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Abstract

Active films based on sodium caseinate (SC) were fabricated via the casting method; these films were reinforced with zinc
oxide nanoparticles (ZnO NPs) and rosemary essential oil (REO). The films’ optical, mechanical, and barrier and antimi-
crobial properties were evaluated. Further characterization was done using SEM, XRD, and FTIR spectroscopy. The results
disclosed that the incorporation of ZnO NPs and REO into the SC matrix significantly improved the mechanical and barrier
properties as well as moisture resistance of the SC film. The simultaneous incorporation of ZnO NPs and REO consider-
ably reduced the water vapor permeability (W VP) of the films but increased their flexibility and strength. The microscopic
and spectroscopic characterization revealed that the additives were highly compatible with the SC film matrix given the
formation of uniform and homogeneous composite films. The nanocomposite films also exhibited noteworthy antimicrobial
activity against the tested bacteria. In summary, this type of biopolymer-based active film can be considered as a promising
material for food packaging applications.
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Abbreviations Introduction

SEM  Scanning electron microscopy

XRD X-ray diffraction In recent years, biopolymer-based food packaging films con-
FTIR Fourier transform infrared taining natural extracts have been increasingly considered
WVP  Water vapor permeability by the food industry. Food packaging can be used to control
ZnO  Zinc oxide the microbiological spoilage of food products, ensure food
NPs  Nanoparticles safety, increase durability, and reduce the associated envi-
SC Sodium caseinate ronmental burden [1]. Currently, the utilization of biocom-
REO Rosemary essential oil patible packaging materials and biopolymers has become

much more widespread relative to petroleum-based, non-
biodegradable, synthetic plastics [2]. Population growth and
environmental dangers, as well as human health concerns,
have led to the use of biodegradable polymers with non-toxic
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chsan.m kia@gmail.com biologically active natural products that improve food prop-
D4 Ali Ehsani erties [3, 4]. In fact, nanocomposite films incorporated with
ehsani@tbzmed.ac.ir nanoparticles (NPs) and natural essential oils/ or extracts

feature antibacterial, antifungal, and antioxidant properties,
improving the quality and durability of food products [5, 6].
Therefore, such natural biopolymers can be highly beneficial
alternatives to synthetic, non-degradable materials.
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they are permeable to water vapor due to their hydrophilic
properties. To overcome these defects, multiple compounds
like proteins, polysaccharides, lipids, and their derivatives
have been used in combination with each other or with other
reinforcing materials and nanofillers to fabricate composite
packaging materials [7, 8]. It should be noted that, biocom-
patible films based on proteins have more suitable mechani-
cal resistance and barrier characteristics than those based on
polysaccharides [9]. Therefore, to achieve desirable films, it
is better to use a combination of these compounds [1, 7, 10].
In general, composite films have been prepared using vari-
ous formulations, with protein compounds such as casein,
whey protein, corn saddle, soy protein, wheat gluten, and
gelatin often being utilized [11]. Sodium caseinate (SC) is
one of the compounds that has been used to form biode-
gradable films and coatings; the encapsulation of bioactive
compounds with SC has also been described in previous
studies [7, 11, 12]. Notably, SC possesses satisfactory ther-
mal stability and can easily produce transparent, flexible,
colorless, eco-friendly films from aqueous solutions owing
to its random coil nature and ability to form intermolecular
bonds and make electrostatic and hydrophobic interactions
[7,9].

Essential oils (EOs) are volatile functional compounds
derived from different parts of fragrant plants. These oils
offer a wide range of applications as they are rich in ter-
penoids, terpenes, aromatics, and aliphatic compounds.
In addition to their antimicrobial and antioxidant activity
(main properties), these compounds provide a number of
functional properties for active packaging films [7, 13].
Rosemary (Rosmarinus officinalis) essential oil (REO) is
a well-known spice that has been successfully used in the
fabrication of active packaging films owing to its antioxi-
dant and antimicrobial properties [13, 14]. In fact, EOs can
improve the moisture sensitivity and flexibility of such com-
posite films due to their oily and hydrophobic nature [5, 7,
15].

In active packaging, antimicrobial NPs such as zinc, iron,
gold, silver, and titanium dioxide are used in order to inhibit
microbial growth, prolong product quality, and increase
the shelf life of food products [7, 16]. Among the metal
oxides, the antimicrobial properties of zinc oxide (ZnO) are
exemplary, making it one of the most useful materials in
this field. In fact, ZnO NPs can maintain product color and
improve product quality for a long period besides boosting
the mechanical properties of the packaging material. Fur-
thermore, various studies have shown that the utilization of
ZnO NPs along with other compounds such as chitosan, cel-
lulose, protein, and their derivatives is suitable for improving
film performance [1, 3, 16].

