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Oil-in-water (O/W) high internal phase (HIP) emulsion was prepared to investigate its effects on the physico-
chemical properties and antimicrobial properties of soy protein isolate (SPI)-based films. The particle size and
migration degree of oil droplets in the SPI film-forming solution with HIP emulsion and the films were lower than
those with conventional O/W emulsion or oil. The SPI-based emulsion films with HIP emulsion containing 30 %
oil had the lowest water vapor permeability (1.15 x 1071° g-m™1.s™1.pa~1), glass transition temperature
(40.93 °C) and tensile strength (4.47 MPa), and the highest transparency value (12.87) and elongation at break
(160.83 %). The antimicrobial test of the SPI-based emulsion films loaded with thymol showed that the thymol
encapsulation efficiency, sustained release effect, and growth inhibition effect on microbes were higher for the

films with HIP emulsion than those for the films with O/W emulsion or oil.

1. Introduction

The interest in edible films has increased rapidly due to their abilities
of inhibiting moisture migration, gases, and aroma and their properties
to carry food ingredients, such as antioxidants, antimicrobials, and fla-
vors (Jorge, Gaspar, Henriques, & Braga, 2023; Wang et al., 2023).
Microbial contamination is a major factor that reduces food quality and
shelf life during storage and even causes foodborne illness (Zhang et al.,
2021). Consumers favor antimicrobial films based on natural bio-
polymers with antimicrobial agents because the residues of synthetic
polymer packaging and the added preservatives have safety risks (Li
et al., 2023a). However, the stability and sustained release ability of
natural antimicrobial agents are insufficient and usually need to be
improved by encapsulation (Shao, Xi, & Weng, 2022). Lipophilic anti-
microbial agents are not easily affected by environmental moisture,
resulting in their good stability and release properties in edible films
(Zhang et al., 2021). Meanwhile, lipophilic phenolic compounds have
excellent antimicrobial ability because they can destroy the cell mem-
brane of microbes and cause cell death (Pateiro et al., 2021). Therefore,
the preparation and encapsulation strategies of edible films with lipo-
philic antimicrobial agents have received extensive attention.

Edible films are typically prepared from hydrophilic substances,
including protein and polysaccharide (Ajesh, Hasan, Mangaraj, Verma,

& Srivastav, 2022). Soy protein isolate (SPI)-based edible films have
been extensively studied for their excellent mechanical and gas barrier
properties (Zhou et al., 2023). SPI-based edible films are added with
antimicrobial agents to enhance their biological activities and expand
their application range (Rani et al., 2021). The emulsification or
encapsulation of lipophilic antimicrobial agents can improve their
compatibility and stability and reduce the adverse effects on the films’
structure and properties (Dag, Jung, & Zhao, 2023). A previous study
proved that the SPI-based films prepared with conventional oil-in-water
(0O/W) emulsion contained evenly distributed oil droplets because the
pre-emulsified small oil droplets are likely to interact with the SPI (Zhao,
Ren, Shi, Zhang, & Weng, 2023a). Therefore, the SPI-based films pre-
pared by adding emulsion loaded with lipophilic antimicrobial agents
are expected to improve the antimicrobial and slow-release abilities of
the films. High internal phase (HIP) emulsion has attracted considerable
interest due to their semi-solid textures and the excellent hydrophobic
encapsulation ability of bioactive substances (Gao et al., 2021). How-
ever, studies on the SPI-based emulsion films prepared with HIP emul-
sion are lacking. In particular, the influence of HIP emulsion loaded with
antimicrobial agents on the antimicrobial activity of SPI-based emulsion
films remains unclear.

Thymol is a lipophilic antimicrobial agent with broad-spectrum
antimicrobial activity, which has been widely used as a food
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preservative (Zhang, Cao, & Jiang, 2022). Dissolving thymol in oil can
prevent the crystalline of thymol from disrupting the film integrity
(Sharma, Munjal, Sharma, & Sharma, 2023). Moreover, the stability and
antioxidant effect of thymol can be improved by loading in the O/W
emulsion. (Sedaghat Doost, Van Camp, Dewettinck, & Van der Meeren,
2019). Compared to conventional O/W emulsion, the HIP emulsion with
high loading capacity has been used as the carrier of various hydro-
phobic active substances (Bai et al., 2023; Gao et al., 2021). However,
there are few reports on the preparation of antimicrobial films using HIP
emulsion loaded with thymol.

