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A B S T R A C T

This study investigates the effect of high-voltage electrostatic field (HVEF) salting on the quality of salt-reduced 
Yi Ye Cheng golden pomfret. Results showed that the salt content increased with the voltage (P < 0.05). The 
cooking losses of the HVEF-treated groups were significantly lower than those of commercially available prod
ucts (P < 0.05). The 3.0 kV group showed the highest hardness and chewiness. HVEF treatment increased the 
varieties and contents of volatile flavor substances, with the varieties and contents of aldehydes, ketones, and 
alcohols being highest at 3.5 kV. No ketones with OAV > 1 were detected in the commercially available products, 
but all the HVEF-treated groups contained 2,3-octanedione. Lipid and protein oxidation increased with the 
voltage (P < 0.05), which may account for the changes in water retention, texture and flavor. Therefore, 
moderate HVEF treatment had a positive effect on the quality. This study provides theoretical guidance for 
curing and improving the quality of salt-reduced fish products.

1. Introduction

Yi Ye Cheng, originating from the folk in Yangjiang, Guangdong, is a 
type of Chinese traditional cured fish product. To prevent the fish from 
spoiling, fishermen transfer the whole fish to a container (called Cheng) 
filled with sea salt. After a night of curing, the fish is taken out, which is 
called “Yi Ye Cheng”. With its simple curing process and distinctive taste 
of saltiness, fragrance, umami, and tenderness, it is favored by con
sumers in the coastal areas of Guangdong. Golden pomfret (Trachinotus 
ovatus) is rich in nutrients and delicious in taste. Its total production was 
292,000 tons in 2023 (Bureau of Fisheries of the Ministry of Agriculture, 
2024), making it the largest marine fish cultured in China. Guangdong is 
one of the main producing areas that provide abundant raw materials for 
curing Yi Ye Cheng in the coastal areas.

Commercial Yi Ye Cheng golden pomfret (YYCGP) is mainly cured by 
traditional dry salting, which requires high curing salt content (20 %–30 
%) (Cao et al., 2018), and a long curing time (usually 10–12 h). How
ever, proteins may denature at high salt concentrations, resulting in 

muscle shrinkage and dehydration (Gallart-Jornet et al., 2007), which 
may make the product hard and affect its texture. Importantly, tradi
tional dry salting processing results in high salt content in the final 
products (Li et al., 2023), which may lead to excessive sodium intake by 
consumers. Excessive sodium intake increases the risk of kidney disease, 
hypertension, and cardiovascular disease (Li et al., 2023), and the health 
burden it brings has become an urgent social problem that needs to be 
solved. The WHO member states have agreed on a proposal to reduce per 
capita sodium intake by 30 % by 2025 (World Health Organization, 
2013). Since the WHO released the salt reduction strategy, many 
countries such as the United Kingdom, Finland, Australia, and Japan 
have actively taken measures to reduce the sodium content in food 
(Nurmilah et al., 2022). Healthy China 2030 planning outline proposed 
that per capita daily sodium chloride intake in China will be reduced by 
20 % by 2030 (The State Council, 2016). Sodium reduction has received 
increasing attention, and consumer demand for salt-reduced products 
has gradually increased with the awareness of healthy eating.

Some enterprises have produced YYCGP using direct salt reduction 
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methods, such as reducing the amount of salt and shortening the curing 
time. However, the reduction in salt content may reduce consumer 
acceptance of food and have negative economic effects (Nurmilah et al., 
2022). In addition, salt plays a crucial role in curing products, including 
providing a salty taste, enhancing the flavor, maintaining the texture, 
inhibiting microbial growth and reproduction, and extending the shelf 
life (Wang et al., 2023). Inappropriate salt reduction will affect the 
quality, safety, and consumer acceptance of products (Nurmilah et al., 
2022; Wang et al., 2023). Hence, researchers and technicians have 
focused on developing salt reduction technology in cured products and 
explored how to scientifically and effectively reduce the NaCl content 
while ensuring the quality and acceptability of products.

