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The aim of this study was to develop the composite films with antioxidant and biodegradable activity based on
egg white protein (EWP) and epigallocatechin gallate (EGCG). Water susceptibility, light transmittance,
microstructure and antioxidant properties of the composite films without and with EGCG were fully charac-
terized. It was noted that the addition of EGCG might decrease the moisture content, water solubility and
swelling capacity. SEM micrographs revealed that discontinuous blocks and rough surfaces were caused by

increasing concentration of EGCG, whereas compact and homogeneous particles appeared when the concen-
tration of EGCG reached to 80 pmol/L. Moreover, the biodegradability of the composite films was demonstrated
by the soil degradation properties that they can be almost completely degraded within ten days. Experimental
results on the application in chilled fresh pork showed that the EWP-based films could play an antioxidant role
when incorporated with EGCG, indicating their great potential for food packaging.

Introduction

In recent years, people’s requirements for the environment have
been continuously increasing, and the demands of ordinary consumers
for food safety have also sharply increased. At present, a vast range of
traditional polymer packaging materials, including polyethylene, poly-
propylene and polyamide, et al have been introduced in several scientific
studies (Dai, et al., 2022). However, as plastic packaging materials, they
are unsafe, non-environmental protection and difficult to decompose,
whilst might be harmful to human health for long-time usage (Oliveira
Filho et al., 2022), introducing to the plastic restriction for a period of
time. In order to solve the problems induced by the plastic packaging
materials, natural and sustainable materials could be created due to
their biodegradability, biocompatibility and non-toxicity. Therefore,
research of edible film packaging has been paid attention to and become
a new research hotspot (Sun, Huang, Chen, Liu, & Leng, 2023).

As a typical kind of animal protein, egg white protein (EWP) pos-
sesses good film-forming ability. The components in EWP, i.e., oval-
bumin, ovomucoid, ovomucin, ovotransferrin and lysozyme are natural
antimicrobial substances (Deng, Xu, Hu, & Sheng, 2022). Besides, EWP
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can be used in food, pharmaceutical and cosmetic industries due to its
excellent biodegradability. Liu, Huang, Geng, and Huang (2021) illus-
trated that the composite film prepared with EWP and k-carrageenan
could be used as a new edible film in food packaging fields. Peng et al.
(2017) proved that EWP-based films were much more transparent than
the other protein films, e.g., soybean protein isolate film, whey protein
film and pea protein isolate film (Rojas-Lema et al., 2023; Xiao et al.,
2023). However, the mechanical properties and water susceptibilities of
EWP films were reported to be poor, leading to a limited application in
food packaging. In view of these two biggest shortcomings, some mea-
sures could be taken to improve their properties, including mechanical
properties and functional properties. The physical-chemical character-
istics of EWP-based films could be improved by the addition of glycerol
as their plasticizer. Excessive moisture intake was illustrated to be easy
to result in serious microbial contamination and a certain degree of
oxidation in packaged food. In this sense, different kinds of bacterio-
static agents and antioxidants could be added to the films to improve
their functional characteristics.

Polyphenols are recognized as good antioxidants and can be safely
used in food materials since numerous researches have evaluated
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protein-based edible films which are enriched with polyphenols (Sun,
Liu, Zhang, Huang, Zhang, & Xu, 2022; Zhao, Li, & Xue, 2023). For
example, the whey protein films activated with rosemary and sage
extract were developed to keep their antioxidant activities and protect
the soft cheese from spoilage (Kontogianni et al., 2022). Their prepared
protein-based films were illustrated to own a layer to protect the cheese
from oxygen of the environment. In yet another example, Wang et al.
(2022) reported that the antioxidant properties of the chitosan/zein
protein composite films were effectively improved with the incorpora-
tion of tea polyphenol. It was demonstrated that the zein protein-
chitosan films had potential ability for maintaining the postharvest
quality of mushroom.

In this article, epigallocatechin gallate (EGCG) was chosen as the
antioxidant agent to cooperate with EWP in preparing films, aiming to
characterize the antioxidant characteristics of EWP-EGCG films and
verify their effects in fresh chilled meat preservation. In addition, the
biodegradable properties of the EWP-EGCG films were determined in
order to expand their application in the field of food in the future.
Therefore, this article might provide useful information in preparing
natural, degradable and antioxidant protein-based packaging materials
in preservation of fresh chilled meat.