Therefore, in this study, functional nanocomposite films
were prepared by incorporating ZnO NPs and REO into a SC
matrix via the casting method. The composition, structure,

and function of the products were characterized via SEM,
FTIR, and XRD analyses. In addition, the effects of nano-
fillers and EOs on the morphological, physico-mechanical,
water vapor barrier, and antimicrobial properties of the com-
posite films were investigated.

Materials and Methods
Materials

ZnO NPs (> 99% purity; ~10-30 nm) were purchased
from US Research Nanomaterials, Inc., Houston, (U.S.A).
SC (protein > 90%) was purchased from Iran Caseinate
(Tehran, Iran). REO was procured from the Barijessence
Company (Kashan, Iran). All the applied reagents were of
analytical grade and were used without further purification.
Deionized water was used for all sample preparations. The
bacterial strains including Listeria monocytogenes (ATCC
13932), Escherichia coli (ATCC 25922), Staphylococcus
aureus (ATCC 33591) and Pseudomonas fluorescens (ATCC
13525) were obtained from the Biological and Genetic
Resources Center (Tehran, Iran). The microbial culture
media were acquired from Micromedia (Canada).

Preparation of SC And Nanocomposite Films

The SC solution was prepared at a concentration of 8% (w/v)
in distilled water at pH = 8; the pH was adjusted slowly
using NaOH over 2 h. Then, the solution was heated in a
water-bath at 90 °C for 30 min. Glycerol (4.5% w/w), as
a plasticizer, was added to the SC solution before it was
degassed under vacuum. In the next step, an Ultrasonic
Cleaner (Belfor, U.S.A) was applied for 30 min at 25 °C
to remove any trapped air bubbles. The solution films were
poured and spread on a petri dish with 8 cm internal diam-
eter and then dried for 24 h in a vacuum oven set at 30 + 1
°C and 50 + 6% relative humidity (RH).

Various amounts of ZnO NPs (0.5, 1 and 2% w/w based
on SC) were added to the SC film solutions. To obtain good
dispersion in the film solution, the ZnO NPs were added
slowly under intense stirring, with an ultrasonic probe
sonicator (UCD-1200 model, Bio-Base, China) being used
simultaneously. Finally, REO was added with concentrations
of 1% and 2% (w/v based on SC) to the composite film solu-
tions, and the solutions were completely homogenized using
Ultra-Turrax (IKA. Germany) homogenizers for 10 min at
5000 rpm. The film suspensions containing the dispersed
ZnO NPs and REO were cast onto petri dishes with 8 cm
internal diameter and then dried for 24 h using a vacuum
oven set at 30 + 1 °C and 50 + 6% RH. All dried films were
peeled and stored at 25 + 1 °C and 50 + 6% RH ahead of
further testing.
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Antimicrobial Properties of Films

The antimicrobial properties of the films were determined
by adapting the disc diffusion method [17]. After 18-24 h
of growth in Mueller Hinton broth, the bacterial suspensions
were collected. These bacterial samples were then adjusted
to 0.5 McFarland standard turbidity (~1.5 x 10% CFU/
mL). Then, serial dilutions were performed twice (1:10) to
achieve a final bacterial density of ~1.5 x 10° CFU/mL.
Subsequently, circular film samples (10 mm) were cut under
sterile conditions and placed on Mueller-Hinton agar, which
were inoculated with 0.1 mL of bacterial suspension (~1.5
% 10® CFU/mL). The samples were incubated for 24 h at 25
°C for P. fluorescens and at 37 °C for the remaining strains.
A digital micrometer was finally used to measure the zone
of inhibition surrounding each disc.

Physical Properties
Film Transparency

The transparency of the films was measured at a selected
wavelength (600 nm) using a UV—Vis recording spectro-
photometer (Unico, UV-2100, USA) according to ASTM
D1746-09 [18].

Moisture Content

The moisture content (MC) of the composite films was
measured according to the films’ variation in weight after
drying in a laboratory oven at 105 + 1 °C until a constant
weight was achieved (dry sample weight). Measurements
were performed with three replications for each film, facili-
tating the calculation of the MC.

Moisture Absorption

For determination of the amount of moisture absorption
(MA) in the films, dried films with the dimensions of 20
x 20 mm and 0% RH were kept for 24 h and then weighed.
Next, these films were transferred to a desiccator containing
saturated calcium nitrite in order to boost the RH to 55%.
Weighing was performed at regular intervals until an equi-
librium state was achieved.

Water Solubility

The samples were dried at 50 °C for 5 h in a laboratory oven,
before being weighed then immersed in 40 mL of distilled

(Load at point on tangent /Original width X Original thickness)

water for 24 h at ambient temperature. Then, the remains of
the film were filtered and dried at 110 °C for 7 h to deter-
mine the weight of the final matter that had not dissolved
in the water. The percentage of water solubility (WS) was
determined by comparing the initial dry matter with the
remaining dry matter.

