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Abstract: This study aimed to develop and characterize gelatin/polyvinyl alcohol (G/PVA) films
loaded with black cumin cake extract (BCCE) and zinc oxide nanoparticles (ZnONPs). The BCCE was
also applied for the green synthesis of ZNONPs with an average size of less than 100 nm. The active
films were produced by a solvent-casting technique, and their physicochemical and antibacterial
properties were investigated. Supplementation of G/PVA film in ZnONPs decreased the tensile
strength (TS) from 2.97 MPa to 1.69 MPa. The addition of BCCE and ZnONPs increased the elongation
at the break (EAB) of the enriched film by about 3%. The G/PVA/BCCE/ZnONPs film revealed
the lowest water vapor permeability (WVP =1.14 x 1072 g-mmPa_1 h~.mm~2) and the highest
opacity (3.41 mm~!). The QUick, Easy, New, CHEap and Reproducible (QUENCHER) methodologies
using 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) and cupric ion reducing antioxidant capacity (CUPRAC) were applied to measure antioxidant
capacity (AC) of the prepared films. The incorporation of BCCE and ZnONPs into G/PVA films
enhanced the AC by 8-144%. The films containing ZnONPs and a mixture of BCCE and ZnONPs
inhibited the growth of three Gram-positive bacterial strains. These nanocomposite films with desired
functional properties can be recommended to inhibit microbial spoilage and oxidative rancidity of
packaged food.

Keywords: active packaging; gelatin; polyvinyl alcohol; black cumin cake extract; zinc oxide
nanoparticles; physicochemical properties; antioxidant capacity; antibacterial activity

1. Introduction

Packaging is inseparably connected to food products. Polymer-based materials are
utilized as packaging to isolate the food from the surrounding environment, protect it from
mechanical, physicochemical or biological degradation and prevent it from losing valuable
components while extending the shelf life at the same time [1]. Petroleum-based materials
dominate the food packaging marketplace due to their low cost of production and desirable
material properties, which guarantee mechanical strength and thermal resistance. However,
difficulties with the biodegradability and renewability of plastics require searching for
alternative food packaging materials. Current consumers’ demands are concerned with
natural, high-quality and safe food. Thus, there is an increasing interest in developing
sustainable packaging solutions [2].

Recently, some alternatives to traditional packaging materials have been created by
adding antibacterial and antioxidant substances to biopolymers (starch, cellulose, chitosan,
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alginate, pullulan, dairy and soy proteins and gelatin) and synthetic polymers (polyvinyl
alcohol—PVA, polylactic acid—PLA, polycaprolactone—PCL) [3,4]. Motelica et al. [4]
prepared alginate-based film enriched with silver nanoparticles and lemongrass essential
oil as innovative packaging for cheese. Pea starch PVA films loaded with neem and
oregano essential oils were proposed by Cano et al. [5] as antifungal and antibacterial novel
packaging materials for food. Another study was concerned with a chitosan-acorn starch
blend incorporating eugenol to improve its antioxidant and antibacterial properties [6].
However, chitosan films possess relatively poor mechanical and barrier properties. Hence,
the scientific community is encouraged to develop new, active edible materials enhanced
with various substances, including biopolymers and bioactive compounds.

Owing to its high availability, biocompatibility, film-forming capacity and strong
mechanical and barrier properties, gelatin is one of the most frequently studied biopoly-
mers [7]. On the other hand, gelatin-based films can be excessively rigid and brittle,
generating limitations in the food-packaging field. Moreover, native gelatin materials do
not possess functional properties allowing them to protect food from oxidation processes
or microbial spoilage. In this context, it is crucial to improve the properties of gelatin-
based materials by blending them with other polymers and incorporating antioxidant and
antimicrobial substances.

Interestingly, PVA, as a nontoxic, biocompatible, biodegradable specific synthetic
polymer, can be mixed with gelatin (G) to provide a stable and resistant food packaging
material [3,8]. In fact, some promising G/PVA blends enhanced with various additives were
developed. For instance, G/PVA copolymer film incorporated with quercetin had desirable
antioxidant, thermal and morphological properties, whereas G/PVA film with mulberry
anthocyanin extracts was characterized by improved elongation at break (EAB) [8,9].

Incorporation of agro-food waste and by-products into gelatin films could be an eco-
nomical and environmentally friendly strategy for obtaining packaging materials with
desired physicochemical properties. In fact, fruit and vegetable peels, pulps, oil cakes and
shells act as natural sources of various valuable bioactive compounds (e.g., phenolic acids,
carotenoids, tocopherols and vitamins) [10]. Due to this, researchers successfully incor-
porated various waste extracts into packaging materials. For instance, date waste extract
and blood orange peel extract were used as an antioxidant additive loaded into gelatin
films [11,12]. Moreover, incorporating these extracts enhanced the antioxidant and mechan-
ical properties of materials. The addition of olive leaf extract to the gelatin matrix resulted
in high antibacterial activity against a common food pathogen, L. monocytogenes [13].

Black cumin seed (Nigella sativa L.) is a popular cooking spice widely used in traditional
medicine due to volatile oil and active constituents, such as thymoquinone, which exhibit
high antioxidant capacity (AC). Consequently, black cumin seedcake as a by-product also
constitutes a source of valuable bioactive compounds (e.g., hydroxybenzoic, syringic and
p-coumaric acids). Thus, food products such as corn oil [14] and packaging materials, e.g.,
sago starch films [15], were enhanced with Nigella sativa L. seedcake extract. Moreover, this
valuable by-product rich in protein was successfully used as a base for edible films [16].
Considering the present state of knowledge, extract from black cumin seedcake could
become a low-priced antioxidant agent in biopolymer blends due to its nutritional value
and high-value bioactive compounds.