Materials and methods
Materials

Egg white powder was provided by Jiangsu Kangde Egg Industry Co.,
Ltd. (Nantong, Jiangsu, China). Glycerin, sodium hydroxide and hy-
drochloric acid were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Epigallocatechin gallate (EGCG), Trichloro-
acetic acid (TCA), boric acid, 1,1-diphenyl-2-trinitrophenylhydrazine
(DPPH) and 2,2-azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS)
were supplied by McLean Reagent Company. Fresh pork was obtained
from New World Department Store (Yantai, China). Other chemicals
used in this study were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All reagents used were analytically purified and the solvent used
was Milli-Q water (Purified using Milli-Q apparatus, Millipore Corp
Bedford, MA, USA).

Preparation of EWP-EGCG composite films

To obtain EWP solution, eight grams of egg white powder were
added to 100 mL of deionized water at room temperature. The powder
was allowed to dissolve for 3 h by magnetically stirring at a speed of 500
r/min. Then, the pH of the mixture was adjusted to 12.5. EGCG solutions
were prepared by dissolving different mole numbers (0 pmol, 5 pmol, 10
pmol, 20 pmol, 40 pmol and 80 pmol) in 1 L 0.05 M Tris-HCl (pH 7.0) for
20 min with continuous stirring at room temperature. Thereafter, the
EGCG solutions were gradually added to the EWP solution with
continuous stirring to obtain mixed solution, followed by addition of the
plasticizer (glycerin, 2.0%, w/v). The EWP-based films with 0% EGCG
was prepared as a control. Film-forming solutions were heated in a water
bath at 60°C for 30 min with constant stirring and then ultrasonicated
for 5 min to remove air bubbles. For preparation of the films, portions
(30 mL) of the above solutions were cast onto glass plates (diameter:
12.5 cm) and dried for approximately 3 h at 60°C in the drying-oven.
The dried films were peeled off from the plates and equilibrated at
25°C+2°C and 50%+5% relative humidity (RH) for at least 48 h before
further analyses.

Film thickness

Film thickness was measured by a hand-held micrometer (211-101
k, SanLiang, Japan) with precision of 0.001 mm, as described by the
previously published paper (Li, Liu, Ye, Wang, & Wang, 2015). Ten
points of each film were randomly taken for measuring and thickness

Food Chemistry: X 19 (2023) 100791

was calculated using the average value.

Water vapor permeability

Water vapor permeability (WVP) was conducted using gravimetric
method (Wang, Liu, Ye, Wang, & Li, 2015) with some modifications.
Each film was cut to 20 mm diameter, and fixed onto the suitable testing
cup containing anhydrous calcium chloride with ~ 0% RH, the initial
weight was reported. Thereafter, the testing cups were transferred into a
desiccator which was saturated with NaCl (75% RH) solution. The final
weight was tested after 24 h at 25 °C, changes in the weight of the testing
cups were measured at intervals during the first 8 h and up to 24 h. WVP
(g m~ ! s7! Pa~1) of the films was calculated as follows:

Aw x L

WVP = ————
txAXAp

where Aw = the weight change of cup (g), L = thickness of the film
(m), t = the time (s), A = the measuring area (mz), and Ap = the water
vapor pressure difference across the two sides of the film (2376.39 Pa).

Water susceptibility

Equilibrated films were cut into 40 mm diameter (mg) and dried at
110°C until constant weight (m;). The dried films were immersed in
distilled water (40 mL) for 24 h at 25°C, then the films were weighted
(my) after wiping off the remaining water on the films with a filter paper.
The remaining samples were dried again in an oven at 110°C until they
reached a final constant weight (mg3). The moisture content (MC), water
solubility (WS) and swelling capacity (SC) of each film were calculated
as follows (Liu et al., 2023):

MC(%) =" 100% 1
moy

SC(%) ="2""™ » 100% @
m

WS(%) =" 100% 3)
m

Optical properties

Color properties

The color properties, including Lightness (L*), redness-greenness
(a*), yellowness-blueness (b*) and total color difference (AE) of the
films were measured using a colorimeter (CS-800, 400-700n, Hangzhou,
China) at 25°C. The total color difference (AE) was calculated as follows:

AE = /(ALY + (Aa) + (Ab')? @

Light transmittance and opacity

Light transmittance of the films was recorded in the wavelength
range of 600 nm by a UV-visible spectrometer (UV-2550, Shimadzu,
Japan) according to a method described previously with minor modifi-
cation (Moalla et al., 2021). The transparency (T%) and opacity of the
films was defined with the following formula, respectively:

T(%) = 0.1%® x 100% (5)
A
Opcity = % 6)

where Aggp was the absorbance of the composite film, d was the
thickness of the laminated film (mm).

Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was employed to analyze the chain interactions



Y. Wu et al.

into films, the spectra were obtained in the region 4000 to 400 cm ! ata
resolution of 1 em™?, using an IS50 spectrometer (Thermo Nicolet,
Madison, Wisconsin, America).

Scanning electron microscopy (SEM)

The composite films were observed by a scanning electron micro-
scope (SEM, JSM-IT 300 LV, Akishima, Tokyo, Japan) in order to study
the microstructures. Prior to observation, samples were gold-plated with
a vacuum sputtering coater. Thereafter, each sample was transferred to
the cold stage of the SEM chamber and captured using an acceleration
voltage of 20 kV.

Antioxidant activities

DPPH free radical-scavenging activity

The antioxidant activity of the EWP-EGCG composite films could be
determined using DPPH free radical scavenging assay according to the
method described by Kandi and Charles (2019) with some modifica-
tions. 1 g of each film was added into 100 mL deionized water, dis-
solving by stirring for 24 h at room temperature. The 0.06 mol/L DPPH
was prepared by dissolving DPPH in the ethanol solution. Then, 2 mL
sample solutions and 2 mL DPPH solutions were mixed and incubated
for 30 min at room temperature in the dark. Control tubes were assessed
in the same way without film samples. The absorbance values were
measured at 517 nm with a visible spectrophotometer and calculated as
follows:

A —A
Rppen (%) = (1 - IA %) x 100% &)
1
where Rpppy was DPPH radical scavenging rate, A; represented the
absorbance of DPPH solution without addition of the film samples at
517 nm and A represented the absorbance of DPPH solution containing
the film samples at 517 nm.

ABTS radical scavenging assay

For the ABTS assay, ABTS solution (7 mM) was mixed with potassium
sulfate (2.4 mM) at a ratio of 2:1 (v/v) and stored in the dark at room
temperature for 12 h. Then, the ABTS solution was diluted with distilled
water to achieve an absorbance of 0.7 (+0.1) at 734 nm. Similar to the
DPPH assay, approximately 2 mL film sample solution was placed in 5
mL of the ABTS solution in a dark location for 30 min, and then the film
sample was removed to record the absorbance of the ABTS solution (Lee,
Gwak, Chathuranga, Lee, Koo, & Park, 2023). The ABTS scavenging
activity of all the samples was determined using the following formula:

A,' —A
Ruprs(%) = A—f x 100% ®)
where Ragrs was ABTS radical scavenging rate, A; represented the
absorbance of ABTS solution without addition of the film samples at 734
nm and Af represented the absorbance of ABTS solution containing the
film samples at 734 nm.

Degradability experiment

In order to determine their biodegradability, the antioxidant films
were cut into squares pieces (50 mm x 50 mm) and buried in the soil to
observe the degradation results. Meanwhile, the polyethylene mem-
brane (50 mm x 50 mm) was taken as a control. All samples were dug
out for photos each two days (0 d, 2d,4d, 6d, 8dand 10 d).

Preservation experiment
The preservation experiment was performed as described in a pre-

vious study with some modification (Zhong, Hou, Li, Yang, Shu, & Wu,
2021). Fresh lean pork was cut into regular pieces, packed with the
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composite films and placed in the fresh-keeping cabinet (Baixian,
BSC1200-2508, China) at 4°C, regarded as the experiment group (EGCG
group). Simultaneously, the pork was wrapped with food-grade poly-
ethylene (PE) plastic bag and was regarded as the control group. All
samples were stored at 4°C for seven days and pH values, total volatile
basic nitrogen (TVB-N) and thiobarbituric acid reactive substances
(TBARS) were analyzed in order to determine the antioxidant effects of
the composite films during their storage, i.e., the first day, the third day,
the fifth day and the seventh day.

Determination of pH values

The chilled pork (10.0 g) after storage was cut into small pieces and
homogenized with potassium chloride solution (0.1 mol/L) for 2 min,
and then measured by pH meter (5220-Micro, Mettler Toledo,
Germany).

