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Abstract: Several studies have reported the advantages of incorporating essential oils in hydrogel-
based films for improving their physiochemical and antioxidant attributes. Cinnamon essential
oil (CEO) has great potential in industrial and medicinal applications as an antimicrobial and an-
tioxidant agent. The present study aimed to develop sodium alginate (SA) and acacia gum (AG)
hydrogel-based films loaded with CEO. Scanning Electron Microscopy (SEM), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), Differential scanning calorimetry (DSC), and
texture analysis (TA) were performed to analyze the structural, crystalline, chemical, thermal, and
mechanical behaviour of the edible films that were loaded with CEO. Moreover, the transparency,
thickness, barrier, thermal, and color parameters of the prepared hydrogel-based films loaded with
CEO were also assessed. The study revealed that as the concentration of oil in the films was raised,
the thickness and elongation at break (EAB) increased, while transparency, tensile strength (TS),
water vapor permeability (WVP), and moisture content (MC) decreased. As the concentration of CEO
increased, the hydrogel-based films demonstrated a significant improvement in their antioxidant
properties. Incorporating CEO into the SA-AG composite edible films presents a promising strategy
for producing hydrogel-based films with the potential to serve as food packaging materials.

Keywords: sodium alginate; hydrogel polymer; acacia gum; cinnamon essential oil; edible hydrogel-
based films; food packaging

1. Introduction

Recent developments in the food packaging industry have revealed that biopolymer-
based edible films have great potential to replace plastics. The different characteristics
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of edible films, such as their non-toxicity, biodegradability, and safety, make them a fea-
sible option for food packaging material [1]. Hydrogels are used in a broad range of
applications due to their characteristic properties such as hydrophilicity, non-toxicity, and
biocompatibility [2—4]. Sodium alginate (SA) is a natural hydrophilic polysaccharide and
has been used in the fabrication of biopolymer films due to its excellent film-forming
properties [5-7]. Sodium alginate-based edible films have demonstrated superior mechani-
cal properties along with good transparency [8]. Sodium alginate is a common hydrogel
polymer that tends to form hydrogel via substituting sodium ions of the guluronic acid
residues. Despite their good mechanical properties, edible films made from sodium alginate
are limited by their high hydrophilicity and poor heat stability [9]. Combining SA with
various other polymers is one approach that has been investigated extensively to overcome
these challenges.

Acacia gum, also known as gum Arabic, is a gummy exudate obtained from the
branches and trunk of the Acacia senegal and Acacia seyal plant species [10]. AG is a water-
soluble, highly branched polysaccharide extensively used as a thickener, stabilizer, and
emulsifier in the food industry [11]. It has been employed in the production of edible films
due to its biocompatibility, renewability, non-toxicity, pH stability, low cost, high solubility,
and gelling properties [12]. AG can be used to make edible films; however, it poses several
challenges, such as its poor mechanical attributes, its high hydrophilicity, and its poor
barrier features [13]. However, the preparation of composite films consisting of SA and AG
could be an option to enhance the physiochemical properties of the resulting films. Over
the past few years, numerous studies have highlighted the advantages of incorporating
bioactive compounds such as essential oils in edible films for improved physiochemical
and antioxidant attributes [14-16]. In the current study, cinnamon essential oil (CEO) was
incorporated in the SA-AG composite hydrogel-based films due to its vast industrial and
medicinal applications, such as antimicrobial and antioxidant agents [17]. The essential
oil of cinnamon has a variety of significant chemical constituents, the most prominent of
which are the compounds aldehyde and alcohol, along with trans-cinnamaldehyde and
eugenol [17-19]. Zhou et al. [20] studied the physiochemical properties of cassava starch-
based edible films that were loaded with cinnamon essential oil. After the assessment, it
was found that the films’ barrier properties, crystallinity, and elongation at break (EAB)
were considerably enhanced and that there was also an improvement in their thermal
stability [20].

Given its antimicrobial and antioxidant characteristics, cinnamon is widely acknowl-
edged as a safe food preservative [21]. The objective of the current study is to assess the
physiochemical and antioxidant properties of composite hydrogel-based films based on SA
and AG, which have been loaded with varying concentrations of cinnamon essential oil.

