZS (Malvern Pananalytical). For the analysis, the individual solutions were
transferred into spectrometric glass cuvettes (1 cm optical length) containing measuring dip cell (ZEN1002) for zeta potential mea-
surements. The determined values of zeta potential by this technique provide important characteristics of charge present at the
polymer chains in film-forming solutions and they can also provide insights into the potential interactions in the system as well as the
electrokinetic stability of film-forming solutions.

2.2. Basic characterization of the films

2.2.1. Packaging thickness
The thickness of the dry films was measured using a Mitotuyo M310-25 pm (Kawasaki, Japan). Each measurement was repeated 5
times for each type of packaging.

2.2.2. Water content, solubility and swelling degree

Water content, degree of wetting and solubility were determined according to Souza et al. [26] with minor modifications. For
analysis, 3 squares of each package were first cut out (2 x 2 cm), weighed (W1), transferred to weighed dishes and placed in a drying
oven (Ecocell 55) at 105 °C for 2 h. The packages were then reweighed (W2) and immersed in beakers with 25 ml of distilled water for
24 h. After 24 h, undissolved samples were reweighed (W3) and placed in a drying oven at 105 °C for 24 h and then reweighed (W4)
again.

Water content, degree of wetting and solubility were determined according to the following formulas:

Water content (%) = [(W — W2)/W1)] x 100
Solubility (%) = [(W2 — W4)/W2] x 100

Swelling degree (%) = [(W3 — W2)/W2] x 100

2.3. Structural, morphological and textural analyses of the films

Fourier transform infrared (FTIR) spectra of the films were measured with iS50 FTIR spectrometer (Thermo Scientific, Waltham,
MA, USA). All measurements were taken from a surface of a film at ambient temperature (in an air-conditioned room) with the built-in
single-reflection diamond attenuated total reflectance (ATR) crystal. First, samples were analyzed in the standard mid-infrared spectral
region (4000-400 cm ™ 1). An individual absorption spectrum was collected as an average of 16 scans with a resolution of 4 em ! (data
spacing 0.5 cm-1). Each film was analyzed at 6 randomly distributed spots on both sides of its surface (because of the apparent
heterogeneity of its surface, sample CHy 75,05 was alayzed at 10 spots). FTIR spectra, represent an average of the six spectra collected for
an individual sample. The whole-spectra PCA analysis was performed in the range of frequencies 1800-800 cm ! using a standard
multivariate principle component program written in-house using MATLAB software (MathWorks, Natick, MA, USA) at Institute of
Scientific Instruments, Czech Academy of Sciences [27]. Furthermore, the samples were analyzed also in the Far-infrared region
(1000-200 cm ™) using the same spectrometer equipped with Solid Substrate beamsplitter. Spectrum was recorded on a single spot of
the respective film as an average of 128 scans with the same resolution as in the Mid-infrared region.

Micrographs of all prepared films were recorded using a Zeiss EVO LS-10 scanning electron microscope (SEM) (Carl Zeiss Ltd.,
Cambridge, UK). Prior to the SEM analysis, a small cut-off of each sample (ca 10 10 mm?) was stuck on a carbon tape and sputter-
coated with gold.

Strength (MPa) and elasticity (%) were measured with a TA.XT plus texture analyser (Godalming, UK), using the ASTM interna-
tional test method — ASTM D882-02. The produced packages were cut into 1 x 5 cm rectangles and each measurement was performed 5
times.

Water vapour transmission rate (WVTR) was determined by gravimetrical dish method according to DIN 53 122 standard at 23 °C
and relative humidity of 85%. Five parallel samples were tested for each packaging material.

Equal pressure method according to ASTM D3985 - 17 standard was used for determination of oxygen permeability by instrument
OxTran 2/20 MH (MOCON Inc., USA). Permeability was measured at 23 °C and dry conditions relative humidity of 0%. Two parallel
samples were tested for each packaging film.


astm:D882
astm:D3985
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2.4. Antioxidant activity assays

2.4.1. Total polyphenol content

The total polyphenol content was measured using the Folin-Ciocalteu method according to Tomadoni et al. [28]. 0.1 g of the sample
was weighed out into a dark glass vial and then 20 ml of ethanol-water mixture (1:1) was added. Samples were extracted in an ul-
trasonic bath for 30 min and then 1 ml was collected in a 25 ml volumetric flask; 5 ml of Folin Ciocalteu solution (diluted at 1:10) and 4
ml of 7.5% NayCO3 were added to the sample. The samples were incubated in the dark for 30 min. The absorbance was measured at
765 nm against a blind sample (1 ml of sample was replaced by 1 ml of distilled water). The results were expressed as mg of gallic acid
per gram of sample.