Determination of TVB-N

TVB-N was characterized based on the Chinese standard GB
5009.228-2016. In simple terms, the chilled pork (about 10.0 g) was cut
into small pieces and submerged in the ultrapure water (100 mL),
shaking for 30 min and then filtered. 10 mL filtrate was mixed with 5 mL
of 10 g/L magnesia suspension and diluted for 5 min, and the same
volume of deionized water was used as the control group. The distillate
was collected in a conical flask containing 10 mL boric acid (20 g/L), and
then titrated with the hydrochloric acid (0.01 mol/L) to the end point
(Zhang et al., 2023). The amount of TVB-N was calculated as following
equation:

(Vi =Va) xC x 14

mx 10100 100% ®

TVB — N(mg/100g) =

where V7 and V5 were the titration volumes (mL) for the tested
samples and the control group, respectively, ¢ was the concentration of
hydrochloric acid (mol/L), m was the accurate weight of the chilled
meat (g).

Determination of TBARS. The antioxidant effect of the prepared com-
posite films on lipid could be expressed by the determination of TBARS,
given by Chinese standard GB 5009.181-2016. Detail methods were also
reported by Zeng, et al. (2023). Each 5.0 g sample was homogenized
with 45 mL of 7.5% trichloroacetic acid solution for 30 min and filtered
by Whatman No. 1 filter water. Afterwards, 5 mL of the filtrate was
added with 5 mL thiobarbituric acid solution (0.02 mol/L) and pipetted
into a 25 mL colorimetric tube with a stopper. It was heated at 90 °C for
30 min and cooled to room temperature. The absorbance was measured
at 535 nm using a spectrophotometer and the TBARS values were
expressed in terms of mg malondialdehyde/kg meat.

Statistical analysis

The flow chart of sample preparation and determination is shown in
Fig. 1. All experiments were performed in triplicate and the significance
level of the differences between means was evaluated at p < 0.05. SPSS
software version 20 was used to analyze the obtained results by sub-
jecting to one-way analysis of variance (ANOVA). The results were re-
ported by drawing with software Origin 2019b.

Results and discussion
Film thickness, moisture content, water solubility and swelling capacity

Film thickness is a fundamental physical indicator; therefore, the
thickness data for the EWP-EGCG composite films are listed in Table 1.
The film thickness significantly decreased when the concentration of
EGCG increased from 0 to 20 pmol/L. However, when the EGCG con-
centration was >20 pmol/L, no significant decreasing trend was
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Fig. 1. Flow chart of sample preparation and determination.

observed in the film thickness. This phenomenon could be caused by the
tight binding of the macromolecular substances in EWP to glycerol,
water molecular, and EGCG with the increased addition of EGCG, which
promoted the formation of a compact structure and compressed the
three-dimensional structure of the composite films.

Water susceptibility is an important parameter of protein-based
films, as it determines the applicability of these films in food industry.
Table 1 lists the water susceptibility, moisture content (MC), water
solubility (WS), and swelling capacity (SC) of the EWP-EGCG films. The
incorporation of EGCG (0-5 pmol/L) into the EWP-based films resulted
in a decrease in the MC from 12.11 & 0.79 to 9.25 + 0.76. However,
increasing the concentration of EGCG from 10 to 80 pmol/L did not
significantly change the MC of the composite films (7.76 + 1.21 to 6.33

+ 0.05). Additionally, the WS of the composite films showed a similar
trend as that of the MC, which was consistent with the trends observed in
kappa-carrageenan electrospun fiber mats enriched with Prunus domes-
tica anthocyanins and EGCG Goudarzi, Moshtaghi, and Shahbazi (2023).
These results were primarily attributed to the hydrophilic characteristics
of glycerol and proteins, which were not significantly changed after
EGCG addition. SC also affects the water susceptibility and functional
properties of protein-based film. As presented in Table 1, incorporating
EGCG into the EWP-based films resulted in the reduction of SC from
3.99%+0.25% to 3.03%-+0.03%, which was probably due to the for-
mation of a dense and compact network with the polyphenol. This result
could be attributed to the hydrogen bonding interactions between EWP-
glycerol matrix and EGCG (Zioga, Papantonopoulou, & Evageliou,
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Table 1

Thickness, moisture content (MC), water solubility (WS), and swelling capacity
(SC) of the antibacterial composite films based on egg white protein incorpo-
rated with EGCG.

