Current Research in Food Science 10 (2025) 101003

ELSEVIER

Contents lists available at ScienceDirect
Current Research in Food Science

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science

© Current Research in
Food Science
Partofthe 0 =5

Effects of plasma-activated water on structural and functional properties of

PSE-like chicken protein isolate

Ke Li ®, Yanfang Zhou, Chenyan Zhu, Manting Du, Bo Chen, Dianbo Zhao, Yanhong Bai

Key Laboratory of Cold Chain Food Processing and Safety Control, Ministry of Education, College of Food and Bioengineering, Zhengzhou University of Light Industry,

Zhengzhou, 450001, PR China

ARTICLE INFO ABSTRACT

Handling Editor: Dr. Maria Corradini Pale, soft and exudative (PSE)-like chicken meat is rich in high-quality proteins, however, due to the properties of
PSE-like meat, the functional characteristics of PSE-like chicken meat protein isolate (PPI) are affected. The
present investigation aimed to improve the functional properties of PPI by employing plasma activation water
(PAW), with the ultimate goal of enhancing its utility in various applications. The effects of PAW on the structure
and function of PPI were evaluated. PAW treatment induced the protein structure to change from random coil to
a-helix, which made the protein conformation more stable. PAW caused the hydrophobic residues to be exposed,
thereby effectively enhancing their surface hydrophobicity. Dynamic rheology revealed the storage modulus of
PPI gradually raised with increasing of PAW activation time. The scanning electron microscopy (SEM) showed
that PAW promoted PPI to form a rough surface. When PAW activation time increased to 40 s, the foaming ability
of PPI was raised by 77.84%, the emulsifying activity index was increased to 20.94 m?/g, the emulsion stability
index was improved by 20.40%, and the in vitro digestibility was increased by 25.15% (P < 0.05). The above
results showed PAW could modify the structural properties, and effectively improve the emulsifying and foaming
properties of PPI, and increase the in vitro digestibility of PPI.
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1. Introduction

Pale, soft and exudative (PSE)-like chicken protein isolate (PPI) is a
malfunctioning meat in meat, formed due to post-mortem heat stress
(Gao et al., 2023). PSE-like chicken meat has a high incidence, leading to
protein denaturation and excessive exudate loss, significantly influences
the sensory quality of the product, decreases the quantity of meat
products, and causing substantial economic losses to the
meat-processing industry (Yang et al., 2021). Owens et al. (2000)
concluded that PSE-like problems could cost the U.S. poultry meat in-
dustry more than 200 million dollars per year in economic losses. Car-
valho et al. (2014) also predicted that losses to the Brazilian poultry
meat industry could reach 5.1 million dollars per year due to increased
juice losses of 5-10% in PSE-like turkeys. Although the quality of PSE
chicken breast is damaged, its high protein content and rich variety are
still an excellent source of protein nutrition (Zhao et al., 2020). There-
fore, how to effectively process and utilize PPI is the focus of research.

Plasma is a green and environmentally friendly non-thermal pro-
cessing new technology, consisting of various components such as free

radicals, neutral particles, positive ions, and electrons, it can change the
structure of proteins and effectively purify food and extend shelf life.
(Farooq et al., 2023). Plasma has been used by a number of researchers
for food purposes. Luo et al. (2022) found that pork’s tenderness and
water retention were improved using cold plasma treatment. Jiang et al.
(2023) discovered that atmospheric pressure plasma jet may enhance
the proteins cross-linking of in the myofibrillar protein of mandarin fish.
Nevertheless, the direct application of plasma devices to food product
surfaces may result in excessive protein oxidation and the accumulation
of reaction substances on the surface area, posing challenges for
handling large volumes and food products with uneven surface textures
(Hadinoto et al., 2023). Meanwhile, plasma activated water (PAW)
treatment is to place a sample into plasma activated water for full
reflection, and in addition, PAW has reactive oxygen and nitrogen as
well as low pH characteristics that will inactivate the microorganisms
(Jadhav and Annapure, 2021). Li et al. discovered an increased surface
hydrophobicity of chicken myofibrillar protein treated with PAW (Li
et al, 2024). Kang et al. (2019) investigated the brightness of
PAW-treated chicken breast increased with decreasing a* and b* values.
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Liao et al. (2020) reported that PAW didn’t influence the odor or texture
of beef. Currently, PAW have been shown to maintain the organoleptic
characteristics and affect the conformation of proteins. Dabade et al.
(2023) discovered atmospheric pressure plasma increased the di-
gestibility of soybean isolate protein. Wang et al. (2024) revealed an
improved digestibility of chickpea isolate proteins by plasma treatment.
Hence, this processing technique not only impacts the functionality but
also affecting the nutritional value of proteins (Mollakhalili-Meybodi
et al., 2021). Although this technique was used for the research of plant
proteins and normal meat proteins, there is a lack of research concerning
the structural and functional characterization of PSE-like chicken.