2. Results and Discussion
2.1. Visual Assessment of the Films

The visual assessment of edible films is necessary to determine the overall quality,
appearance, and uniformity of the film structure. This is a crucial aspect for visually
assessing hydrogel-based films in terms of their functionality and acceptance by consumers.
The visual appearance of the films can impact the consumer perception of the product’s
quality and visual defects such as tears, pores, poor mechanical strength, and inconsistencies
in thickness. The visual appearance of the SA-AG composite edible films loaded with
CEO is shown in Figure 1. In general, as the amount of CEO in the film increased, a less
transparent appearance of the film was observed in comparison with the control film. The
incorporation of oil resulted in a slightly yellow appearance of the films. The control
film sample showed good uniformity and was more transparent compared with film
samples that were loaded with oil. However, the CEO-loaded films had good flexibility and
physical attributes compared with the control. Moreover, different factors can impact the
visual characteristics of the films such as the film composition, the preparation technique,
handling, and storage conditions.
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Figure 1. Visual assessment of SA-AG-based composite edible films; AC-1/Control, AC-2 contains
15 uL of CEO, AC-3 contains 20 pL of CEO, and AC-4 contains 30 pL of CEO.

2.2. Thickness of the Films

The thickness of edible films can vary depending on the type of material and the
process used for the preparation. The composite hydrogel-based films based on SA and AG
were examined for thickness measurement and the results are presented in Table 1. The
control (AC-1) showed minimum thickness (0.065mm) compared with the samples loaded
with CEO. The incorporation of the CEO in films significantly increased the thickness from
0.065 to 0.11 mm, with the maximum thickness in the AC-4 sample containing the maximum
concentration (30 uL) of the CEO, followed by AC-3 and AC-2. The increase in the thickness
could be due to the increase in the viscosity of the film-forming solution with the addition
of CEO. Zhou et al. [20] also reported similar results, where the thickness of cassava starch-
based films increased when the concentration of the CEO increased. Thickness also affects
other parameters, such as mechanical and barrier properties, as well as the transparency
and visual appearance of the films. Therefore, the thickness of biopolymer-based edible
films is an important factor that needs to be carefully controlled during the preparation of
the films to achieve optimal properties for their intended application.

Table 1. The thickness, tensile strength, elongation at break, moisture content and water vapor
permeability of SA—AG hydrogel-based films.

Tensile Water Vapor

Film Thickness Strength Elongation Moisture Permeability
Sample (mm) (Mpa) at Break (%) Content (%) ((g * mm)/(m? *

h * kPa))

AC-1 0.065+0.006 9.82+0412 757+045% 185240412 0.424 £0.018%
AC-2  0075+0.006% 7.31+£065° 1224+060° 1818+0.39%  0.405+0.0072
AC-3  0.098+£0.005° 5594027° 14944+079° 17.89+059b¢  0.390 4 0.015°
AC4  0110+£0.006¢ 3.49+0.029 1841+0609 17.03+0.08°¢ 0.353 + 0.004 ©

Means carrying the same letters are significantly identical (p > 0.05).

2.3. Mechanical Properties of the SA-AG-Based Films

Hydrogel-based films can be prepared from various materials such as proteins, carbo-
hydrates, and lipids that have different mechanical properties. The mechanical properties
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of the edible film can be modified by changing the composition of the film or the processing
conditions. In the current study, TS and EAB parameters were assessed to evaluate the
mechanical properties of the SA—-AG composite edible films. The TS of the edible films
showed a significant decrease (9.82-3.49 Mpa) when increasing the concentration of the
CEO. The minimum TS (3.49 Mpa) was observed in the AC-4 film sample with a maximum
concentration (30 pL) of CEO, while the blank AC-1 had the maximum value (9.82 Mpa)
(Table 1). Wu et al. [22] showed similar results, where the TS of the gelatin-based films
decreased when increasing the concentration of the CEO. The tensile strength can be influ-
enced by several factors such as polymer/plasticizer/other additive type and proportion,
as well as their respective interaction with each other.