2.4.2. FRAP (ferric reducing antioxidant power)

In order to determine the antioxidant activity by the FRAP method according to Behbahani et al. [29], 0.1 g of sample was weighed
out, 20 ml of ethanol-water mixture (1:1) was added, and the samples were then sonicated in a water bath for 30 min. Subsequently,
180 pl of the extract was pipetted into dark glass vials, to which 300 pl of distilled water and 3.6 ml of working solution (vinegar buffer,
TPTZ and FeCls) were added. The samples were further incubated in the dark for 8 min. The absorbance was measured at 593 nm
against a blind sample (distilled water + working solution). Trolox was used to prepare the calibration curve and the results were
expressed as pmol of Trolox per gram of sample.

2.4.3. DPPH (1,1-Diphenyl-2-picrylhydrazyD

The antioxidant activity was determined by the DPPH method according to Sivarooban et al. [30]. 0.1 g of sample was weighed out
into dark glass vials, 20 ml of ethanol-water mixture (1:1) was added, and the samples were sonicated for 30 min and then filtered. 1 ml
of 0.1 mM DPPH solution was mixed with 3 ml of the extract and, after 30 min of incubation in the dark, the absorbance was measured
using a CECIL spectrophotometer at 517 nm.

DPPH (%) = [(AbSDppH—AbSDppH)/AbSDppH] x 100

2.4.4. ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))

The ABTS method used to determine the antioxidant activity was performed according to Thaipong et al. [31]. 0.1 g of sample was
weighed out into dark glass vials, 20 ml of ethanol-water solution (1:1) was added, and the samples were sonicated for 30 min and then
filtered. 12-16 h before the measurement, 10 ml of 0.007 M ABTS solution was mixed with 10 ml of 0.00245 M potassium persulphate
solution. The solution was diluted before the actual measurement so that its resulting absorbance at 735 nm would be 0.7. Then, 1980
pl of ABTS solution was mixed with 20 pl of the prepared extract. The samples were incubated for 5 min in the dark and then the
absorbance was measured at 735 nm. The results were calculated according to the following formula:

ABTS (%) = [(AbsapTs-Absy,orku)/Absapts] x 100

2.4.5. CUPRAC (cupric reducing antioxidant capacity)

The CUPRAC method used to determine the antioxidant activity was performed according to Apak et al. [32]. 0.1 g of sample was
weighed out into dark glass vials, 20 ml of ethanol-water mixture (1:1) was added, and the samples were sonicated for 30 min and then
filtered. 1 ml of 0.01 M Copper (II), 1 ml of 0.0075 M Neocuproin, 1 ml of NH4Ac buffer pH = 7.0, 0.1 ml of ethanol-water (1:1) and 1
ml of the extract were mixed. The samples were then incubated in the dark for 1 h and then the absorbance was measured against a
blind sample at 450 nm. Trolox was used to prepare the calibration curve and the results were expressed as pmol of Trolox per gram of
sample.

2.5. Antimicrobial properties

For the evaluation of antimicrobial properties of films we have used methodology described by Dordevic et al. [33]. Briefly, Each
set of films (CHLZn, CHLTi a CHLAg) was tested on each three microorganisms and each plate contained control disc CHL. The
diameter of the film discs was 5 mm. The experiments were repeated three times. The results of this method are expressed as an average
of inhibition zones diameter (mm) from which the diameter of film discs was substracted.

Reference strains of microorganisms Staphylococcus aureus subsp. aureus (MRSA) CCM 7110, Escherichia coli CCM 3954 and
Candida albicans CCM 8261 were obtained from the Czech Collection of Microorganisms of the Department of Experimental Biology,
Faculty of Science, Masaryk University.

2.6. Statistical analysis

All tables present mean values + standard deviations, where all analyses were performed three times. Statistical significance of p <
0.05 was determined by a one-way ANOVA test using parametric Tukey’s test (when Leven’s test showed p > 0.05) and non-parametric
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Games-Howell post hoc test (when Leven’s test showed p < 0.05). The IBM SPSS software was used for statistical processing.
3. Results and discussion
3.1. Influence of NPs on colloidal stability of film-forming dispersions

Zeta potential indicates the stability of particles against aggregation of particles, if the particles have above +30 mV or under 30 mV
the particles are stable. The zeta potential is connected with the surface charge of particles. The samples CHj 750,05 and CHjzno,2 are
similar, there is only a small difference in surface chemistry (Table 2). On the contrary in the sample CHyzq0 5 there is a significant
decrease of zeta potential towards zero leading to destabilization of colloid particles.

In the samples with the addition of NPTiO; the all particles are positively charged. The sample CHyrig s is stable, with the higher
concentration of NPTiO, the stability against aggregation is lower (zeta potential towards zero). The all samples with NPAg have
positive surface zeta potential and are stable against aggregation of particles.

3.2. Effect of NPs on the basic physico-chemical and textural characteristics of the films

Table 3 shows the results of film thickness measurements. The thickness of the films ranges from 0.182 to 0.232 mm. No statistically
significant difference was observed between the films (p < 0.05).