The study took PPI as the subject, investigating the impact of PAW on
PPI by examining its structural, functional, and digestibility properties
from multiple perspectives. The research assessed how PAW effects the
primary, secondary, tertiary structures, emulsification activity index
(EAI), emulsion stability index (ESI), Turbiscan stability index (TSI), and
in vitro protein digestibility (IVPD) of PPI.

2. Materials and methods
2.1. Materials

The chicken breast meat came from a poultry company located in
Henan Province (Zhengzhou, China). PSE-like chicken breasts (L*>53,
pHas4 1 < 5.7) was carefully selected, stripped of fat and connective
tissue, and then cut into small pieces (approximately 2 x 2 x 2 cm®).
They were mixed well (each bag was 100 g) and stored in a frozen state
(—20 °C) for use within one week. The soybean oil was supplied by Yihai
Kerry Jinlong Goldfish Grain and Oil Food Co., Ltd. (Shanghai, China).
NaCl, NaOH, HCl, NayHPOy4, and NaH,PO4 were taken from Sinopharm
Chemical Reagents Co., Ltd. (Shanghai, China), trypsin and chymo-
trypsin were sourced from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China), and rhodamine dye was procured from Tianjin
Kemio Chemical Reagents Co., Ltd. (Tianjin, China). All reagents
employed in the experiment were analytically pure.

2.2. Extraction of PPI

Based on the approach of Li et al. (2023), 100 g sample was thawed
at 4 °C for 12 h and subsequently processed into a paste using a
pre-cooled meat grinder (GM 200, Restch Company, Germany) oper-
ating for 20 s at 2000 r/min, this process was repeated twice. Then,
mixed the paste with deionized water in the ratio of 1:6 (m/V) at 4 °C
and homogenized (UltraT25, IKA, Germany) for 2 min at 10,000 rpm.
NaOH (2 M) was used to adjust the pH of the homogenate to 11 followed
by cooling for 10 min at 4 °C to form a system of stable solutions. The
above 150 mL solution was t subject to ultrasonication (VC750, Sonics,
USA) at 450W for 10 min. After ultrasound, the solution was centrifuged
at 10,000 rpm for 15 min at 4 °C, and the supernatant (containing sol-
uble proteins) was used to adjust the pH value to 5.5 using 2 M HCI at
4 °C overnight. The protein was centrifuged for 15 min at 10,000 rpm,
and the deposit (PPI) was gathered. The extracted protein was dissolved
again in deionized water, modified to a final pH value of neutrality with
1 M NaOH, and finally lyophilized (Lab-1-50, Boiocool Experimental
Instruments Co. LTD., China) to get PPI. The dried sample was stored in
a self-sealing bag at —20 °C for further analysis.

2.3. Preparation of PAW

Using a low-temperature plasma jet generator (TS-PL200, Shenzhen
Tonsontec Automation Equipment Co., Ltd, China) (Fig. 1) with a power
of 750 W and a carrier gas pressure was 0.18-0.19 MPa, air was the
excitation gas source. The air was pumped into the internal discharge
chamber of the low-temperature plasma, where it reacted with a phos-
phate buffer solution (0.6 M NaCl, 20 mM Nay;HPO,4/NaH,POy, pH = 7)
(PBS) to generate PAW. The nozzle of the plasma jet was positioned on
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Fig. 1. Schematic diagram of plasma activated water preparation.

the 50 mL PBS about 4 cm and the plasma was jetted for 0-40 s (Control,
PAW;9, PAWyy, PAW3g, and PAW,). Three independent trials were
conducted at various occasions. The PPI was subsequently diluted to 60
mg/mL with the proper amount of PAW (Control, PAW;9, PAWy,
PAW3, and PAW,4() made of PBS and incubated for 12 h at 4 °C before
use. Three independent trials were conducted at various occasions. In
each trial, all five PAW preparation (Control, PAW;o, PAW3y, PAW3,
and PAW 4, respectively) and PPI dilutions were performed in triplicate.
Each measurement was carried out at least in triplicate.

2.4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE))

PPI solution was diluted to a concentration of 5 mg/mL with equal
amount of PBS, and mixed it with the same volume of reducing buffer
(0.5 M Tris-HCl, 20% Gly, 10% SDS, 3.33% DTT, and 2% bromophenol
blue) or non-reducing buffer (0.5 M Tris-HCl, 20% Gly, 10% SDS, 2%
bromophenol blue) at room temperature (RT). Then, boiled the mixture
at 100 °C for 5 min. The electrophoresis gel consisted of 10% separating
gel and 5% concentrated gel, with a loading volume of 10 pL. Electro-
phoresis was carried out a vertical electrophoresis device for 20 min at
60 V, then at 110 V for about 1.2 h. Staining with Commassie Brilliant
Blue R-250 for 30 min. Then, decolorizing agent was used to decolorize
it until the background became clear. Myosin and actin bands were
quantitatively analyzed under reducing conditions by Quantity One
software using gel imager (Bio-Rad, USA).

