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Abstract

In this study, cinnamaldehyde (CIN)-loaded chitosan nanoparticles (CCNPs) were fabricated and
embedded into chitosan/poly(vinyl alcohol)/fish gelatin (CPF) ternary matrices to improve the
physico-mechanical and biofunctional performances of the films. The particle size and (-potential
values of the CCNPs were 370.3 nm and +32.2 mV, respectively. SEM images revealed that the
CCNPs were homogeneously dispersed in the CPF ternary film matrices, thereby filling void
spaces in the composite matrix, and significantly improving the bionanocomposite films tensile
properties (from 28.33 + 2.17 MPa to 33.0 = 1.28 MPa) (p < 0.05). However, the water barrier
properties and water contact angle of the CPF films were not significantly influenced by the
nanofiller embedding. Although the incorporation of the NPs decreased the light transmittance of
the films, it provided the CPF-CCNPs nanocomposite films with excellent UV-barrier properties.
ATR/FT-IR spectroscopy and X-ray diffraction analysis demonstrated the formation of hydrogen
bonds between the NPs and polymer molecules. TGA and DSC studies revealed that CPF-CCNPs
nanocomposite films presented better thermal stability than the neat CPF film. AFM imaging also
indicated a re-organization of the surface of the nanocomposite films due to the incorporation of
the NPs. Release studies suggested that the CPF-CCNPs bionanocomposite film exhibited
sustained release behavior of CIN. Likewise, the bioactive nanocomposites displayed antibacterial
activity against food-borne pathogens such as Gram-positive (Staphylococcus aureus and Listeria
monocytogenes) and Gram-negative bacteria (Escherichia coli and Salmonella enteritidis). The
bionanocomposite films exhibited in vitro DPPH radical scavenging activity (~16.4%) and ferric
reducing power at the maximum CIN loading concentration. Additionally, analysis of storage
quality indices (pH, TBARS values, color, and microbiological analyses) revealed the shelf-life of

rainbow trout fillets wrapped in CPF-CCNPs0.25 was extended to 12 days.
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1. Introduction

Recently, the development of new antimicrobial/antioxidant biopackaging materials to extend the
shelf-life of foods has received much attention in the food industry. Active packaging is field of
growing interest given its duality, both as a barrier against external detrimental factors, and because
of their active role in the preservation and quality of food (Vilela et al., 2018). Food-grade
biopolymers such as proteins (e.g., fish gelatin, FG) and polysaccharides (e.g., chitosan, CH) have
been successfully included in packaging films due to the unique functional properties of such
materials e.g., flexibility, transparency, and superior barrier properties against oxygen and UV
light (de la Caba et al., 2019; Hosseini & Gomez-Guillén, 2018). Nevertheless, these materials
present several problems, e.g., low mechanical strength, poor stability against moisture, and poor
water barrier properties, which limit their marketability (Hosseini, Rezaei, Zandi, &
Farahmandghavi, 2015a). Blending compatible/miscible biopolymers with synthetic polymers
could also modify the properties of the resulting biomaterial in an easy, economical, and nature-
friendly procedure. Poly(vinyl alcohol) (PVA) is an attractive synthetic polymer suitable for
mixing with biopolymers to improve the functional characteristics because of its interesting
physical properties, which arise from the presence of O-H groups and the hydrogen bond formation
(Bonilla, Fortunati, Atarés, Chiralt, & Kenny, 2014). In addition, it is easily soluble in water,
biodegradable, and it has excellent film-forming and good mechanical properties (Giteru, Ali, &
Oeya, 2019). In a previous work, films composed of a blend of CH/PVA/FG in different ratios
were developed, and the effects of these ratios on the most relevant characteristics of the films
were obtained. According to the results, there was an optimal level of interaction among the three

polymers, where FG was the inferior phase in the film system (i.e., 40CH/40PVA/20FG mass
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ratio) and the properties of the film were favorable (Ghaderi, Hosseini, Keyvani, & Goémez-
Guillén, 2019).

Despite the numerous merits and unique properties of these biodegradable polymers, the greater
use of biopolymers as compared with synthetic ones is limited due to their weak mechanical and
poor barrier attributes, processing difficulties, and their elevated cost (de la Caba et al., 2019). To
overcome the shortcomings of biopolymeric films, a new class of materials, namely
bionanocomposites (a biopolymer matrix reinforced with nanoparticles (NPs) mostly in low
fractions (1-10%, in mass)), has led to significant improvements in physico-mechanical and
thermal attributes as compared with pristine biopolymers or conventional micro- or macroscale
composites (Rhim, Park, & Ha, 2013). These improvements can lead to lower weight packages, as
less material is required to get the same or even better barrier properties; this, in turn, can lead to
reduce packaging costs with less packaging waste. Moreover, NPs may serve as means of
interaction between food and the environment and can therefore play a dynamic role in food
preservation and protection (active and intelligent packaging) (Hosseini & Goémez-Guillén, 2018).
The incorporation of NPs in biopolymers can improve the properties of packaging materials by
enhancing their antimicrobial activity, thus preventing foodborne pathogens (Al-Tayyar, Youssef,
& Al-hindi, 2020a). Among various NPs, chitosan nanoparticles (CHNPs) obtained through the
ionotropic gelation of a CH polycation and a sodium tripolyphosphate (TPP) polyanion (Hosseini,
Ramezanzade, & McClements, 2021), which possess excellent physico-chemical properties,
bioactivity, are environmentally friendly, and are considered as an attractive reinforcement filler
for edible films and/or food packaging (Wu et al., 2019). Nonetheless, the antibacterial activity of
CHNPs is limited due to its low polarity, which makes them diffuse slowly from the films to the

agar plates (Hosseini, Rezaei, Zandi, & Farahmandghavi, 2016).
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An emerging field of interest in reference to bioactive packaging studies the incorporation of plant-
derived extracts/essential oils that show high efficacy in suppressing the growth of microorganisms
and have been used as antimicrobial additives in the active packaging of foods such as cheese,
fish, meat, fruits and vegetables (Vilela et al., 2018; Uranga, Etxabide, Guerrero, & de la Caba,
2018). Cinnamaldehyde (CIN), a polyphenolic compound found in the essential oil of cinnamon
(Cinnamomum verum) (60-75% of the total oil), has been considered as natural preservative due
to its positive effects against a broad spectrum of pathogenic microorganisms via the inhibition of
ATPases, cell wall biosynthesis, and alteration of membrane structure and integrity (Chen et al.,
2016; Shreaz et al., 2016; Wu, Sun et al., 2019). However, essential oils or their volatile
compounds are thermally/oxygen-sensitive and may lose their activity during typical processing
methods used for polymeric materials; also, the release rate of bioactive substances directly added
to the film is difficult to control, resulting in limited effectiveness (Kuai, Liu, Ma, Goff, & Zhong,
2020). Therefore, to reduce losses of bioactivities during film formation or packaging structure
development, effective encapsulation technology is urgent (Hosseini, Nahvi, & Zandi, 2019).
Nanoencapsulation of bioactive compounds before incorporation into the biopolymeric matrices
is one of the convincing technologies to maintain the slow release of bioactives from
antimicrobial/antioxidant packaging materials (Cui, Surendhiran, Li, & Lin, 2020).

Rainbow trout (Oncorhynchus mykiss) with abundant nutrients like protein and ®-3 series of
polyunsaturated fatty acid, is high commercially valued and commonly sold as a fresh fillet in
markets (Volpe et al., 2015). However, the fresh fillet is prone to receive fat oxidation, protein
degradation, and decomposition of bacteria and endogenous enzymes, resulting in the spoilage and
decline of its commercial values (Zhao et al., 2021). Thus, the application of biodegradable film

in fillet packaging can inhibit lipid oxidation and protein deterioration during refrigerated storage.
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To the best of our knowledge, introducing CIN-loaded CHNPs (CCNPs) into the design of
biopolymer-based nanocomposite films with tailored functionalities has not been investigated yet.
Hence, in this work, two hypotheses could be established: first, that CCNPs with adequate physico-
chemical attributes may be synthesized and second, that these NPs may enhance the functional
properties of nanocomposite films. The main objective of this study is to evaluate the influence of
CCNPs on the CIN release behavior, physico-mechanical, microstructural, and
antimicrobial/antioxidant properties of the films obtained. The effect of bionanocomposite films

was also studied on the preservation of rainbow trout fillet.