Compared to the CHy, sample, the addition of NPZnO increased the film thickness in most samples. The highest value was observed
in the sample with NPZnO concentration of 0.2%. The increase in thickness could be due to the presence of solids [34].

Compared to the CHy, sample, similar or lower thickness values were observed in samples with the addition of NPTiO,. Although the
addition of NPTiO2 can, according to the study by Chang et al. [35], increase the film thickness, this was not clearly confirmed in this
measurement. This may be due to the good distribution of substances in the matrix, and the individual components may have formed
intermolecular interactions [36].

In samples containing colloidal NPAg, the thickness values decreased with increasing concentration; however, compared to the
package with chitosan only, there was a higher thickness in most samples. These results are consistent with the results of the study by
Ortega et al. [37].The sample with a colloidal NPAg concentration of 10 ppm showed the highest thickness value.

The results of water content, solubility and swelling degree are given in Table 4. The results of the measurements show that as the
concentration of NPZnO increases, the water content in the films decreases. The chitosan-only film showed the highest water content,
which may be due to the abundance of hydrophilic groups in chitosan molecules, especially -OH and -NHj [38]. The addition of
NPZnO may have affected these interactions by the coordination effect between ZnO nanoparticles and -OH/-NH; groups of chitosan
[39]. In terms of solubility, the addition of NPZnO caused an increase in values in most samples with the increasing nanoparticle
concentration (p < 0.05). The result shows that the addition of NPZnO increases the swelling degree with increasing concentration.

After the addition of NPTiO,, the water content in the films changed only slightly or decreased. According to the results, the
addition of NPTiO; caused a decrease in the solubility values, where the lowest solubility value was shown by a sample with a
nanoparticle concentration of 0.5%. The decreasing trend of water content and solubility depending on the increasing content of
NPTiO, was also observed in the study by Arezoo et al. [40]. The interaction of hydrogen bonds between the hydroxyl groups on the
surface of TiO2 and the film molecules can transfer some of the original hydrogen bond interactions between the packaging matrix and
the water molecules, thereby reducing the number of water molecules [41]. The addition of NPTiO, caused an increase in the swelling
degree.

Small changes in water content were also observed in samples with the addition of colloidal NPAg, where the sample with a
concentration of 50 ppm showed the highest value. By contrast, the solubility decreased with increasing concentration of nano-
particles. The addition of colloidal NPAg increased the value of the swelling degree.

The results of the texture of the packages expressed as tensile strength and elasticity are given in Table 5. Strong mechanical
properties can improve the durability of the material during overall handling and storage [42]. The addition of NPZnO caused an

Table 2

Zeta potential and conductivity of film forming solutions.
Sample Zeta potential (mV) Conductivity (mS/cm)
CHyp, 40.44 + 2.66" 1.86 + 0.08°
CHy.zn0,05 38.91 + 3.12% 2.07 + 0.10°
CHyzno,2 38.58 + 3.54°% 2.81 + 0.20°
CHiznos 13.14 + 1.91° 3.09 + 0.10¢
CH,, 40.44 + 2.96% 1.86 £ 0.08*
CHLrio0,05 37.56 + 3.25% 1.97 £ 0.09?
CHyrrio 2 13.78 + 1.91° 2.15 + 0.09"
CHirio s 6.23 + 2.47¢ 2.85 + 0.12¢
CH, 40.44 + 2.96" 1.86 + 0.08*
CHragio 42.88 +1.97 1.70 + 0.01%¢
CHiag3o 43.65 + 1.87 1.69 + 0.04°
CHiagso 46.55 + 3.75" 1.86 + 0.11°

* superscripts show statistically significant differences (p < 0.05) between rows.
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Table 3

Thickness measurement of prepared packaging.
Sample Thickness (mm)
CHp 0.212 + 0.068
CHy.zno,05 0.214 + 0.033
CHyzn0,2 0.230 + 0.051
CHizno,s 0.226 + 0.027
CH, 0.212 + 0.068
CHtrio,05 0.182 + 0.019
CHyrio,2 0.212 + 0.044
CHyrio,5 0.192 + 0.046
CH, 0.212 + 0.068
CHyag1o 0.232 + 0.013
CHyagso 0.228 + 0.037
CHyagso 0.212 + 0.015

* superscripts show statistically significant differ-
ences (p < 0.05) between rows.