2.5. Secondary structure

Based on the approach outlined by Li et al. (2022a) with minor ad-
justments, secondary structure content of PPI was assessed with circular
dichroism spectroscopy (Chirascan V100, Applied Photophysics,
Leatherhead UK). PPI solution was diluted to a concentration of 0.1
mg/mL with equal amount of PBS. The bandwidth was 1 nm, response
time was 0.25 s, scanning speed was 50 nm/min, and data collection
over 190-260 nm wavelength range of were employed. CDNN software
was utilized for the secondary structure content of PPI (0.1 mg/mL).
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2.6. Surface hydrophobicity

The surface hydrophobicity of PPI was determined by referring to the
way of Zhao et al. (2017) with minor changes. PPI solution was diluted
to a concentration of 1 mg/mL with equal amount of PBS. Added about
80 pL of 0.1% bromophenol blue (BPB) solution into 1 mL of PPI (1
mg/mL) and incubated for 15 min at RT with intermittent shaking. The
supernatant was collected by centrifugation for 10 min at 5000 rpm and
collected. Diluted it 10 Times. Measured the absorbance at 595 nm,
denoted as Aj. The background control involved diluting BPB without
PPI solution by the same factor, denoted as Aj, while using PBS as a
blank. The formula for calculating the amount of BPB bound was:

A] *Ao

1

BPB(uL) =80 x (€))

2.7. Fluorescence intensity

According to the approach by Zhao et al. (2018), the intrinsic fluo-
rescence spectrum of PPI was determined with slight adjustments. PPI
solution was diluted to a concentration of 1 mg/mL with equal amount
of PBS and subjected to analysis by Fluorimeter (F-7000, Hitachi Crop.,
Japan). A quartz cuvette with a path length of 1 cm was employed,
excitation wavelength of 280 nm, emission spectrum range spanning
from 290 to 460 nm. Set the slit width to 5 nm for both excitation and
emission, while the scanning speed was maintained at 12,000 nm/min.

2.8. Total sulfhydryl content

Determination of total sulfhydryl content by a way of Sharifian et al.
(2019) with minor adjustments. PPI solution was diluted to a concen-
tration of 5 mg/mL with equal amount of PBS. Subsequently, approxi-
mately 8 mL of urea SDS solution (comprising 3% SDS, 8.0 M urea, and
0.6 M NaCl at pH 7.0) was added to 2 mL of PPI (5 mg/mL) and agitated
at RT for 5 min intermittently. Following this, the resulting mixture (5
mL) was thoroughly combined with DNTB (1 mg/mL) solution in a ratio
of 5:1 and incubated at RT for 1 h before using a spectrophotometer to
measure the absorbance value at 412 nm.

2.9. Turbidity and solubility

PPI solution was diluted to 1 mg/mL with equal amount of PBS, then
measured the adsorption value at 660 nm to reflect turbidity. According
to method of Fazhumalai et al. (2023), each PPI solution, which had
been separated following treatment with control and PAW, was sub-
jected to centrifugation at 10,000 r/min for 10 min at 4 °C. Subse-
quently, PPI concentration was determined using the biuret reagent. The
solubility of proteins (%) was defined as the proportion of soluble pro-
teins in the supernatant to the total proteins in the dispersion:

Solubility (%) :% « 100 @
2

Where W; denotes the protein concentration in the supernatant (%), Wy
denotes the initial protein concentration (%).

2.10. Particle size and zeta-potential

The particle size and Zeta-potential of PPI were determined
following the approach of Zhao et al. (2022),. Each PPI solution was
diluted to a concentration of 1 mg/mL with equal amount of PBS, and
the average particle size and Zeta-potential were tested by laser particle
size analyzer (Nano-ZS90, Malvern, Britain) at 25 + 1 °C. The experi-
mental parameters included a material refractive index of 1.52, with
water as the medium, and a medium refractive index of 1.333.
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2.11. Rheological properties

According to the method of Li et al. (2020a), dynamic rheology was
assessed utilizing a rheometer equipped with a 40 mm parallel steel
plate (TA, American). Each PPI solution (60 mg/mL) was hermetically
sealed with silicone oil to mitigate water evaporation during testing.
Experimental parameters were configured as follows: gap distance of 1
mm, strain of 1%, frequency of 0.1 Hz, and temperature ramped at a rate
of 2 °C/min from 25 °C to 80 °C, while recording the storage modulus
(G).