EGCG (pmol/ Film thickness MC (%) WS (%) SC (%)
L) (mm)
0 0.247 + 0.01? 12,11 + 27.07 + 3.99 +
0.79° 3.38° 0.25°
5 0.211 + 0.01° 9.25 + 25.07 + 3.57 +
0.76° 1.78% 0.18°
10 0.179 + 0.01° 7.76 + 21.89 + 3.56 +
1.21%¢ 1.19%¢ 0.13°
20 0.172 + 0.01%¢ 7.49 + 18.62 +£1.06  3.26 +
1.17% od 0.11¢
40 0.165 + 0.04 <4 6.60 + 17.27 + 3.08 +
0.17¢ 0.27¢ 0.07¢
80 0.161 + 0.02¢ 6.33 + 17.10 + 3.03 +
0.05° 0.334 0.03°

Values are presented as mean + standard deviation. Different letters in the same
column indicate significant differences (p < 0.05).

2023).

Water vapor permeability

Water vapor permeability (WVP) of the prepared films with and
without EGCG was used to determine their barrier properties towards
water vapor, and the results were shown in Fig. 2a. A significantly lower
WVP (p < 0.05) was observed when the antioxidant functional agent
EGCG was added at concentration ranging from to 40 pmol/L. This
result may be due to the increased migration rate of water molecular in
contact with the composite film. As reported (Arciello et al., 2021), a
relatively lower WVP value was essential for the packaging materials to
maintain freshness and prolong the shelf life of different kinds of food.
However, no significant differences in the WVP are observed in Fig. 2a
when the EGCG increased from 40 to 80 pmol/L. This could be explained
by the strong interactions between hydrogen bonds in the films, which
leading to a denser network, thereby preventing water vapor diffusion
(Li, Qin, Liu, Li, & Zhong, 2022).

Optical properties

The optical properties of packaging materials, including color
parameter, opacity and transmittance are vital parameters for con-
sumers when selecting foods. Color attributes (L*, a*, b* and AE) of the
composite films were shown in Table 2. The L* value significantly
decreased with increasing addition of EGCG in the composite films,
which may be attributed to the yellow and dark colors of EGCG. Besides,
negative values appeared on a* values which represented red to green
from positive to negative values. The low absolute value of a* indicates
that the films turned red with an increase in the EGCG concentration.
Similarly, the significant increase in the b* value was attributed to the
color of EGCG itself, which also indicated the facilitation of interactions
between egg white protein and phenolic compounds. Therefore, a sig-
nificant improvement in AE was observed in the composite films. These
findings are consistent with the opacity and transmittance results shown
in Fig. 2b. As reported (Dali, et al., 2022), the visible light can accelerate
the oxidative deterioration of foods, thereby reducing their nutritional
value and edibility. As presented in Fig. 2b, the opacities of the films
increase from 0.283 + 0.016 to 1.582 + 0.068, whereas the trans-
mittances at the wavelength of 600 nm of the films significantly decrease
from 85.11 + 0.79 to 55.43 + 1.41, with the increase in the EGCG
concentration from 0 to 80 pmol/L. This is primarily due to the visible
light adsorption ability of the polyphenol (L. Wang, Lin, Guo, Long, Mu,
& Pang, 2020). Another probable reason is that the EGCG-induced
conformational changes facilitate the formation of compact structures
in the composite films (Dai, et al., 2022). The transparency and
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appearance of the prepared films (Fig. 2b) would be acceptable to cus-
tomers (Xiao, Liu, Kang, Cui, & Xu, 2021). Therefore, our results indi-
cate that EWP-EGCG antioxidant films with a light-barrier function
might prevent quality losses induced by the light in food packaging
materials. Similar results were also observed by F. Wang, Yu, Yang, Vi,
Fu, and Wang (2022) for the development of polysaccharide-based
edible films.

Structural properties

FTIr

The FTIR spectra of the EWP films prepared with glycerol and
different quantities of EGCG, along with those of control films without
EGCG, are shown in Fig. 2¢, with wavenumbers ranging from 4000 to
400 cm L. The spectra exhibited major bands at the range of 3600-3000,
1700-1600, and 1600-1500 cm ', which represented amide A and the
amide I region (mainly C=0 stretching vibrations), and amide II region
(primarily N—H bending and of C—N stretching vibrations) respec-
tively, owing to the strong interaction among films. Similar character-
istic peaks with slight differences in the position and intensity could be
observed in the spectra. However, compared to that in the spectrum of
the EWP-based film without EGCG addition, the intensity of the peak at
wavenumber 3600-3000 cm ™! of composite films with EGCG increased
from 3310 to 3410 cm ™! when the concentration of EGCG reached 80
pmol/L (Fig. 2¢). The highest intensity of this broad adsorption band
was observed in the spectra of the composite film containing 10 pmol/L
EGCG. These results demonstrated that incorporating EGCG firstly
enhanced the interactions within the protein network and subsequently
increased the interaction with water molecules when the concentration
was >10 pmol/L. Additionally, the amide I region progressively shifted
to a high-wavenumber region with increasing EGCG concentration
because the secondary structure of egg white protein was affected by the
incorporation of EGCG. This was coincidental with the results of soy
protein isolate films incorporated with another kind of polyphenol (i.e.,
carvacrol) (Tao, Sedman, & Ismail, 2022). Simultaneously, the shift in
the position of the absorption peak at 1660 cm ™' indicated that the
amino group of egg white protein participated in the reaction with
EGCG, and the formation of egg white protein-EGCG covalent complex
was primarily due to the covalent reaction. Additionally, the disap-
pearance of characteristic peaks of EGCG at 3410 em ! and 3310 cm ™!
indicated that phenolic hydroxyl groups participated in the reaction
between protein and polyphenols. Therefore, adding EGCG altered the
secondary structure of EWP in the composite films.