Therefore, this study aims to improve the compatibility of oil and
thymol in films by emulsification to prepare SPI films with good anti-
microbial activity. The effect of HIP emulsion alone and loaded with
thymol on the physicochemical properties and antimicrobial activities of
the SPI-based films were studied. SPI-based films with conventional O/
W emulsion were used as a reference. The present study reveals the
difference in the effects of conventional O/W emulsion and HIP emul-
sion on the properties of SPI-based films. The prepared antimicrobial
films can be used as food packaging to reduce the addition of antimi-
crobial agents.

2. Materials and methods
2.1. Materials

SPI and soybean oil were supplied by Linyi Shansong Products Co.,
Ltd. (Linyi, China) and Yihai Kerry Arawana Holdings Co, Ltd. (Xiamen,
China). Sucrose ester with HLB value of 13 (SE-13) was purchased from
Liuzhou Aigefu Food Technology Co., Ltd. (Liuzhou, China). Fluorescein
isothiocyanate (FITC) and Nile red were supplied by Aladdin Reagent
Co., Ltd. (Shanghai, China). Thymol was supplied by Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) specimens were obtained
from the College of Ocean Food and Biological Engineering, Jimei
University (Xiamen, China). All reagents used were of analytical grade.

2.2. Preparation of emulsion

SE-13 (0.1 or 0.4 g) was dissolved in the distilled water (20 or 5 mL)
at 70 °C, mixed with soybean oil (5 or 20 g), and homogenized at 15,000
rpm for 3 min using a FJ-200 high-speed homogenizer (Shanghai
Specimen Model Factory, China) to prepare O/W and HIP emulsions.
The added SE-13 was 2 % of the oil content.

2.3. Preparation of SPI-based emulsion films

A film-forming emulsion (FFE) was prepared following the method of
Zhao et al. (2023a). The glycerol (2.25 g) and SPI (9 g) were dispersed in
distilled water (100 mL), and heated at 70 °C for 30 min to prepare the
SPI solution. Then, the O/W or HIP emulsions were mixed with the SPI
solution to prepare the FFE at homogenization conditions of 7,000 rpm
for 2 min, and the oil content of FFE was 10 %, 20 % and 30 % (w/w) of
SPI, respectively. The FFE without oil and directly added with 1.8 g (20
%, 0il/SPI, w/w) of oil was used as the control group. The FFE was
spread on the rimmed silicone resin plate to dry at 25 °C and 50 %
relative humidity to obtain SPI-based emulsion films, which were then
stored under the same conditions until analysis.

On the basis of the pre-experiment results, the emulsion films with
20 % (oil/SPI, w/w) oil content were selected to prepare antimicrobial
films using the above methods. The oil solution of thymol with con-
centrations of 25 %, 50 %, and 75 % (w/w) was used to prepare O/W
and HIP emulsions. The films with thymol were prepared using the
above emulsion, and the FFE contained 5 %, 10 %, and 15 % (thymol/
SPI, w/w) of thymol, respectively. The control group FFE with 0.9 g (10
%, thymol/SPI, w/w) of thymol was prepared using 50 % thymol oil
solution.
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2.4. Confocal laser scanning microscope (CLSM) observation

The CLSM images of emulsion, FFE and SPI-based emulsion films
were captured using a TCS-SP8 CLSM (Leica, Germany). The emulsion,
FFE, and emulsion films were stained by FITC solution and Nile red
solution as previously reported (Zhao, Ren, Shi, & Weng, 2023b). The
protein and oil were detected using laser sources excited at 488 and 552
nm. The diameter distribution of the oil was analyzed by particle size
analysis software (Nano measurer 1.2).

2.5. Scanning electron microscope (SEM) observation of films

The cross-sectional morphology of SPI-based emulsion films were
observed using a Phenom ProX G6 SEM (Thermo Fisher Scientific Inc.,
USA) following the method of Zhao et al. (2023a) at a magnification of
2500 x. The film sample fragments were obtained by fracturing the SPI-
based emulsion films in liquid nitrogen and drying them with silica gel
before measurement.