Water Vapor Permeability

Water vapor permeability (WVP) was determined accord-
ing to the ASTM E-96 standard [19] through a modified
procedure. The films were sealed in a glass permeation
cup (8 mm diameter). To create 100% RH inside the films,
the cups were filled with calcium chloride dehydrate and
placed in desiccators containing distilled water. The cups
were weighed every 3 h over a 48-h period. The WVP (g. m/
m?. s. Pa) was calculated according to the following Eq. (1):
DeX

WVP =
A e AP M

where D is the transmission rate of water vapor (g/s), X is
the film thickness (m), A is the area of exposed film (m?)
and AP is the water vapor pressure difference across the
film (Pa).

Film Thickness

The thickness of each film was determined using a digital
micrometer (Mitutoyo, Japan) with an accuracy of 0.001
mm. The measurements were made randomly at five points.
The mean film thickness was used in the determination of
other physical and mechanical properties.

Mechanical Properties

The tensile strength (TS), Young’s modulus (YM) and
elongation at break (EB) of the films were evaluated with a
texture analyser (Microelectronics Universal Testing Instru-
ment Model DBBP-20, Bongshin, Korea). The film samples
were cut into 10 X 1 cm pieces. An initial grip separation
of 50 mm and a crosshead speed of 10 mm/min at 25 °C
were applied. The equations below were used to calculate
the mentioned parameters.

Young’s modulus (MPa) =

Tensile strength (MPa) = —— 'Load at er e‘ak -
Original width X Original thickness
2
Elongation at rupture
Percent elongation (%) = — .g P x 100 (3)
Initial gauge length
4

Elongation at point on tangent / Initial gauge length
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Characterization of the Films
Scanning Electron Microscopy

The surface and cross-sectional morphology of the films
were observed by scanning electron microscopy (SEM)
model TESCAN MIRA 3 XMU (Czech Republic). Before
scanning, the films were coated with a thin layer of gold; an
accelerating voltage of 20 kV was applied.

X-ray Diffraction

The X-ray diffraction (XRD) patterns of the films were
recorded using an X-ray diffractometer (PANalytical X'pert
pro MRD diffractometer, Amsterdam, Netherlands). The
nickel-filtered Cu Ka radiation beam of the device was
applied in the angular range of 10 to 80 (20) at 40 kV volt-
age with 30 mA current.

Fourier Transform Infrared Spectroscopy

The Fourier transform infrared (FTIR) spectra of the films
were obtained using a Bruker Tensor 27 FTIR spectropho-
tometer (Bruker, Germany). The spectra were acquired in
the Attenuated Total Reflectance (ATR) mode between
4000-400 cm™! across 16 scans at a resolution of 4 cm™!
for each sample.

Statistical Analysis

All statistical analyses were performed in the SPSS software
(SPSS Inc., IBM; Armonk, N. Y, USA). One-way analysis
of variance (ANOVA) was employed to assess significant
differences, with further analysis of significant results being
done via the Tukey multiple range post hoc tests (P < .05).
The values were reported as mean + standard deviation
(SD); all tests were performed in triplicates.

Results and Discussion
Antimicrobial Activity

The ability of packaging materials to inhibit the bacterial
spoilage of foods or growth of pathogenic bacteria is a desir-
able functional attribute. Hence, a disc diffusion test was
utilized to assess the antibacterial activities of the nanocom-
posite films (Table 1). As expected, the SC film showed no
inhibitory effect against the various bacteria studied. The
antibacterial efficacy of the composite films depended on
the concentration and type of materials present. Interest-
ingly, the films containing a combination of ZnO NPs and
REO exhibited stronger antimicrobial activity than those

Table 1 Antimicrobial activity of nanocomposite film containing
Zn0O, REO and ZnO/REO

Diameter of inhibition zone (mm)

1%Zn0O 2%REO 1%Zn0O/2%REO
Bacteria strains Mean + SD Mean + SD Mean + SD
L. monocytogenes  13.00 + 0.55* 15.30 + 0.55¢ 15.80 + 0.35¢
S. aureus 13.50 + 0.68* 14.50 + 0.51° 15.50 + 0.15¢
E. coli 11.20 +0.52° 13.50 + 0.60° 13.40 + 0.26"
P. fluorescence 10.90 + 0.70° 12.60 + 0.90" 12.70 + 0.37¢

REO rosemary essential oil, ZnO NPs zinc oxide nanoparticles

The values are presented as mean + standard deviation. Any two

means in the same column followed by the same letter are not signifi-
cantly (P > 0.05) different.