Table 4

Results of water content (%), solubility (%) and swelling degree (%) of prepared packaging.
Sample Water content (%) Solubility (%) Swelling degree (%)
CH,, 18.216 + 0.800% 47.700 + 2.43% 254.394 + 54.379%
CHy.zno,05 15.365 + 1.123% 47.213 £ 0.847% 332.334 + 8.853%
CHizno,2 14.131 + 0.776° 58.864 + 0.589° 524.736 + 21.448°
CHyzno,s 9.123 + 0.136° 69.673 + 0.585° 3893.941 + 646.45°
CH;, 18.216 + 0.800% 47.700 £ 2.43% 254.394 + 54.379
CHi rio,05 18.767 + 0.481° 36.884 + 2.123° 291.715 + 11.543
CHrio,2 16.888 + 0.605¢ 36.991 + 0.138° 256.372 £ 7.306
CHyrio,5 18.602 + 1.065° 31.248 + 0.855° 312.391 + 54.572
CH;, 18.216 + 0.800 47.700 + 2.43% 254.394 + 54.379
CHpagio 18.084 + 1.755 43.184 + 0.750% 260.792 + 8.138
CHpagso 20.074 £ 1.219 38.237 + 2.197° 278.159 + 35.280
CHpagso 20.931 + 1.448 38.075 + 0.221° 273.701 + 8.036

* superscripts (a, b,c) show statistically significant differences (p < 0.05) between rows.

increase in the values of tensile strength and, conversely, a decrease in the values of elasticity. Similar results were demonstrated in the
study by Sanuja et al. [43], where ZnO-containing packaging showed higher tensile strength values. The sample apparently showed a
good distribution of NPZnO particles.

Compared to the CHy, sample, an increase in tensile strength values was observed in most of the packaging containing NPTiO,. The
authors of the study, Li et al. [44], reported that NPTiO, increased the cohesive force, decreased the elasticity and thus increased the
tensile strength, which was also confirmed in the elasticity results, where there was a decrease in values due to the addition of NPTiO,.
The ability to increase tensile strength and reduce elasticity after the addition of TiO3 is also mentioned by Dash et al. [45]. The
increase in the stiffness of the TiO,-containing film is related to the fact that TiO, acts as an antiplasticizer and its presence in the
matrix can improve the compactness of the structure [46].

There was a slight increase in tensile strength when using colloidal NPAg. Increased tensile strength may be related to a stronger
bond between NPAg and chitosan through the formation of hydrogen and ester bonds [47]. However, no statistically significant

Table 5

Strength (MPa) and elasticity (%) results of prepared packaging.
Sample Tensile strength (MPa) Elasticity (%)
CH,, 0.047 + 0.026* 114.415 + 12.451*
CHyzno.05 0.121 + 0.044%° 104.752 £ 10.927%
CHjzno.2 0.279 + 0.074¢ 88.750 + 7.376%
CHizno.s 0.121 =+ 0.044% 104.752 + 10.927°
CH, 0.047 + 0.026 114.415 + 12.451
CHyrio.05 0.048 + 0.012 104.003 + 4.885
CHyrio.2 0.061 + 0.016 111.157 £ 5.106
CHrrios 0.079 + 0.025 104.847 £+ 9.219
CH, 0.047 + 0.026 114.415 + 12.451%
CHragio 0.057 + 0.015 133.422 + 9.863%
CHpag3o 0.067 + 0.022 121.894 + 9.306”
CHpagso 0.053 + 0.021 125.718 + 15.505"

* superscripts show statistically significant differences (p < 0.05) between rows in the same column.
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difference was confirmed here (p < 0.05). As part of the elasticity results, an increase in values was observed compared to the CHy,
sample.

3.3. Effect of NPs on the film structure, morphology and barrier properties

Mid-infrared spectra of the samples are shown in Fig. 1. Spectrum of the reference chitosan film without addition of any NPs (CHy)
shows typical signals of the main components (chitosan, lactic acid, glycerol), as it was already described in details in our previous
study [33]. As far as an effect of NPs’ presence in the films is concerned, it can be seen in Fig. 1 that only a higher addition of ZnO NPs
induces a noticeable change in the mid-infrared spectrum of the film. Significant change of the vibration pattern can be observed
mainly in the FTIR spectrum of CHjzy0.5. This film also showed visible differences in the surface homogeneity compared to another
NPs-containing chitosan films. Obviously, this particular composition of the film resulted in a limited compatibility of its chemical
components. Sharp narrow vibration bands that can be seen in the spectrum of this sample indicates precipitation of a crystalline
low-molecular compound. From a detail interpretation of the spectrum, we propose that the high concentration of ZnO NPs in the
film-casting solution induced precipitation of zinc lactate during the film formation. This is indicated not only by disappearance of the
characteristic C=0 stretching band of carboxylic groups (1728 cm 1) in the spectrum of CHyzp0 5. and the increasing signal of -COO™
at 1600 and 1400 cm ™, but also by the characteristic pattern of zinc lactate in the range 1300-1000 cm ™, marked with arrows in
Fig. 1 [48]. Formation of higher amounts of zinc lactate induced by ZnO nanoparticles in lactic acid solutions have already been
described [48]. Local precipitation of water-soluble zinc lactate in the structure of CHyzy0 5 film may also explain the stepwise increase
in swelling and solubility of the film, as well as the apparent decrease of the film compactness, represented by the reversal of the trends
of tensile strength and elasticity (compared to other films containing ZnO NPs). Obviously, usability of ZnO nanoparticles as an ad-
ditive into chitosan films prepared using aqueous lactic acid as a solvent is limited as it constrains the compatibility of the components
and the phase homogeneity of the resulting films.