2.6. Fourier transform infrared (FTIR) spectroscopy of films

The FTIR spectra of SPI-based emulsion films were measured using a
Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific Inc., USA) at
room temperature (Xue, Gu, Wang, Li, & Adhikari, 2019). The mea-
surement range, number of scans, and resolution were 4000-800 em ™},
32,and 4 cm ™}, respectively.

2.7. Differential scanning calorimetry (DSC) of films

The DSC thermograph of SPI-based emulsion films (2 mg) was
measured using a Q2000 DSC (TA Instrument, USA) following the re-
ports of Hu et al. (2023). The test range and heating rate of DSC was
10 °C — 100 °C and 5 °C/min, respectively.

2.8. Mechanical properties of films

The mechanical properties of SPI-based emulsion films were evalu-
ated using a TA-XT Plus texture analyzer (Stable Micro System, UK)
(Zhao et al., 2023b). The thicknesses of the sample strips (20 mm x 45
mm) were measured using a handheld micrometer thickness gauge
(Ozaki Mfg. Co., Tokyo, Japan), and the average thickness was calcu-
lated by three random points.

2.9. Water vapor permeability (WVP) of films

The WVP of SPI-based emulsion films was evaluated as previously
described (Kaewprachu et al., 2018). Dried silica gel was added to the
cups (0 % RH) and covered with the film samples, then placed the cups
in a closed environment (100 % RH, 30 °C) with distilled water. The
upper surfaces of the film samples were in contact with the 100 % RH
side. The cup weight was measured every hour for 9 h. The WVP of films
was calculated as follows:

dip ooy Wxx
wvpP (gm s~ Pa )_A><t><Ap
where W, x and A are the cup weight of gain (g), the film thickness (m),
and the covered area of the film (mz), tis the time interval (s), and Ap is
the vapor pressure difference on both sides of the film (Pa).

2.10. Color and opacity of films

The color of SPI-based emulsion films was evaluated using an YS-
3010 spectrophotometer (Shenzhen Threeenh Technology Co., Ltd.,
China). The standard plate was used as a background (L* = 91.86, a* =
—0.88, b* = 1.42) to measure the L*, a*, and b* values of the films, and
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the total color difference (AE) was computed as reported by Zhou et al.
(2021).

The opacity of SPI-based emulsion films was determined using a UV-
8000A UV-visible spectrophotometer (Shanghai Yuanxi Instrument Co.,
China) at a wavelength of 600 nm (Hu et al., 2022). The opacity of films
was calculated as follows:

As00
Transparency value = ——
x

where Agpp is the absorbance at 600 nm and x is the film average
thickness (mm). A high transparency value indicates a high level of

opacity.
2.11. Encapsulation efficiency (EE) of thymol

Film samples (approximately 100 mg) were placed in 35 mL glass
vials with hexane (20 mL) and shaken overnight at 25 °C. The amount of
thymol entrapped in the film samples was calculated against the
absorbance of the mixed solution at 275 nm and the standard curve. The
initial amount of thymol in the film samples was determined from the
amount of thymol in the FFE. The EE of thymol was calculated using the
following formula (Liang & Gao, 2023):

EE (%) :%x 100
0

where my and m; are the initial amount of thymol in the film samples (g)
and the amount of thymol entrapped in the film samples (g).

2.12. Thymol release properties

The thymol release properties of SPI-based emulsion films in water
and 50 % (v/v) ethanol-water solution were investigated following a
previous method (Lian, Shi, Zhang, & Peng, 2020) with some modifi-
cations. Film samples (20 mm x 45 mm) were soaked in water or 50 %
ethanol solution (40 mL) at 25 °C for 24 h. Afterward, 3 mL of the mixed
solution was taken at a fixed time, and its absorbance was measured at
275 nm. The same volume of water or 50 % ethanol solution was added
after every removal of the mixed solution. Thymol release was calcu-
lated against the standard curve, and the accumulative thymol release
(%) was calculated as the following formula:

Accumulative thymol release (\%)) = ™2 100
m

where m; and my are the amount of thymol entrapped in the film sam-
ples (g) and the amount of thymol released into the solvent (g).