Unfortunately, only select plant-based extracts, such as grapefruit seed extract, green
tea extract or turmeric extract, can act as antimicrobial substances [17]. Therefore, the
incorporation of metal or metal oxide nanoparticles characterized by strong antibacterial
properties into polymeric matrices has become more popular. Researchers have lately
shown positive impacts on the antimicrobial properties of gelatin blends after incorpo-
rating zinc oxide nanoparticles (ZnONPs) [18], ZnO-TiO, nanoparticles [19], and Se-Ag
nanoparticles [20]. Recent years have witnessed an increased interest in the application of
ZnONPs in active packaging [21]. ZnONPs are easily accessible and generally recognized
as safe (GRAS), approved by the Food and Drug Administration (FDA). They can be ob-
tained using various methods, such as chemical (e.g., sol-gel or precipitation technique),
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physical (vapor deposition, ultrasonic irradiation) or biological (using plants, bacteria and
fungus instead of chemical solvents and stabilizers). The interest in biological methods
has increased dramatically in the last decade because they are deemed cost-effective and
eco-friendly. In fact, ZnONPs with varied sizes from 8—400 nm and with shapes such as
a polyhedron, sphere and dumbbell were successfully developed using different plant
extracts from Camellia sinensis leaves, Eclipta alba leaves and Hibiscus subdariffa leaves [22].
Moreover, Ahmed et al. [23] demonstrated the antibacterial and antibiofilm activity of
ZnONPs against the most common foodborne strains of Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa and Staphylococcus aureus. A study showed antibacterial activity of
Aloe barbadensis leaf extracts (ALE) capped with ZnO nanoparticles (ALE-ZnONPs) against
E. coli, P. aeruginosa and S. aureus isolates. The ALE/ZnONPs inhibited the bacterial growth
kinetics, exopolysaccharides and biofilm formation [24].

In the present study, the antibacterial activity of biocomposite films loaded with black
cumin cake extract (BCCE) and/or ZnONPs was evaluated against the six most common
foodborne bacterial pathogens in two groups: Gram-negative bacteria (E. coli, K. pneumoniae
and S. enterica) and Gram-positive bacteria (M. luteus, L. monocytogenes and S. aureus).

Accordingly, the purpose of this study was to develop a functional nanocomposite
based on G/PVA films doped with BCCE and ZnONPs obtained using the green approach.
As shown in the preceding paragraphs, this approach is new and has not been studied so far.
In this work, ZnONPs were synthesized using BCCE and characterized with the UV-Vis,
X-ray diffraction (XRD) and scanning electron microscopy (SEM) methods. Importantly,
BCCE and ZnONPs were both added as independent, active parts of the G/PVA films.
Finally, physicochemical, mechanical, optical, morphological, antioxidant and antibacterial
properties of the prepared films were investigated.

2. Results and Discussion
2.1. Characterization of Zinc Oxide Nanoparticles

In order to confirm the formation of ZnONPs, the UV-Visible spectrum was recorded
between 200-800 nm (Figure 1a).
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Figure 1. ZnO nanoparticles synthesized by black cumin cake extract (a) UV-Vis spectrum, (b) X-ray
diffraction pattern (c) scanning electron micrograph at 100,000 x magnification.

The specific absorbance peak for ZnONPs was reported between 320 and 380 nm [25].
Thus, the absorption maximum observed at 364 nm confirmed the existence of ZnONPs.

For further confirmation, the X-ray diffraction (XRD) pattern of the obtained ZnONPs
was analyzed (Figure 1b). The sharp and narrow peaks were observed at 20 = 31.8°, 34.5°,
36.3°, 47.6°, 56.7°, 63.0°, 68.1° and 69.1°, which correspond to (100), (002), (101), (102),
(110), (103), (112) and (201) planes of ZnONPs, respectively. These diffraction peaks were
similar to those reported by other authors [26-28]. By using the Scherrer’s equation [29]
(D =kA/BcosO, where k is constant, A is Cu K radiation and (3 is peak full width at half
maximum), the average particle size was calculated as 20.83 + 6.83 nm.
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The shape, structure and size of the ZnONPs synthesized using BCCE were also
determined by the SEM technique. Analysis of the SEM image (Figure 1c) revealed that
ZnONPs appear spherical and are partially agglomerated. This accumulation is due to the
polarity and electrostatic attraction of ZnONPs. The average diameter of the particles as
measured by SEM was less than 100 nm. Similarly, Papaver somniferum L. used for green
synthesis of ZnONPs formed spherical, agglomerated nanocrystallites [30].

2.2. Moisture Content in Films

The results of moisture content (MC) measurements in prepared films supplemented
with BCCE and ZnONPs are presented in Table 1.

Table 1. Moisture content (MC), water vapor transmission rate (WVTR), water vapor permeability
(WVP) and mechanical properties of prepared films including tensile strength (TS), elongation at
break (EAB) and Young’s modulus (YM).

Film Type MC * + SD WVTR * + SD WVP * + SD TS ** 4+ SD EAB **+ SD YM ** + SD
(grmm~—2-h-1) (g'mm-Pa—1-h-1.mm~2) (MPa) (%) (MPa)

G/PVA 18.09 & 0.302 245 x 107° £ 2.08 x 1076 1.59 x 1079 4 3.93 x 10~10ab 297 +0.184 137.03 £ 6.73 11.14 £ 0.92°¢

G/PVA/BCCE 19.84 + 0.08® 272 x107° £2.34 x 10°6P 1.93 x 107? +1.28 x 10-10b 2314 0.08¢ 125.16 £ 7.13P 8.19 + 0.97P

G/PVA/ZnONPs 25.63 & 0.45 4 2.65x 107° £1.98 x 107¢P 1.92 x 107 +1.71 x 10710b 1.69 +£0.12 106.46 +7.032 8.51 +0.33"

G/PVA/BCCE/ZnONPs 2421 +0.12¢ 1.82 x 1075 +£2.79 x 106 1.14 x 1072 £ 1.78 x 10102 1.84 £0.1° 141.45 £ 7.55¢ 6.64 40352

* 5 =3, * n = 5; SD—standard deviation; different letters (*9) within the same column indicate significant
differences between MC, WVTR, WVP, TS, EAB and YM results of the studied films (one-way ANOVA and
Newman-Keuls test, p < 0.05).

According to the presented data, the MC values of the prepared films range between
18.09% and 25.63%. The MC of the control film was 18.09% and this figure increased
after incorporating BCCE and ZnONPs in the G/PVA. The increase was significant for all
the additives, and the highest amount of water was exhibited by the G/PVA/ZnONPs
film (25.63%). A relatively high MC value in neat gelatin film can be explained by the
presence of a large number of free OH groups in the gelatin matrix. Higher MC results for
loaded films indicate a decrease in water-binding ability that ensures cross-linking within
these films and the trapping of free water molecules via the created network by the main
components of the prepared materials. ZnONPs in the film matrices exist as discontinuous
and aggregated particles, making enriched films more porous with larger numbers of voids
for water molecules; thus, their MC increased.