High-voltage electrostatic field (HVEF, >2.5 kV) is a nonthermal 
processing technology, with the advantages of environmental friendli
ness, high efficiency, energy saving, and simple operation, and it has less 
detrimental effects on food quality (Li et al., 2017; Zhang et al., 2019). A 
uniform or nonuniform electric field is formed by high-voltage power 
supply and electrodes of different shapes and changes the transfer of 
heat and mass under the action of corona wind to have a certain impact 
on life activities. HVEF can produce enough energy to electrolyze the air 
medium and generate ozone, which interferes with cell activity (Huang 
et al., 2020). Current research mainly focused on the thawing, freezing, 
and preservation of meat (Huang et al., 2020; Jia, He, et al., 2017; 
Mousakhani-Ganjeh et al., 2016). Only a few studies have been con
ducted on HVEF in cured products. Jia et al. (2019) investigating the 
effect of HVEF treatment on thawing characteristics and post-thawing 
quality of lightly salted pork tenderloin and found that HVEF could 
enhance salt diffusion during the thawing process, which suggests that 
HVEF has the potential to promote the diffusion of NaCl during the 
curing process to achieve salt reduction. However, the role and impact of 
HVEF-assisted curing on the quality of cured products remain unclear. 
Importantly, protein oxidation and lipid oxidation are closely related to 
the texture and flavor of cured products (Rahbari et al., 2020; Wang 
et al., 2023; Wang et al., 2024), which is necessary to investigate 
through experiments.

In this study, HVEF was used to cure salt-reduced YYCGP, and the 
effects of HVEF salting on the quality of salt-reduced YYCGP were 
examined with traditional high-salt products and directly salt-reduced 
products as a control. The salt content, water distribution, texture, and 
volatile flavor compounds under different electric fields were measured. 
The effect of HVEF-assisted salting on the quality formation of YYCGP 
was preliminarily explored by analyzing the oxidation of proteins and 
lipids. This study will provide guidance for the processing of salt- 
reduced Yi Ye Cheng products and serve as a theoretical basis for the 
development and application of salt-reduced curing technologies for 
fish.

2. Materials and methods

2.1. Chemicals

Salt (food grade, sodium chloride content ≥95.00 %) was purchased 
from Guangdong Salt Industry Group Guangzhou Co., Ltd. (Guangzhou, 
China). Methyl nonanoate (≥98 %) was obtained from Yuanye 
Biotechnology Corporation (Shanghai, China). C5 ~ C32 of n-alkanes 
(>99 %) and C4 ~ C9 of n-ketones (analytical pure) were provided by 
Aladdin Reagent Corporation (Shanghai, China). Other chemicals and 
reagents used were of analytical grade.

2.2. Preparation of samples

This study used five kinds of YYCGP products. In particular, three 
kinds of directly reduced salt (DRS) products were separately purchased 
from Guangdong Evergreen Conglomerate Co., Ltd. (Guangdong, 
China), Zhanjiang Guolian Aquatic Products Co., Ltd. (Guangdong, 
China), and YangJiang Haina Fisheries Co., Ltd. (Guangdong, China) 

(samples were named DRS-A, DRS–B, and DRS–C), and two kinds of 
traditional high-salt (THS) products were acquired from Dongdi Seafood 
Market (Zhanjiang, China) (samples were named THS-A and THS–B). 
All the samples were stored at − 20 ◦C.

Three batches of golden pomfret were purchased in the present 
study, and each batch of 24 golden pomfret (472.90 ± 52.10 g) was 
acquired from Xiashan Seafood Market (Zhanjiang, China). All the fish 
were randomly divided into four groups, with six fish in each group. The 
traditional dry salting of YYCGP was adopted and modified based on the 
pre-experiment. Golden pomfret specimens were cut into uniform and 
continuous pieces, and the internal organs and gills were removed. The 
fish were washed with running water, and 14 % salt (measured relative 
to the weight of the fish) was applied evenly on the surface. The pre
pared fish were placed in food-grade polyethylene bags and then placed 
in the HVEF device (NF-2 Multifunctional Electrostatic Freezing/ 
Thawing/Freshness Experiment machine, New Defrost Technology, 
INC., Taiwan, China) with different voltages of 2.5, 3.0, 3.5, and 4.0 kV. 
The salting temperature and time were 20 ◦C and 4 h. After salting, the 
samples were washed under running water to desalt, vacuum-packed, 
and stored at − 20 ◦C. Before analysis, all the samples were thawed at 
4 ◦C until the central temperature of the samples reached 4 ◦C, and the 
thawed samples were used for index determination.