2.13. Antimicrobial properties of films

The SPI-based emulsion films’ antimicrobial properties were evalu-
ated by the disk agar diffusion method (Almasi, Radi, Amiri, & McCle-
ments, 2021). E. coli and S. aureus were used as the bacteria for the
experiment. All experimental instruments and tools were treated with
ethanol before the preparation of film samples. The film sample disks (6
mm, approximately 10 mg) were prepared aseptically and placed on
solidified agar plates previously inoculated with 100 pL of 10° CFU/mL
activated bacterial suspensions. The agar plates were then incubated
(37 °C, 24 h), and the inhibition zone diameter of the film sample disks
was measured.

2.14. Statistical analysis

Measurements were performed in triplicate for each test. The data
were analyzed by one-way analysis of variance and Duncan’s test at P <
0.05 using the SPSS statistical analysis computer program (SPSS Inc.,
USA).
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3. Results and discussion
3.1. CLSM images of emulsions and FFE

As presented in Fig. 1a and b, the distribution and droplet size of oil
in the emulsion and FFE were characterized by CLSM. The red droplets
were sparsely dispersed in the green O/W emulsion matrix but were
packed closely and almost completely fused together with the green HIP
emulsion matrix. In general, a successfully prepared HIP emulsion has 5
%-50 % surfactant (Bai et al., 2023). In this study, a HIP emulsion was
successfully prepared using 2 % sucrose ester. This phenomenon
occurred because the key factors of stable HIP emulsion-like vesicles can
form in aqueous solution when the concentration of sucrose esters is
higher than the critical aggregation concentration, and the vesicles of
sucrose esters were reported in a previous study (Hu, Binks, & Cui,
2021).

Large and unevenly distributed oil droplets were observed in the FFE
homogenized by directly adding 20 % oil (control 20). By comparison,
small oil droplets were found in the FFE added with O/W and HIP
emulsions (Fig. 1a), indicating that the emulsified oil is easier to disperse
into FFE than oil. The oil droplets were larger and easier to flocculate in
the FFE with O/W emulsion than those in the FFE with HIP emulsion,
and this phenomenon became highly evident with the increase in oil
content (Fig. 1b). The speculation of FFE preparation process is illus-
trated in Fig. 1c according to the above results. The sucrose ester in the
O/W emulsion can reduce the interfacial tension and prepare FFE with
middle particle size oil droplets. On the other hand, the HIP emulsion
contains vesicles can form a protective layer around the oil droplets,
resulting in the prepared FFE with small particle size oil droplets.

3.2. Physicochemical properties of SPI-based emulsion films

3.2.1. CLSM images of SPI-based emulsion films

The oil droplet size in the SPI-based emulsion films is exhibited in
Fig. 2a and c. The control groups had the largest oil droplets, followed by
the SPI-based emulsion films with O/W and HIP emulsions. This finding
was consistent with the size order of oil droplets in the FFE (Fig. 1a). The
SPI-based emulsion films contained larger oil droplets compared to the
FFE, regardless of the oil content (Fig. 1a and 2a). This suggested that
the oil droplets coalesce easily during drying (Fattahi & Seyedain-
Ardabili, 2021). Meanwhile, the coalescence of the SPI-based emulsion
films with HIP emulsion was not evident compared with those directly
added with oil and O/W emulsion. This phenomenon suggested that
using HIP emulsion could effectively prevent oil coalescence during film
formation and the preparation SPI-based emulsion films with evenly
distributed oil droplets.

3.2.2. SEM images of SPI-based emulsion films

Fig. 2b shows that the compact and smooth cross-section structure of
the SPI films became rough and uneven with the addition of oil or
emulsion. Therefore, the added emulsion can destroy the compactness of
the emulsion film structure, which was consistent with the effect of
Pickering emulsion on konjac glucomannan film structure (Xu et al.,
2023). The decreased structural compactness of the SPI films was due to
the hindrance of protein-protein interactions by the dispersed oil
droplets in the protein network (Hu et al., 2022). The SPI-based emul-
sion films with HIP emulsion exhibited the smallest oil droplets, as
observed in the CLSM images (Fig. 2a). Moreover, the SPI-based emul-
sion films directly added with oil showed the most evident oil droplet
flotation and even had oil layers forming on the upper surface. With the
increase in oil content, there was a continuous increase in the degree of
oil droplet flotation to the upper surface in SPI-based emulsion films
with O/W emulsion. Meanwhile, the evenly dispersed oil droplets were
observed in the SPI-based emulsion films with HIP emulsion. Therefore,
the degree of oil droplet flotation is related to the oil droplet size because
small oil droplets have a large total surface area, allowing them to
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interact effectively with the protein gel network (Li et al., 2022). Similar
results were reported in a study on the preparation of emulsion films
with different homogenization conditions (Fattahi & Seyedain-Ardabili,
2021).