2. Materials and methods

2.1. Materials

Medium molecular weight chitosan (CH) (Mw 190-310 kDa, 75-85% degree of deacetylation),
poly(vinyl alcohol) (PVA) (Mw: 89000-98000, 99% hydrolyzed), gelatin from cold-water fish skin
(FG), sodium tripolyphosphate (TPP), 1,1-diphenyl-2-picrylhydrazyl (DPPH), I-butanol,
thiobarbituric acid (TBA) reagent, and tween 80 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Cinnamaldehyde (CIN), trichloroacetic acid (TCA), glacial acetic acid, and glycerol
were obtained from Merck (Darmstadt, Germany). Potassium ferricyanide was supplied by
Rankem (Haryana, India). Staphylococcus aureus (PTCC 1337), Listeria monocytogenes (PTCC
1298), Salmonella enteritidis (PTCC 1709), and Escherichia coli (PTCC1330) were provided by
the Persian Type Culture Collection (Tehran, Iran). Subculturing was carried out monthly to
maintain bacterial livability. All strains were kept in tryptic soy broth (TSB) (Scharlab, S.L.,

Barcelona, Spain) supplemented with 30% glycerol at -20 °C until used.

2.2. Preparation of CIN-loaded CHNPs (CCNPs)
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CCNPs were prepared via the ionotropic gelation method according to our previous study
(Hosseini, Zandi, Rezaei, & Farahmandghavi, 2013). In brief, 0.5 mg/mL of CH was prepared in
1% (v/v) aqueous acetic acid solution by stirring overnight at ambient temperature. After adjusting
the pH to 5 using 10 M NaOH, the prepared solution was then centrifuged for 30 min at 9000 rpm;
the supernatant was gathered and filtered by 1 um pore size filters. Tween 80 (HLB 15.9, 0.225 g)
was then added to the solution as a surfactant and stirred at 25 °C for 30 min to acquire a
homogeneous mixture. CIN (0, 0.05, 0.125, and 0.25 g) was dissolved separately in CH>Cl, (4
mL) and then this oil phase was gradually dropped into the aqueous CH solution (40 mL) under
magnetic stirring in an ice-bath condition to obtain an oil-in-water emulsion. Afterwards, the TPP
solution (0.4% (w/v), 40 mL) was added dropwise into the emulsion with moderate stirring for 40
min. The CCNPs were collected by centrifugation at 9000 x g for 30 min at 4 °C and were
subsequently washed several times with deionized water. The CCNPs were re-suspended in water,

sonicated, and freeze-dried for further use.

2.3. Preparation of bionanocomposite films

Bionanocomposite films were prepared using the casting method as described in our earlier work
(Hosseini, Rezaei, Zandi, & Farahmandghavi, 2015b) with slight modifications.
40CH/40PVA/20FG was selected for the inclusion of the CCNPs because this formulation
presented the best physico-mechanical properties in the previous study which aimed to develop
ternary films based on these polymeric materials (Ghaderi et al., 2019). In brief, the CH film-
forming solution (FFS) (1.5%, w/v) was obtained by dissolving 1.5 g of CH in 1% acetic acid,
stirred overnight at room temperature. The PV A solution (2%, w/v) was prepared by dissolving 2
g PVA in 100 mL of distilled water under magnetic stirring at 85 °C for 2 h. Subsequently, the CH

and PV A solutions were blended (in a proportion of 1:1, v/v) to form a homogeneous CH/PVA

7
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blend solution. The FG solution (2%, w/v) was also prepared by dissolving 2 g of gelatin in 100
mL of distilled water for 30 min and then heated at 45 °C for 45 min under continuous stirring. To
prepare optimum ternary blend films, the FG solution was added to the CH/PVA FFS blend at a
mass ratio of 20%. The resulting mixture was warmed and stirred for 30 min at 45 °C to obtain a
good blend. Glycerol (0.3 g/g dry matter) was added as a plasticizer and solutions were heated
again for 30 min at 45 °C. CHNPs containing different quantities of CIN (0, 0.05, 0.125, and 0.25
g) at a loading concentration of 6% (w/w) were first dispersed into distilled water and then
sonicated for 10 min. Then, the CCNP suspensions were added dropwise to the FFSs and gently
stirred for 60 min. After vacuum degassing to remove air bubbles, 15 mL of the dispersions were
poured into polystyrene Petri dishes (8 cm in diameter) and dried in an oven at 40 °C for 48 h. The
dried films were conditioned at 25 °C with 50 £+ 4% relative humidity for 48 h until further analysis.
The corresponding films prepared by the above solutions were named CPF-CCNPs0O, CPF-

CCNPs0.05, CPF-CCNPs0.125, and CPF-CCNPs0.25.

2.4. Characterization of CCNPs and bionanocomposite films

2.4.1. Characterization of CCNPs

The diameter and size distribution of the nanoparticle suspension was measured with the Zetasizer
Nano ZS instrument (Malvern Instruments Ltd.) on the basis of the dynamic light scattering (DLS)
technique. A morphological analysis was carried out by VEGA I scanning electron microscopy
(SEM, TESCAN, Czech Republic) and CM30 high-resolution transmission electron microscopy
(HRTEM, Philips, USA). For SEM, a drop of diluted nanoparticle suspensions (0.05 mg/ml) was
placed on a glass substrate, air-dried, and coated with gold so as to obtain a conducting surface,

and then analyzed. For HRTEM, a drop of the diluted sample solution was placed on a carbon-
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coated grid, and surplus liquid was wicked away. The grid was then stained using 2% uranyl
acetate for 4 min and air-dried after the surplus stain was wicked away. After 4 min, the grid was

analyzed with HRTEM at a voltage of 200 kV.

2.4.2. Characterization of the films

2.4.2.1. Film thickness

Film thickness was determined using a digital micrometer (Mitutoyo Manufacturing Co. Ltd.,
Tokyo, Japan) with an accuracy of 0.001 mm at 9 random points around the film, and average

values were used in calculations.

2.4.2.2. Mechanical behavior

The tensile properties (tensile strength (TS) and elongation at break (EAB)) of the CPF-CCNPs
bionanocomposite films were examined by using a TVT-300Xp Universal Testing Machine
(Perten, Sweden) according to ASTM standard method D 882-09 (ASTM, 2009) with slight
modifications. Rectangular film specimens were prepared (10 mm % 60 mm) and conditioned at
23 £2 °C and 53 + 2% RH for 48 h. The initial grip separation and cross-head speed were set at

30 mm and 1 mm/min, respectively. All measurements were tested at least 5 times simultaneously.

2.4.2.3. Water vapor permeability (WVP)

The water barrier characteristics of the films were determined in triplicate following a standard
method (ASTM E96-05) (ASTM, 2005). The samples were mounted on top of glass test cups

containing 6 mL of distilled water and sealed tightly. Then, the cells were placed in a desiccator
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containing silica gel (0% RH; at 20 °C), and the cup was weighed every 2 h for up to 12 h. The

WYVP was calculated by Eq. (1):

(1)

where WVTR is the water vapor transmission rate (g mm/kPa h m?) computed from the slope of
the straight line divided by the exposed film area (m?), L is average film thickness (mm), and AP

is the difference in partial pressure (kPa).

2.4.2.4. Water contact angle

The surface hydrophilic/hydrophobic attributes of the bionanocomposite films were tested using a
PG-X goniometer (PG-X, Switzerland) by a sessile drop method. A drop of deionized water (5 pl)
was deposited on the film, photographed immediately and data was recorded after 0 and 10 s. Five

measurements were conducted for each sample.

2.4.2.5. Surface color measurements

A colorimeter apparatus (BYK Gardner, USA) was used to determine the color of the films.
Formerly, the instrument was calibrated using a standard white plate (L= 94.61, a = -0.89 and b=
0.57). The calculated parameters were L° (lightness), @ (redness/greenness), and b
(yellowness/blueness) values. Total color variation from the standard (AE) was calculated based

on Eq. (2):

2

2.4.2.6. Light transmission and opacity

10
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The barrier properties of the CPF-CCNPs bionanocomposite films against UV and visible light
were measured at the ultraviolet and visible range (200-800 nm) onto rectangular film samples (1
x 4 cm) using a UV-vis spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) following the
previously described method (Fang, Tung, Britt, Yada, & Dalgleish, 2002). Film opacity was also

calculated using Eq. 3:

)

Where Abs 600 is the value of absorbance at 600 nm and x is the film thickness (mm).

2.4.2.7. FT-IR vibrational spectroscopy

Fourier transform infrared spectroscopy measurements were obtained using an FT-IR spectrometer
(Perkin Elmer, Spectrum Version 10.03.06, Waltham, MA, USA) equipped with an attenuated
total reflection (ATR) accessory. Spectra were recorded under the scan range of 4000-400 cm! at

a scan rate of 32 scans and spectral resolution of 4 cm!.

2.4.2.8. X-ray diffraction (XRD)

The XRD patterns of the bionanocomposite films were collected from a Siemens D5000 X-ray
diffractometer with Cu-Ko radiation at a wavelength of 1.78901 A. The intensity in the spectra

was measured as a function of 26 in the range of 5-80 at an increment of 0.04°/min.