Morphology (SEM)

The morphological characteristics of the composite films were
determined using a field emission scanning electron microscopy (JSM-
7900F, Japan), and the cross-section morphology of the EWP films with
and without EGCG are shown in Fig. 2d. As plotted in Fig. 2d1, the
uneven spatial network structure and thick holes could be clearly seen in
the cross-sectional morphology of the pure egg white protein film
incorporated with the plasticizer glycerol. Conversely, uniform and
smooth surface are observed, as shown in Fig. 2d2, when the protein-
based film is loaded with 5 pmol/L EGCG. This result was probably
due to the homogenous distribution of the protein films owing to the
presence of an appropriate amount of EGCG pellets. However, discon-
tinuous blocks and rough surfaces are supported when the EGCG con-
centration is increased from 10 to 40 pmol/L, as shown in Fig. 2d3 and
2d4, owing to the increased tortuosity of the cross-section caused by the
incompletely wrapped EGCG pellets throughout the protein-film matrix.
Similar results were proposed in chitosan- epigallocatechin gallate films
by Mittal et al. (2021). Nevertheless, following the addition of 80 pmol/
L EGCG, the morphology of EWP-EGCG films comprised aligned chains
in a film network (Fig. 2d6), with only compact and homogeneous
particles covering the surfaces. This phenomenon is probably due to the
strong interactions between the EGCG molecules and egg white protein
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Fig. 2. (a)WVP, (b) opacity and transmittance, (c)FTIR, (d1-d6) SEM micrographs of the cross-sectional images of composite films with different concentration of
EGCG (0 to 80 pmol/L), (e) ABTS clearance rate and (f) DPPH clearance rate of antibacterial composite films based on egg white protein incorporated with EGCG.

when the concentration of EGCG reached 80 pmol/L, and the EWP-
glycerol chains were easily disturbed by EWP-EGCG.

Antioxidant properties

Studies have demonstrated that the antioxidant ability is a signifi-
cant feature of EGCG as well as its composite films (Q. Wang, Chen, Ma,
Chen, Liu, & Liu, 2022). The antioxidant properties were determined by
ABTS radical scavenging activity and DPPH radical scavenging activity,
and the data are presented in Fig. 2e and Fi. 2f. Compared to the EWP

film, the EWP-based composite films with EGCG supplementation
demonstrated high antioxidant capacities because of their ability to
capture both ABTS free radicals and DPPH free radicals. At higher EGCG
concentrations, the composite films exhibited higher antioxidant abili-
ties, which could be ascribed to the higher degree of EGCG encapsula-
tion in the films and stronger interactions between EWP and EGCG (Li,
et al., 2022). This result also implies an increase in the amount of EGCG
involved in the preparation of the films. EGCG fully reacted with the
proteins and was embedded within the produced films. However,
compared with that toward ABTS', the scavenging ability of the
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Table 2

Color attributes of antibacterial composite films based on egg white protein
incorporated with EGCG.