3.2.3. FTIR analysis of SPI-based emulsion films

FTIR was performed to investigate the intermolecular interaction
and content of each component in SPI-based emulsion films. Amide I
(1632 cm’l), amide II (1532 cm’l) and amide III (1236 cm’l) were
related to the C=O stretching vibration, N—H bending vibration) and
C—N stretching vibration, respectively, which represented the SPI
characteristic absorption peaks (Xue et al., 2019). The wavenumber at
3273 cm~ ! (N—H stretching vibration/O—H stretching vibration) and
1743 cm™! (C=O0 stretching vibration) are the amide A and soybean oil
characteristic peaks, which can be used to characterize changes in
hydrogen bonding and oil content (Ozulku, Yildirim, Toker, Karasu, &
Durak, 2017, Zhou et al., 2023).

As presented in Fig. 3a and b, the characteristic peak intensity of oil
was higher on the upper surface of the SPI-based emulsion films with oil
or O/W emulsion compared to the lower surface. No difference in oil
characteristic peak intensity was observed between two side surfaces of
the SPI-based emulsion films with HIP emulsion (Fig. 3a and b). When
the added oil content was 20 %, the SPI-based emulsion films directly
added with oil had the highest oil characteristic peak intensity on the
upper surface, followed by those in the SPI-based emulsion films with O/
W and HIP emulsions. The lower surface of the films had an opposite
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order of oil characteristic peak intensity. This result indicated that the
oil droplets easily migrate upward more easily in the SPI-based emulsion
films directly added with oil, but not in the SPI-based emulsion films
with HIP emulsion. This finding was consistent with the longitudinal
distribution of oil in the SEM images (Fig. 2b). By contrast, the peak
intensities of amide I, amide II, and amide III on the surface decreased
with the increasing peak intensity of oil in all SPI films (Fig. S1). This
phenomenon can be attributed to the replacement of protein with the
accumulated oil, leading to the low homogeneity of films (Zhao et al.,
2023b). Meanwhile, the addition of oil affected the hydrogen bonding
interactions formed by protein-water and protein—protein, resulting in
the peak intensity of amide A decreased with the increasing character-
istic peak intensity of oil (Hu et al., 2023).

3.2.4. DSC analysis of SPI-based emulsion films

Fig. 3c and d present the DSC thermograph and glass transition
temperature (Tg) of the SPI-based emulsion films. The Ty of the SPI films
was 58.13 °C, which decreased with the addition of oil or emulsion. In
general, oil incorporation can interrupt protein-protein interactions and
increase the chain mobility of polymer chains (Tongnuanchan, Benjakul,
& Prodpran, 2014), resulting in a lower Ty of the films. In this study, oil
incorporation had the least effect on the T of SPI films, followed by the
incorporation of O/W and HIP emulsions. Moreover, the content of O/W
emulsion had no significant effect on the T of the SPI-based emulsion
films (P > 0.05), and the increase in HIP emulsion content decreased the
T, of SPI-based emulsion films. This phenomenon can be attributed to
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Fig. 3. Fourier transform infrared spectra of oil characteristic peaks (a: upper surface, b: lower surface) of SPI-based emulsion films; Differential scanning calorimetry
thermograph of SPI-based emulsion films with O/W emulsion (c¢) and HIP emulsion (d).
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the plasticizing effect of oil in the films (Rashid et al., 2023), which is
usually enhanced by the increasing oil content. However, the SPI-based
emulsion films with O/W emulsion presented phase separation whose
degree increased with the oil content (Fig. 2b). The upward migration of
the oil in the SPI-based emulsion films decreased its content between the
protein chains, resulting in a reduced plasticizing effect of oil. However,
the plasticization of small oil droplets is better than that of large oil
droplets (Zhao et al., 2023a). Therefore, the addition of HIP emulsion
could effectively improve the mobility of the polymer chains in SPI
films.