2.12. Foaming capacity (FC)

The FC was determined by an approach described by Sharafodin
et al. (Sharafodin and Soltanizadeh, 2022) with slight adjustments. Each
PPI was diluted with a phosphate buffer solution to 10 mg/mL, then 10
mL of PPI solution was precisely transferred to a beaker and homoge-
nized twice for 30 s at 10,000 r/min. The FC of PPI was calculated with
the following formula:

Vo

FC(%) = VIV;
0

x 100 3

Where Vj is the volume of the non-sheared PPI solution, 10 mL, V; is the
volume of the foam generated immediately after shearing.

2.13. Microstructure

PPI solution (60 mg/mL) was vacuum-frozen dried, both without
PAW treatment and after PAW treatment. The scanning electron mi-
croscope (Regulus 8100, Hitachi, Japan) (SEM) operated under a 10.0
kV accelerating voltage and a magnification of 500 times for observing
the microstructure of different samples after gold coating.

2.14. Emulsion preparation of PPI

Each PPI solution was diluted to a concentration of 10 mg/mL and
then homogenized with soybean oil (m/V) at a ratio of 4:1 for 2 min at
10,000 rpm, and an emulsion containing PPI would be obtained.

2.14.1. Emulsifying activity index and emulsion stability index

In accordance with the methodology outlined by Wang et al. (2023),
EAI and ESI were determined. 10 mL of a 10 mg/mL PPI solution was
combined with 2.5 mL of soybean oil at a speed of 10,000 rpm and
homogenized four times for 30 s each. At 0 min and 10 min following
completion of emulsification, 50 pL of emulsion was promptly extracted
and mixed with 5 mL of 0.1% SDS solution, and the absorbance at 500
nm was measured. The values for EAI and ESI were then calculated with
the subsequent formula:

2x 2303 xAyxD
2 _
EAI(m /g) = Cx W x 10000 “)
Ay x 10
EAI(%) =222 . 100 )
( ) AO 7A10

Where Aj and A;o denote the absorbance at 500 nm wavelength for 0
min and 10 min, respectively, D represents the dilution factor, W rep-
resents the oil phase volume fraction (20%), and C represents the protein
concentration (g/mL).

2.14.2. Turbiscan stability index

Taked 20 mL of fresh emulsion (10 mg/mL PPI emulsion) into a
special sample bottle for Turbiscan stability analyzer (Formulation,
Toulouse, France) and performed the test. The test procedure was to
scan the sample every 60 s for a total of 1800 s.
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2.15. In vitro simulated digestion

Following a way of Sun et al. (2022) with minor change, in vitro
simulated digestion of PPI was conducted. Each PPI solution was diluted
to a concentration of 10 mg/mL with PBS. Adjusted 10 mL of PPI solu-
tion (10 mg/mL) to pH 2.0 using 1 M HCl, then added 1 mL of pepsin
solution (0.1 M HCl, 40 mg/mL), and then incubated (HT-100B, New
Chunlan Scientific Instrument Co., LTD, Jiangsu, China) on a shaker
(150 rpm) for 1 h at 37 °C for gastric digestion. Adjusted the pH of the
gastric digesta using 1 M NaHCOs3 to 7.0 after gastric digestion. Subse-
quently, 1 mL trypsin solution (0.01 M PBS, 10 mg/mL) was added, then
the mixture was further incubated on a shaker (150 rpm) for an addi-
tional 2 h at 37 °C for enteric digestion. Put the digested mixture into a
boiling water bath for 10 min to terminate the digestion reaction, and
then samples were prepared for analysis.

2.15.1. In vitro protein digestibility

Centrifuged the digestive samples at 8000 rpm at 4 °C for 10 min,
and then absorb the supernatant. Protein content was determined using
the biuret method, with the supernatant protein content as A and the
total protein content of the sample as B, and calculated the according to
the following formula.

IVPD(%) =% % 100 (6)

Where B denotes the protein content in the sample before digestion,
measured in milligrams (mg), and A denotes the protein content in the
supernatant, measured in milligrams (mg).

2.15.2. Laser microconfocal Raman spectrometer

By the way of Zhang et al. (2023), with slight modifications, the
microstructures of digested products were measured with laser confocal
Raman spectrometer. 1.0 mL digested sample was mixed with 20.0 pL of
Rhodamine solution (water soluble, 0.1% w/v aqueous solution) and
incubated to stain the protein phase for 15 min. Afterward, placed 5 pL
of the stained sample in the center area of a microscope cover slip and
carefully covered the coverslip to exclude air bubbles, and then use nail

Reducing

kDa Marker Control PAWj, PAW; PAW3 PAW,
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polish to seal along the edges. Observed the distribution and size of each
sample.

2.16. Data statistical analysis

The data were expressed as the mean =+ standard deviation. The data
were analyzed by one-way ANOVA with SPSS 27.0 software, and mul-
tiple comparisons were made using Duncan’s method. P < 0.05 was
considered to be a significantly differences between the treatment
groups and had statistical significance.