containing either of these antimicrobial agents. This effect
may have been because the combination exhibited synergism
as the two substances had differing mechanisms of action
[20]. Overall, the nanocomposite films appeared to be more
effective against Gram-positive bacteria (especially L. mono-
cytogenes) than Gram-negative ones (E. coli), which sug-
gests that the nature of the microbial cell wall was an impor-
tant factor. It is possible that the NPs disrupted the microbial
cell membrane properties, thereby having an adverse effect
on key biochemical processes, such as transmembrane trans-
port, DNA replication, and protein synthesis [21, 22]. In
addition, the essential oils and NPs can generate reactive
oxygen species (ROS) that can damage phospholipid mol-
ecules present in the cell membrane [23, 24]. Our findings
are consistent with those reported by other researchers on
the impact of composite films on microbial activity [21].

Physical Properties
Transparency

Film transparency is influenced by the film matrix ingredi-
ents and exerts a major impact on the consumer acceptance
of packaged products [25]. Based on the results (Table 2),
the SC film had the maximum transparency among all sam-
ples. By increasing the amounts of REO and ZnO NPs, the
transparency of the films decreased significantly (P < .05).
The addition of ZnO NPs reduced the transparency more
relative to REO addition. A good explanation for this obser-
vation is the mineral nature of the ZnO NPs. However, the
reduction in transparency was dependent on the type of and
concentrations of the materials [17, 26]. Furthermore, the
simultaneous addition of ZnO NPs and REO significantly
reduced film transparency due to synergistic effects between
the compounds and the matrix, with non-uniform distribu-
tions of the NPs and even REO at high concentrations [17].
On the other hand, the reduced transparency observed in
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Table 2 The physical properties of SC film combined with ZnO NPs and REO

Films WVP (x107!! Moisture content (%) Water solubility (%) Moisture absorption (%) T600 (%)

g.m/m>. s. Pa)

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
e 1.46 + 0.00° 12.35 + 0.003% 43.33 + 0.057% 20.16 + 0.002% 70.53 + 0.04°
SC/1%REO 1.20 + 0.004% 10.24 + 0.007° 39.60 + 0.001° 12.33 +0.001° 61.36 + 0.05°
SC/2%REO 1.18 + 0.001% 10.71 + 0.007¢ 38.67 + 0.005° 12.46 + 0.003" 56.73 + 0.02¢
SC/0.5%Zn0O 1.23 + 0.002% 11.68 + 0.001¢ 37.46 + 0.005¢ 16.68 + 0.001¢ 51.90 + 0.03¢
SC/1%Zn0O 1.14 + 0.001¢ 11.03 + 0.005¢ 36.30 + 0.004° 13.31 + 0.002¢ 46.63 + 0.02°
SC2%Zn0O 1.29 + 0.000° 11.35 + 0.003" 35.16 + 0.001%° 14.19 + 0.000° 45.83 +0.04
SC/0.5%Zn0O/1%REO 1.25 + 0.00% 10.41 + 0.004* 37.16 + 0.002¢ 12.90 + 0.001° 45.43 +0.03"
SC/0.5%Zn0O/2%REO 1.22 + 0.005%® 10.35 + 0.008* 37.33 + 0.003¢ 14.39 + 0.005¢ 46.93 + 0.02¢
SC/1%ZnO/1%REO 1.35 + 0.005° 10.06 + 0.005* 34.23 + 0.003% 16.72 + 0.004¢ 43.70 + 0.06
SC/1%Zn0O/2%REO 1.31 +0.003¢ 11.33 + 0.000° 33.13 + 0.001% 13.28 + 0.002¢ 43.30 +0.01%°
SC/2%Zn0O/1%REO 1.28 + 0.005¢ 11.41 + 0.006 30.20 + 0.002f 10.65 + 0.006™ 42.80 + 0.05°
SC/2%ZnO/2%REO 1.33 + 0.001¢ 10.78 + 0.001% 28.66 + 0.0018 10.23 + 0.002 42.23 +0.07°

Statistical analysis reported based on ANOVA test
P value considered less than 0.05 vs. control group

SC sodium caseinate, ZnO zinc oxide, REO rosemary essential oil, 7' transparency

the ZnO-based films is mostly due to the prevention of light
transmission by the light-impermeable ZnO NPs [27].

Moisture Content

The MC of a film provides an indication of the amount of
water it can absorb and incorporate into its internal struc-
ture [28]. As depicted in Table 2, the incorporation of the
ZnO NPs and REO into the SC films decreased their MC. In
fact, the MC of the SC films was around 12.35%, whereas
this value was 10.71% and 11.35% for the films containing
2% REO or 2% ZnO NPs, respectively. Arfat et al. [26],
reported that such a decrease in the MC of polymer films
can be attributed to the ability of NPs to fill some pores of
the films in addition to the hydrophobic nature of the REO.