2.4.2.9. Differential scanning calorimetry (DSC)

The calorimetric analysis was performed on a DSC-200 F3 (NETZSCH, Germany) under an

atmosphere of nitrogen at a flow rate of 100 mL/min. The film samples (approximately 7.0 mg)

11
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were tightly encapsulated in aluminum pans and then scanned in the range of 25 to 400 °C at the

heating rate of 10 °C/min.

2.4.2.10. Thermogravimetric analysis (TGA)

TGA analysis of the CPF-CCNPs films was performed at a heating rate of 10 °C/min from 25 °C
to 600 °C by a thermal gravimetric analyzer (Perkin-Elmer PYRIS I, USA). All samples were
placed in a dry environment prior to testing and about 8.0 mg of the films were used for testing.

The results were recorded as TG and DTG-scanned curves.

2.4.2.11. SEM observation

The surface and cross-section microstructures of the films were obtained using a scanning electron
microscope (XL30 ESEM, Philips, Netherlands) with an accelerating voltage of 20 kV. Cross-
sectional views of the samples were prepared by freeze-fracturing in a liquid nitrogen bath. Finally,
samples were mounted on an aluminum stub and sputter-coated with a thin layer of gold before

imaging.

2.4.2.12. Atomic force microscopy (AFM) imaging

The surface morphology and roughness of the film samples were analyzed by an atomic force
microscope (CP-R, Veeco Instruments, USA) operated in contact mode by a triangular cantilever
with a spring constant of 50 N/m. Two quantitative parameters of roughness were calculated using

ProScan software (version 1.7): average roughness (Ra), and the root-mean-square roughness (Rq).

2.4.2.13. CIN release experiment

12
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CIN release studies were performed by immersing the film (2 cm % 2 cm) into 50 mL of PBS
(pH=7.4) under stirring (100 rpm) at 37 °C according to the method reported by Wu et al. (2019)
with some modifications. At designated time intervals, 3 mL of the release media was taken out
and an equal volume of fresh buffer was replaced. The released CIN was analyzed using a UV-vis
spectroscopy (A=285 nm), and its concentration was calculated using the standard curve
established using the PBS medium. The total mass of released CIN M; at time i was calculated

from the following equation:

(4)

where C; is the concentration of released CIN in the solution at the time i, V is the total volume of

release solution, and V is the sample volume.

2.4.2.14. Antimicrobial properties

The disk-diffusion assay was used to assess the antibacterial activity of the CCNPs functionalized
CPF ternary films against four common Gram-positive (S. aureus and L. monocytogenes) and
Gram-negative bacteria (S. enteritidis and E. coli) following our previously described method
(Javidi, Hosseini, & Rezaei, 2016). The films were cut into 10 mm diameter disks and placed on
the surface of sterile agar plates previously seeded with 0.1 mL of inoculum containing 10°
CFU/mL of tested bacteria. After that, the plates were incubated at 37 °C for 24 h and the diameter

of the inhibition zones (mm) was measured. All determinations were performed in triplicate.

2.4.2.15. Antioxidant activities

2.4.2.15.1. DPPH assay

13
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The free radical scavenging activity of the nanocomposite films was evaluated based on the
modified procedure of Lian, Peng, Shi, and Wang (2019). Briefly, film samples were cut and
dissolved in 10 mL of methanol and centrifuged at 150 rpm for 12 for 30 min at 25 °C to obtain
the film extract solution. Afterward, 200 pL of film extracts were mixed with 2 mL of 1 mM
methanolic solution of DPPH. The mixture was shaken vigorously and left for 30 min in the dark;
the absorbance was read spectrophotometrically at 517 nm and the DPPH radical scavenging

activity was calculated by Eq. 4:

DPPH scavenging activity (%) (5)

where Aplank and Asample are the absorbance values of the DPPH solution without and with the

presence of the sample solutions. Each sample was measured in triplicate.
2.4.2.15.2. Ferric reducing antioxidant power (FRAP) assay

FRAP of the CPF-CCNPs nanocomposite films was carried out as described by Yildirim, Mavi,
and Kara (2001) with slight modifications. Briefly, 500 uL of 0.1 M phosphate buffer and the same
volume of potassium ferricyanide (1%, w/v) were mixed with 200 pL of the film extract solution
and reacted at 50 °C for 20 min. Then, 500 pL of TCA (10%, w/v) were added and the mixture
was centrifuged for 10 min at 4000%g. Finally, 500 uL of the supernatant solution of each sample
mixture were mixed with 500 pL of distilled water and 100 pL of ferric chloride (0.1%, w/v). After
30 min of incubation at room temperature, the absorbance of the resulting solutions was read at

700 nm.

2.5. Fish storage trial

14
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2.5.1. Sample preparation

Freshwater rainbow trout (Oncorhynchus mykiss) with an average weight of 250-300 g were
acquired at a specialized local market. Proximate analysis of the raw muscle was carried out
showing the following results: 69.17 + 1.94% moisture, 21.85 + 1.34% total protein, 1.97 + 0.1%
ash, and 6.82 + 1.59% total fat. Fish was cleaned, gutted, headed, and then filleted by hand. The
fillets were randomly divided into 3 batches: control fillets without wrapping (Control) and fillets
wrapped with the different sample films: CPF, wrapped with CPF film, CPF-CCNPs0.25: wrapped
with CPF-CCNPs0.25 nanocomposite film. The freshness of the fillet was determined at 0, 4, 8,

12, and 16 days during storage.

2.5.2. pH assay

pH measurement was performed as described by Zhao et al. (2021). 5 g of the samples with 45 mL
of distilled water were homogenized thoroughly for 1 min, followed by standing for 30 min. The
pH value of the homogenate was measured using a digital Jenway 3510 pH-meter (Jenway,

Staffordshire, UK).

2.5.3. Thiobarbituric acid values (TBARS)

TBARS values were measured according to the method described by Zhao et al. (2021) with some
modifications. In brief, 10 g of the fillet sample was homogenized with 25 mL of 7.5% (w/v)
trichloroacetic acid, then centrifuged at 5000 rpm for 10 min and filtered through Whatman no. 1
paper. The mixture of the filtrate and 0.02 M TBA reagent (1:1, v/v) was incubated at 90 °C for

15 min. After cooling under tap water, the absorbance of the mixture was measured at 532 nm

15
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using a Biochrom WPA Biowave II UV-vis spectroscopy (Cambridge, UK), and the TBARS

readings were expressed as mg MDA/kg.

2.5.4. Color parameters

The surface color of rainbow trout fillets during chilled storage at 4 °C was recorded using a
colorimeter apparatus (BYK Gardner, USA), and the results were expressed as CIE L* (lightness),

a* (redness/greenness), and b* (yellowness/blueness) tristimulus coordinates of the color space.

2.5.5. Microbiological assays

Ten grams of fish sample were added to 90 mL of 0.85% (w/v) sterile saline solution. The mixture
was homogenized using a Stomacher blender (Model HBM-400B; HBM Biomed, Tianjin, China)
for 2 min, followed by serially diluted ten-fold using sterile saline solution. A 0.1 mL of
appropriate dilution was smeared onto the plate count agar plates (PCA, Merck) and incubated at
37 °C for 24 h for total viable counts (TVC) and 10°C for 7 days for psychrotrophilic counts (PTC)

(Sallam, 2007).

2.6. Statistical analysis

To investigate the difference among different variables, an ANOVA (one-way analysis of
variance) followed by the least significant difference (LSD) test were performed (p < 0.05). Data

were drawn by Origin Pro 2018.

3. Results and discussion

3.1. Characterization of CCNPs

16
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The morphologies of the CCNPs were visualized using SEM and TEM (Fig. 1A and B). The SEM
image in Fig. 1A shows that the positively charged amino groups (-NH3") in CH could be ionically
crosslinked with the negatively charged tripolyphosphate groups (-P3010°~) of TPP to form regular
spherical NPs with a uniform particle size. However, some NP aggregation was observed, which
can be attributed to the interaction of surface tension and electrostatic force between particles (Kuai
et al., 2020); this also may be due to hydrogen bonding interactions between NPs in the freeze-
drying process (Fan, Yan, Xu, & Ni, 2012). TEM imaging was extensively used to investigate the
NPs morphology, as well as their size. TEM micrograph also indicated the spherical shape and
smooth surface of the prepared CCNPs (Fig. 1B), showing a predictably smaller diameter than that
obtained from DLS measurements; this may be due to the shrinkage of the NPs during the drying
process (TEM sample preparation) (Hosseini, Soofi, & Rezaei, 2021). A similar morphology was
observed by Wu et al. (2019) for gallic acid-loaded CHNPs. DLS was also employed to investigate
the average hydrodynamic diameter, PDI, and (-potential of the CCNPs. In Fig. 1C, the size
distribution profile of the CCNPs had an average diameter of 370.3 nm in narrow size distribution
(PDI=0.166). C-potential is utilized as an index to evaluate the stability of the colloidal dispersion
since it is a measure of the particle surface charges. In Fig. 1D, the {-potential of the CCNPs
prepared in the present study was found to be +32.2 mV (larger than = 30 mV), which suggested

that the NPs could be stabilized by electrostatic repulsion interactions (Mo et al., 2021).