3. Results and discussion
3.1. SDS-PAGE

The impact of varying PAW activation durations on the weight of PPI
molecules are illustrated in Fig. 2. In both reduced and non-reduced
conditions, when PPI was subjected to varying PAW activation dura-
tions, the original protein feature bands remained unaltered, with no
new protein bands appeared. This indicated there were no significant
difference observed in the treated PPI compared to control group, and
their structural integrity was preserved. Consequently, it can be deduced
that PAW did not induce modifications in the primary structure of PPI
(Li et al., 2022a). The alterations in the primary structure of PPI induced
by PAW are not dominate. Rao et al. (2023) also observed that PAW did
not change the characteristic bands of duck meat myofibrillar protein.
However, with the increase of the activation time of PAW, the intensity
of the bands of myosin heavy chain (MHC) and actin (AC) can be
observed to gradually decrease both in the reduced and non-reduced
conditions. This may be MHC and AC are two muscle proteins that are
more easily oxidized, they are the main targets of oxidative reactions,
and PAW promote oxidation that would induce cross-linking of MHC
and AC and promote protein aggregation. (Baron et al., 2007; Olatunde
et al.,, 2019). Baron et al. (2007) discovered that MHC and AC play
crucial roles as key proteins in oxidative reactions, as MHC and AC are
oxidized promoted, the generation and aggregation of polymeric bodies.
Olatunde et al. (2019) observed a reduction of MHC and AC band in-
tensity in Asian perch fillets with increasing plasma treatment time.

Non-reducing

Control PAW,, PAW;, PAW;, PAW,,

MHC

Tropomyosin

Fig. 2. Effects of plasma activation time on SDS-PAGE profile of PSE-like chicken protein isolate.
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3.2. Secondary structure

Circular dichroism spectroscopy is commonly employed method to
assess alterations in the secondary structure of proteins (Ekezie et al.,
2019a). As shown in Fig. 3A, PAW-treated and control samples (P <
0.05) differed significantly in the secondary structure components be-
tween. With increasing PAW activation time, there was a concurrent
increase in a-helix content and a decrease in random coil content (P <
0.05). After PAW treatment, PPI structure changed from a random coiled
structure to an a-helix structure, which indicated that short time PAW
activation treatment caused a conformational shift of PPI to a more
stable and ordered secondary structure (Mehr and Koocheki, 2020). As
the activation time of PAW was prolonged, the content of p-sheet
gradually decreased (P < 0.05). Hydrogen bonds between peptide
chains maintain p-sheet (Ekezie et al., 2019b). A reduction in B-sheet
content implies that some of the hydrogen bonds stabilizing the struc-
ture have been broken, leading to conformational unfolding and loos-
ening (Li et al., 2020b). Meanwhile, the reduction in the content of
B-sheet indicates the hydrophobic sites within the molecule became
exposed (Segat et al., 2016; Misra et al., 2016). Mehr et al. (Mehr and
Koocheki, 2020) observed increasing a-helix content and decreasing
random coil content of soybean isolate protein following plasma treat-
ment, leading to enhanced stability in the protein conformation. Jiang
et al. (2023) found that atmospheric pressure plasma-treated Siniperca
chuatsi myofibrillar fibrillar proteins had an increased a-helix content
while a decreased random curl content.

3.3. Surface hydrophobicity

The alteration in protein surface hydrophobicity is influenced by the
number and spatial arrangement of hydrophobic residues on the surface
of protein, and can reflect the alterations in the tertiary structure of

A “:I Random coillap-turn[___] p-shee,” ] a-helix‘
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proteins (Li et al., 2020b). Fig. 3B shows the effect of PAW on the hy-
drophobicity of PPI surface. With increasing PAW activation time, the
binding capacity of BPB significantly enhanced from 17.02 pL to 48.51
pL (P < 0.05). This may be due to the powerful electrostatic repulsion
induced by PAW between protein molecules, resulting in more notice-
able unfolding and folding of proteins, increased exposure of hydro-
phobic regions on the protein surface, which consequently enhanced
BPB binding to augment protein surface hydrophobicity (Wang et al.,
2024). Jiang et al. (2023) discovered that the atmospheric plasma jet
treatment (650 W, 0-12 s) of myofibrillar protein in mandarin fish could
promote protein-protein interactions and induced alterations in the
protein molecules tertiary structure, this process led to the exposure of
internal cysteine groups and hydrophobic regions, consequently
increasing the surface hydrophobicity.