Characteristic infrared signatures of inorganic nanoparticles appear in the spectral region bellow 1000 cm L. Therefore, we further
approached this respective region implementing the Far-FTIR analysis. Far-infrared spectra of the prepared chitosan films are shown in
Fig. 2. As expected, no characteristic vibration bands were observed for Ag nanoparticles (Fig. 2a) because of the absence of any
vibrating chemical bonds in the structure of the particles. On the other hand, strong characteristic pattern of Zn-O vibration can be
found in spectra of ZnO NPs-containing films (marked with arrows in Fig. 2¢) [49,50]. Compared to ZnO NPs, presence of TiO,
nanoparticles apparently does not result in such significant change in the Far-infrared spectrum, nevertheless, an obvious increase in
absorbance in the wide range of 700-400 cm ™ can be seen in Fig. 2b for the TiO,-containing films, which was repeatedly assigned in
literature to the Ti-O vibration in anatase [51,52].

Apart from the Far-infrared analysis, that was used to trace the signal of nanoparticles themselves, we have also aimed at evaluation
of the interactions between the nanoparticles and the polymer matrix of the film. For this purpose, we applied Principal Component
Analysis of the mid-infrared spectra in the region where the most important characteristic vibrations of the organic components of the
film occurs (1800-800 cm™Y). The principle and the way of presenting and interpreting the results of PCA were explained in our
previous study [33]. As it was illustrated in our previous study [33] this approach allows to differentiate spectra with a spectral
differences that cannot be identified visually.

Fig. 3a shows the results of PCA analysis of the whole set of prepared samples. Obviously, sample CHj 7,0 5 is the best distinguished
as it clusters away from the other samples. From the loading of the PC1 component, it can be seen that the identified spectral
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Fig. 1. Mid-infrared spectra of chitosan films prepared without and with addition of (a) AgNPs, (b) TiOoNPs, and (c) ZnONPs. Every spectrum
represents an average of spectra recorded separately on six randomly distributed spots of the film surfaces (three on each side).
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Fig. 2. Far-infrared spectra of chitosan films prepared without and with addition of (a) AgNPs, (b) TiO2NPs, and (c) ZnONPs.

differences relate mainly to the formation of zinc lactate as discussed above. Not to overweight the other spectral differences by this
single deviant sample, we have excluded CH}zpo 5 from the further PCA (see Fig. 3b). Results of this analysis shows evident separation
of other ZnO NPs-containing films (according to component PC1) as well as the films with an addition of TiO, NPs (according to PC2).
From the loading of both components, it is obvious that mainly the oxygen- and nitrogen-containing groups of chitosan participate on
the interactions with both types of NPs. These includes amide groups (characteristic bands at about 1640 and 1330 cm 1), deacetylated
amines (1580 cm’l), glycosidic bonds (1130 cm’l) and hydroxyls (C-O stretching bands at 1000-1100 cm’l). Furthermore,
contribution of lactic acid on the interaction with NPs is illustrated by loading of principal components at about 1730 (C—=O
stretching), and 1210 cm™! (C-O stretching), respectively. These results are consistent with previously published studies on in-
teractions of TiO2 and ZnO NPs with organic matrices [49,53] and they also support the above explanation of the decrease in residual
hydration of the films as the result of NPs-chitosan interactions. Fig. 3c shows the results of PCA analysis of the set of samples including
reference chitosan film and the films with the addition of Ag NPs. No evident clustering of the samples can be seen, which indicates that
interactions between these NPs and chitosan are less pronounced in the FTIR spectra. This is in good agreement with results of the
previous study [39], where intermolecular interactions of chitosan-with organic component of the film (purple corn extract) were
proved to be much stronger than those of chitosan-AgNPs.

The results of SEM analysis (examples of the results are shown in Figs. 4 and 5) confirmed that the effect of NPs’ presence on the
morphology of the chitosan films was negligible, with the only exception of the highest content of ZnO NPs. While the surface of this
film (sample CHyzno.5) was rough and heterogeneous, the surfaces of all other films were smooth, with randomly located cracks, most
probably formed during solvent evaporation, and/or evacuation of the sample before the SEM analysis. Apparently, the cracks are the
most pronounced in the reference chitosan film (CHy) which indicates that the presence of NPs in the structure (especially in the films
where the NPs are complexed via the polar groups of the chitosan matrix) may support the compactness of the film, preventing it from a
structure collapse caused by dehydration.