2.3. Salt content

In brief, 3 g of minced samples were homogenized with 100 mL of 
ultrapure water at 9500 rpm for 5 min and then filtered to obtain the 
extract. The extract was titrated with AgNO3 (0.1 mol/L) in accordance 
with the ISO (Meat and meat products-determination of chloride content- 
part 2: Potentiometric method, 1996).

2.4. Moisture content

The moisture content was measured using the AOAC Official Method 
950.46 (AOAC, 2000). In brief, 2 g of minced fish were dried at 102 ◦C in 
an oven until a constant weight was reached.

2.5. Low-field nuclear magnetic resonance (LF-NMR)

The water distribution of fish muscle was measured by adopting the 
method of Jia, He, et al. (2017) with minor modifications using an NMI 
20-060H-I MRI analyzer (Niumag Co., Ltd., Suzhou, China). Thawed 
samples (2.0 × 1.5 × 1.5 cm3) were placed in plastic bags and then in the 
sample cell. The measurement conditions were as follows: temperature, 
32 ◦C; proton resonance frequency, 21.12 MHz; calibration sequence, 
FID pulse sequence; and measurement sequence, CPMG pulse sequence.

2.6. Cooking loss

Cooking loss was determined using the method described by Huang 
et al. (2020) with slight modifications. Briefly, 15 × 10 × 10 mm3 

samples (A1) of back muscle were packed into polyethylene bags and 
then immersed in a water bath (85 ◦C, 10 min). After the water on the 
surface of sample was wiped with filter paper, the mass was reweighed 
(A2). Cooking loss was calculated based on the following equation: 

Cooking loss (%) =
A1 − A2

A1
×100 

2.7. Centrifugal loss

Centrifugal loss was determined using the method of Zhang et al. 
(2019) with some modifications. Approximately 2 g (W1) of back muscle 
was placed into a 50 mL centrifuge tube equipped with double-layer 
filter paper and centrifuged at 2050 ×g for 10 min at 4 ◦C (3–30 KS, 
Sigma, Germany). Then the mass of the sample was reweighed (W2). 
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Centrifugal loss was calculated as follows: 

Centrifugal loss (%) =
W1 − W2

W1
×100 

2.8. Texture profile analysis (TPA)

Thawed samples were cut into cubes (10 × 10 × 10 mm3) for TPA 
(TA.XT plusC, Lotun Science Co., Ltd., Beijing, China) using the method 
of Yang et al. (2020) with modifications. A flat-bottomed cylindrical 
probe P/36 was used for two-cycle compression tests. The speed of 
pretest, test, and post-test was 1.00 mm/s, the trigger force was 5.0 g, 
and the compression rate was 50 %.

2.9. Electronic nose analysis

Electronic nose analysis was performed following the published 
method of Wang et al. (2024) with modifications. The samples were 
steamed over boiling water for 10 min, cooled and minced for later use. 
Briefly, 3 g of evenly minced sample was weighted in a 20 mL headspace 
bottle, sealed, and water-bathed (40 ◦C, 30 min). The samples were used 
for detection with an electronic nose system (PEN3, WinMuster Airsense 
Analytics Inc., Schwerin, Germany) after equilibration (room tempera
ture, 30 min). The cleaning time, measurement time and carrier gas flow 
rate were 120 s, 80 s, and 300 mL/min, respectively. The sensors of the 
electronic nose and their corresponding representative substances are 
shown in the Table S1.

2.10. GC-IMS

The treatment of sample was the same as 2.2.9. Following the 
method of Zhang et al. (2020), 2 g of evenly minced sample was placed 
into a headspace bottle and analyzed for volatile organic compounds 
(VOCs) using Flavor Spec® GC-IMS (G.A.S., Dortmund, Germany). After 
the headspace bottles were stirred (60 ◦C, 500 rpm, 15 min), 300 μL of 
the headspace samples were automatically injected into the injector 
(85 ◦C, no split mode). The GC conditions were as follows: carrier gas, 
nitrogen (99.999 %); temperature, 60 ◦C; and flow rate, 2 mL/min for 2 
min then increased to 150 mL/min for 23 min and maintained until 30 
min. The temperature of drift tube in IMS was 45 ◦C, and flow rate was 
150 mL/min. The retention index (RI) of VOCs was calculated using n- 
ketones (C4–C9) under the same analytical conditions. The IMS database, 
NIST library, and RI were used as references to identify the VOCs.