The results of the EAB of the analyzed SA-AG-based film samples are shown in Table 1.
The EAB of the SA-AG-based films significantly increased from 7.57 to 18.41% with the
addition of the CEO. The maximum and the minimum EAB values were found in AC-4
and AC-1, respectively. The increase in the EAB of the hydrogel-based films could be due
to the addition of the CEQ, as the oil acts as a plasticizer and makes films more flexible and
less brittle. The results of the present study are in line with Wu et al. [23], who reported an
increase in the EAB with the addition of CEO nanoliposomes in the gelatin films. Moreover,
different factors affect the EAB of the edible films such as the concentration of the added
bioactive compounds, the composition of the film-forming solution, and the conditions and
method used for the preparations of films.

2.4. Moisture Content

The moisture content in edible films is an important factor to consider as it can affect
the quality, safety, and shelf life of the food. Generally, the moisture content should be low
to prevent microbial growth and maintain the structural integrity of the film. In the current
study, the SA-AG-based film samples showed a slight decrease from 18.52% to 17.03% in
moisture content with the addition of the CEO. The minimum MC (17.03%) was found
in the AC-4 sample, followed by AC-3 (17.89%) and AC-2 (18.18%), while the maximum
value for MC was observed in the control. The decrease in the moisture content of the films
when increasing the concentration of the CEO could be due to the hydrophobic nature
of the added oil. Jamroz et al. [24] reported a decrease in the moisture content of edible
films, based on starch-turbellarian-gelatin, when incorporated with tea tree essential oil.
Furthermore, sodium alginate-chitosan-based edible films showed similar behaviour when
loaded with bitter orange oil [25].

2.5. Water Vapor Permeability

In edible films, water vapor permeability (WVP) significantly impacts the shelf life
and the quality of the packed food product. The WVP of an edible film is dependent on
the properties of the film-forming material, such as its composition and structure. The
environmental conditions, such as the temperature and humidity of the storage environ-
ment, can also affect the WVP of the hydrogel-based films. A lower WVP is desirable for
certain applications as it slows down moisture migration and increases the shelf life of
the product. The water vapor permeability of the SA-AG composite films significantly
decreased with the addition of the CEO (Table 1). The maximum WVP (0.424) was ex-
hibited by the control compared with the film samples loaded with the CEO. The AC-4
sample showed the minimum WVP (0.353), followed by the AC-3 (0.390) and AC-2 (0.405)
samples. The decrease in the WVP could be due to the hydrophobicity of the CEO, which
resulted in better barrier properties for the hydrogel-based films regarding water vapor
permeability. The results of the current study are in line with the findings of Suput et al. [26]
and Sanchez-Gonzalez et al. [27]. Furthermore, the WVP of the edible films also depends
on the type of polymers used, the concentration of the oil, and the preparation technique
and conditions.
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2.6. Transparency and Color Parameters

Transparency and color parameters are important factors as they affect the visual
appearance, freshness, and quality parameters of food products. In the current study,
the SA-AG composite hydrogel films incorporated with the CEO were examined for
transparency and color parameters, including Lightness (L), a*, b*, and delta E. The addition
of oil had a significant impact on the transparency of the films (Table 2). The transparency
decreased from 79 to 21% with the addition of oil; the maximum was observed in the
control (AC-1) and the minimum was shown by the AC-4 sample, which contained the
maximum concentration of the CEO. The results of the current study are in accord with
the findings of a previous study, in which the transparency of starch-based films decreased
with the addition of oregano and black cumin essential oil [26].

Table 2. Transparency and color parameters of SA-AG hydrogel-based films.

Film Sample Transparency (%) L a* b* AE*
AC-1 79.99 + 0.62 2 96.05+0.122  —0.084+0.022  0.94 +0.082 0.85 + 0.09 @
AC-2 73.85 +2.04 P 94404 0.07°  0.03+0.03" 268 +0.11° 298 +0.10°
AC-3 64.02 +1.05¢ 9239 +0.30¢  0.0540.02° 3.42 +047°¢ 436 +0.43°¢
AC-4 2123 +2274 9164 +£0.15¢ 026 +0.05°¢ 49740524 5.04 + 0.54 ¢

Means carrying the same letters are significantly identical (p > 0.05). L: lightness, a*: green-red color, b*: blue-
yellow color, AE*: overall color variation.