Generally, ZnONPs added to the polymer matrices decreased the MCs due to the reduc-
tion in capacity and voids in the film structure. This is actually related to the phenomenon of
compaction of the structural network of the film due to the presence of nanoparticles having
hydrophobic properties. On the contrary, the hydrophilicity of the ZnONPs capped with
biomolecules was reported by other authors [31,32]. Shankar et al. [31] observed that all
gelatin films supplemented with ZnONPs were characterized by higher MCs (12.3-14.3%)
than control films (11.1%). Moreover, films made of agar, carrageenan and carboxymethyl
cellulose incorporating ZnONPs possessed a higher MC (19.4, 18.2 and 19.7%, respectively)
in comparison with neat films (MC = 18.7, 16.8 and 19.0%, respectively) [32].

2.3. Water Vapor Transmission Rate and Water Vapor Permeability of Films

The WVTR and WVP of prepared films are presented in Table 1. These parameters are
important due to the substantial influence of moisture on the rate of the spoilage process
of packed food. Interestingly, insignificant differences for WVTR and WVP values were
observed between control film and film loaded with BCCE and with G/PVA/ZnONP
material, respectively (Table 1, Newman-Keuls test). The slight increase in the WVP
value of G/PVA/BCCE film was probably due to the interaction of BCCE with hydroxyl
groups of the polymer chain, which weakened chain-to-chain hydrogen bonding in the
polymer structure and replaced it with the new hydrogen bonds between hydroxyl groups
of polymer and extract. This phenomenon increased the distance between polymer chains
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and introduced a twisting pore in the polymer matrix improving water vapor transmission
across the film sample. Moreover, the insignificant increased WVP of the G/PVA/ZnONPs
film was due to the aggregation of the nanoparticles. The aggregated ZnONPs presumably
push the polymer chains apart, causing higher free volume for the water vapor to pass
through more easily.

However, film with the addition of both active agents (BCCE and ZnONPs) re-
vealed improved water-barrier properties (WVTR = 1.82 x 107° g-mm 2-h~!,
WVP =1.14 x 10~? g'mm-Pa~!-h~!mm~2). This suggests that BCCE in the presence of
ZnONPs blocked the intrinsic hydrogen bonds in biopolymer matrix-prolonged tortu-
ous pathways of the water vapor diffusion. Generally, WVP values of the biopolymer
films decreased after the addition of ZnONPs, as was reported by Pryidarshi et al. [33],
Arfat et al. [34] and Shahvalizadeh et al. [35]. On the other hand, incorporation of grape-
fruit seed extract could lead to a slight but not significant increase in the WVP in gelatin-
based film (0.87 x 10~ g-m/m?-Pa-s) in comparison with the control sample (0.84 x 10~°
g-m/m?-Pa-s) [36]. It is noteworthy that preparation of the film samples by the casting method
may result in the formation of cracks and pores (as discussed in Section 2.6). Such ruptures
appearing in different fragments of the sample could directly affect the WVP values.

2.4. Mechanical Properties of Films

All the samples were characterized by relatively high flexibility compared to pristine
gelatin, related to the presence of PVA acting as the plasticizer in the mixtures. In the
present study, film prepared from the G/PVA blend was taken as the reference material to
discuss the effects of additives (BCCE and ZnONPs) on mechanical properties. As indicated
by the data in Table 1, the influence of the BCCE and ZnONPs on the G/PVA blend is
noticeable. Addition of the BCCE to the G/PVA blend resulted in a slight decrease in the TS
(2.31 MPa) as well as the EAB (125.16%) in comparison with the control film (TS = 2.97 MPa,
EAB =137.03%). The decrease in both TS and EAB corresponds with the decrease of material
toughness. Additionally, the decrease in YM resulting from including the additives shows
that the films’ elasticity was raised. The BCCE contained different low molecular weight
compounds that apparently decrease the intermolecular forces responsible for material
cohesion. This interpretation is supported by the YM decreasing from 11.14 to 8.19 for
the control and the BCCE-doped films, respectively. Consequently, the material became
more susceptible to destruction while stretching. Similarly, the addition of ZnONPs led to
a significant decrease in both TS (1.69 MPa) and EAB (106.46%). It is noteworthy that the
addition of nanoparticles introduced a comparable YM decrease to BCCE. However, the
incorporation of both the additives resulted in a drastic YM decrease from 11.14 to 6.64 MPa
for G/PVA and G/PVA/BCCE/ZnONPs, respectively. This significant decrease in material
toughness resulted from the substantial separation of polymeric chains by introduced
additives occupying inter-chain spaces. Additionally, analysis of their morphology based
on SEM images revealed considerable changes, including phase separation, which are
discussed in Section 2.6. However, in the literature, the formation of weak hydrogen bonds
among gelatin and ZnONPs is postulated [37]. It seems rather unlikely that this kind of
interaction can occur in such a system to the extent that it would influence mechanical
properties. Even if some hydrogen bonds are formed between ZnONPs and the polymer,
they affect the intermolecular forces less than the physical parting of the neighboring chains
by incorporated nanoparticles. Thus, the increase in intermolecular distances between
chains leads to a substantial drop in material cohesion. This also is supported by the
meaningful decrease in YM.

The film containing both BCCE and nanoparticles showed also decreased toughness
in comparison with reference material; however, the properties are intermediate between
those of the extract and ZnONPs alone. Interestingly, the EAB of this film was statistically
not different from reference G/PVA but showed a significantly lower YM. To explain this
characteristic, it is necessary to take into consideration morphological changes formed due
to the presence of both the nanoparticles and the BCCE. The details of this are given in
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the discussion in Section 2.6. Summing up the most important issues, one can conclude
that phase separation observed in this material causes the formation of highly porous
material of different compositions of a polymeric matrix, comparing to reference. The large
blobs of separated solidified phase are rare and the majority of the volume is composed of
highly porous (sponge-like) polymer. Large and frequently occurring pores easily undergo
deformation, which leads to a serious decrease in YM. On the other hand, this spongy
phase is quite flexible and showed EAB statistically indifferent from the G/PVA reference.
Additionally, it was reported in the literature that the existence of ZnONPs in polymer
matrices could lead to reduced flexibility of the polymers [38,39]. However, the increase in
the porosity shown in Section 2.6 explains the opposite trend observed in our materials.