3.2. Characterization of bionanocomposite films

3.2.1. Film thickness

The thickness of the film is an important parameter that directly affects the physico-mechanical

attributes, such as barrier and tensile properties. The incorporation of the CCNPs significantly
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increased (p < 0.05) the thickness of the CPF ternary films (varied from 0.046-0.050 mm) (Table
1), which may be due to the increase in the amount of solid content in FFSs (Sun et al., 2020). A
similar trend was observed for nanocomposite films composed of pullulan and lysozyme
nanofibers (LNFs) (Silva, Vilela, Almeida, Marrucho, & Freire, 2018). On the other hand, Wu et
al. (2020) found that the thicknesses of konjac glucomannan-based films were not significantly
altered by the incorporation of oxidized chitin nanocrystals (O-ChNCs) or red cabbage
anthocyanins (RCA). These changes could be due to the nature of the polymer, nanoparticles, and

plant-derived phenolic compounds used in different studies.

3.2.2. Mechanical properties

TS (tensile strength) and EAB (flexibility) are key parameters needed for food packaging films to
keep their integrity and tolerate external stress during their transport and exposition lifecycle. Fig.
2A displays the representative stress-strain (o-¢) curves of the different film samples, while the
corresponding tensile properties are listed in Table 1. From Fig. 2A, a linear drawing process in
the stress-strain in the control CPF and bionanocomposite films was visible. With the addition of
the CCNPs in the CPF matrices, the TS of the resulting nanocomposites increased, while the EAB
values decreased; this reinforcement may be attributed to the uniform distribution and interface
compatibility of the CCNPs within the CPF ternary matrices, as evidenced by SEM results (see
section 3.2.10). As presented in Table 1, filling the polymer with the CCNPs (at various bioactive
loading, 0-0.125 g) significantly improved (p < 0.05) the TS of the films compared with that of the
control CPF film, thus corroborating that NPs enhance the functional properties of nanocomposite
films. This indicated that the CCNPs were able to restrict chain mobility at the molecular level as
well as to allow stress transfer from the polymer chains to the CCNPs when tensile force is applied

(Trinh, Chang, & Mekonnen, 2021). This phenomenon could be related to the homogeneous
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dispersion of NPs in the film matrix, thereby forming a new hydrogen bond between the filler and
the polymer matrix (Wu et al., 2019). Many studies have also found larger TS values in
nanocomposite films than in neat films (Al-Tayyar, Youssef, Al-Hindi, 2020b; Wu, Sun et al.,
2019). However, at the highest CIN loading (i.e., for CPF-CCNPs0.25), the TS of the film
decreased, although it was still higher than that of the neat CPF film. This was possibly due to the
NP aggregation that arises from the interaction of surface tension and electrostatic force between
particles in the bionanocomposite matrix, which are exacerbated by the drying step and ultimately
result in a TS reduction (Kuai et al., 2020). This result is in agreement with the data obtained from
SEM (Fig. 5C), where an enhancement of the agglomeration rate of CHNPs is observed at higher
amounts of CIN loading (CPF-CCNPs0.25). The TS values of these bionanocomposite films were
higher than those of chitosan/poly(vinyl alcohol)/zinc oxide nanoparticles bionanocomposites (18-
37.5 MPa) prepared by the solvent casting method (Al-Tayyar et al., 2020b), and were comparable
to those of typical packaging plastics, e.g., low-density polyethylene (LDPE) (15.2-78.6 MPa),
high-density polyethylene (HDPE) (17.9-33.1 MPa), isotactic polypropylene (iPP) (29.3-38.6
MPa) but slightly lower than those of polystyrene (PS) (45-83 MPa) (Castilho, Mitchell, & Freire,
2009) revealing its high potential as packaging material.

On the contrary, EAB values decrease with the incorporation of the CCNPs into the polymer matrix
from 128.39 + 11.32% (control CPF film) to 90.82 + 5.25% (CPF-CCNPs0.25), which could be
attributed to an improvement on the rigidity of the bionanocomposite films. Furthermore, CCNPs
can disperse and entangle with the polymer matrix, filling void spaces and consequently decreasing

elasticity (Cui et al., 2020).

3.2.3. Water vapor permeability (WVP)
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WVP represents the barrier property of the material against water vapor, and a low WVP is
generally required for food packaging. WVP is also very significant for fresh foodstuffs,
considering that dehydration and moisture absorption must be avoided (Al-Tayyar et al., 2020a).
The effects of the CCNPs on the WVP values of the ternary CPF films are shown in Table 1. The
WVP value of the control CPF film was 0.785 + 0.053 g mm/kPa h m?, which is several times
lower than that reported, for instance, for agar/alginate/collagen ternary film, i.e., 5.44 g mm/kPa
h m? (Wang & Rhim, 2015). As evidenced in Table 1, no significant differences are observed in
the WVP of films after CCNP addition (p > 0.05). It seems that the hydrophilic nature of CHNPs
allows for the easy absorption of water molecules, resulting in no significant change in WVP
values in these films (Vahedikia et al., 2019). However, the slight increase in the WVP of the films
reinforced with CHNPs loaded with higher amounts of CIN (i.e., for CPF-CCNPs0.125 and CPF-
CCNPs0.25) as compared with other films, is probably due to nanofiller aggregation during solvent
evaporation (Norcino et al., 2020). In any case, when compared with synthetic polymeric films,
WVP values are similar to those observed in cellophane films (0.248 g mm/kPa h m?) but higher

than those observed in low-density polyethylene (LDPE) films (0.0072 g mm/kPa h m?).

3.2.4. Surface wettability measurements

Ideal biopackaging materials should have sufficient hydrophobicity to maintain their structural
integrity in a wet environment. The surface wettability and hydrophilicity of the bionanocomposite
films were examined by measuring the contact angle (CA) of the water droplet deposited onto the
film’s surface and the results are shown in Table 1. The CA value of the control CPF film was
73.85°, higher than the value reported in the literature in a CH/PVA film (69°) (Narasagoudr,
Hegde, Vanjeri, Chougale, & Masti, 2020). As it is described in Table 1, the incorporation of the

CCNPs did not contribute much to alter the wettability of the resulting nanocomposite films, which
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might be due to the hydrophilic nature of the NPs (Vahedikia et al., 2019). The surface wettability
of nanocomposite films is not only related to the interactions between the biopolymer and the NPs,
but also to the hydrophobicity/hydrophilicity of the nanomaterial itself (Mo et al., 2021). However,
it is important to note that all developed films had hydrophobic surfaces as they exhibited contact

angles 6> 65° (Hambleton, Fabra, Debeaufort, Dury-Brun, & Voilley, 2009).

3.2.5. Optical parameters

Both color and transparency of packaging films play an important role in their appearance and
consumer satisfaction. All the films exhibited transparency, surface smoothness, and
homogeneous appearance, as observed in the photographs (Fig. 1 of Supplementary material).
However, the films containing the CCNPs were slightly opaque compared with films without the
NPs. The effects of the NPs on the color parameters L™ (lightness), a“(redness/greenness), b’
(yellowness/blueness), and AE" (total color difference), and the opacity of the films are listed in
Table 2. The apparent color of the film samples as determined by Hunter color values, indicates
that the AE of the pristine CPF film increased slightly after CCNP incorporation (Table 2), which
1s mainly due to an increase in Hunter a- and b-values and a decrease in L-values. In particular, b-
values showed a greater difference (p < 0.05), indicating that the film gradually changed from
colorless to yellow. Similar color changes were observed for gelatin films incorporated with
natamycin-loaded zein/casein nanoparticles (Mo et al., 2021).

In terms of opacity, the obtained value in the CPF ternary film was 1.37 + 0.09 AU/mm (Table 2),
which is closer to values obtained in OPP (oriented polypropylene) (1.67), a commercial film used
for packaging purposes (Guerrero, Stefani, Ruseckaite, & de la Caba, 2011). As summarized in
Table 2, CCNP incorporation triggered the opacity of the ternary films, reaching a value of 3.68 +

0.11 AU/mm at maximum CIN-loaded NPs concentrations (i.e., CPF-CCNPs0.25). The drop in
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transparency of films containing the NPs was ascribed to the ability of the particles to prevent the
transmission of light through the films (Pérez-Cordoba et al., 2018). This effect is also probably
due to the increased thickness of films with NPs, which could enhance the reflection and absorption

of light (Xue, Gu, Wang, Li, & Adhikari, 2019).