The SA-AG based films showed a slight decrease in Lightness (L), from 96.05 to 91.64%,
with the addition of oil. The b* value of the films varied from 0.94 to 4.97, whereases the a*
value ranged from 0.08 to 0.26. As mentioned in Table 2, the films showed (b*) yellowness
as the concentration of the CEO increased, with a maximum b* value (4.97) in the AC-4
sample. The significant variation of AE values (0.85-5.04) also validates the overall color
alterations in the films with the addition of oil. Essential oils contain a complex mixture of
polyphenolic components that tends to absorb light, which can ultimately impact the color
attributes of the film. Zhou et al. [20] reported a similar behavior in which the color of the
cassava starch-based films changes to yellow with the addition of cinnamon essential oil.
Furthermore, Tongnuanchan et al. [28] and Atarés et al. [29] reported similar results.

2.7. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique that is used to observe the surface
structure of materials at high magnification. In the case of edible films, SEM is used to study
their physical characteristics, such as their microstructure, uniformity, compactness and
surface texture. SEM imaging can also help to identify any defects in the film, such as cracks,
pores, or voids, that could impact its functionality and performance as food packaging. The
SEM results of the SA-AG film samples with the added CEO are shown in Figure 2. The
control film (AC-1) containing SA and AG without the CEO showed a structure with some
pores on the film surface, compared with the films loaded with CEO. The protrusion can
also be observed in the cross-section image of the AC-1 sample. The randomly distributed
oil drops can be observed on the film surface of the AC-2 sample. The roughness of the
AC-2 film samples could be linked to the agglomeration that resulted from the irregular
distribution of hydrophobic components during the film-forming procedure. The most
uniform dispersion was observed in the AC-4 sample, which contained the maximum
concentration of the CEO. The film samples incorporated with the CEO showed smooth
surfaces with a fewer number of particles, homogeneous structures, and no pores and cracks.
Zhou et al. [20] also reported similar results, in which the CEO distributed homogeneously
in the polymer matrix of cassava starch-based films. Moreover, the interaction between oil
and the film-forming polymers can also influence the SEM appearance, as some polymers
may be more compatible with oil than others.
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AC-1/Blank

AC-2

AC-3

SEI 15KV

AC-4

SEI 15KV 10um SEI 15KV

Figure 2. Scanning Electron Microscopy of SA-AG hydrogel-based edible films; AC-1/Control, AC-2
contains 15 uL. of CEO, AC-3 contains 20 uL of CEO, and AC-4 contains 30 uL of CEO.

2.8. X-ray Diffraction Analysis

XRD analysis of edible films is important because it provides important information
about the structure and composition of the material. XRD provides information about the
crystalline structure of edible films, which provides insight into their mechanical properties,
such as their tensile strength and flexibility. The SA—AG hydrogel-based composite films
loaded with the CEO were examined for their structural characteristics and the resulting
spectrum is shown in Figure 3. A Diffract Eva software package was used to calculate
the crystallinity percentages of the film samples, and the crystallinity percentages of the
AC-1, AC-2, AC-3, and AC-4 samples were found to be 38.1%, 38.7%, 35.4%, and 38.6%,
respectively. All the samples showed characteristic peaks at similar positions with different
intensities due to the variations in the concentration of the oil. However, there was no
difference observed in the crystallinity of the SA—AG composite hydrogel films with the
addition of the CEO. Overall, the XRD patterns showed good compatibility between the
film-forming polymers including SA, AG and CEO.
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Figure 3. X-ray diffraction pattern of SA—AG hydrogel-based edible films; AC-1/blank, AC-2 con-
tained 15 pL of CEO, AC-3 contained 20 pL of CEO, and AC-4 contained 30 pL of CEO.