3.2.5. Mechanical properties of SPI-based emulsion films

As presented in Table 1, the SPI films had the highest tensile strength
(TS; 7.56 MPa) and lowest elongation at break (EAB; 50.08 %). The TS of
the SPI films significantly decreased with the incorporation of oil or
emulsion (P < 0.05) and further decreased with the increasing oil
content regardless of the incorporation strategies. Introducing oil hin-
ders the hydrogen bonding interactions between protein molecules (Hu
et al., 2023), and the effect becomes highly pronounced as the oil con-
tent increases (Fig. S1). The TS of the SPI-based emulsion films directly
added with oil was the closest to that of the SPI films, followed by the
SPI-based emulsion films with O/W and HIP emulsions. The coalescence
and migration of oil droplets prevent them from being effectively
incorporated into the protein network structure, thus reducing their
effect on the protein network. The added oil or emulsion increased the
EAB of the SPI films (Table 1) because oil increased the chain mobility of
protein chains in the SPI films (Tongnuanchan et al., 2014). However,
the upward migration of oil in the films led to a reduced plasticizing
effect. Thus, the EAB of the SPI-based emulsion films directly added with
oil was smaller than that of the SPI-based emulsion films with O/W or
HIP emulsions. Meanwhile, the EAB of the SPI-based emulsion films
with HIP emulsion increased with the oil content, but this phenomenon
was not founded in the SPI-based emulsion films with O/W emulsion.
The above results were consistent with the DSC analysis (Fig. 3c and d).

3.2.6. WVP of SPI-based emulsion films

WVP is an important index of films for food packaging applications
because the loss and absorption of moisture in food system can lead to
alterations in food quality and shelf life (Zhang, Zhang, Mujumdar,
Wang & Ma, 2023). As presented in Table 1, the WVP of the SPI films
was 2.72 x 10710 g.m~1.s71.Pa~!, which was higher than that of gelatin
films (1.65 x 10710 g~m’1~s’1-Pa’1; Kaewprachu et al., 2018) and cel-
lulose-wheat gluten composite films (1.63 x 107'° gm1.s71.pa~!;
Shen et al., 2022). The poor water vapor barrier capacity of protein films
can be enhanced by incorporating oil and further enhanced by reducing
the oil droplet size (Li, Sha, Yang, Ren, & Tu, 2023b). In this study, the
WVP of the SPI-based emulsion films decreased with the increase in oil
content. Moreover, the SPI-based emulsion films with HIP emulsion
contained small and evenly distributed oil droplets, resulting in their
lower WVP than that of the SPI-based emulsion films with O/W emul-
sion. The small oil droplets can be widely distributed in the film matrix
under the same oil content, resulting in significant water vapor

Table 1
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resistance. This phenomenon has been observed in a study on the
preparation of emulsion films with different homogenization conditions
(Fattahi & Seyedain-Ardabili, 2021). However, the WVP of the SPI-
based emulsion films directly added with oil was lower than that of
the SPI-based emulsion films with both emulsions. This phenomenon
can be attributed to the large oil droplets continuously floating upward
and forming oil layers on the upper surface of films (Fig. 2b). Oil tends to
agglomerate and migrate upward under low-speed homogenization to
form a pseudo-bilayer film. This pseudo-bilayer structure can provide
good water vapor resistance (Hosseini, Mousavi, & McClements, 2023).

3.2.7. Color and transparency of SPI-based emulsion films

As presented in Table 2, the SPI films showed the highest L* (91.67)
and a* values (—1.37) and the lowest b* value (8.49). With the increase
in the oil content, the L* value decreased and the a* and b* values
increased, indicating that the films became darker and more yellow.
When the oil content was 20 %, the highest L* value was found in SPI-
based emulsion films with direct oil addition, followed by the SPI-
based emulsion films with O/W and HIP emulsions. The opposite
order was founded for the b* value. This result indicated that the coa-
lescence and upward migration of oil increased the L* value and
decreased the b* value. The coalescence and upward migration of oil
increased the roughness of the film surface, which led to the decrease the
L* value (Galus, 2018). Meanwhile, the accumulation of soybean oil
with a high yellowness led to an increase in b* value. The AE difference
of films suggested that the high oil content, small oil droplet size, and
evenly distributed oil led to the high difference of color between the
films and standard whiteboard.