Our literature survey revealed that films with similar mechanical characteristics
were studied and considered as potential food packaging. Gelatin/pea protein isolate
(PPI) films prepared by Hedayatnia et al. [40] possessed similar mechanical parameters
(TS = 3.51-8.08 MPa, EAB = 103.1-154.6%), which were strongly affected by the presence
of additional components, such as glycerol, psyllium gum and tragacanth, as well as
main base polymers. Films based on gelatin/PVA reinforced with bacterial cellulose
nanowhiskers, obtained by Haghighi et al. [41], were characterized by higher TS and EAB
values (TS =21.1-26.5 MPa, EAB = 28.9-40.8%). Thus, one can suspect that the studied
materials have credible potential to find application in food packaging.

2.5. Surface Color and Optical Properties of Films

The color parameters (L, a and b) and total color difference (AE) of the films, based on
the G/PVA blend as a control and those reinforced with BCCE and ZnONPs, are presented
in Table 2.

Table 2. Color and opacity properties of prepared films.

Film Type L*+SD a*+SD b*+SD AE* £ SD Opacity *
(mm~—1)
G/PVA 889 +0.1°¢ 1.0+014 —75+022 - 2.60 +0.022
G/PVA/BCCE 875+02P 07+01¢ —44+403P 35+042 295+ 0.04b
G/PVA/ZnONPs 875+ 02" 03+01P —41+03P 38+052 329 +0.04¢
G/PVA/BCCE/ZnONPs 8534+ 0.32 —0.1+0172 —06+01¢ 794 03P 341 +0.074

* 1 = 5; SD—standard deviation; different letters (*"%) within the same column indicate significant differences
between color parameters and opacity of the studied films (one-way ANOVA and Newman-Keuls test, p < 0.05).

The color parameters clearly affect consumers” acceptance of the visual appearance of
the packaging. Generally, protein-based films are colorless, depending on the concentration
and type of present amino acids in the biopolymer [42]. The Newman-Keuls test indicated
that the incorporation of active agents affected the color of the films’ surfaces (p < 0.05) by
decreasing L and a values and increasing b values. In fact, lightness of the film doped with
ZnONPs and BCCE was significantly reduced from 88.9 to 85.3. Shankar et al. [31] reported
that the lightness of gelatin film (L = 93.30) after supplementation of ZnONPs synthesized
using zinc acetate in the presence of capping agent slightly decreased (L = 92.95). On the
other hand, the addition of 3% of ZnONPs into fish protein isolate/fish skin gelatin film
(control film, L = 90.54) did not change its lightness significantly (L = 90.65) [34]. The a
values, which determine the redness of the obtained materials, were the highest for the neat
gelatin film (a = 1.0), whereas after the incorporation of BCCE and ZnONPs it decreased
gradually (a ranged between 0.7 and —0.1). In contrast, the b values, indicating yellowness,
increased significantly after incorporation of active agents (b changed from —4.4 to —0.6) in
comparison with the control film (b = —7.5). Consequently, the highest total color difference
(AE) was observed after blending the G/PVA mixture with BCCE and ZnONPs (AE =7.9).
Javidi et al. [43] also reported a decrease in the lightness of gelatin nanocomposites owing to
the presence of ZnONPs and Mentha piperita extract. Similar observations of color changes
were described by Shahvalizadeh et al. [35]. According to their results, with increased
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content of ZNONPs in the gelatin-tragacanth matrix, L and a values decreased, whereas b
values increased (L =91.87,a= —1.13 and b= —2.60 and L = 88.20,a = —2.73 and b = 2.13
for film without ZnONPs and film with 5% of ZnONPs, respectively).

The opacity of the obtained films ranged from 2.60 (control film) to 3.41
(G/PVA/BCCE/ZnONPs). Similar results of opacity for gelatin film (2.433) and gelatin film
with 1.3 and 5% of ZnONPs (1.422 to 4.150) were reported by Sahraee et al. [44]. Moreover,
there were significant differences in the opacity results for studied film samples (Table 2,
Newman-Keuls test). The highest value of this parameter (3.41) was observed for the
film incorporated with both active agents. An increase in the opacity values in films en-
riched with ZnONPs could be related to agglomeration of the nanoparticles within the
gelatin/PVA matrix [45].

2.6. Microstructure of Films
The microstructure of the films’ cross-sections was accessed using SEM (Figure 2).

Figure 2. Scanning electron micrographs of cross-sections at 500x magnification of pre-
pared gelatin/PVA films: (a) G/PVA (control film), (b) G/PVA/BCCE, (c) G/PVA/ZnONPs,
(d) G/PVA/BCCE/ZnONPs.

Before the main discussion of the films” morphology, it is important to mention some
facts that could be obvious for the skilled reader but should be pointed out for the sake of a
clearer understanding of the materials” structure. Firstly, it is important to note that the
films were prepared applying the solution casting method; this imposed some limitations
for the future morphology of the films. Secondly, it needs to be mentioned that the film-
formation process was not the main concern in this study, so we did not control the casting
conditions thoroughly. The film-formation process, in this case, involved aggregation,
gelation and drying occurring simultaneously in a bulk steady system. The polymer chains
have ample time to test new conformations before condensation in solidified form. In the
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meantime, solvent slowly evaporates, increasing the concentration of film precursor and
facilitating gelation. As a result, the interplay of the rate of each process influence pore
formation in the material. In this context, pore size, their density and distribution in the
material can be controlled by solution thickness, rates of evaporation and condensation,
mechanisms of gelation and many other parameters that were not analyzed during this
study. Nevertheless, because all of the films were cast and dried at the same conditions,
we can compare their morphological features; however, in these circumstances, it is not
feasible to draw more general conclusions. Due to the formation procedure, though, all the
samples revealed irregular and jagged structures with pores and cracks.