Analysis of the barrier properties of the films (Table 6) shows that the increasing content of NPs in general causes a decrease in gas
permeability of the chitosan films. For all tested materials, with the exception of the addition of 0.05% ZnO NPs (CHyzyo5), it was
statistically proven (ANOVA, a = 0.05) that both monitored barrier properties improved after the addition of particles. These results
correspond with other results in other publications [54,55]. The improvement of the barrier properties after the addition of nano-
particles is explained by the changes of the structure, mobility of the molecules and formation of local barriers in the structure of the
material, while the passing medium goes trough material more difficulty [56,57]. From the point of view of the dependence of the
barrier properties on the amount of particles, it can be stated that the higher the particle content means the lower the permeability of
the material. This dependence is polynomial and the greatest relative increase in barrier properties compared to the material without
the addition of NPs is already achieved with the addition of 0.05% of NPs. The subsequent 4-fold (0.2%) and 10-fold (0.5%) addition of
NPs does not improve the barrier properties by as much, which may be due to the fact that the higher content of NPs could also be
related to the presence of morphological or structural defects in the materials. Unfortunately, the above evaluation is not possible for
WVTR for material with the addition of ZnO NPs. The highest permeability of the reference chitosan films could also be related to the
presence of morphological defects such as the cracks shown by the SEM analysis. Nevertheless, it is difficult to judge by how much
these defects are caused by an excessive dehydration of the samples during SEM analysis. Furthermore, because the addition of 0.05%
ZnO caused, on the contrary, an increase in WVTR (statistically insignificant) and a small decrease in permeability for oxygen.
Furthermore, the film with the highest content of ZnO NPs (CHyzy05) stands alone with the gas permeability below because these
materials are not measurable (high fragility with high amount of cracks) by the method used the limit of detection. This unique po-
sition of this composition can once again be assigned to the heterogeneity of the film with a significant amount of inorganic crystalline
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Fig. 3. Results of Principal Component Analyses of the various sets of chitosan films prepared without and with addition of various NPs: (a) the set
of all prepared films, (b) the set of all prepared films excluding sample CHyzy0.5, (¢) the set comprising samples with addition of AgNPs and the
reference chitosan film. The PCA was performed with all measured spectra (10 for CHyzy0.5, 6 for the other films). The value in the square bracket
represents the relative variance that is composed in the respective principal component. Ellipses represent the 95% interval of confidence.

precipitate (zinc lactate) distributed throughout its structure.

3.4. Effect of NPs on the antioxidant and antimicrobial performance of the films

In Table 7, which shows the results from the measurement of the antioxidant activity of chitosan films expressed in terms of gallic
acid content, a decrease in the values depending on the increasing concentration of NPZnO content is evident. Of the samples con-
taining NPZnO, the sample with the NPZnO concentration of 0.05% showed the highest concentration.

A similar trend was observed in samples containing NPTiO,, however, gallic acid values were higher when NPTiO, was used,
especially in samples with concentrations of 0.05% and 0.2%.

The results show that the addition of colloidal NPAg caused a decrease in polyphenol content in most samples.

Table 8 shows the results of measuring the antioxidant activity of chitosan films using the DPPH method, which indicates the rate of
free radical scavenging. The antioxidant nature of chitosan lies in the reaction between the free amino groups of chitosan and free
radicals forming stable macromolecular radicals and ammonium groups [58]. The results show that the highest additions of NPZnO
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100 pm

Fig. 4. The SEM micrographs of the surface of (a) CHy, (b) CHpagso, (¢) CHrrio.s, and (d) CHyzno.5.

Fig. 5. The SEM micrographs of the surface of (a) CHy, (b) CHizno.05, (¢) CHizno.2, and (d) CHyzno.5.

caused a decrease in antioxidant activity. The values of antioxidant activity decrease depending on the increasing concentration of
NPZnO. There was a statistically significant difference (p < 0.05) between the results containing only NPZnO.

Samples with the addition of NPTiO; also showed a decrease in antioxidant activities depending on the increasing concentration of
NPTiO,. Immobilization of antioxidants on the surface of TiO2 and consequent prevention of free interaction with free radicals can
lead to a decrease in values [59].

In the case of films containing colloidal NPAg, the samples showed an increase in antioxidant activities depending on increasing
colloid concentration. Colloidal silver is known to have antioxidant properties [7]. The reason could be the ability of silver to donate
electrons to free radicals, thereby converting them to a more stable product and terminating the radical chain reaction [1].

The results in Table 8 show the measured values of antioxidant activity using ABTS, which is based on the ability to eliminate free
radicals [60]. The results show that NPZnO increased the antioxidant activity of the films. In samples with the addition of NPZnO, the
antioxidant activity decreased with increasing concentration of nanoparticles. In case of the packages with NPZnO, the highest
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Table 6

Water vapour transmission rate and Oxygen permeability of prepared packaging material.
Sample Water vapour transmission rate (23 °C, 85 % RH) Oxygen permeability (23 °C, 0 % RH)

(g/m? d) (ml/m? d 0,1 MPa)