Moisture Absorption

The MA values of the SC films containing different con-
centrations of REO and ZnO NPs are shown in Table 2.
Based on the results, the MA of the SC film decreased
significantly with the addition of different concentrations
of REO and ZnO NPs (P ©.05). These changes in MA are
usually attributed to the hydrophobic nature of ZnO NPs
and REOQO, as well as decreased intermolecular interactions
between water and essential oil molecules in the film matrix
[29, 30]. The MA amount of the SC film was 20.16%, while
the blended film containing 2% REO/2% ZnO NPs had the
lowest MA value at about 10.23% (P < .05). ZnO NPs, with
low hydrophilicity, can reduce the MA values of SC films.
Furthermore, the establishment of a network structure by

@ Springer

the combination of REO and ZnO NPs amplifies the water
resistance and can deter water molecules from assimilating
into nanocomposite films [31].

Water Solubility

A biodegradable film should form a protective coating
around a food product throughout its lifetime but subse-
quently degrade when it is released into the environment
[32]. The values of WS are conveyed in Table 2. The highest
level of WS (43.33%) was seen in the SC film. However, the
WS significantly declined with the incorporation of REO
and ZnO NPs into the film matrix (P < .05). Boosting the
presence of ZnO NPs in the composite film from 1% to 2%
significantly reduced the WS from 34.23 to 28.66% (P <.05).
The use of glycerol as a hydrophilic plasticizer increases the
flexibility and water solubility of polymer films [33]. The
strong connection of the ingredients to the nanocomposite
film’s matrix was responsible for the decline in WS [34].
Also, the dimensional ratio and tendency toward crystalliza-
tion of additives (e.g., ZnO NPs and REO) are significant
agents affecting the water resistance of nanocomposite films
[15].

Water Vapor Permeability

WVP is one of the most important functional properties of
food packaging films for maintenance of quality through
minimal moisture conduction [15] between the ingredients
and the surrounding atmosphere [35]. The lowest possible
amount of WVP is desired for edible films [33]. Table 2
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displays the role of different concentrations of REO and
ZnO NPs added individually and in combination to the
SC-based films. The results demonstrated the consider-
able impact of the concentrations of ZnO NPs and REO
on WVP of the films. In fact, the WVP decreased with
the incorporation of the additives in the SC film, espe-
cially when ZnO NPs and REO were added simultane-
ously. The SC biopolymer has a weak inhibitory effect on
WVP (nearly 1.46 x 10~!! g.m/m?.s.Pa); the reinforcement
of the SC film with 2% REO or 2% ZnO NPs decreased
this WVP to 1.18 x 107!' g¢.m/m?.s.Pa and 1.29 x '0-!!
g.m/m>.s.Pa, respectively. The results also showed that the
addition of 2% ZnO NPs/2% REO significantly reduced
the WVP of the SC film to 1.33 x 107!! g.m/m?.s.Pa (P <
.05). These results are in accordance with the findings of
several research regarding different nanocomposites [15,
26,27, 36, 37]. The more hydrophobic nature of ZnO NPs
relative to the SC film, the low aspect ratio of these NPs,
and the formation of irregular chains led to the significant
reduction in WVP [26]. Also, the combination of ZnO
NPs and REO in the SC matrix resulted in a structure with
complex pathways that hindered the permeation of water
vapor [27]. Furthermore, the incorporation of REO into
the SC film reduced the adsorption and permeability of
water vapor due to increased hydrophobicity. The hydro-
phobic nature of REO is accounted by the presence of
terpenes and terpenoids in its composition. Water vapor
transfer becomes limited as the dispersed hydrophobic
phase increases relative to the hydrophilic phase in protein
films [9, 38]. Overall, the ZnO NPs and REO significantly
improved the efficacy of the SC films for food packaging
applications in terms of WVP.

Film Thickness

The thickness of the SC-based film is a factor that was influ-
enced by the incorporation of the two additives in the poly-
mer matrix. As shown in Table 3, the addition of REO to
the film matrix increased the thickness of the edible film at
an insignificant level. In contrast, the addition of ZnO NPs
enhanced the thickness significantly (P < .05). The thick-
ness of the SC film was 0.086 mm, whereas the thickness
of the SC films containing 2% ZnO NPs (0.100 mm) or 2%
REO/2% ZnO NPs (0.103 mm) were considerably higher (P
< .05). In fact, the addition of fillers to various layers of a
film’s polymer network increases its solid content and thick-
ness. These findings are in agreement with those of previous
research [15, 36].