The reference G/PVA film was cast out of the solution of compatible and mixing
polymers; thus, its SEM image (Figure 2a) shows a fine relatively uniform structure not
revealing any sign of phase separation. The pore distribution was nearly uniform; their
cross-sections were close to ellipsoid. The size of pores ranged from very small (below
0.2 um) up to about 40 pm. Most pores (over 80%) did not exceed 1.5 pm in diameter.
The film of the polymer blend with the addition of BCCE showed morphology similar
to the reference with no sign of phase separation. The pore structure, however, was
significantly different. Although the pores were distributed uniformly in the material
volume, their size was larger. On the applied magnification 500, the most frequent pore
diameter was found to be about 3 um. On the contrary to the G/PVA film, the pores had
irregular cross-sections and a wider size distribution. As can be noticed from the SEM
image (Figure 2b), the structure more closely resembled the structure of a sponge than the
porous film. The SEM image of the film containing ZnONPs (Figure 2c) differed the most
from the others studied. The cross-section revealed phase-separation features. Our initial
explanation for this was that ZnONPs apparently had enough time during film formation
to aggregate and form micrometric structures. However, Sahraee et al. [44] reported that
ZnONPs are compatible and well-dispersed in a gelatin matrix. On the other hand, in the
literature, one can find information on the agglomeration of ZNnONPs in PVA [46], so it
could be assumed that interactions of nanoparticles with PVA could be responsible for the
phase separation observed in the SEM image in Figure 2c.

The aggregation leads to the formation of ellipsoidal grains with long diameters
ranging from about 60 to 20 pm and short diameters between 40 and 10 pm. The presence
of irregularly distributed globules of foreign phases introduces substantial disturbance
in pore size and distribution. In the regions free from grains, pore size and distribution
resembled the one in the reference film; however, in the vicinity of globules, pores were
larger and less evenly distributed. The diameters of pores neighboring grains ranged from
5to about 11 pm. The other film containing ZnONPs, i.e., G/PVA /BCCE/ZnONPs, showed
even stronger evidence of phase separation (Figure 2d). The material was highly porous
with large irregular pores. In the cross-section (Figure 2d), there was one large island of a
different phase with an ellipsoidal shape over 200 um long and about 70 um wide. In the
material, a more significant number of such inclusions were found; most of them were
spotted near the film’s surface. This would suggest that some of the BCCE ingredients
facilitate the phase separation in the G/PVA mixture. On the other hand, the observed phase
separation is similar to some cases reported in the literature. In the case of G/PVA films,
Chiellini et al. [47] reported similar cross-sections suggesting separation of one of the
components from the continuous matrix formed by the second polymer. Kavoosi et al. [48]
noticed that the addition of Zataria multiflora essential oil to the G/PVA mixture resulted
in a coarse and heterogenous G/PVA film through increasing the presence of spherical
particles. Consequently, samples with this essential oil revealed significantly different
structures from the control film. Therefore, adding inorganic particles (ZnONPs) weakened
the polymeric structure by separating constituents and forming additional defects.

2.7. Antioxidant Properties of Films

The antioxidant properties of the films are crucial in protecting food from oxidative
processes. The ACs of the films were evaluated using the spectrophotometric QUick,
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Easy, New, CHEap and Reproducible (QUENCHER) methods based on direct contact of
the DPPH radical (QUENCHERpppy), the ABTS radical cation (QUENCHERAgTS) and
CUPRAC reagent (QUENCHERcyprac), respectively, with the investigated film samples.
The direct QUENCHER approach avoiding any pretreatment of analyzed samples is able to
estimate the antioxidant potential of insoluble moiety by surface reactions occurring at the
solid-liquid interface between color radicals or AC reagent and antioxidant groups bound
to insoluble matter. As presented in Table 3, the QUENCHERpppr;, QUENCHERpTs and
QUENCHERcyprac values increased after adding the BCCE and ZnONPs compared to
the neat G/PVA film.

Table 3. Antioxidant capacity of prepared films.

AC* £ SD (umol Trolox (TE)/100 g)

Film Type
QUENCHERpppH QUENCHER 5gTs QUENCHER cyprAC
G/PVA 70.12 £ 1.652 207.08 + 6.112 482,57 +15.232
G/PVA/BCCE 171.09 + 4.60 4 34251 +£520b 756.53 + 1.55 ¢
G/PVA/ZnONPs 100.50 =+ 4.53 P 366.49 + 10.91 ¢ 518.97 + 18.19P
G/PVA/BCCE/ZnONPs  116.15+2.50 ¢ 391.84 +4.144 733.88 + 15.75 ©

* 1 = 3, SD—standard deviation; different letters (*"9) within the same column indicate significant differences
between antioxidant properties of the studied films determined by three various analytical methods (one-way
ANOVA and Newman-Keuls test, p < 0.05).

The control film also presented antioxidant potential (QUENCHERpppy = 70.12 pmol
TE/100 g, QUENCHERyprs = 207.08 umol TE/100 g and QUENCHERcyprac = 482.57 pumol
TE/100 g). Similar observations for AC of neat gelatin films were reported in our previ-
ous paper (QUENCHERpppy = 129.42 umol TE/100 g and QUENCHERpp1s = 133.49 umol
TE/100 g) [49] as well as by Hanani [50] (DPPH = 53%). It is known that the gelatin contains
antioxidant peptides or amino acids with electron-donating properties and the ability to par-
ticipate in hydrogen transfer that can terminate DPPH and ABTS radical chain reactions and
reduce copper (I)-neocuproine to the highly colored copper(l)-neocuproine chelate [7].

The Newman—Keuls test indicated that the AC values for the G/PVA films enriched
with BCCE and ZnONPs were significantly higher than the AC values of the control
film. In fact, incorporation of the BCCE resulted in the highest QUENCHERpppy and
QUENCHERcyprac values (171.09 and 756.53 pmol TE/100 g, respectively). This means
that the combination of the BCCE and ZnONPs showed no synergistic effect on the an-
tioxidant properties of the films. Although ZnONPs exhibit an ability to scavenge free
radicals, their addition to the G/PVA films did not enhance the AC as much as supple-
mentation of BCCE [51]. This could be related to an insufficient amount of the added
ZnONPs to the polymeric matrix or their irregular distribution. Analogous observations
were reported by Roy et al. [26]. Similar to the control sample (DPPH = 2%, ABTS = 13%),
cellulose nanofiber-based film incorporated with ZnO nanorods were characterized by a
negligible AC (DPPH = 1%, ABTS = 11%), whereas film enhanced with the grapefruit seed
extract (GSE) possessed significantly higher DPPH (22%) and ABTS (48%) than the film
supplemented with GSE and ZnONPs (DPPH = 17%, ABTS = 33%).