CH, 1189.1 £ 53.7 14.4 £+ 0.5
CHy.zn0,05 1217.2 + 97.9° 12.3 +0.9
CHizn0.2 1078.9 + 44.2° 8.2 +0.3"
CHiznos N.M.* N.M."
CH, 1189.1 +53.7% 14.4 + 0.5%
CHyrio,05 1046.0 + 34.3° 7.7 £0.8
CHyrip 2 961.3 + 34.0° 7.2 +0.4°
CHyrios 875.5 + 17.5¢ 6.2+ 0.1
CH, 1189.1 + 53.7° 14.4 + 0.5%
CHiagio 926.0 + 29.7° 6.2 + 0.6°
CHyagao 825.5 + 17.5¢ 5.2+ 0.0
CHiagso 754.4 + 26.2¢ 5.0 0.2

** superscripts show statistically significant differences (p < 0.05) between rows.
# not measurable.

Table 7
Polyphenol content results (mg gallic acid/mL) of prepared
packaging.
Sample TPC (mg gallic acid/mL)
CH, 0.957 + 0.108*
CHy.zno,05 0.992 + 0.021?
CHyzn0,2 0.804 + 0.038*
CHizno,5 0.358 + 0.038"
CH, 0.957 + 0.108*
CHrio,05 1.348 -+ 0.080"
CHyrio,2 1.338 + 0.269°
CHyrio,5 0.744 + 0.008*
CH, 0.957 + 0.108*
CHragio 0.636 + 0.045"
CHiagso 1.016 =+ 0.029°
CHyagso 0.756 + 0.010°

* superscripts show statistically significant differences (p <
0.05) between rows.

Table 8

Antioxidant activity of prepared packaging.
Sample DPPH (%) ABTS (%) FRAP (pmol Trolox/g) CUPRAC (pmol Trolox/g)
CH, 17.358 + 0.901% 0.494 + 0.064° 1.849 + 0.152° 9.189 + 0.424°
CHy.200,05 20.395 + 1.812° 1.166 + 0.043° 1.915 + 0.079° 10.088 + 0.358°
CHyzn0.2 16.233 + 1.292° 0.875 + 0.081¢ 1.471 + 0.144° 6.514 + 0.025°
CHiznos 12.370 + 0.298° 0.810 + 0.119° 0.821 + 0.280° 1.669 + 0.071¢
CH, 17.358 + 0.901° 0.494 + 0.064* 1.849 + 0.152 9.189 + 0.424°
CHyrio 05 22.052 + 1.694° 0.279 + 0.070° 1.413 + 0.144 11.298 + 0.099°
CHyrio 2 20.678 + 1.573° 0.384 + 0.061%° 1.477 + 0.159 8.562 + 0.330°
CHyrios 15.533 + 1.769° 0.404 + 0.062%° 1.223 + 0.206 4.596 + 0.218¢
CH, 17.358 + 0.901% 0.494 + 0.064° 1.849 + 0.152° 9.189 =+ 0.424%
CHiag10 19.502 + 3.434%° 1.781 + 0.155° 1.719 + 0.029° 9.215 + 0.282%
CHiagao 21.711 + 2.134° 2.145 + 0.065° 2.114 + 0.202%° 9.389 + 0.306°"
CHiagso 32.202 + 1.631¢ 2.433 +0.101¢ 2.348 £ 0.174° 9.999 =+ 0.301°

* superscripts show statistically significant differences (p < 0.05) between rows.

antioxidant activity was observed in the sample with an NPZnO concentration of 0.05% (p < 0.05).

Compared to the CHy, sample, samples containing NPTiO, showed a decrease in antioxidant activities. However, there was a
gradual increase in antioxidant activity within individual concentrations.

In the case of addition of colloidal NPAg, the samples showed multiple antioxidant activity compared to the CHy, sample. As the
concentration of NPAg increased, the antioxidant activity of the samples increased as well. A statistically significant difference was
observed between the individual samples (p < 0.05). These results correlate with the results of studies by Otunola and Afolayan [61]
and Affes et al. [62].

The results in Table 8 show the measurement of the antioxidant capacity of chitosan films by the FRAP method, which uses the
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ability of antioxidants to reduce iron (III > II) [63]. The results with the addition of NPZnO show a decrease in the values of antioxidant
capacities depending on the increasing concentration of nanoparticles (p < 0.05), however, in comparison with the CHy, sample, a
higher activity can be observed in the sample with an NPZnO nanoparticle concentration of 0.05%.

A decrease in antioxidant activity was observed in samples with NPTiO,. The lowest antioxidant activity was observed in the
sample with an NPTiO, concentration of 0.5%, however, no statistically significant difference was confirmed here (p < 0.05).

In contrast to the samples containing NPZnO and NPTiO2 nanoparticles, the packaging with the addition of colloidal NPAg showed
an increase in antioxidant activity with increasing colloid concentration. This trend is in line with previous results of antioxidant
activities.

Table 8 shows the results from the measurement of the antioxidant activity of chitosan films using the CUPRAC method. The
addition of NPZnO caused a decrease in the antioxidant activity of the packaging; however, the highest antioxidant activity was shown
by the sample with an NPZnO concentration of 0.05%, which is in line with previous results. A statistically significant difference was
observed between the samples (p < 0.05).