2.11. GC–MS

The treatment of sample was the same as 2.2.9. In brief, 3.00 g of 
minced sample was accurately weighed into a 50 mL headspace bottle 
and 2 μL of methyl nonanoate (54.69 μg/mL) was added as an internal 
standard. The VOCs of the samples were extracted (60 ◦C, 40 min) using 
a SPME needle (50/30 μm, 1 cm, DVB/CAR/PDMS fiber; Supelco, 
Bellfonte, USA) and then determined using GC–MS (TQ8050NX, Shi
madzu, Tokyo, Japan) equipped with a silica capillary column (60 m ×
0.25 mm × 0.25 μm, Shimadzu, Tokyo, Japan) according to the previ
ously published procedure of Zheng et al. (2022).

The RI of VOCs was obtained using n-alkane (C5–C32) under the same 
analytical conditions. The VOCs were also identified by comparing the 
mass spectra with the NIST libraries. The relative content of VOCs was 
based on internal standard. Odor activity value (OAV) was obtained by 
the method of Wei et al. (2023). The formulas were given below: 

RI = 100×

[
tx − tn

tn+1 − tn
+ n

]

C1 =
A1 × M2

A2 × M1 

OAV =
C1

T 

where tn, tx, and tn+1 represent the retention time of n‑carbon n-alkanes, 
each volatile compound, and n + 1 carbon n-alkanes, respectively (tn <

tx < tn+1). A1, M1, and C1 indicate the peak area, mass, and relative 
content of VOCs, respectively. A2 and M2 are the peak area and mass of 
internal standard, respectively. T denotes the threshold of the compound 
in water.

2.12. Lipid oxidation analysis

Peroxide value (POV) was assessed using the method of Xu et al. 
(2019) with mild modification. Briefly, 5.00 g of ground fish sample was 
homogenized in a precooled mixture of chloroform and methanol (2:1, 
v/v) at 8000 rpm for 1 min. Then 6.16 mL of NaCl solution (0.5 %, w/v) 
was added to the sample and centrifuged (2000 g, 10 min, 4 ◦C). After 1 
mL of the chloroform layer was taken, 9.8 mL of precooled chloroform: 
methanol, 100 μL of ammonium thiocyanate (300 g/L), and 100 μL of 
FeCl2 (3.5 g/L) were added. Absorbance was measured at 500 nm 
(SpectraMax M2 multifunctional microplate reader, Molecular Devices, 
LLC, Sunnyvale, CA, USA) after incubation in the dark for 20 min.

Malonaldehyde (MDA) content was measured following the in
structions of the MDA Content Assay Kit (BC0025, Solarbio, Beijing, 
China).

2.13. Protein oxidation assay

Myofibrillar proteins (MPs) extraction was based on the method 
described by Chen et al. (2024). Approximately 6 g fish flesh was mixed 
with 30 mL of phosphate buffer (20 mmol/L, 0.1 mol/L NaCl, 1 mmol/L 
EDTA⋅2Na, pH 6.0) and then homogenized (8000 rpm, 30 s). The pre
cipitate was retained after centrifugation (10,000 g, 15 min, 4 ◦C,). The 
above procedure was repeated twice. 30 mL of phosphate buffer (0.1 
mol/L NaCl, pH 6.0) was added to the precipitate, homogenized, and 
centrifuged. Finally, the precipitate was homogenized again with 30 mL 
of phosphate buffer. After filtration through four layers of gauze and 
centrifugation, the MP paste was obtained. The protein concentration 
was determined by the Biuret method. The MP paste was stored at 
− 80 ◦C.

The carbonyl content was measured following the instructions of the 
Protein Carbonyl Content Assay Kit (BC1275, Solarbio, Beijing, China).

The total sulfhydryl content was determined using the method of 
Huang et al. (2023). In brief, 2.0 mL of Tris-HCl (20 mmol/L, pH 6.0) 
containing urea (8 mol/L) and EDTA (10 mmol/L) was added to 0.20 mL 
of protein solution and mixed well. The mixture was added with 50 μL of 
Ellman’s reagent and then placed in a 40 ◦C water bath for 25 min. The 
content of total sulfhydryl was measured at 412 nm (SpectraMax M2 
multifunctional microplate reader, Molecular Devices, LLC, Sunnyvale, 
CA, USA).