3.2.6. Light transmittance of bionanocomposite films

Since one of the common oxidation initiators in food systems is UV light (in the range of 200-280
nm), paying attention to lipid oxidation due to UV light is important. The transmission of UV and
visible light at a selected wavelength (200-800 nm) in the films is shown in Fig. 2B. The
transmission of UV light was very low at 200 nm in all films (0.07-0.1%), and at 280 nm, in the
bionanocomposite films, the transmission decreased from 24.60 (for the neat CPF film) to the
range of 2.07-4.83% when the films reinforced with CHNPs were loaded with different amounts
of CIN (from 0-0.25g); this may be attributed to the scattered and/or reflected light at the interface
of the loaded CCNPs in the films, thus reducing the amount of light passing through the films (Wu
et al., 2020). It is also noteworthy that the rate of light transmittance at 280 nm was markedly lower
when compared with that displayed by some conventional polymer films, i.e., 71.78 and 27.64%,
for OPP and LDPE, respectively (Guerrero et al., 2011), demonstrating that prepared CPF-CCNPs
bionanocomposite films could protect foods from UV light-induced lipid oxidation, nutrient loss,
discoloration, and off-flavors.

In the visible range (350-800 nm), all bionanocomposite films showed a lower light transmission
than the control CPF film. As a result of the increased light-blocking properties (as discussed
above), films reinforced with the CCNPs also had lower transparency values than pure films. It

can be concluded that the CCNPs with light-scattering ability most likely contributed to the limited
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light transmittance of the bionanocomposite films at both UV and visible light ranges, and are

more suitable for food packaging applications.

3.2.7. ATR/FT-IR spectroscopy

ATR-FTIR spectroscopy was performed to evaluate the interactions between the functional groups
of the polymer matrix and the CCNPs. The spectra of films from pure compounds (i.e., CH, PVA,
and FG) are comprehensively discussed in our previous paper (Ghaderi et al., 2019), and the
spectra of films from selected formulations are shown in Fig. 3A. In the FT-IR spectrum of the
control CPF film (Fig. 3A-a), the peak at 3340 cm™! corresponds to the stretching vibration of O-
H groups, and the peak at 2939 cm™ corresponds to the asymmetric stretching mode of C-H (Mo
et al., 2021). The absorption band at 1735 cm™' was assigned to the stretching vibrations of C=0
groups of the residual vinyl acetate units in the PVA backbone (Wu et al., 2018). The peaks at
approximately 1655, 1554, and 1248 cm™! correspond to C=0 stretching modes (amide I), N-H
deformation modes (amide II), and C-N and N-H stretching (amide III), respectively (Cazon,
Viézquez, & Velazquez, 2018).

The spectra of the bionanocomposite films showed distinctive peaks as compared with the control
film; however, some of the peaks shifted or disappeared with the incorporation of the CCNPs (Fig.
3A-b and c). It is observed that the peaks at 3340, 1655, and 1554 cm™! are shifted to a lower
wavelength with the incorporation of the CCNPs, indicating the decreased stretching of free O-H
and/or N-H due to the hydrogen bonds formed between the NPs and the polymer molecules which
enhanced the tensile and water barrier properties of the nanocomposites (Wu et al., 2019).
Meanwhile, the bands at 1248 (amide III peak) and 1331 cm™ (CH; symmetric deformation)
shifted to higher wavenumbers, suggesting the formation of additional hydrogen bonds between

CPF and the CCNPs in the bionanocomposite films (Wu et al., 2019). Also, the absorption peak at
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about 1076 cm™ corresponding to the C-O group (Pereira Jr, de Arruda, & Stefani, 2015) shifted
to a higher wavenumber (1092/1093 cm™') in films containing the CCNPs. However, the peaks at
2287 and 2045 cm™! disappeared in the spectrum of the bionanocomposite films, indicating the

appearance of intermolecular hydrogen bonds (Wu et al., 2019).

3.2.8. X-ray diffraction

XRD analysis was used to examine a possible change of crystallinity in the obtained
bionanocomposite films. The XRD patterns of the pure CH, PVA, and FG films have been reported
in our recently published work (Ghaderi et al., 2019). As shown in Fig. 3B-a, the XRD pattern of
the control CPF film displays two main diffraction peaks at 26 = 10.65°, corresponding either to
the crystalline triple helix structure of FG or to the relatively regular crystal lattice of CH, and 26
= 22.48°, characteristic of an amorphous phase (Pérez-Cordoba et al., 2018). The incorporation of
the CCNPs decreased the crystallinity of the control CPF film. When the CCNPs (either in the
blank (CCNPs0) or loaded with CIN (CCNPs0.25)) were added to the polymer matrices, the peak
at 20 = 10.65° disappeared (Fig. 3B-b and c), indicating that the addition of the NPs inhibited the
formation of triple helices. The triple helix structure in gelatin gels was mainly formed by
intramolecular hydrogen bonds and hydrogen bond hydration; the amino groups on the NPs could
form hydrogen bonds with gelatin chains and thus interfere with the triple helix structure (Kuai et
al., 2020). Also, the addition of the NPs changed the position and intensity of the second diffraction
peak of the control CPF film, demonstrating that CCNPs are able to change the intermolecular

structure of the film (Norcino et al., 2020).

3.2.9. Thermal properties of bionanocomposite films

3.2.9.1. Differential scanning calorimetry (DSC)
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Thermal properties of the neat CPF and CPF-CCNPs nanocomposite films were analyzed by DSC
and TGA. The DSC curves of the pure ingredients (i.e., CH, PVA, and FG) are also discussed in
our previous report (Ghaderi et al., 2019). Two major endothermic peaks at 147.8-169.1 °C and
282.8-285.4 °C can be clearly observed in all films (Fig. 3C). The first peak may be assigned to
the overlapping of different phenomena, such as the volatilization of adsorbed water, residual
acetic acid, the degradation of glycerol as a plasticizer, the helix-coil transition of gelatin, as well
as the melting temperature (7m) of polymers (Nilsuwan, Benjakul, & Prodpran, 2018). The latter
peak also represented the thermal decomposition (74) due to the dehydroxylation of the PVA, the
pyrolytic decomposition of the CH backbone, the thermal decomposition of peptide bonds in the
main chain of gelatin, and the chemical degradation of CCNPs (Martucci & Ruseckaite, 2015).
Generally, the incorporation of the CCNPs increased the thermal stability of the polymer films,
thus exhibiting an improvement of the functional properties, as presented in the second hypothesis.
Compared with pure film (Fig. 3C-a), the endothermic peaks of the bionanocomposite films were
shifted towards higher temperatures (Fig. 3C-b and c¢), meaning that the intermolecular interactions
formed between the NPs and polymer molecules enhance the thermal stability of the
nanocomposite films (Cui et al., 2020). Concerning the melting enthalpy (AHw), this was markedly
increased from 160.9 J/g (control film) to 311.1 J/g when the films were reinforced with the highest
amount of CIN-loaded NPs (CPF-CCNPs0.25). The higher enthalpy values for the nanocomposite
films indicated that they presented a higher level of renaturation compared to the neat film, leading

to an improved strength value (Pérez-Cordoba et al., 2018), as demonstrated by TS data (Table 1).

3.2.9.2. Thermogravimetric analysis (TGA)
The thermal gravimetric analyzer was also used to evaluate the thermal stability of CPF-CCNPs

nanocomposite films, and the results were recorded as TG and DTG scanned curves, which
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reflected the residual mass ratio and the mass loss of the films with increasing temperature,
respectively. As shown in Fig. 4A, the residual mass of CPF-based films with CCNPs (either blank
(CCNPs0) or loaded with CIN (CCNPs0.25)) was obviously higher than that of CPF-based films
without CCNPs, therefore, the incorporation of the CCNPs significantly enhanced the thermal
stability of the CPF films. The mass of CPF-CCNPs0 and CPF-CCNPs0.25 remained 23.42% and
29.65%, respectively, when the temperature rose to around 600 °C. By contrast, the weight of CPF
only remained 16.31%. According to the DTG curves of the CPF-CCNPs films (Fig. 4B), all
samples had three mass loss stages in the same temperature range during the thermal
decomposition process. The first stage, between 25-230 °C, mainly corresponded to the
evaporation of physically weak and chemically strong bound water as well as the volatilization of
glycerol (Yuan et al., 2021). In the second stage, between 230-350 °C, a large loss of weight
occurred (~33.8-37.5%), which may be related to the polysaccharide pyrolytic decomposition of
the CH, the dehydroxylation of the PVA, the chemical degradation of FG, CHNPs and CIN
(Hosseini et al., 2016; Sun et al., 2020). In the final stage, between 350-600 °C, the reduced weight

loss could be ascribed to the thermal decomposition of char (Sun et al., 2020).