3.4. Fluorescence intensity

Changes in the microenvironment of tryptophan residues can be
reflected by intrinsic fluorescence of proteins (as part of the protein’s
tertiary structure) (Li et al., 2019; Zhang et al., 2018). As illustrated in
Fig. 3C, the fluorescence intensity of PPI obviously decreased compared
to the control group (P < 0.05) with increasing PAW activation time.
PAW treatment led to fluorescence quenching of PPL This was because
by treating the protein with PAW, exposure of aromatic amino acid
residue to a polar water environment, and some tyrosine and tryptophan
residues may be oxidized and modified by compounds, including hy-
droxyl radicals and ozone (Sun et al., 2021; Ukai et al., 2008). Rao et al.
(2023) observed that as the activation time of PAW increased, the
fluorescence intensity of duck meat myofibrillar protein significantly
decreased. It was consistent with the surface hydrophobicity results
(Fig. 3B), indicating that the proteins reacted with the reactive com-
pounds of PAW to expose more hydrophobic groups.

B
50+ 2
40 -
b
=30p <
& d
A +
20 -
5
T
A
10 -
Control ~ PAW,;  PAW,, PAW;  PAW,,
PAW activation time (s)
D
a
—_ i
T
Zooof
g b
= T
J ;
g T
‘_3 0.56 |- d
[
o
>
=
3 e
o052}
&
Control PAW PAW,, PAW;, PAW,,

PAW activation time (s)

Fig. 3. Effect of plasma activation time on the secondary structure, surface hydrophobicity, fluorescence intensity and total sulfhydryl content of PSE-like chicken
protein isolate. A: secondary structure, B: surface hydrophobicity, C: fluorescence intensity, D: total sulfhydryl content. Different letters (a—e) indicate significant

differences (P < 0.05).
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3.5. Total sulfhydryl content

Sulfhydryl is among the strongest reactive functional groups in
proteins and regarded as indicator of oxidation, forming disulfide bonds
under oxidizing conditions, leading to a decrease in its concentration
(Ekezie et al., 2019b). Fig. 3D illustrates the variations in total sulfhy-
dryl content of PPI following treatment with PAW. With the increase in
PAW activation time, a gradual decrease in the total sulfhydryl content
of PPI was observed. In comparison to the control, at PAW,, the total
sulfhydryl content was a significant reduced by12.61% (P < 0.05). This
may be due to the PAW treatment exposed more hydrophobic groups,
and consequently triggered protein interactions and aggregation, sub-
sequently causing the exposed cysteines to be re-wrapped by the poly-
mer collective, thereby reducing the total cysteine content (Liu et al.,
2020; Miao et al., 2020). In other hand, plasma could accelerate the loss
of cysteine sulfhydryl, which are exceptionally susceptible to ROS,
cysteine and methionine contain sulfhydryl groups that are oxidized
easily, bringing about the formation of intramolecular and intermolec-
ular disulfide bonds, which reduce the total sulfhydryl content
(Soladoye et al., 2015). Luo et al. (2022) found plasma treatment (50,
60, 70 kV) of pork myofibrillar protein would reduce the total content of
cysteine.

3.6. Turbidity and solubility

Turbidity and solubility of protein reflect their degree aggregation.
An increase in protein turbidity exhibits a strong positive correlation
with a reduction in protein solubility. As the level of protein aggregation
escalates, so does the turbidity value, while solubility diminishes (Wang
et al., 2022a; Hatab et al., 2022). As shown in Fig. 4A, it illustrates the
alterations in PPI turbidity and solubility following PAW treatment. As
the duration of PAW activation increases, PPI's turbidity gradually rised
while its solubility decreased progressively (P < 0 0.05). Compared to
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control, turbidity rose by 17.67% and the solubility decreased to 16.20%
at PAWy. It may be because the ROS produced by PAW caused protein
oxidation, leading to protein denaturation and precipitation, thus
reducing the protein turbidity and increasing the solubility (Zhang et al.,
2013). Additionally, protein molecules unfolded, exposing internal hy-
drophobic groups would interact and lead aggregation of protein, which
in turn increase in turbidity and decrease in solubility (Wang et al.,
2024; Zhang et al., 2021). Jiang et al. (2023) observed that exposure to
atmospheric pressure plasma jet (0-12 s) led to a raise in turbidity and a
reduce in the solubility of myofibrillar protein in guppy.

3.7. Particle size and zeta-potential

Particle size is frequently utilized for assessing the dimensions of
protein aggregates. From Fig. 4B, it was evident that with the increase in
activation time of PAW, there is a gradual increment in particle size (P <
0.05). Compared to control, the particle size of PPI from PAWy treat-
ment increased by 33.31%. This may arise because the exposure of hy-
drophobic residues within PPI as a result of PAW treatment, leading to
the unfolding of PPI secondary and tertiary structures, ultimately lead-
ing to the increased aggregation and particle size of PPI (Ekezie et al.,
2019b). Qian et al. (2021) found that when chicken meat myofibrillar
protein was treated with PAW, the myofibrillar protein was partially
oxidized by ROS in PAW, causing the myofibrillar protein molecules to
form disulfide bonds, and consequently augmenting particle size.