2.8. Antimicrobial Properties of Films

The antibacterial activity of films (with ZnONPs and/or BCCE) against the tested
foodborne pathogens was based on the Gram character of the strains. The zone of inhibition
(ZOI) clearly indicating the antibacterial effect was observed for the films loaded with
ZnONPs and BCCE/ZnONPs against three Gram-positive bacterial strains. The largest inhi-
bition zone was observed for M. luteus followed by L. monocytogenes and S. aureus (Table 4).
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Table 4. Zone of inhibition (ZOI) produced by different films against bacterial strains. The diameter
of inhibition zone is presented in mm.

Bacterial Strain *

Film Type
E. coli K. pneumoniae S. enterica M. luteus L. monocytogenes S. aureus
G/PVA No ZOI No ZOI No ZOI No ZOI No ZOI No ZOI
G/PVA/BCCE No ZOI No ZOI No ZOI No ZOI No ZOI No ZOI
G/PVA/ZnONPs No 7Ol No ZOI No 7Ol 193 +0.7°¢ 1324 0.7 83+£08?
G/PVA/BCCE/ZnONPs No ZOI No ZOI No ZOI 180+0.7°¢ 9.94+0.3P 67+£03?

* n = 6; mean + standard deviation; different letters (*) within the same row indicate significant differences
between bacteria of the studied films (one-way ANOVA and Newman-Keuls test, p < 0.05).

The microtiter plate method showed antimicrobial activity increased in films supplemented
with BCCE and ZnONPs, followed by only ZnONPs, after 24 h of incubation (Figure 3).
The inhibitory effect of films enriched with ZnONPs and BCCE/ZnONPs on the Gram-negative
bacteria E. coli, K. pneumoniae and S. enterica was less than that on the Gram-positive bacteria
M. luteus, L. monocytogenes and S. aureus. The presence of extract in G/PVA /BCCE significantly
increased the growth of the Gram-positive bacteria mainly, M. luteus and S. aureus. In addition,
a higher amount of bacterial growth was observed for the three Gram-negative bacterial strains
with G/PVA and G/PVA/BCCE when compared to their control (no film).

12
u Control (No film)
uG/PVA
u G/PVA/BCCE d
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- 4
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Figure 3. Antimicrobial activity of gelatin films enriched with BCCE and ZnONPs against Gram-
negative bacteria (E. coli, K. pneumoniae and S. enterica) and Gram-positive bacteria (M. luteus,
L. monocytogenes and S. aureus). Bars with different letters (a—d) represent statistical differences
(one-way ANOVA and Newman-Keuls test, p < 0.05) between the enriched gelatin films for each of
the bacteria.

The antibacterial effect of films as observed with the disk diffusion method and
microtiter plate method was more pronounced with the Gram-positive than the Gram-
negative bacteria. This may indicate higher Gram-negative strain resistance/tolerance
against ZnONPs than Gram-positive bacterial strains.

Similar observations were made by Premanathan et al. [52] and Azam et al. [53]; they
reported that the ZnONPs’ effect was more pronounced against Gram-positive bacterial
strains than Gram-negative bacterial strains. The reason for the differences in the effect of
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ZnONPs could be related to the cell wall characteristics of the two bacterial groups [54].
The structure of the cell wall of Gram-positive bacteria is made up of interconnected layers
of peptidoglycan and lacks an outer membrane; this makes them more permeable and
susceptible to toxic compounds present in the growth environment. In contrast to Gram-
positive bacteria, the cell wall of Gram-negative bacteria is composed of a peptidoglycan
layer and outer membrane bilayer, with lipopolysaccharides (LPS) located in the outer
leaflet. Studies have shown that LPS can improve the barrier properties of an outer
membrane and thus increase bacterial resistance [55]. The mechanism of ZnONPs in
bacterial inhibition mainly involves Zn?* particles permeating into the cell membrane,
causing oxidative stress and thus damaging lipids, carbohydrates, proteins and DNA, and
eventually disrupting the cellular functions [56].

Hence, we can suggest that the cell wall composition critically determines the ZnONP
resistance between the two bacterial groups, making Gram-negative bacteria more resistant
to ZNONPs than Gram-positive bacteria. Moreover, a significant increase in the growth of
Gram-positive bacteria in the presence of extracts (G/PVA/BCCE) was seen. This is in line
with our previous study where higher growth of the three Gram-positive bacterial strains
was recorded in gelatin films enriched with different concentrations of water and methano-
lic extracts of rapeseed meal, and the growth increased with increasing concentrations of
rapeseed meal extract [49].

3. Materials and Methods
3.1. Chemicals and Materials

All chemicals used in the study were of analytical or HPLC grade. Gelatin from
bovine skin (20 mesh) was purchased from Chemland (Stargard Szczeciriski, Poland).
Polyvinyl alcohol (PVA) (molecular weight = 72,000 g/mol) was purchased from Avantor
Performance Materials Poland S.A. (Gliwice, Poland). Black cumin seeds in the original
packaging (polyethylene film) were kindly donated by the local vegetable oil factory. Black
cumin cake (BCC), the primary by-product of the black cumin oil industry, was obtained
by cold pressing the seeds at room temperature with a KOMET Ca 59G screw oil expeller
(MEGART, Mikotéw, Poland) using a 8 mm nozzle and a rotational speed of 55 rpm.

3.2. Preparation of Black Cumin Cake Extract

In this study, distilled water was used for the extraction of antioxidants from BCC.
A 5.0 g portion of ground BCC and 20 mL of solvent (distilled water) were transferred
into round-bottomed flasks and shaken at room temperature for 30 min. Each sample
was extracted in triplicate, and the residual black cumin flour was separated by centrifu-
gation (centrifuge MPW-54, Chemland, Stargard Szczeciriski, Poland, 4500 rpm, 10 min).
The pooled extracts were filtered and stored in a refrigerator prior to the analysis.