The presence of NPTiO; caused a decrease in the values of antioxidant activities depending on the increasing concentration of
nanoparticles, but compared to the CHy, sample, the sample containing 0.05% NPTiO, showed a higher antioxidant activity. A sta-
tistically significant difference was observed in all samples (p < 0.05).

Samples with the addition of colloidal NPAg did not show significant changes in antioxidant activities; however, with increasing
concentration of colloidal NPAg, there was also an increase in the antioxidant activity of packaging, which was confirmed in previous
results.

ZnO nanoparticles are known for their antibacterial activity. According to Sirelkhatim et al. [64] the mechanism of action is in
production of reactive oxygen species (ROS) including hydrogen peroxide and hydroxyl radicals. The production of ROS is followed by
damage to cell wall and increased membrane permeability. This is in accordance with results presented in Tables 7 and 8, where the
antioxidant capacity of films decreased with increasing concentration of ZnO nanoparticles. The minimal inhibitory concentrations
(MIC) of ZnO nanoparticles were determined by Reddy et al. [65] to be 1 mg/ml for S. aureus and 3.4 mg/ml for E. coli. This agrees with
our own results, where the highest concentration used was 5 mg/ml (i.e. 0.5%) and we were able to observe an antibacterial effect
(Table 9 and Fig. 6).

Nanoparticles containing TiO are also known for their high antibacterial effect as reported by Podporska-Carroll et al. [66]. The
tested bacteria were inoculated in growth media containing 50 mg/ml of TiO, nanotubes. Growth of S. aureus and E. coli was reduced
after 24 h incubation and UV light exposure Podporska-Carroll et al. [66]. On the other hand, in our experiments we have seen almost
no effect, probably due to lower concentration (10 x ) and lack of UV exposure.

Third type of nanoparticles, containing colloidal Ag, was also reported as antibacterial. Kaweeteerawat et al. [67] declared that ICsg
NPAg were 11.89 mg/] in case of E. coli and 6.98 mg/1 in case of S. aureus. In our experiments, there was almost no effect of NPAg
against the tested strains, although the concentration we used was even higher (50 ppm or mg/1). This might be due to some in-
compatibilities with chitosan films.

4. Conclusion

The escalating environmental concerns associated with petroleum-based packaging materials have necessitated the exploration of
alternative solutions, such as the development of environmentally friendly biodegradable edible packaging. In this study, the incor-
poration of NPZnO, NPTiO2, and colloidal NPAg at various concentrations aimed to enhance the properties of chitosan film. Results
indicated that the addition of NPZnO led to a reduction in water content, while simultaneously increasing the values of swelling degree
and tensile strength. Conversely, the inclusion of colloidal NPAg improved the elasticity of the packaging, with samples containing it
exhibiting notably high antioxidant activity. Additionally, biodegradable films with the incorporation of ZnO nanoparticles demon-
strated the highest antimicrobial activity.

By highlighting the potential of incorporating nanoparticles into chitosan film for biodegradable packaging, this research sheds

Table 9
Results of antimicrobial potential testing of prepared packaging.
Sample Inhibition zones (mm)
Escherichia coli MRSA Candida albicans
CHL 0.5 + 0.05 1.0 £ 0.05 0+ 0.00
CHi.zn0,05 0.5 + 0.05 0.5 + 0.05 not observable inhibition zone
CHyzno,2 2.0 +£ 0.05 0.5 £+ 0.05 not observable inhibition zone
CHizno,5 2.0 + 0.00 2.0 + 0.05 not observable inhibition zone
CH, 0.5 + 0.05 1.0 £ 0.00 0+ 0.00
CHy.tio,05 0.5 + 0.05 1.0 £ 0.00 0+ 0.00
CHyrio2 0.5 + 0.00 0.5 £+ 0.05 0+ 0.00
CHcrio,5 0.5 + 0.00 0.5 £+ 0.05 0+ 0.00
CH, 0.5 + 0.05 1.0 £ 0.05 0+ 0.00
CHyragio 0.5+ 0.05 1.0 £ 0.00 0+ 0.00
CHyagso 1.0 £ 0.05 1.0 £ 0.05 0+ 0.00
CHpagso 0.5 + 0.05 1.0 £ 0.00 0+ 0.00
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Fig. 6. Photodocumentation of antimicrobial properties of films (A — Escherichia coli, B — MRSA, C - Candida albicans).

light on the feasibility of mitigating environmental challenges associated with petroleum-based materials. The observed improvements
in physical and functional properties, coupled with antimicrobial and antioxidant benefits, underscore the promising applications of
these modified films in sustainable packaging solutions. Nevertheless, ongoing exploration and assessment of the packaging’s
compatibility with food safety standards are imperative to ensure its suitability for commercial adoption.
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