EGCG (pmol/  L* a* b* AE

L)

0 33.22 + ~1.19 + 3.67 £0.29° 5552 +
1.19% 0.11¢ 1.044

5 32,57 + —0.92 + 4.42 + 56.59 +
0.37° 0.03¢ 0.18% 0.26¢

10 30.53 + —0.74 + 529+ 0.38  57.88 +
1.03° 0.06° cd 0.34¢

20 29.86 + —0.64 + 5.93 +0.15°  58.40 +
1.52%¢ 0.09% 0.26"

40 29.82 + —0.52 + 6.15 + 0.14">  59.27 +
1.16" 0.07° 0.19°

80 28.27 + —0.21 + 6.48 +0.16°  60.95 +
1.45° 0.09° 1.212

Values are presented as mean + standard deviation. Different letters in the same
column indicate significant differences (p < 0.05).

composite films toward DPPH showed a more significant increasing
trend, as shown in Fig. 2f. This result is probably due to the strong
electron-donating capacity of EGCG, allowing it to react with the DPPH
free radicals and prevent its chain reaction, thereby resulting in a stable
structure and improved antioxidant ability as evidenced by the DPPH
free radical clearance rate (Chen, Zhao, Zhang, Shang, Gao, Li, et al.,
2022). In addition, EGCG has been reported to be the most abundant
derivative that is rich in antioxidants in tea (Muniandy, Shori, & Baba,
2016). Therefore, the data pertaining to the antioxidant abilities of the
composite films are coincidental with the data obtained for the antiox-
idant properties of EGCG. Based on the abovementioned results, anti-
oxidant composite films can be effectively applied in food packaging
materials to prevent the quality degradation caused by the oxidation and
deterioration.

Biodegradation evaluation

It is known that most commercial plastic packaging materials have
extremely weak degradation capability and may require more than
thousand years to decompose. Therefore, the evaluation of the
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biodegradation capabilities of the prepared composite films is essential
for assessing the feasibility of future applications of these films. The
biodegradable properties of the prepared films were investigated by
using the soil-burial method, as described by Yuan, Tan, Lin, Zhang, Li,
and Guo (2022). A commercial plastic wrap (i.e., polyethylene, PE) was
used for comparison. The visual appearance of the tested films is
depicted in Fig. 3a to evaluate their degradation because the accurate
determination of changes in their weight is not practical, owing to the
difficulty of removing the soil residues adhered to the films (Ferreira
Nogueira, Matta Fakhouri, & de Oliveira, 2019). From Fig. 3a, no
wrinkles are observed in the PE film following 10 d of burial in the soil,
suggesting the difficulty in biodegradation of petroleum-based pack-
aging materials. Notably, all the experimental films (egg white protein
film incorporated with EGCG) gradually roughened after 4 d and started
to lose their structural integrity after 6 d, indicating the beginning of
degradation of EWP-EGCG films by the microorganisms present in the
soil. The degradation rate of the developed films increased rapidly after
8 and 10 d, which may be because EWP-EGCG act as a carbon source for
metabolic growth of soil microorganisms. Furthermore, the destruction
of hydrogen bond interactions between EWP and glycerol could accel-
erate the degradation of the films. Moreover, adding EGCG may have
affected the crystallization of the composite film, rendering it highly
susceptible to microbial invasion and degradation upon contact with the
soil (Chen, Zheng, Tan, Lin, Chen, & Zhu, 2022). Therefore, the prepared
EWP-EGCG composite films could be considered as biodegradable
packaging materials owing to their facile degradation behavior in soil.

Food packaging application

PH values

With an increase in the storage time, the pH of the chilled pork
wrapped in films significantly increased (Fig. 3b). However, the
increasing pH of the sample wrapped in the as-prepared protein films
was lower than that of the control group between 0 and 5 d. In addition,
a pH > 6.4 corresponds to meat spoilage according to Chinese standards
(Zeng, et al., 2023). As shown in Fig. 3b, the pH value of the control
group at the fifth day is 6.41 + 0.27, whereas that of the EGCG group (i.
e., EWP-based composite film) is 6.05 + 0.02. This result was attributed
to the effective production of protein films upon the incorporation of
EGCG into pork.