3.3. Green Concept of Receiving Zinc Oxide Nanoparticles

Previously prepared BCC extract (Vgccp = 10 mL) was transferred into the beaker
and then diluted with 10 mL of distilled water. The mixture was heated and gently stirred
(RH Basic 2, IKAPOL, Warszawa, Poland) until 60 °C was achieved. Then, about 3 mL of
0.1 M NaOH was added dropwise in order to reach pH = 11. After that, 1 g of zinc nitrate
hexahydrate was added. The mixture was heated (60 °C) and continuously stirred for 2 h.
The resulting white precipitate was filtered and washed repeatedly with distilled water
followed by ethanol to remove the impurities. Finally, a white powder was obtained after
overnight drying of the purified precipitate at 110 °C.

3.4. Characterization of Zinc Oxide Nanoparticles
3.4.1. UV-Vis Spectrophotometry
The initial confirmation of ZnONPs synthesis was achieved by UV-Vis spectropho-

tometry using a Hitachi U-2900 spectrophotometer (Tokyo, Japan) and scanning in the
range of 200-800 nm. Aqueous suspension of ZnO nano-powder for spectral was prepared
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according to the analysis by sonication by Kumar et al. [37] for 10 min using an ultrasonic
clearer bath (5200DTD; Chemland; Stargard Szczeciriski, Poland).

3.4.2. X-ray Diffraction Analysis

The X-ray diffraction (XRD) of the ZnONPs was performed with a Philips X'Pert PW
3040/60 diffractometer (Philips Analytical; Almelo, The Netherlands) at room temperature
in reflection mode using Cu-Ka radiation (wavelength of 1.540598 A) at 40 kV and 40 mA.
The 20 scan data were collected at a rate of 2° /min within the scattering range of 20-80°.

3.4.3. Scanning Electron Microscopy Analysis

The size and morphology of ZnONPs were examined using a SEM Quanta 3D FEG
microscope (Carl Zeiss; Gottingen, Germany). The accelerating voltage used was 20 kV.

3.5. Preparation of Active Films

Based on preliminary experiments, the concentrations of gelatin, PVA, glycerol, BCCE
and ZnONPs were determined to prepare the proposed active films. Firstly, gelatin was
dissolved in distilled water (70 °C) for 20 min to obtain a concentration of 5% (w/v).
PVA (5% w/v) was dissolved in water and kept under magnetic stirring at 80 °C for 2 h.
A blending of the solutions (5:3 v/v) was completed by stirring for 10 min. The final
filmogenic solutions were prepared using the composition given in Table 5. Gelatin, PVA,
glycerol, BCCE, ZnONPs and distilled water were mixed under magnetic stirring at 60 °C
for 20 min and sonicated for 2 min using an ultrasonic clearer bath. The film-forming
solutions were poured into Petri dishes and left to dry at room temperature for 48 h. After
drying, the films were peeled off from the casting surface.

Table 5. Composition of film formulations.

Gelatin (¢ = 5% w/v)

PVA (c = 5% w/v) Glycerol BCCE ZnONPs Water

Film Type (mL) (mL) (mL) (mL) () (mL)
G/PVA 100 60 10 - - 20
G/PVA/BCCE 100 60 10 10 - 10
G/PVA/ZnONPs 100 60 10 - 0.1 20
G/PVA/BCCE/ZnONPs 100 60 10 10 0.1 10

3.6. Physicochemical, Optical, and Morphological Properties of Films
3.6.1. Moisture Content

The MC in the obtained films was determined by the gravimetric method. A square
(I cm x 1 cm) sample was cut from each film and weighed (W; —the initial weight). Then,
each square was dried at 105 °C in a drying oven (SUP-3; Zalmed; Warszawa, Poland)
until a constant weight was attained (Wy —the final dry weight). The MC in each film was
analyzed in triplicate and calculated using Equation (1):

W; — Wy
———1.100 1)

MC (%) = —5
1

3.6.2. Water Vapor Permeability

Water vapor permeability (WVP) of the films was determined gravimetrically according
to method ASTM E96-95 with slight modifications [57]. The glass cells of 29 mm in diameter
containing a known mass of desiccant (silica gel, dried at 110 °C for 24 h) were prepared and
sealed tightly on the top with tested films, then placed at 25 °C in a desiccator with distilled
water (100% relative humidity, RH). The cells were weighed at 1 h intervals over an 8 h period.
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The average values of water vapor transmission rate (WVTR) and WVP were calculated based
on three independent tests according to Equations (2) and (3), respectively:
w

WVTR (g-mm*zh*l) =11 2)

. . _2. _1- -1 = w-x
WVP (g mm-mm_ “-Pa”"-h ) LI AP 3)

where w is the weight gained (g),  is time (h), A is area of the film exposed to water vapor
permeation (mm?), x is the film’s average thickness (mm), and AP is the partial pressure
difference (Pa) across the two sides of the film.

3.6.3. Mechanical Properties

Mechanical properties such as the modulus of elasticity—Young’s modulus (YM), ten-
sile strength (TS) and elongation at break (EAB) of studied films were measured according
to modified ISO 527-3:2018 standard [58] using the universal testing machine Shimadzu
EZ-test SX (Kyoto, Japan). The film samples were cut in rectangular strips (50 mm x 10 mm
and known thickness) and conditioned at 24 °C and 55% relative humidity by placing them
in a desiccator over a saturated solution of magnesium nitrate for 48 h. After this time,
films were clamped between the stationary clamp connected with a load cell (100 N) with
an initial separation of 30 mm, and the cross-head speed was set at 20 mm/min. The TS
and EAB were measured and calculated directly from the plotted stress-strain curves.

3.6.4. Surface Color and Opacity Measurement

Color parameters in the system of CIE-Lab were determined using a MICRO-COLOR I
LCM 6 spectrophotometer (Dr. Bruno Lange GmbH & Co. KG, Berlin, Germany). Within
the CIE-Lab system, the color is defined using lightness (L) and chromaticity parame-
ters redness (a) and yellowness (b) of each film. The measurements were run in five
replications. Additionally, the total color difference value (AE) was calculated using the
following formula:

AE = \/[(AL)2 + (Aa)* 4 (Ab)? 4)

where AL, Aa and Ab refer to the differences between the color value parameters of control
film and G/PVA films incorporated with BCCE and ZnONPs.