As shown in Table 2, the increase in oil content significantly
increased the transparency value of the films (P < 0.05). This finding
can be explained by the light scatterings effect of oil in films (Zhou et al.,
2021). The small and uniform distribution of oil led to multiple light
scattering in the film matrix, and increased transparency values of the
SPI-based emulsion films (Zhao et al., 2023a). High transparency values
represent low transparency. Therefore, the SPI-based emulsion films
with HIP emulsion presented lower transparency than the SPI-based
emulsion films with O/W emulsion and those directly added with oil.

3.3. Antimicrobial properties of SPI-based emulsion films

3.3.1. EE of thymol in SPI-based emulsion films

As shown in Fig. 4a, the highest EE of thymol was founded in the SPI-
based emulsion films with HIP emulsion, followed by the SPI-based
emulsion films with O/W emulsion and those directly added with oil.
Dissolving thymol in high oleic sunflower oil and preparing O/W
emulsion can help inhibit its recrystallization and improve its stability;
small oil droplets are beneficial to further improve the solubility and
stability of thymol (Sedaghat Doost et al., 2019). The migration degree
of oil may affect the EE of thymol. During drying, thymol migrated
upward with the oil droplets, resulting in an increase in thymol loss.
Meanwhile, the high content of thymol can reduce the stability of the
emulsion system (Robledo et al., 2018). During drying, the high level of

Thickness, mechanical properties and water vapor permeability of SPI-based emulsion films.

0il (%) Thickness (um) TS (MPa) EAB (%) WVP (x107 1% gm s t.pal)
Control (20) 74.00 + 1.89° 7.56 + 0.44° 50.08 + 6.31° 1.34 4+ 0.03°
0 67.67 + 3.09° 9.23 + 0.21° 35.89 + 1.41 8 2.72 + 0.05°
o/W 10 70.95 + 451> 6.19 +0.17° 87.42 + 7.61¢ 2.30 + 0.26"
20 75.05 + 1.35%° 5.78 + 0.12¢ 82.75 + 4.83¢ 2.09 + 0.07°
30 79.40 + 3.23° 5.44 + 0.129¢ 68.58 + 8.09° 1.84 +0.11°
HIP 10 71.89 + 1.50° 5.78 + 0.169 114.70 + 11.91¢ 1.72 £ 0.11
20 75.47 + 3.42%° 5.19 + 0.17° 139.79 + 10.19° 1.58 +0.13¢
30 79.56 + 1.59° 4.47 +0.19 160.83 + 12.96% 1.15 + 0.12°

Data are expressed as mean + standard deviation.

Values with different lowercase letters in the same column indicate significant differences at P < 0.05.
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Table 2

Color and transparency value of SPI-based emulsion films.
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Qil (%) L* a* b* AE Transparency value

Control (20) 90.38 + 0.18" ~1.52 + 0.03° 9.13 + 0.15¢ 7.91 + 0.12° 5.29 + 0.19f

0 91.67 + 0.12* ~1.37 +0.02% 8.49 +0.11° 7.09 +0.11f 1.00 +£0.09 "
o/wW 10 90.13 + 0.18" ~1.52 + 0.01° 8.97 + 0.32¢ 7.89 + 0.23° 455 +0.11 8

20 89.81 + 0.22° —1.45 + 0.05" 9.23 + 0.20¢ 8.25 + 0.01¢ 6.60 + 0.11°

30 89.29 + 0.05¢ ~1.44 + 0.02° 10.61 + 0.19° 9.56 + 0.18° 7.12 + 0.14¢
HIP 10 89.54 + 0.09 < ~1.64 + 0.05¢ 10.58 + 0.11¢ 9.48 + 0.09° 7.99 + 0.18°

20 88.53 + 0.17° -1.63 + 0.03¢ 11.57 +0.17° 10.71 + 0.21° 11.19 + 0.09°

30 86.34 + 0.12f —1.59 + 0.04¢ 12.37 + 0.09° 12.28 + 0.082 12.87 + 0.22°

Data are expressed as mean =+ standard deviation.