TVB-N and TBARS

Total volatile basic nitrogen (TVB-N) and thiobarbituric acid reactive
substances (TBARS) are commonly used parameters to evaluate meat
oxidation during storage to determine the antioxidant effects of the
composite films (Zeng, et al., 2023). The effect of different storage time
on the TVB-N of the ordinary fresh-keeping film i.e., polyethylene (PE)
plastic bag and EWP-based composite film cooperated with EGCG is
summarized in Table 3. The initial TVB-N content of pork before storage
was regarded as the same for all the cases. Following 1 d of storage, the
TVB-N content of the ordinary fresh-keeping and composite film were
4.67 + 1.46 and 9.10 £+ 1.21 mg/100 g, respectively. This result in-
dicates that the ordinary PE plastic bag could protect the fresh of the
chilled pork from spoilage on the first day. However, the TVB-N value of
the pork wrapped with PE film significantly increased to 9.33 + 2.02,
12.37 +£1.76 and 17.03 + 1.46 mg/100 g after storage for 3, 5, and 7 d,
respectively, Following storage for 7 d, whereas that of the fresh chilled
pork wrapped with the EWP-based composite film increased to 9.33 +
2.02,9.80 + 2.52 and 14.00 + 3.50 mg/100 g after storage for 3, 5, and
7 d, respectively, with no significant differences (p > 0.05). Following
storage for 7 d, the low TVB-N values were observed in the experiment
group (i.e., chilled pork coated with EWP-based films). The increase in
the TVB-N value was distinct, and the differences between the PE- and
EWP-based composite films were significant. This phenomenon was
attributed to the preservation and maintenance of meat freshness came
from the antioxidant capacity of composite film. As reported by (Bekhit,
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Holman, Giteru, & Hopkins, 2021), the quality of pork is acceptable
when the TVB-N accumulation level was <15 mg/100 g. Therefore, the
as-prepared composite films presented better fresh-keeping ability than
the other tested reference films in terms of meat preservation for an
extended time and would be acceptable to consumers when used for
wrapping pork for 7 d of chilled preservation. In other words, the
composite films exhibited a better ability to inhibit microbial repro-
duction in pork than the PE plastic bags.

Changes in the TBARS values of the chilled pork wrapped with or-
dinary fresh-keeping film (control group) and the composite film (EGCG
group) are shown in Fig. 3c. Similar to the TVB-N content, the initial
TBARS value of pork was considered the same for all cases before stor-
age. Following storage for 1 d, the TBARS values of the control group
and EGCG group were 0.229 £ 0.01 and 0.249 + 0.01 mg MDA/100 kg
meat, respectively. This result indicates the rapid-activated protective
capacity of PE films. However, the effect of the PE film did not persist
during the subsequent days of storage. As depicted in Fig. 3c, the TBARS
values of the control group significantly increase to 0.303 + 0.01, 0.342
+ 0.02, and 0.43 + 0.01 mg MDA/100 kg meat after 3, 5, and 7 d,
respectively. Compared to the TBARS values of the control group, the
values of the EGCG group were lower at 0.294 + 0.01, 0.319 + 0.01,
and 0.373 4+ 0.01 mg MDA/100 kg meat after 3, 5, and 7 d, respectively.
Therefore, the PE films of the control group were only effective in the
antioxidation of the pork in the early stage of storage. In contrast, the
slow release of EGCG in the composite film play an important role in
antioxidant in the later period of preservation (within 7 d). Compared
with that of the ordinary PE plastic bags, the antioxidant activity of
EGCG in EWP-based films was more stable and continuous over a longer
storage time. Similar results were also obtained by R. Zhao, Guan, Zhou,
Lao, and Cai (2022), who reported that the TBARS value of fish fillets
wrapped with the collagen/chitosan nanoparticles/anthocyanidin films
was higher at the second storage day than the unwrapped film, which
exhibited a relatively lower value during the last few days of storage.
Therefore, the TBARS results are in good agreement with the pH and
TVB-N values.

Conclusions

Physicochemical and antioxidant properties of egg white protein
(EWP)-based films incorporated with epigallocatechin gallate (EGCG)
were examined. Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM) results confirmed the highly effi-
cient formation of the composite films. Moreover, the appropriate water
susceptibility was conductive to the high biodegradability. The results
also validated the effective antioxidant capacities of EWP-EGCG com-
posite films in terms of ABTS and DPPH free radical scavenging abilities,
which were significantly enhanced with increasing concentration of
EGCG in the packaging films. Compared with commercially available
polyethylene (PE) plastic films, the EWP-EGCG composite films signifi-
cantly reduced TVB-N and TBARS values of the chilled pork during 7 d of
storage. In summary, the fundamental insights presented herein would
aid the preparation of new types of degradable, EWP-based packaging
material with excellent potential for application in meat preservation.
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Table 3
Changes in the total volatile basic nitrogen (TVB-N) value of the chilled meat
during storage (mean =+ standard error).

Storage time (d) Control group

TVB-N (mg/100 g)

EGCG group
TVB-N (mg/100 g)

1 4.67 + 1.46" 9.10 + 1.217
3 9.33 + 2.02° 9.33 + 2.02°
5 12.37 + 1.76° 9.80 + 2.52°
7 17.03 + 1.46° 14.00 + 3.50°
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