2.14. Data analysis

All experiments were conducted for at least three independent trials, 
and the results were displayed as mean ± standard deviation. Analysis 
of data variance was performed using SPSS Statistics 26.0 software (IBM 
Corporation, Armonk, NY, USA), with p < 0.05 showing significance. 
The figures were plotted using Origin 2024 software (OriginLab Cor
poration, Northampton, MA, USA).

3. Results and discussion

3.1. Effect of HVEF salting on the salt content of YYCGP

As shown in Fig.1, the salt contents of THS-A, THS–B, DRS-A, 
DRS–B, and DRS-C were 3.04 % ± 0.18 %, 3.18 % ± 0.14 %, 1.39 % 
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± 0.05 %, 1.91 % ± 0.27 %, and 2.00 ± 0.17 %, respectively. The lowest 
and highest salt contents in the HVEF salting groups were 1.94 % ± 0.14 
% (3.0 kV) and 2.49 % ± 0.12 % (4.0 kV), respectively. Compared with 
THS products, the salt contents of YYCGP cured in HVEF were decreased 
by at least 18.10 % and 21.66 %. The salt content of YYCGP showed an 
overall increasing trend with the applied voltage (P < 0.05), indicating 
that HVEF could promote NaCl diffusion in fish and increase the rate of 
NaCl transfer, this result was consistent with the findings of Jia et al. 
(2019). This may be attributed to the fact that corona discharge occurs 
during the HVEF treatment, and causes ions with different charges to 
move in a specific direction (Huang et al., 2023). However, Estévez et al. 
(2021) found that the hardness, chewiness, and water retention of Eu
ropean seabass sausages decreased when the NaCl content was reduced 
by 50 %. Low-salt or salt-reduced products may also face the problem of 
flavor loss (Wang et al., 2023). Therefore, the moisture content, texture, 
and volatile flavor compounds were determined to study the effect of 
HVEF salting on the quality of salt-reduced YYCGP.

3.2. Effect of HVEF salting on the moisture content of YYCGP

3.2.1. Moisture content
During salting, the moisture content is affected by the chemical po

tential gradient and the structure changes of fish caused by the increase 
in salt content (Schmidt et al., 2008; Shi & Le Maguer, 2002). As shown 
in Fig.1, the moisture contents of THS-A, THS–B, DRS-A, DRS–B, and 
DRS-C were 43.53 % ± 5.54 %, 50.09 % ± 2.81 %, 66.85 % ± 2.18 %, 
61.14 % ± 1.78 %, and 64.36 % ± 1.52 %, respectively. The moisture 
contents of the 3.0 and 4.0 kV groups were 64.98 % ± 2.00 % and 65.43 
% ± 0.99 %, respectively. The moisture contents of THS products were 
significantly lower than those of DRS products and HVEF salting groups 
(P < 0.05), mainly because traditional dry salting requires a large 
amount of salt and takes a long time. As a result, the fish loses a large 
amount of water. In the HVEF salting groups, the moisture content of 
YYCGP showed no significant difference with the increase in applied 
voltage (p > 0.05) and maintained a range from 62.73 % to 65.43 %, 
showing that HVEF accelerated salt diffusion in the fish but had no 

significant effect on the moisture content. Water distribution was then 
determined to provide a clear understanding of the effect of HVEF 
salting on the moisture content of YYCGP.

3.2.2. Water distribution
LF-NMR has been extensively used for studying the water distribu

tion and migration of cured products. Salting has an important effect on 
the water distribution within the muscle (Jia et al., 2019). As shown in 
Fig. 2A, the P22 of all treatment groups was less than 0.6 % (0–0.54 %) 
and thus was ignored in the analysis. This result was similar to the 
previous study by Jia et al. (2019). Qin et al. (2017) suggested that salt 
reduces the mobility of free water within the fish flesh, and may cause 
free water to diffuse into muscle fibers where it becomes fixed. No sig
nificant changes in P2b and P21 (except DRS-A and 3.0 kV group) were 
observed among the treatment groups (P > 0.05). This finding was 
consistent with the result for moisture content.