The opacity of the obtained films was measured according to the method proposed by
Wang et al. [59]. Each film was cut into a rectangular piece and placed in the test cell of
the Hitachi U-2900 spectrophotometer (Tokyo, Japan). Then, the absorbance at 600 nm was
measured five times. Film opacity was calculated by the following equation:

Opacity = 7Ab§600 (mm71> 5)

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

3.6.5. Microstructure of Films

SEM cross-section imaging was performed using the Quanta 3D FEG microscope.
Broken samples examined in mechanical tests were sputtered with a thin layer of gold to
improve layer conductivity.

3.7. Antioxidant Capacity of Films

In the present study, the modified 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and cupric reducing antiox-
idant capacity (CUPRAC) assays previously described in detail [60] using the QUENCHER
procedures were applied for direct determination of antioxidant properties of the film samples.

The AC was determined in three replications, and the results were expressed as pmol
Trolox equivalents (TE) per 100 g of sample.
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3.7.1. QUENCHERpppy Procedure

In brief, film samples (0.1 g) were ground in an electric laboratory mill (FW100; Chem-
land; Stargard Szczeciniski, Poland). Then, 6 mL of DPPH solution was added to the test
tube containing the film sample. In the next step, samples were shaken vigorously (Classic
Vortex Mixer; Velp Scientifica Srl; Usmate (MB), Italy) for 10 min to facilitate the reaction
with the reagent. After shaking, test tubes were put in the dark for 15 min. After this time
the absorbance of the optically clear supernatant was measured spectrophotometrically at
517 nm using a Hitachi U-2900 spectrophotometer (Tokyo, Japan).

3.7.2. QUENCHER g1 Procedure

In the first step, 6 mL of ABTS radical cation solution diluted with ethanol to an
absorbance of 0.70 & 0.02 at 734 nm and weighed film sample (0.1 g) were shaken vigorously
for 10 min to facilitate the reaction with the reagent. After 1 min of incubation at 40 °C,
the absorbance of the optically clear supernatant was measured spectrophotometrically at
734 nm.

3.7.3. QUENCHERcyprac Procedure

In this procedure, 10 mL of mixture solution (2 mL of CuCl,, 2 mL of ammonium
acetate buffer, 2 mL of neocuproine, 3 mL ethanol and 1 mL redistilled water) and weighed
film sample (0.1 g) were shaken vigorously for 10 min to facilitate the reaction with the
reagent. After 20 min of incubation at room temperature in the dark, the absorbance of the
optically clear supernatant was measured spectrophotometrically at 450 nm.

3.8. Antibacterial Activity of Films
3.8.1. Bacterial Strains and Inoculum Preparation

Six bacterial strains (Escherichia coli, Klebsiella pneumoniae, Salmonella enterica, Micrococ-
cus luteus, Listeria monocytogenes and Staphylococcus aureus) were used to test antibacterial
activity of films. The bacterial strains were cultivated in 100 mL LB broth (LB broth; Lennox;
BD DifcoTM; Washington, WA, USA) and incubated at 37 °C with continuous shaking
at 100 rpm for 24 h. After 24 h the bacterial cultures were centrifuged at 10,000 rpm for
10 min and the supernatant was discarded. The bacteria were washed with 10 mL of
0.9% NaCl solution and centrifuged at 10,000 rpm for 10 min. The bacterial pellets were
suspended in 10 mL of sterile 0.9% NaCl solution. The optical density of each culture
was adjusted to 0.07 (in sterile 0.9% NaCl solution) at 600 nm using spectrophotometer
(Thermo Scientific NanoDropTM 2000/2000c Spectrophotometers; Thermo Fisher Scientific;
Wilmington, DE, USA).

The bacterial suspensions were used to evaluate the antibacterial activity of the films
loaded with and without BCCE and ZnONPs using the disc diffusion method and microtiter
plate method.

3.8.2. Antibacterial Activity by Disk Diffusion Method

The antibacterial activity of the active films were determined by the disc diffusion
method [61]. 100 pL of bacterial suspension was uniformly seeded on LB agar growth
medium in a Petri plate. The films were surface-sterilized under a UV lamp for 30 min on
each side and aseptically cut into discs (5 mm in diameter). The film discs were placed on
the surface of each bacterially seeded LB agar plate. The plates were incubated for 24 h at
37 °C. Three replicates for each bacteria and each film were maintained. The antibacterial
activity of the film is shown as the diameter of inhibition zone around the disc, following
the 24 h incubation [61,62].

3.8.3. Antibacterial Activity by Microtiter Plate Method

The surface-sterilized films were aseptically cut into discs (5 mm in diameter). The discs
were placed in each well of a sterile 96-well microtiter plate. A total of 150 uL of each
bacterial suspension was pipetted into the microtiter well plates. The control wells were
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prepared with no film (bacterial suspension only). The final volume in each well was
150 uL. The plates were placed in an incubator set at 37 °C. The analysis was performed in
four replicates. After 24 h incubation, the absorbance was measured at 600 nm using the
SpectraMax iD3 microplate reader (Molecular Devices Ltd.; San Jose, CA, USA). The solu-
tions in the wells were mixed by pipetting to ensure uniform distribution of the dissolved
film in microtiter wells before measurement.

3.9. Statistical Analysis

The obtained results of film parameters were presented as: mean =+ standard deviation
(SD). One-way analysis of variance (ANOVA), followed by the Newman-Keuls test, was
performed to analyze the significant differences between data (p < 0.05).

4. Conclusions

ZnONPs were successfully obtained by a green approach using extract of BCC, a
residue of the oil industry. Moreover, BCCE and ZnONPs were incorporated into G/PVA
films. Addition of both the active agents influenced WVP and YM values of the film the
most, in comparison with the control film. The opacity was clearly affected by BCCE and
ZnONP supplementation. Interestingly, AC values of the G/PVA /BCCE film, measured by
QUENCHERpppy and QUENCHERcyprac were the highest. Microbiological observations
revealed that films loaded with ZnONPs possessed strong antibacterial properties against
Gram-positive bacteria (M. [uteus, L. monocytogenes and S. aureus).

This study demonstrated that incorporating BCCE and ZnONPs into G/PVA film
could be a promising eco-friendly material for food packaging, replacing synthetic poly-
mers. Furthermore, the BCC by-product of the oil industry available naturally can be used
as an antioxidant additive to film materials and thus helpful in solving the problems of
agricultural waste disposal.

Further research should be aimed at carrying out tests on real food systems for practical
active food packaging applications.
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