Fig. 4B also illustrates the variations in the zeta-potential of PPI
following PAW treatment. With the PAW activation time increasing
from O s to 40 s, protein zeta-potential shifted from an initial value of
—3.98 mV to —6.90 mV, leading to a clear rise in the negative charge of
PPI (P < 0.05). This is because the density of the chemical reactants in
the plasma voltage was higher, which increased the oxidation of amino
acid residues into negatively charged byproducts, thereby increasing the
negative charge (Mehr and Koocheki, 2020). Therefore, PAW can be an
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Fig. 4. Effect of plasma activation time on the solubility and turbidity, particle size and ¢{-potential (B), storage modulus (G") and foaming characteristic (FC) of PSE-
like chicken protein isolate. A: solubility and turbidity, B: particle size and {-potential, C: storage modulus (G'), D: FC. Different letters (a—e) indicate significant

differences (P < 0.05).
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efficient way to enhance protein surface charge, thereby improving the
stability by increasing the electrostatic repulsion of the emulsion be-
tween droplets.

3.8. Rheological properties

Fig. 4C illustrates the temperature-dependent variation of the stor-
age modulus (G') for PPI over a range from 25 °C to 80 °C. Between 25
and 45 °C, the G’ value of the treatment group tended to a flat pattern,
when the temperature rose to 47-55 °C, G’ value increased linearly,
which was the initial stage of gel network formation, when the tem-
perature rose to 55-58 °C, G’ value exhibited a tendency to revert to a
smooth pattern, within the temperature range of 57-80 °C, G' value
increased linearly for the second time. The second linear increase was
due to permanent, irreversible cross-linking of myosin filaments by co-
valent disulfide bonds and hydrophobic interactions, at which point the
sample system has formed a good three-dimensional gel network
structure (Visessanguan et al., 2000). Among PPI samples, the G’ value at
PAW, exhibited the highest magnitude, whereas the un treated PPI
demonstrated the lowest degree of elasticity. The results revealed that
PAW improved the elasticity of PPI, which may be owing to the presence
of substances with hydroxyl radicals and hydrogen peroxide in PAW,
which caused oxidation of PPI and thus improve its elasticity (Xiong
etal., 2010; Sarangapani et al., 2016). Additionally, the enhancement of
gel elasticity might be connected to changes in protein cross-linking.
During the gelation process of PPI subjected to PAW heating, the pres-
ence of oxidizing substances may oxidize the myosin tail disulfide bonds,
making the myosin tail disulfide bonds cross-linking more stable than
the head-to-head cross-linking of myosin heads in non-oxidizing con-
ditions, ultimately facilitating the development of a stably gel structure
for PPI gels (Park et al., 2007). Li et al. (2022b) also revealed that PAW
could enhance the structural network of myofibrillar protein gel.

3.9. Foaming capacity

Protein foamability indicates its surface activity in water and its
capacity to generate foam. As illustrated in Fig. 4D, as the PAW acti-
vation time increased, FC significantly increased (P < 0.05). The gen-
eration of ROS and RNS by plasma may induce the unfolding of amino
acid side chains and oxidation of protein, thereby forming structural
flexibility and generating better foam formation at the water-air inter-
face (Wang et al., 2023). It was also possible that it was related to the
hydrophobic groups becoming exposed, because PAW treatment further

Control
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disrupted the protein’s spatial structure, exposing hydrophobic groups,
and allowed proteins to adsorb more readily to the air-water interface
and trap air bubbles more efficiently (Wang et al., 2022b; Wierenga
et al., 2003), which was the key reason for the FC increased. Yu et al.
(2020) observed soybean protein subjected to plasma treatment (0-15 s)
exhibited enhanced foaming properties.

3.10. Microstructure

SEM reflect the microscopic morphological changes and surface
characteristics of proteins. The microstructures of PPI by different PAW
activation times are illustrated in Fig. 5. The structure of PPI in the
control displayed a relatively flat and smoother morphology with min-
imal wrinkles, in contrast to PPI in the PAW-treated group, which ex-
hibits a notably increased roughness of surface. It was attributed to the
impact of high-energy electrons generated in PAW on the protein sur-
face, resulting in oxidation and the consequent formation of rough
surface structure on the protein (Yu et al., 2022). Additionally, Yang
et al. (2025) found PAW also led to the development of a rough surface
structure on polysaccharides.