As shown in Fig. 2B, the T21 relaxation times of THS-A, THS–B, DRS- 
A, DRS–B, and DRS-C were 38.72, 38.72, 58.73, 47.69, and 56.10 ±
2.27 ms, respectively, and those of the 3.5 and 4.0 kV groups in the 
HVEF salting groups were 45.55 ± 1.85 and 38.72 ms, respectively. The 
T21 relaxation times of the THS products were significantly shorter than 
those of the DRS products (P < 0.05). In the HVEF salting groups, the T21 
relaxation times of YYCGP showed a decreasing trend with the increase 
in the treatment voltage (P < 0.05), and the 4.0 kV group had the 
shortest T21 relaxation times. This finding indicated that HVEF may 
change the interaction force between the immobile water and muscle 
tissue and various macromolecules. These results were consistent with 
those of Li et al. (2017), who found that the P21 of slightly salted fish 
thawed under − 12 kV HVEF was greater than that of samples thawed 
under − 6 kV HVEF and in the air, and its T21 relaxation times were 
shorter than those of the samples thawed in the air. Jia, He, et al. (2017)
suggested that the water molecules affected by HVEF would reorient to 
affect the peak area, and the electrostatic repulsion of MPs caused by 
HVEF could also change the mobility and proportion of free water and 
immobilized water.

In addition, there is no significant difference in water content and 

Fig. 1. Effect of HVEF salting on salt content and moisture content of YYCGP. Different letters above the columns indicate significant differences (P < 0.05). DRS-A, 
DRS–B, DRS–C: three kinds of directly reduced salt (DRS) products. THS-A, THS–B: two kinds of traditional high-salt (THS) products. 2.5 kV, 3.0 kV, 3.5 kV, 4.0 
kV: HVEF salting with different voltages.
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water distribution (P2b, P21) with increasing voltage, while the T21 
relaxation times gradually decreased (P < 0.05), which may be related 
to the curing time and salt concentration. When investigating the effect 
of pulsed electric field pre-treatment on the quality of sea bass during 
brine salting, Cropotova et al. (2021) found that brining time was the 
only variable that had a significant effect on water distribution (p <
0.001), and that brining time and NaCl concentration had significant 
effects on T21 and T22.

3.3. Effect of HVEF salting on the water holding capacity (WHC) of 
YYCGP

Cooking loss are mainly liquid and soluble components lost during 
heating, the main component of which is water. The cooking losses of 
five commercially available products ranged from 7.98 % to 9.43 % 
(Fig. 2C), those of the 3.0 and 4.0 kV groups in the HVEF salting groups 
were 4.94 % ± 0.48 % and 4.98 % ± 0.27 %, respectively. In the HVEF 
salting groups, the cooking loss increased and then decreased when the 
applied voltage increased (P < 0.05), and the highest cooking loss (6.02 
% ± 0.31 %) was observed in the 3.5 kV group. The cooking losses of 
salt-reduced YYCGP salted in HVEF were significantly lower than those 
of the five commercially available products (P < 0.05). Rahbari et al. 
(2018) observed less water loss when the chicken breasts were treated 
with higher voltages and suggested that higher voltages affect the pro
tein structure and that the formation of ozone could cause protein 

denaturation. Huang et al. (2020) also found that HVEF treatment could 
rearrange the water molecules or muscle structure, and that lower 
cooking losses in HVEF-treated groups were associated with more intact 
muscle tissues.

As shown in Fig. 2D, the centrifugal losses of THS-A, THS–B, DRS-A, 
DRS–B, and DRS-C were 6.13 % ± 0.50 %, 6.79 % ± 0.41 %, 9.49 % ±
0.18 %, 8.51 % ± 0.03 %, and 7.94 % ± 0.38 %, respectively. The THS 
products showed significantly lower values than the DRS products (P <
0.05), and the HVEF salting groups showed less differences from the THS 
products and slightly lower values than the DRS products. The centrif
ugal loss increased with the voltage in the HVEF salting groups. When 
investigating the effect of HVEF on the WHC of frozen beef, Zhang et al. 
(2019) found that the centrifugal loss first increased and then decreased 
with the increasing voltage. Li et al. (2017) also found that high voltage 
treatment could effectively reduce centrifugal loss during thawing and 
storage. Jia, Liu, et al. (2017) consider HVEF treatment to reduce the 
denaturation degree of MPs. Therefore, moderate HVEF treatment could 
improve the WHC of the salt-reduced YYCGP, which was in line with the 
results of the water distribution described above.