Mechanical Properties

The variation in mechanical properties of the films (ten-
sile strength, Young’s modulus and elongation at break)
with the incorporation of ZnO NPs and REO at different
concentrations (equilibrated at 55% RH and 25 °C) is pre-
sented in Table 3. The TS and YM values for the SC film
were 4.32 MPa and 37.34%, respectively. Various percent-
ages of ZnO NPs (0.5%, 1% and 2%) and REO (1% and
2%) were added to the SC film, as summarized in Table 3.
The results elucidated that the incorporation of 0.5% ZnO
NPs had no significant effect on the TS but significantly
augmented the YM and EB values of the SC film (P < .05).
When this concentration was boosted to 1%, the TS value
reached 3.74 MPa while the YM value dropped to 17.31
MPa (P < .05). These behaviors might be associated with the

Table 3 The mechanical properties of SC film combined with ZnO NPs and REO

Films Tensile strength (MPa) Elongation at break (%) Young’s modulus (MPa) Thickness (mm)
Mean + SD Mean + SD Mean + SD Mean + SD
sc 4.32 +0.04° 12.69 + 0.04 37.34 + 0.05* 0.086+0.002*
SC/1%REO 3.96 + 0.05° 36.01 +0.03° 13.81 + 0.02° 0.090+0.001%°
SC/2%REO 2.54 +0.03° 33.74 £ 0.01¢ 10.71+0.02¢ 0.090 + 0.004%
SC/0.5%Zn0O 4.31 +0.05* 24.16 + 0.05% 17.91 + 0.03¢ 0.091 + 0.001%
SC/1%Zn0O 4.74 + 0.04¢ 21.81 + 0.03¢ 17.31 £ 0.01° 0.095+0.003°
SCR2%Zn0O 4.37 £ 0.02° 27.35 + 0.02¢ 16.02 + 0.04 0.100+0.007¢
SC/0.5%Zn0O/1%REO 3.97 +0.03° 10.40 + 0.06%® 17.92 + 0.01¢ 0.092+0.005%
SC/0.5%Zn0O/2%REO 3.12 £ 0.01% 18.05 + 0.04% 17.86 + 0.06¢ 0.092 + 0.002%
SC/1%Zn0O/1%REO 2.18+0.04° 16.88 + 0.05° 17.08 + 0.07°® 0.096 + 0.001¢
SC/1%ZnO/2%REO 2.09 + 0.02° 16.85 + 0.01° 16.38 + 0.03¢ 0.097 + 0.005¢
SC/2%ZnO/1%REO 2.67 + 0.05% 18.80 + 0.03¢ 14.35 + 0.06" 0.101 + 0.003°
SC/2%Zn0O/2%REO 3.17 £ 0.01* 14.97 + 0.04% 23.01 + 0.05% 0.103 + 0.006

Statistical analysis reported based on ANOVA test

SC Sodium caseinate, ZnO zinc oxide, REO Rosemary essential oil

P value considered less than 0.05 vs. control group
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more compressed structure of these nanocomposites com-
pared with the SC film. Furthermore, such improvements in
mechanical properties could be ascribed to the suitable com-
patibility between the SC biopolymer and the ZnO NPs due
to unique interactions (e.g., hydrogen bonding between Zn
ions and the functional groups of SC) that lead to a uniform
dispersion of the NPs [33, 39, 40]. When the concentration
of the NPs was increased to 2%, the TS and EB increased
even further, though the YM value fell. This drop in YM
could be attributed to the slight agglomeration of the nano-
fillers (ZnO), inappropriate distribution of the NPs at higher
contents, increased mobility of the chains, and damage to the
network structure of the composite films by the large ZnO
agglomerates [39, 41] that are clearly illustrated in the SEM
images. Moreover, the decrease in TS of the nanocomposites
compared with the pure polymer may be attributed to weak
interfacial interactions between the ZnO NPs and SC matrix.
It should also be noted that the strain-induced crystallization
phenomenon plays an important role in the stability of poly-
mers against strain localization and fracture formation [42].
Therefore, NPs, as hard, non-homogeneous particles, can
reduce the resistance of a polymer matrix against fracture.
The increased flexibility of the nanocomposite may be due
to the formation of new mechanisms of energy dissipation
in the presence of NPs [43]. These include the mechanism
for cluster breakage, the phenomenon of the formation of
micropores at the interface, the changes in the path of crack
growth, and the transformation of the matrix shape. The
tension that causes fracture is less than the tension created
by the structure of the pure polymer. Hence, the formation
of tiny clusters facilitates crack formation and, as a result,
creates more gaps that play positive roles in the energy dis-
sipation and ductility mechanisms. When the size of the NPs
grows and the clusters are formed, the area of the polymer/
NPs interface decreases. Therefore, the critical stress for the
separation of the polymer/NPs fraction also decreases; this
can be the reason for reaching an optimum level of ductility
and minimizing flexibility at higher levels of the NPs [44].
Generally, the clustering of NPs at higher levels results in
weakened mechanical and barrier properties of the poly-
mer in comparison with lower levels of the NPs. Arfat et al.
[26], in agreement with our study, reported that NPs reduced
the TS of protein films at high concentrations. On the con-
trary, the addition of REO to the SC film led to different
results. The SC films containing REO had higher EB but
lower TS and YM compared with the SC film, regardless
of the presence of ZnO NPs (P < .05). As a result, it should
be considered that the addition of REO to the film mixture
increased the heterogeneity of the films, reduced the rigid-
ity and strength of the films, and increased the occurrence
of irregularities in the structure of the biopolymer network.
Since the main interactions occurring in protein films are
comprised of hydrogen, carboxyl and sulfhydryl bonds [26,