3.2.10. Film microstructure

To further characterize bionanocomposite films for their morphological changes related to the
influence of the CCNPs, the surface and cross-section topography of the films were analyzed by
SEM. The pure CPF film possesses a homogeneous and smooth surface without any pores and/or
cracks and with excellent structural integrity (Fig. 5A), indicating the good compatibility of the
three polymers (i.e., CH, PVA, and FG). The surface of the bionanocomposite film is relatively
compact and smooth with homogeneous granules after adding blank NPs (CPF-CCNPs0) (Fig.

5B), confirming the excellent phase compatibility between particles and polymer matrices, which
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may improve the physico-chemical properties of the resultant films (Wu et al., 2020). The uniform
distribution of the CCNPs also corroborated the good dispersion procedure used in this research.
As illustrated in Fig. 5C, when the NPs loaded with 0.25 g CIN were added to the polymer matrices
(CPF-CCNPs0.25), although some NPs appeared as light bumps in the nanocomposite films, no
significant particle aggregation was found on the fracture surface, revealing that the CCNPs were
still distributed in the polymer matrices at this loading level. A similar microstructure has been
also reported in konjac glucomannan (Wu et al., 2019), zein (Cui et al., 2020; Vahedikia et al.,
2019), and gelatin (Hosseini et al., 2015b; Wang et al., 2020) films reinforced with CHNPs.

In cross-section micrographs, the control CPF film had a smooth and compact structure (Fig. 5a),
as expected for a homogeneous material. As shown in Fig. 5b, a dense and rough microstructure
was found in the cross-section of the blank NP-doped ternary film (CPF-CCNPs0), which might
be due to the strong bonding between the NPs and the polymer chains (Wang et al., 2020).
Nevertheless, the films loaded with the highest amount of CIN-loaded NPs (CPF-CCNPs0.25) had
some discontinuous zones and became rougher than others (Fig. 5¢); this might be associated with
the reduction in TS (Table 1). The increase in the surface coarseness of the nanocomposite films
has been previously reported (Kuai et al., 2020; Mirzaei-Mohkam, Garavand, Dehnad, Keramat,

& Nasirpour, 2020).

3.2.11. Surface morphology analysis

AFM was also conducted to characterize the surface morphology of the bionanocomposite films
obtained; furthermore, AFM allows for the plotting of a histogram in terms of the relative height
of every pixel recorded during the scan (Mohajer, Rezaei, & Hosseini, 2017). Typical 3D surface
topographic AFM images together with the corresponding height profiles are presented in Fig. 6.

The control CPF film showed a relatively smooth topography as indicated by the low Ra., Rq, and
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peak height values (9.43, 12.65 nm, and 109 nm, respectively) (Fig. 6A), which is coincident with
the SEM results. By adding blank NPs (CCNPs0), the bionanocomposite film still showed a
smooth superficial topography with fine structures on a nanometric scale (Fig. 6B). The height
profile also showed that CPF-CCNPs0 had a minimum vertical distance of 85 nm, revealing the
establishment of some interactions between the NPs and polymer molecules by the formation of
intermolecular interactions, hydrogen bonding, etc. (Wang et al., 2020). However, the presence of
the CCNPs with the highest amount of CIN (CPF-CCNPs0.25) led to remarkable increases in the
roughness of the films, as indicated by higher R, and Ry values (17.31 and 22.71 nm, respectively)
(Fig. 6C). This may be associated with the greater development of nanofiller aggregation during
the drying step, consequently producing irregularities on the film’s surface. Likewise, Wu et al.
(2019) reported a significant increase in the surface roughness of a konjac glucomannan film after

gallic acid-loaded CHNPs were added.

3.2.12. Release kinetics of CIN from

To assay the release behavior and acquiring basic information for release kinetics, the
accumulative release percentages of CIN from CPF-CCNPs nanocomposites exposed to a
hydrophilic PBS medium were measured by monitoring the absorbance at Amax = 285 nm during
72 h (Fig. 7). CIN is released from all the films in a two-step biphasic process; an initial burst
release (9.5-30.9%) within the first 12 h, which was mainly attributed to the release of
unencapsulated CIN, poorly entrapped and/or nanoparticle surface-adsorbed CIN
(Farahmandghavi, Imani, & Hajiesmaeelian, 2019; Kuai et al., 2020); and the subsequent slower
release, in which the accumulative release increased gradually before reaching a plateau (nearly
16.2-40.9% at 48 h) because longer time was required for the CIN molecules being enclosed into

the inner core of the CHNPs to be released through the longer pathway (Wang et al., 2017). In
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fact, the CIN encapsulated in NPs need to diffuse to the surface of particles at a relatively slow
rate before diffusing from the surface of the particles to the CPF-CCNPs nanocomposite film,
eventually reaching the release equilibrium. In addition, the NPs formed intermolecular
interactions with the polymer molecules, which also led to the delayed release of CIN from the
film matrix (Mo et al., 2021). It is worth noting that a higher CIN content led to a higher cumulative
release, indicating that the release of the CIN from the bionanocomposite film matrix was primarily
controlled by the diffusion driving force generated by the change in incorporated CIN content (Wu
et al., 2020). However, most of the CIN present in CPF-CCNPs films was not released (remaining
59.1-83.8%) at the end of 72 h, which showed the durability of the biomolecule in the films. These
results indicated that CHNPs could effectively control the release by inhibiting the migration of
CIN. The low sustained and prolonged release of antimicrobial/antioxidant agents from

nanocomposites has a great potential for bioactive food packaging purposes.

3.2.13. Antibacterial properties of the bionanocomposite films

The antibacterial activities of pure CPF film and CPF-CCNPs bionanocomposite films were tested
against model Gram-positive (S. aureus and L. monocytogenes) and Gram-negative (S. enteritidis
and E. coli) bacteria and the results, evaluated by the disk diffusion assay, are presented in Table
3. The control film did not show any antibacterial activity against the studied microorganisms,
which could be associated with the limited diffusion of CH from the film to the adjacent agar
medium, as only the growth of organisms in direct contact with the active sites of CH is prevented
(Coma et al., 2002). It was also suggested that CH may only exhibit antimicrobial properties when
in a gelled or viscous acid solution form, where the polymer is soluble and carries a net positive
charge. According to Sahariah and Méasson (2017), when the pH is lowered below 6.5, the amino

groups will protonate and get converted to the quaternary form (-NH3"), thereby giving a positive
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charge to the polymer backbone and making it water soluble. The presence and the density of this
cationic charge is believed to be responsible for the efficient binding of CH to the anionic
components present in the bacterial cell wall/membrane (Raafat, von Bargen, Haas, & Sahl, 2008).
The films containing blank CCNPs (CPF-CCNPs0) and NPs loaded with 0.05 g CIN (CPF-
CCNPs0.05) showed no inhibitory action against the above-mentioned bacteria, similar to the
control ternary film. On the contrary, further CIN loading into NPs (CCNPs0.125 or CCNPs0.25)
enhances the antimicrobial activity of the nanocomposites, as evidenced by the diameter of
inhibition (Table 3). Fig. 2 of Supplementary material illustrates the representative pictures of the
inhibitory effect of the CPF films incorporated with the highest amount of CIN-loaded NPs (CPF-
CCNPs0.25) against the four tested microorganisms, as compared with the control. According to
the diameter of the zone of inhibition, CPF-CCNPs bionanocomposite films were more effective
against Gram-positive (S. aureus and L. monocytogenes) than Gram-negative (S. enteritidis and E.
coli) bacteria. It is hypothesized that this result may be attributable to the presence of the outer
membrane that surrounds the cell wall in Gram-negative bacteria, which limits the diffusion of
hydrophobic substances through its lipopolysaccharide covering (Burt, 2004). Overall, the low
antimicrobial activity of the bionanocomposite films can probably be due to the slow controlled
release of CIN from the CPF-CCNPs films, since in our study the active compounds were doubly
encapsulated, into the NPs and in the film matrix. Accordingly, the findings in our study are
consistent with those of other researchers that reported the effects of NPs in controlling diffusion
or enhancing the retention of antimicrobial agents by polymer matrices (Meira, Zehetmeyer,
Werner, & Brandelli, 2017; Wu, Zhu, et al., 2019). This suggests a controlled release behavior

which may be beneficial for films intended for long-term storage.