Values with different lowercase letters in the same column indicate significant differences at P < 0.05.
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Fig. 4. (a) Encapsulation efficiency of thymol in SPI-based emulsion films; Thymol release properties of SPI-based emulsion films in water (b) and 50% ethanol (c);
Growth inhibition effect of SPI-based emulsion film loaded with thymol on Escherichia coli (d) and Staphylococcus aureus (e).

thymol led to aggregation, resulting in the formation of spherical clus-
ters and disrupting the film integrity (Sharma et al., 2023). Therefore,
the reduced EE of thymol was observed in the SPI-based emulsion films
with O/W emulsion when the thymol content reached 15 %. By contrast,
the EE of thymol remained stable in the SPI-based emulsion films with
HIP emulsion with the increasing thymol content. This finding suggested
that the SPI-based emulsion films with HIP emulsion have a good EE of
thymol because the oil droplets loaded with thymol are distributed in a
compact protein network structure.

3.3.2. Thymol release characteristics of SPI-based emulsion films

Thymol was rapidly released within 40 min in the water system as
presented in Fig. 4b. In the 50 % (v/v) ethanol system (Fig. 4c), a fast
initial release of thymol from the films was observed, followed by a
continuous slow release. This phenomenon occurred because the free
and semi-free thymol particles cannot be firmly bound in the films
(Zhang, et al., 2022). This result was also observed in pectin films
containing thymol and chitosan films containing thyme essential oil
(Zhang et al., 2022; Lian et al., 2020). The difference in thymol release

properties between the films in the water system and 50 % ethanol
system can be attributed to the difference in films’ swelling. The rapid
swelling of the SPI-based emulsion films was founded in the water sys-
tem (Fig. S2), resulting in easy contact of thymol with solvent molecules.
Regardless of the food simulation system, the SPI-based emulsion films
with HIP emulsion had the lowest thymol release rate compared with the
other SPI-based emulsion films, indicating that the films with HIP
emulsion had good sustained antimicrobial ability in the application.
This finding was related to the distribution and stability of thymol in the
SPI-based emulsion films. On the one hand, thymol could move upward
with the migration of oil droplets, allowing its easy release into the
solvent system. On the other hand, the thymol loaded into small oil
droplets could be evenly distributed in the film, improving the stability
of thymol. Thymol content had no effect on the thymol release rate when
water was used as the solvent, and this finding was related to the rapid
swelling of the films. The thymol release rate increased with the thymol
content when 50 % ethanol was used as the solvent. The high content of
thymol can reduce the compactness of the film structure (Sharma et al.,
2023), especially in the SPI-based emulsion films with O/W emulsion.
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3.3.3. Antimicrobial activity of SPI-based emulsion films

As presented in Fig. 4d and e, the incorporation of emulsion loaded
with thymol could significantly increase the inhibition effect of SPI films
on bacterial growth compared with the control groups (P < 0.05). This
finding was related to the EE of thymol (Fig. 4a). Moreover, the sur-
factant can improve the water solubility of the essential oil, allowing
them to easily interact with bacteria (Gaysinsky, Davidson, Bruce, &
Weiss, 2005). The SPI-based emulsion films with HIP emulsion had a
stronger antimicrobial effect on E. coli and S. aureus than the SPI-based
emulsion films with O/W emulsion. The films prepared using HIP
emulsion loaded with thymol have a compact protein structure and even
distribution of thymol, which improve the EE of thymol in the films and
effectively increase the antimicrobial activity of the films. As expected,
the antimicrobial activity of the SPI-based emulsion films increased with
the thymol incorporation. Moreover, the films exhibited higher anti-
microbial activity against E. coli than S. aureus (Fig. 4d and e) because
the cell wall of Gram-positive bacteria is usually formed by several
layers of peptidoglycan, which can effectively prevent the penetration of
hydrophobic substances and reduce the antimicrobial effect of essential
oil on the bacteria (Aman Mohammadi et al., 2021).

4. Conclusion

HIP emulsion could improve the compatibility of oil in the SPI film
and enhance the stability of thymol. The FFE prepared with HIP emul-
sion had the smallest oil droplet size, which improved the anti-
coalescence ability of oil droplets during drying and contributed to the
formation of SPI-based emulsion films with small and uniformly
distributed oil droplets. Therefore, HIP emulsion could significantly
reduce the Tg, TS, and WVP of SPI films. The SPI-based emulsion films
with HIP emulsion had the highest encapsulation efficiency and best
sustained release of thymol due to the excellent oil compatibility,
leading to their highest antimicrobial activity. In conclusion, the SPI-
based emulsion films with HIP emulsion contained small and highly
compatible oil droplets, which are beneficial for preparing films with
good thymol sustained release effect and antimicrobial activity.
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