3.11. Emulsifying activity index and emulsion stability index

EAI and ESI assess the emulsifying efficiency and stability of the
protein emulsion. As shown in Fig. 6A, PAW treatment could signifi-
cantly enhance EAI and ESI of PPI. Compared to the control, the EAI of
PPI was increased to 20.94 m?/g, and the ESI was increased by 20.40%
(P < 0.05) at the condition of PAW 9. This was probably attributed to the
exposure of the protein’s hydrophobic groups by PAW treatment, and
causing its surface hydrophobicity to increase (Fig. 3B). Consequently, it
enhanced the protein’s surface activity and augmented its capacity to
bind to oil droplets (Sharifian et al., 2019). It may also be related to the
expansion of protein structure caused by PAW treatment, resulting in the
exposure of hydrophobic amino acid residues and an augmentation in
the conformational flexibility of the protein. This, in turn, improves
surface activity at the oil-water interface and increases protein adsorp-
tion energy (Zhang et al., 2017). The impact of PAW on EAI and ESI was
in line with the influence of hydrophobicity on the protein surface. The
emulsifying ability of PAWyg-treated protein remained unimpaired,
suggesting the oxidation of the protein induced by PAW,4y may not
compromise protein functionality. Sharafodin et al. (Sharafodin and
Soltanizadeh, 2022) discovered plasma treatment of soybean isolates
raised their EAI and ESL

Fig. 5. Scanning electron micrographs of PSE-like chicken protein isolate treated with different plasma activation times.
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3.12. Turbiscan stability index

TSI is a crucial parameter in evaluating the stability of emulsions and
has a significant role in characterizing the instability of dispersion sys-
tems. A lower TSI value is indicative of greater system stability (Xiong
and Sha, 2022). As illustrated in Fig. 6B, at the beginning of the deter-
mination, the TSI value of each sample rose rapidly with increasing
determination time, then the increase speed began to slow down at
1000 s, and finally stabilized at 1800 s. During the given 1800 s period,
the TSI value of PPI emulsion after PAW treatment was lower than those
of the control, which indicated PAW could enhance the stability of PPI
emulsion. Among them, the TSI of PPI emulsion after PAW, treatment
was the lowest, indicating that PPI emulsion was most stable when
PAW,4o was used. This result was in line with those of EAI and ESI
(Fig. 6A). Zhao et al. (2023) found that plasma treatment caused to a
decrease in the dynamic instability of emulsions of chickpea isolate
proteins and more stable emulsions with increasing time.

3.13. In vitro protein digestibility and laser microconfocal Raman
spectrometer

The protein digestibility rate serves as an indicator of the protein’s
susceptibility to hydrolysis and reflects nutritional properties (Duodu
et al., 2003). As illustrated in Fig. 7A, IVPD significantly increased with
increasing PAW activation time (P < 0.05). When the PAW activation
time increased to 40 s, the IVPD of the protein increased by 25.15% (P <
0.05). This phenomenon was possibly attributed to the reactivity of the
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substances from PAW, leading to structural modifications in the protein.
Consequently, this exposure reveals previously concealed cleavage sites
within the natural protein structure, thereby facilitating accessibility for
digestive enzymes and enhancing their digestibility (Olatunde et al.,
2023). From the SEM results (Fig. 5), it could be seen that the protein
surface roughness increased the contact area with the digestive en-
zymes, increased the number of enzyme-cutting sites, accelerates the
digestive reaction, and improves the digestibility (Lazaro et al., 2018;
Tian et al., 2017). Furthermore, Zhou et al. (2015) suggested that
moderate oxidation energy increased the hydrophobicity and flexibility
of the protein surface, thereby improving the digestibility of digestion.
Wang et al. (2023) discovered plasma improved the digestibility of
chickpea protein.

Microscopic images (Fig. 7B) can reflect the morphology of digested
proteins, as well as the degree of protein degradation after digestion
(Zhang et al., 2023). Microscopic images demonstrated that, throughout
the entire simulated gastric-intestinal digestion process (3 h), protein
particles in all sample groups, except for the control group, appeared
smaller and more dispersed demonstrated to the control. Moreover,
microscopic images of the digested sample treated with PAW showed a
noticeable reduction in red fluorescent spots to control, indicating a
higher level of protein degradation. These findings corroborate the re-
sults derived from digestibility assessments. In summary, at PAW,
where PPI exhibited maximal digestibility, microscopic analysis
demonstrated smaller and more uniformly dispersed protein particles.
This observation aligns with prior digestibility results (Fig. 7A).

Control

15um 15um 15pum

15pm 15um

Fig. 7. Effect of plasma activation time on the digestibility and microscopic image of protein during simulated gastrointestinal digestion. A: protein digestibility, B:
microscopic image. Different letters (a-d) indicate significant differences (P < 0.05).
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4. Conclusions

PPI were treated with PAW for varying activation times. The results
indicated that PAW treatment significantly increased the surface hy-
drophobicity of protein, which enhanced its binding to oil droplets. This,
in turn caused to improvements in the EAI and ESI, and reduced in the
TSI, and increased in the in vitro digestibility of protein. The above
research showed that plasma activated water treatment changed the
secondary structure of PPI, and improved the emulsification and
digestive properties of PPI. A theoretical basis is provided for the
development of easily digestible functional protein-based food for PSE-
like chicken protein processing.
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