3.2.14. Antioxidant activities of the bionanocomposite films
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3.2.14.1. DPPH free radical scavenging activity

Antioxidant packaging has received special attention since it can reduce the oxidation of food
products, which is the main reason of food spoilage after microbial growth (Vilela et al., 2018).
Free radical scavenging is thought to be one of the main mechanisms exhibited by antioxidants to
delay oxidative processes; DPPH is a stable free radical which accepts an electron or hydrogen
radical to become a stable diamagnetic molecule (Ksouda et al., 2019). The DPPH radical
scavenging activity of the CCNP-doped CPF films varied from 13.16 to 16.42%, whereas the pure
ternary films exerted a slightly lower effect (11.11% of inhibition) on the DPPH solutions (Table
3). The antioxidant activity of the film samples could be attributed firstly to amino (-NH3") and
carboxyl (COOH) groups of CH or FG, and secondarily to hydroxyl (OH) and acetamino
(CH3CONH-) groups of CH which can scavenge radicals (Kuai et al., 2020). Polyphenolic
compounds such as CIN have one or more aromatic rings with hydroxyl groups that can form
stable phenoxy radicals to quench free radicals (Ksouda et al., 2019). However, as
abovementioned, the films containing the CCNPs had a slightly higher DPPH scavenging activity
compared with the control ternary film. The reason for this slight difference may be attributed to
the slower release of encapsulated compounds in the film matrix (Kuai et al., 2020). The release
of CIN from the NPs requires two processes: the migration from the NPs to the film matrix,
followed by release from the film matrix; this reduced the amount of available CIN in the film.
Therefore, it is worth noting that the CIN in the NPs remained chemically stable and its antioxidant

activity could be effectively maintained after nanoencapsulation.

3.2.14.2. Reducing power assay
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Since the antioxidant capacity of compounds involves different mechanisms of actions, it is of
great importance to combine more than one method to determine their in vitro antioxidant capacity.
Metal ions are known to catalyze lipid peroxidation, which can lead to the generation of both free
radicals and lipid peroxide radicals (Chentir et al., 2019). The reduction of ferric ion (Fe**) to the
blue ferrous form (Fe**) can be used as an indicator of electron-donating activity, which reflects
an important mechanism of antioxidant action (Ksouda et al., 2019). As depicted in Table 3, the
control CPF film imparted little reducing power activity (OD700 nm = 0.08), and the addition of
CCNPs at different bioactive loadings (0-0.25 g) significantly (p < 0.05) improved this activity, as
suggested in the second hypothesis, reaching a maximum value of 0.16 = 0.01 at the maximum
tested concentration (CPF-CCNPs0.25). Previous studies reported the capacity of antioxidant-
incorporated films, e.g., fish protein hydrolysates (OD700 nm = 0.3) (Kchaou, Jridi, Benbettaieb,
Debeaufort, & Nasri, 2020) and phycocyanin extract (OD700 nm = 0.69) (Chentir et al., 2019) to

reduce ferric iron to ferrous iron.

3.3. Application of the bionanocomposite film to fresh fillets preservation

3.3.1. pH value

As can be seen in Fig. 8A, changes in pH value of different treatments showed the same trend in
which the values decreased initially and then increased. The initial pH decrease may be attributed
to the dissolution of CO» (arising from the glycogen degradation to lactic acid) in the fish sample,
while the increase of pH value is due to the production of alkaline compounds such as ammonia
and amines, due to proteins broken down by microorganisms (Zhao et al., 2021). The increase of
pH of fish fillets was significantly (p < 0.05) more rapid for control samples; specifically, pH

changed from 6.56 at day 0 to 7.31 at the end of the storage period. Taking into account that pH 7
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is considered the limit value for acceptable quality (Zarandona et al., 2021), control samples
became non-acceptable before day 8 of storage. However, fish samples wrapped with CPF and
CPF-CCNPs0.25 films did not reach the pH limit value up to day 12 and this was extended until

the end of the storage for the samples wrapped with CPF-CCNPs0.25 nanocomposites.

3.3.2. Thiobarbituric acid reactive substances (TBARS)

TBARS analysis quantifies the presence of lipids’ secondary oxidation substances, which major
component is malondialdehyde (MDA) (Shahidi, 1994). The TBARS value of fresh rainbow trout
fillets was 0.12 mg MDA/kg, and the values for all samples increased during storage (Fig. 8B).
Similarly, Jouki, Yazdi, Mortazavi, Koocheki, and Khazaei (2014) found TBARS of fresh rainbow
trout fillets to be below 0.2 mg MDA/kg. As shown in Fig. 8B, the TBARS values of the control,
CPF, and CPF-CCNPs0.25 treatments were increased from initial values to 0.34, 0.23, and 0.17
mg MDA/kg after 16 days storage, respectively. The lower TBARS values in the wrapped fillets
might have resulted from the well-known antioxidant property of amino or acetamino (CH3;CONH-
) groups in CH (Kuai et al., 2020), which would form a stable fluorosphere with volatiles aldehydes
such as MDA. Furthermore, acidic amino acids (e.g., aspartic and glutamic acids) existing in GE,
have powerful antioxidant capacities owing to the existence of excess electrons that can be donated
during interactions with free radicals (Hosseini, Soofi, et al., 2021). On the other hand, the
capability of bio-based films as a barrier to oxygen diffusion is another important aspect for
preventing lipid oxidation, in which, higher stability against oxidation was partly elucidated by a
lower matrix oxygen permeability (Vasile et al., 2016). According to Hosseini, Javidi, and Rezaei,
(2016), GE has sufficiently low oxygen permeability to serve as effective barrier biomaterials.
Phenolic components and aldehydes from CIN in CPF-CCNPs0.25 films could also act as electron

donors, metal chelators, and UV-visible light barriers to prevent lipid oxidation in fish samples
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(Zhao et al., 2021). Zhao et al. (2021) revealed that edible films containing cinnamon-perilla
essential oil Pickering nanoemulsion postponed the production of TBARS during refrigerated

storage of red sea bream fillets.

3.3.3. Color parameters

Physicochemical changes during fish storage are known to cause changes in fish appearance
(Zarandona et al., 2021) and, thus, surface color was measured to analyze the effect of the
wrappings under study. As can be seen in Fig. 9A, after 16 days of storage, the L* value of the
control group was slightly lower than other groups because the CPF and/or CPF-CCNPs0.25 films
were wrapped on the surface of fillets, reducing exposure to air. Similarly, Zhao et al. (2021)
reported that the L* value of red sea bream fillets wrapped in a collagen-based film containing
cinnamon-perilla essential oil Pickering nanoemulsion was higher than that of control during
chilled storage, indicating a protective effect of chitosan against color changes. Concerning a*
(redness) parameter (Fig. 9B), the samples showed mean values in the range from 5.2 to 3.8,
similar to those found in the work of Yagiz, Kristinsson, Balaban, and Marshall (2007). Although,
the a* parameter decreased for all samples over time, nonetheless, the a* values for the trout
samples wrapped with CPF-CCNPs0.25 films were slightly higher compared to control and CPF
samples, which may be attributed to the phenolic components and aldehydes from CIN (Alves,
Rico, Vicente, Khmelinskii, & Vieira, 2018). Regarding the b* values, a significant (p < 0.05)
increase was observed in the whole storage period, independent of the different treatments used
(Fig. 9C). This yellowing effect may be related to the increase of volatile amines, as previously
shown in Atlantic horse mackerel fillets’ with gallic acid-incorporated chitosan nanoparticles

(Zarandona et al., 2021).
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3.3.4. Microbiological analyses

Fig. 10 shows the microorganism's evolution during storage. Initially, a load of total viable counts
(TVC) in the rainbow trout was 2.9 log CFU/g (Fig. 10A), which indicates good hygienic handling
of the raw material. The fish was considered fresh when the total bacterial count was 2-3 log
(CFU/g) in the fillets (ICMSF, 1986). Bacterial counts increased with an increase in storage time,
as the TVC of the control, CPF, and CPF-CCNPs0.25 treatments reached 7.75, 6.78, and 6.27 log
CFU/g, at Day 12, respectively. Considering the acceptable limit of 7 log CFU/g for fresh fish
(ICMSF, 1986), the shelf-life of the control group was 8 days while CPF and CPF-CCNPs0.25
films could extend the shelf-life of fillets to 12 days. These results are primarily due to the ability
of CPF-based films as a barrier to oxygen diffusion which inhibits the growth of aerobic bacteria
(Jouki et al., 2014). Likewise, differences (p < 0.05) in 0.3-0.5 log cycle counts could be observed
between CPF and CPF-CCNPs0.25 batches, especially at day 12 (6.78 vs 6.27 log CFU/g,
respectively). This may be ascribed to the antimicrobial effect of CIN by inhibiting amino acid
decarboxylase activity (Ouattara, Simard, Holley, Piette, & Bégin, 1997). This compound can
cross the cell wall and act intracellularly by the interaction of the CIN carbonyl group and proteins,
thus affecting the action of several proteins and enzymes (Wendakoon & Sakaguchi, 1995). At 16
days, all the batches were spoiled and the TVC increased beyond the acceptable limit (Fig. 10A).
Zarandona et al. (2021) also observed the TVC exceed 8 log CFU/g at 13 days during the chilled
storage of Atlantic horse mackerel.