2.9. Fourier Transform Infrared Spectroscopy

FTIR provides information about the molecular structure and composition of the film,
it also provides valuable information about the degree of cross-linking in the film, which
affects its mechanical properties and durability. SA and AG composite edible films loaded
with the CEO were analyzed for FTIR and the absorption spectrum is shown in Figure 4.
The broad spectrum at 3305 cm ™! indicates the stretching vibration of the secondary
N-H amide bonds [30]. The characteristic peaks identified at 1410 cm ! and 1600 cm ™!
could have been due to the presence of sodium alginate in the film matrix, representing
the symmetric and asymmetric stretching vibration of the COO-group respectively [31].
Additionally, studies have also reported that characteristic peaks identified at 1400 cm~!
and 2925 cm ! positions could be due to the presence of sodium alginate [25]. In a previous
study, it was reported that AG exhibited a characteristic peak at 2929 cm~! in the FTIR
analysis [32]. A study reported the -C=0 stretching vibration of the tween 80 carbonyl
group at 1735 cm~! and 1736 cm ! during the FTIR analysis [20]. In our current study,
the film matrix exhibited a characteristic peak at 1733 cm~! that could be ascribed to the
presence of tween 80 in the film matrix; however, a little variation (from 1735 cm ! to
1733 cm~1) could have been due to the difference in the concentration. A distinctive peak
at 1456 cm ! corresponding to the phenolic group of cinnamaldehyde was observed in the
FTIR spectrum that indicates the presence of CEO in the film matrix [20]. Overall, the FTIR
analysis showed a good intermolecular interaction between the CEO, SA and AG.
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Figure 4. FTIR spectrum of SA-AG hydrogel-based edible films; AC-1/Control, AC-2 contains 15 uL
of CEO, AC-3 contains 20 pL of CEO and AC-4 contains 30 pL of CEO.

2.10. DSC Analysis

The thermal stability of edible films refers to their ability to maintain their physical,
chemical, and structural properties when exposed to elevated temperatures. Thermal
stability is a critical factor for the performance and functionality of edible films, as it affects
their shelf life and suitability for various food packaging applications. DSC analysis can be
used to evaluate the thermal stability of edible films by measuring the temperature and
heat flow during heating or cooling cycles. The DSC thermograms of the SA-AG-based
composite films are shown in Figure 5. The AC-2, AC-3, and AC-4 films incorporated
with CEO presented one broad endothermic peak at 70-128 °C, 72-126 °C, and 51-118 °C,
respectively. This endothermic peak can be attributed to the evaporation of the residual
solvent (water) that was used during the production of composite films [33,34]. After the
incorporation of oil into the films, the temperature of the endothermic peak increased
significantly in AC-2 and AC-3 samples, but the temperature slightly reduced in the AC-4
sample with a maximum (30 L) of CEO. As the concentration of CEO was increased, the
peak area of the AC-2, AC-3, and AC-4 samples also increased, indicating that the thermal
stability of the composite films improved due to the addition of EOs. This shift could have
been due to the plasticization effect of oil, which would have raised the free volume within
the polymeric network and mobility of the polymeric chains as reported in the previous
studies [35].
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Figure 5. DSC analysis of SA—AG-based composite edible films; AC-1/Control, AC-2 contains 15 uL
of CEO, AC-3 contains 20 pL of CEO, and AC-4 contains 30 uL of CEO.

The improved thermal stability of the composite hydrogel-based films indicates that
there were strong intermolecular interactions between the CEO and composite material,
which could potentially influence the mechanical properties of the films. The previous
studies suggested that the incorporation of Origanum vulgare L. and Matricaria recutita
essential oil caused a change in endothermic peaks, indicating the thermal stability of the
polymeric films [36,37].

As per previous reports, the incorporation of Origanum onites L. essential oil reduced
the heat transitions due to evaporation, as evidenced by changes in endothermic peaks.
This could be due to the molecular structure of the essential oil that caused the changes in
the overall chain mobility of the polymer matrix, as reported in previous studies [38,39].