@ Springer

33], the addition of an essential oil (e.g., REO) into protein-
based films may decrease the interactions that occur between
the protein chains [45]. According to many studies that have
recommended essential oils (e.g., REO) as plasticizers, these
compounds can penetrate into biopolymer matrices, increas-
ing the volume of empty spaces in the biopolymer networks
and reducing the strength of the interamolecular forces
[26]. A number of studies have shown that the addition of
essential oils or lipids at high concentrations reduces the TS
of protein-based films [46]. The simultaneous addition of
REO and ZnO NPs to SC films caused significant mechani-
cal changes; these films had higher EB but lower TS and
YM (P < .05). Thereby, the TS and YM for the SC/2%ZnO
NPs/2%REO biocomposite film were 3.17 MPa and 23.01
MPa, respectively, while, the EB was 14.97%. These behav-
iors are usually related to the reinforcing effects of ZnO NPs
on the biopolymer matrix due to their high surface energy
and strong interfacial interactions with the polymer com-
pounds, improving the mechanical properties of the poly-
mer films [37]. It is generally known that the distribution,
internal density, and intra-molecular interactions within
the polymer matrix determine the mechanical properties of
the film. The tensile test results demonstrate that the fabri-
cated nanocomposite film had less strength and stiffness but
greater flexibility relative to the protein film, suggesting the
induction of structural changes in the protein after the incor-
poration of NPs. Rouhi et al. (2013) and Arfat et al. (2014)
reported corresponding results in gelatin-based films and
fish protein isolate/fish skin gelatin film, respectively. Thus,
the incorporation of both ZnO NPs and REO into the SC
film directly affects and develops its mechanical properties.

Characterization of SC Based-Films
Scanning Electron Microscopy

The obtained SEM micrographs of the cross sections and
surface of the SC film and films containing ZnO NPs and
REO are illustrated in Fig. 1. The images reveal that the
films made of pure SC had homogeneous and smooth sur-
faces without any roughness or cracks, indicating proper
mixing of the compounds. On the other hand, the remaining
films had heterogeneous surfaces and small aggregates in the
presence of ZnO NPs. According to the results of the SEM
images, films containing ZnO NPs had a granular structure;
however, significant accumulation was not observed in low
concentrations of ZnO NPs (0.5% and 1%), indicating the
homogeneity and suitable dispersion of inorganic NPs at
low concentrations in the protein matrix. Nevertheless, after
increasing the concentration of ZnO NPs to 2%, significant
aggregation was observed at the film surface as ZnO NPs
tend to cluster at high concentrations. At low concentrations,
the size of these NPs was in the range of 10-30 nm, but
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SEM microstructures

Samples

I SC/REO ]

| SC/ZnO 1% I

| SC/ZnO 2% |

SC/REO 2% / ZnO 2%

Fig. 1 SEM micrographs of surface of SC film combined with ZnO
NPs and REO

50-100 nm clusters were observed at the higher concentra-
tion level. The clustering of the NPs can affect the properties
of the nanocomposites as well as the boundary properties
(permeability) of the resulting film. The granular morphol-
ogy of the SC/2% ZnO film is demonstrated in the SEM
image shown in Fig. 1, suggesting the presence of crystalline
grains of ZnO NPs, in good agreement with the results of
XRD. Increased phase discontinuity and stronger presence

of agglomerates and aggregates could be clearly observed
in the microstructure as the concentration of ZnO NPs was
increased. A similar impact of ZnO NPs on the properties of
protein films has been reported by Arfat et al. [26].