The Gram-negative psychrotrophic bacteria counts (PTC) are the major group of microorganisms
responsible for spoilage of aerobically stored fresh fish at chilled temperatures (Sallam, 2007). The
initial PTC of the trout fillets was 3.24 log CFU/g at Day 0 (Fig. 10B). From 12 days onwards, all

batches showed evident signs of spoilage, reaching 8.16, 7.67, and 7.11 log CFU/g in control, CPF,
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and CPF-CCNPs0.25 groups, respectively. However, the CPF-CCNPs0.25 wrapping resulted in
1.04 and 0.56 log CFU/g reductions in PTC of cold-stored fish (p < 0.05) on day 12 as compared
with the control and CPF-wrapped samples, respectively. The reduction of 1.8 log CFU/g of PTC
in tilapia fillets wrapped with plasma-treated LDPE coating containing 6% cinnamaldehyde was

reported by Loke, Chang, Hou, Cheng, and Hsieh (2021).

4. Conclusions

Herein active bionanocomposite films were developed by embedding CCNPs into CPF film
matrices. CCNPs were synthesized via the ionotropic gelation technique, and they presented a
spherical morphology with an apparent hydrodynamic diameter of 370.3 nm. The influences of the
NPs loaded with different amounts of CIN on the mechanical, barrier, structural, thermal,
morphological, and antimicrobial/antioxidant properties of CPF-CCNPs nanocomposite films
were discussed. A uniform distribution of the CCNPs was observed by SEM and their interactions
with polymer molecules were confirmed by ATR-FTIR and XRD spectra. The obtained
homogeneous bionanocomposite films showed better thermal stability and mechanical
performances. CCNPs-doped ternary films displayed a superior barrier capacity to the
transmission of light at 280 nm. Besides, nanoencapsulation technology was an effective way to
achieve sustained and controlled release of CIN from the films. Furthermore, the CPF films
incorporated with the CCNPs showed an improvement in their in vitro antibacterial activities
against four common food-borne pathogens (S. aureus, L. monocytogenes, E. coli, and S.
enteritidis). CCNP incorporation in the CPF polymeric systems also enhanced their antioxidant
capacity. Besides, the CPF-CCNPs nanocomposite films delayed the lipid oxidation and microbial
growth in rainbow trout fillets. The shelf-life of trout fillets was extended by wrapping with CPF-

based films from 8 days to 12 days (based on TVC and PTC) compared to the control. These
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promising properties support the use of these CPF films reinforced with CCNPs as eco-friendly
edible films for active packaging, where multifunctional bioactive systems are continuously

necessary to protect and extend the shelf-life of foods.
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Figure captions

Fig. 1. (A) SEM image, (B) TEM image, (C) size distribution, and (D) {-potential of CCNPs.

Fig. 2. (A) Typical stress-strain and (B) light-transmittance curves of the CPF films incorporated

with different amounts of CCNPs.

Fig. 3. (A) ATR-FTIR spectra, (B) XRD patterns, and (C) DSC thermograms of (a) control CPF
film, and CPF films incorporated with (b) blank NPs (CPF-CCNPs0) and (c) the highest amount

of CIN-loaded NPs (CPF-CCNPs0.25).

Fig. 4. (A) TGA and (B) DTG thermograms of (a) control CPF film, and CPF films incorporated
with (b) blank NPs (CPF-CCNPs0) and (c) the highest amount of CIN-loaded NPs (CPF-

CCNPs0.25).

Fig. 5. SEM micrographs of the surface and cross-section of (A, a) control CPF film, and CPF
films incorporated with (B, b) blank NPs (CPF-CCNPs0) and (C, c) the highest amount of CIN-

loaded NPs (CPF-CCNPs0.25).

Fig. 6. 3D AFM images together with the corresponding height profiles of (a) control CPF film,
and CPF films incorporated with (b) blank NPs (CPF-CCNPs0) and (c) the highest amount of CIN-

loaded NPs (CPF-CCNPs0.25).

Fig. 7. Cumulative release of CIN from CPF-CCNPs films at different amounts of CIN-loaded

NPs. Error bars indicate standard deviation.

Fig. 8. Changes in (A) pH and (B) TBARS values of rainbow trout fillets stored at 4 °C for 16

days. Error bars indicate standard deviation.
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Fig. 9. Changes in color parameters (CIELab) of rainbow trout fillets stored at 4 °C for 16 days:
(A) L* (lightness), (B) a* (redness/greenness), and (C) b* (yellowness/blueness) values. Error bars

indicate standard deviation.

Fig. 10. Changes in (A) total viable counts (TVC) and (B) psychrotrophic counts (PTC) of rainbow

trout fillets stored at 4 °C for 16 days. Error bars indicate standard deviation.
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Table

Table 1
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Thickness, tensile strength (TS), elongation-at-break (EAB), water vapor permeability (WVP), and water contact angle (CA) of the CPF films
incorporated with different amounts of CCNPs.

. WVP (g WCA (°
0,
Samples Thickness (um) TS (MPa) EAB (%) kPa h m?) )
t=0s Images t=10s Images

CPF (control) 0.046 +£0.001*  28.33+2.17* 128.39£11.32*  0.785=0.053®  73.85+2.76° 76.06 £ 2.00® %
CPF-CCNPs0 0.047 £0.001*  33.00 + 1.28° 119.31 £13.23*  0.692 £0.049*  74.00 + 0.98* Q 74.80 + 0.56*
CPF-CCNPs0.05 0.049 £0.002°  32.03+1.21° 11246 +6.13®  0.670 £0.084* 74.13+1.50° € B 74.90 +0.42° ‘
CPF-CCNPs0.125  0.050 £0.001%  31.94 +1.43° 98.21 +4.81*  0.822+0.007°  73.65+0.35° | 78.93 + 2.45° a
CPF-CCNPs0.25 0.052 £0.002¢  28.90 + 1.86* 90.82 + 5.25°¢ 0.836 =0.008°  73.46 +2.44° 78.16 £ 1.96®

Values are expressed as the mean =+ standard deviation. Superscripts bearing different lower case letters in the same column indicate significant
differences (p < 0.05).
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Table 2

Color parameters (CIELab) and total color difference (AE), and opacity values of the CPF films incorporated
with different amounts of CCNPs.

Opacity
Samples Color parameters (UA/mm)
L a’ b AE
CPF (control) 28.11+0.072 3.64+£0.05¢ 7.71+0.10* 67.04 £0.072 1.37 £ 0.09?2
CPF-CCNPs0 27.09+0.67®* 4.52+0.15> 1023 +0.23% 68.43 + 0.62° 3.08+0.11°
CPF-CCNPs0.05 2649+£0.60° 435+£0.15° 9.34+0.21¢ 68.88 £0.63*  3.15+0.10°
CPF-CCNPs0.125 2634+ 1.12> 4.45+0.12> 9.28+0.39¢ 69.04+1.14* 3.45+0.08°
CPF-CCNPs0.25 26.14 + 0.86° 4.09+£0.12° 9.52+0.03¢ 69.24 + 0.85° 3.68 £0.124

Values are expressed as the mean + standard deviation. Superscripts bearing different lower case letters in the
same column indicate significant differences (p < 0.05).



Table 3

Antimicrobial and antioxidant activity of the CPF films incorporated with different amounts of CCNPs.

DPPH scavenging

Reducing power

Samples Inhibition zone (mm) (%) (OD700 nm)

S. aureus L. monocytogenes  S. enteritidis E. coli
CPF (control) 0.00° 0.002 0.00 + 0.002 0.00? 11.11+0.832 0.084 +0.0112
CPF-CCNPs0 0.002 0.00? 0.00 £ 0.002 0.002 13.16 & 3.24% 0.098 + 0.001°
CPE-CCNPs0.05 0.00? 0.00° 0.00 + 0.002 0.00? 13.64 +2.22% 0.106 + 0.007%
CPF-CCNPs0.125 525+ 0.77° 5.60 £ 0.70° 4.73 +0.47° 3.36 £ 0.40° 15.22 +3.072® 0.122 £ 0.009¢
CPF-CCNPs0.25 6.00 £ 1.13% 6.60 £ 1.20° 5.90+0.56¢ 4.94 + 0.34¢ 16.43 +1.02° 0.128 + 0.0024

Values are expressed as the mean + standard deviation. Superscripts bearing different lower case letters in the same column
indicate significant differences (p < 0.05).