2.11. Antioxidant Potential

The antioxidant activity of hydrogel-based films can help to protect the food packaged
within the film from oxidation, which can cause the food to spoil or lose quality. The
addition of essential oils to edible films can increase their antioxidant potential, and can
help to protect the packaged food from oxidation and extend its shelf life. Essential oils
are concentrated plant extracts that contain a variety of antioxidants, such as phenolic
compounds, terpenes, and flavonoids [40]. In the current study, the antioxidant activity of
the different samples of edible films based on SA and AG was assessed and the results are
shown in Figure 6. The hydrogel-based films showed a significant increase in the DPPH
radical scavenging activity with increasing the concentration of the CEO. Similar results
were obtained for the ABTS radical scavenging activity of the SA-AG-based composite film
samples. The films incorporated with CEO exhibited more antioxidant activity compared
with the control. This could have been due to the presence of different bioactive compounds
in the CEO, primarily cinnamaldehyde, contributing to the overall antioxidant potential
of the edible films [41]. Xu et al. [42] found similar results in which the antioxidant
activity of the chitosan-gum arabic films increased with the addition of CEO. Furthermore,
many studies have reported an increase in the antioxidant activity of edible films when
incorporated with essential oils [43—45].
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Figure 6. Antioxidant activity of SA-AG-based composite edible films; AC-1/Control, AC-2 contains
15 uL of CEO, AC-3 contains 20 pL of CEO, and AC-4 contains 30 uL of CEO.

3. Conclusions

The current study revealed that CEO has the potential to be used for the development
of sodium alginate and acacia gum-based composite films with improved physicochemical
properties at optimal concentrations. The findings of the study are likely to be a valu-
able resource for the development of future edible packaging formulations, as well as for
identifying potential applications for different food products. However, further investiga-
tions can reveal the impact of adding the CEO on the antimicrobial properties of sodium
alginate-acacia gum-based films.

4. Materials and Methods
4.1. Film-Formation

SA and AG were provided by Sisco Research Laboratories (SRL), Mumbai, India.
1.5% (w/v) solution of SA and a 0.5% (w/v) solution of AG were prepared separately
by dissolving the polymers in distilled water and stirring them overnight for complete
solubilization at the magnetic stirrer. After complete solubilization, both solutions were
subjected to mixing with the gradual addition of 1% glycerol (BDH Laboratory, London,
England) as a plasticizer. The resultant solution was subjected to stirring for 3 h at a
magnetic stirrer. The obtained film-forming solution was divided equally into four beakers
and labelled as AC-1, AC-2, AC-3, and AC-4. Subsequently, different concentrations (15 uL,
20 pL and 30 puL) of the CEO (Nature Natural, Ghaziabad, India) were added to AC-2,
AC-3, and AC-4 samples, respectively, while the AC-1 sample without the addition of the
CEO was used as a control sample. Additionally, different concentrations of 30 uL, 40 uL,
and 80 pL of tween 80 (Sisco Research Laboratories, Mumbi, India) were also added as a
surfactant to AC-2, AC-3, and AC-4 samples, respectively, for the uniform dispersion of oil
in the film-forming solution. The obtained solutions were poured onto the labelled petri
plates and left to dry for 48 h at room temperature. After drying, the films were evaluated
visually and subjected to further examination.

4.2. Thickness

To determine the thickness of the films produced, a digital micrometre (Yu-Su 150,
Yu-Su Tools, China) was utilized. The thickness measurements were taken at 5 distinct
positions of the film and an average was calculated.
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4.3. Mechanical Properties

The mechanical properties of the hydrogel films, specifically their tensile strength
(TS) and percentage elongation at break (EAB), were determined using a texture analyzer
(XT plus, Stable Micro Systems, Godalming, England) following the standard ASTM D882
method [46]. For the present test, film strips that were 60 mm long and 7 mm wide were
used. The equations presented below were used to determine the values of the TS and EAB

for the film samples.
F
TS = | — 1
5 ( A) M
F is the maximum force,

A is the cross-sectional area of the film.

EAB (%) = Lf; L 100 2)

1

Lf is the final length at a break,
Li is the initial length of the film.

4.4. Moisture Content

The hydrogel film strips (3 cm x 4 cm) were examined for their moisture content (MC).
The film strips were dried at 105 °C and the difference in weight was calculated before (W1)
and after drying (W2), according to Equation (3).