X-ray Diffraction (XRD)

The XRD patterns of the pure ZnO NPs and the SC film
containing ZnO NPs and REO are presented in Fig. 2.
According to the resulting patterns, ZnO NPs had signifi-
cant peaks at 20 = 31.5, 34.4, 36.3, 47.5, 56.6, 62.8, 66.4,
68, and 69.15°. Based on the Debye-Scherrer equation (7 =
Kk A/p cos0), the average crystallite size of the ZnO NPs was
reported approximately between 20-100 nm. In this equa-
tion, 7 is the mean crystalline size, « is the shape factor con-
stant (about 0.9), 4 is the wavelength of X-ray radiation, f is
the full width at half the maximum intensity (FWHM), and
0 is the Bragg diffraction angle [39]. Considering that the
size of the ZnO NPs were 20 nm before incorporation into
the SC film, the larger size of the particles observed in the
ZnO NPs/SC films can be attributed to the agglomeration
and aggregation of the NPs in the protein matrix and the
tendency of the NPs toward clustering at high concentra-
tions [47]. Despite the presence of SC in the structure of
the composite films, the crystalline structure of ZnO did
not change, and the XRD patterns of the bionanocompos-
ite films containing different amounts of ZnO revealed the
same ZnO pattern. As shown in Fig. 2, the intensity of the
ZnO peaks depended on the ZnO content and the presence
of other compounds in the composite film. Reducing the
concentration of ZnO NPs and adding REO decreased the
intensity of the peaks, while the angle of diffraction of the
films did not alter when changing the ZnO concentration.
Decreased peak intensities in composite films are usually
attributed to good miscibility between the crystalline and
non-crystalline components [39]. Since SC comprised the
majority of the film matrix in all of the bionanocomposite

Fig.2 XRD spectra of SC film
combined with ZnO NPs and
REO

Intensity (a. u)

—Zn0

——S8C/2%Zn0 ——S8C/1%Zn0 ——SC/2%REQ/1%Zn0

2 0 (degree)
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films, similar patterns of XRD were detected with different
ZnO levels, with only the peak intensities varying.

FTIR Spectroscopy

The FTIR analysis was conducted for identification of the
functional groups and the interactions occurring between the
components of the composite film, the results of which are
illustrated in Fig. 3. Peaks situated at the wavenumbers of
~670, ~1035, ~1528, ~1640, ~2930, and ~3450 cm™' were
roughly present across all films. All samples displayed a
major band at ~1700 cm™!, which is the characteristic peak
of amide-I and represents C = O stretching/bonding cou-
pled with a COO group [26, 48]. The peak at ~1542 cm™
is attributed to amide-II, arising from the bending vibra-
tions of N-H groups and the stretching vibrations of C—N
groups. The characteristic peaks of ZnO that were seen in
the pure ZnO disappeared after it was combined with SC
in the composite film [48, 49]. A broad band centered at
3000-3600 cm™! is related to the -OH group and intermo-
lecular hydrogen bonding. Therefore, the peaks at 3443 cm™!
in the spectra are due to the bending vibration and stretching
of the —OH groups and the N-H stretching of the amide-A
band coupled with hydrogen bonding [50]. Also, the amide-
A band from the N-H stretching vibration of the hydrogen-
bonded N-H group became more intense at wavenumbers

around ~3600 cm™! after incorporation of ZnO into the SC
film. The greater intensity in the amide-A region proposes
that N-H groups of the protein chain interacted with ZnO
via hydrogen bonding [51]. Spectral changes were observed
after addition of REO to the SC film; the broadness of the
spectrum increased in the wavelength range of 3600 to 3000
cm’!, elucidating the formation of hydrogen bonds between
SC and REO considering the presence of hydroxyl groups
in the rosemary structure. These phenomena are typically
associated with the protein/REO interaction and the enfold-
ment of the components by the protein, such that the peaks
at the area of ~3443 cm’! are the widest [17]. Nevertheless,
the incorporation of REO and ZnO into the SC film induced
alterations in the intramolecular interactions and molecular
structure of the matrix.

Conclusion

In this study, nanocomposite films were fabricated by
embedding REO (as an antimicrobial and antioxidant) and
ZnO NPs (as an antimicrobial, antioxidant and filler) within
the SC matrix via casting. It was revealed that ZnO NPs
and REO could improve the efficacy of the SC packaging
by enhancing its mechanical, physical and barrier proper-
ties (light transmittance, WVP, TS, and EB) and inducing

Fig.3 FTIR spectra of SC
film combined with ZnO

NPs and REO. (a) (SC), (b)
(SC2%REO/1%Zn0O NPs), (c)
(SC2%REO), (d) (SC/1%ZnO
NPs)

H-bonds

Transmittance (a. u.)
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remarkable antimicrobial activity. The SEM images and
spectroscopic findings revealed that the ZnO NPs spread
uniformly in the SC film matrix. These results propose that
nanotechnology can enhance the application of biodegrad-
able films for food packaging applications. We therefore rec-
ommend the fabricated, eco-friendly, nanocomposite films
for use on an industrial scale.
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