W1 -W2
—— X

MC = Wi

100 3)

4.5. Water Vapor Permeability

The procedure followed by Erdem et al. [47] was used to measure the water vapor per-
meability (WVP) of the films. The relative humidity (RH) of the apparatus was adjusted to
100% and 0% by using water and silica gel, respectively. Hydrogel films were sealed firmly
over the glass test cups (5cm of internal diameter and 3 cm depth) containing silica gel. The
cups were weighed at specific intervals to calculate the weight-gain within a day. Equation
(4) was used to calculate the WVP of the films and represented in g mm/(m?)(d)(kPa).

Am

WVP = AP <A~

d @)

In Equation (4), the Am/At is the weight of moisture-gain per unit of time. A is the
film area in m?; AP is the water-vapor pressure difference between the two sides of the film
in kPa; d is the film thickness in mm.

4.6. Transparency and Color Parameters

The transparency of the SA—AG hydrogel film samples was measured at a wavelength
of 550 nm by using a spectrophotometer (ONDA-Vis spectrophotometer, V-10 Plus, ONDA,
Padova, Italy) according to the method described by Zhao et al. [48].

The surface color analysis of the SA-AG-based films was carried out by using a col-
orimeter (Konica Minolta, Tokyo, Japan), and represented as L* (lightness), a* (red/green),
and b* (yellow/blue). The film samples were placed on the surface of a standard plate
(L* = 100) and the color parameters L*, a*, and b* were calculated. Equation (5) was used to
calculate the AE (the overall color difference).

AE* = [(AL*) + (Aa®) 2 + (Ab*)3]' 5)

4.7. Microstructure of the Films

The microstructure analysis of the prepared hydrogel film samples based on SA-AG
was carried out by using Scanning Electron Microscopy (SEM) (JSM6510LA from Analytical



Gels 2023, 9, 337

12 of 14

SEM, Jeol, Tokyo, Japan). The films were initially mounted on double-sided tape on an
aluminum stub that was coated with a thin layer of gold before the analysis.

4.8. X-ray Diffraction (XRD) Analysis

To determine the crystallinity of the samples, X-ray diffractometer (Bruker D8 Dis-
cover) was used by applying 40kV voltage with 2 theta ranging from 5-50° at a rate of
0.500 s/point, employing copper (Ko radiation (1.5418 A).

4.9. Fourier Transforms Infrared Spectroscopy (FI-IR)

FTIR analysis of the SA-AG hydrogel-based films was performed by using an InfraRed
Bruker Tensor 37, Ettlingen, Germany. The obtained spectrum was used to examine the
functional groups and the interactions between film-forming components. The test was
performed with an average of 32 scans, with a wavenumber range from 400 to 4000 cm 1.

4.10. Differential Scanning Calorimetry

DSC measurements were performed using DSC-Q20 instrument (TA instruments,
New Castle, DE, USA). 10 mg of film was hermetically encapsulated in aluminum capsules
and placed in the sampling unit. The sample was heated from 25 °C to 200 °C at a heating
rate of 10 °C/min in a nitrogen-rich atmosphere.

4.11. Antioxidant Analysis

The antioxidant potential of the SA-AG-based films was analyzed using DPPH and
ABTS radical scavenging activities. For the DPPH assay, the method described by Brand-
Williams et al. [49] was followed to carry out the analysis for 50 mg of film samples.
The absorbance was recorded at 517 nm using an ONDA-Vis spectrophotometer. The
obtained results were presented as % inhibition. For the ABTS assay, the methodology of
Re et al. [50] was employed to evaluate the antioxidant activity of the 25 mg of film samples.
The absorbance was recorded at 734 nm and the results that were obtained were presented
as % inhibition as an average of three measurements. The films were directly treated with
radical solutions, vortexed for 30 s and incubated for radical scavenging activity.

4.12. Statistical Analysis

All data in the current study are reported as the mean and standard deviation (SD) of
three distinct assessments. A one-way analysis of variance was conducted using statistical
analysis software, followed by Duncan’s test with a 5% significant level. The purpose of
these analyses was to examine whether the mean values differed significantly.
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