3.4. Effect of HVEF salting on the texture of YYCGP

Fig. 3A shows that among the five commercially available products, 
the hardness of THS-A was the highest (1478.88 ± 118.86), followed by 
DRS-B (1101.80 ± 33.10), DRS-A (956.32 ± 56.82), DRS-C (882.00 ±

Fig. 2. Effect of HVEF salting on moisture (A LF-NMR curve, B T21 relaxation times, C cooking loss, D centrifugal loss) of YYCGP. Different letters above the columns 
indicate significant differences (P < 0.05).
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84.67), and THS-B (864.50 ± 31.94). In the HVEF salting groups, the 
hardness initially increased and then decreased with the increasing 
voltage (P < 0.05), reaching a maximum value (1580.70 ± 80.03) at 3.0 
kV.

As shown in Fig. 3B, the springiness was less in the THS products 
than in the DRS products, and the salt-reduced samples salted in HVEF 
showed higher springiness than the commercially available products. 
The increase in springiness may be associated with the disruption and 
deformation of the collagen fiber network (Bahuaud et al., 2010). In the 
HVEF-salted groups, the springiness increased slightly but not signifi
cantly with the increase in the applied voltage (P > 0.05).

The THS products showed significantly higher cohesiveness 
(0.15–0.17) (Fig. 3C) than the DRS products (0.11–0.13) and HVEF 
treatment groups (0.10–0.11) (P < 0.05). This phenomenon may be 
related to the moisture content of the products. Jia et al. (2010) found 
that the cohesiveness increased with the decrease in moisture content, 
and the correlation was significant between moisture content and the 
texture of soft grilled scallops. In the HVEF salting groups, no significant 
difference in cohesiveness was observed among the samples salted under 
different voltages (P > 0.05).

The chewiness followed a similar trend to hardness (Fig. 3D). In 
general, the HVEF treatment groups showed higher values 
(29.79–36.82) than the DRS products (18.31–26.22) but exhibited no 
significant difference with the THS products (25.61–37.40) (P > 0.05). 
The chewiness of the HVEF salting groups tended to increase and then 

decrease with the increase in voltage, and the largest value was observed 
in the 3.0 kV group.

HVEF treatment can accelerate the rate of salt penetration. In 
particular, moderate HVEF diffuses the NaCl content into the fish tissue, 
resulting in the shrinkage of the muscle fibers and tight meat texture 
(Gallart-Jornet et al., 2007). However, ozone accumulation occurs at 
high electric field strengths exceeding 3.0 kV, which may lead to protein 
denaturation and damage the structure of the muscle, thus resulting in 
texture reduction (Rahbari et al., 2020). In summary, the application of 
moderate HVEF for the salting of salt-reduced YYCGP helps improve the 
texture properties of the products.

3.5. Effect of HVEF salting on the volatile flavor compounds of YYCGP

3.5.1. Electronic nose
Electronic noses can be used for accurately and quickly detecting 

VOCs in samples. As shown in Fig. 4A, the response values of sensors 
W1C, W5S, W3C, W1S, W1W, and W2S were high in THS-A and THS–B; 
the response values of sensors W5S and W1W were high in DRS-A, 
DRS–B, and DRS–C; and the response values of sensors W5S, W1S, 
W1W, and W2S were high in the HVEF-treated groups. These results 
indicated that nitrogen oxides and sulfides were the main volatile flavor 
compounds in the DRS products. Meanwhile, the THS products and 
HVEF treatment groups consisted of many methyl-containing com
pounds, aldehydes, ketones, and alcohols. In general, the volatile flavor 

Fig. 3. Effect of HVEF salting on texture (A hardness, B springiness, C cohesiveness, D chewiness) of YYCGP. Different letters above the columns indicate significant 
differences (P < 0.05).
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Fig. 4. Effect of HVEF salting on volatile flavor compounds (A electronic nose radar map, B fingerprint spectra, C content percentage, D type) of YYCGP.
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substances of the HVEF treatment groups showed less differences from 
those of the THS products. Meanwhile, they had various types of volatile 
flavor substances and higher response values compared with the DRS 
products. In the HVEF treatment groups, the differences in flavor be
tween samples may be related to their salt content. The response value of 
each sensor followed a similar trend to the salt content, that is, the 
response values of the samples increased with their salt content. How
ever, the response values of the 3.5 kV group were larger than those of 
the 4.0 kV group.

3.5.2. GC-IMS
The VOCs of samples were characterized by GC-IMS for a preliminary 

comparison of the differences in VOCs among the samples (Table S2). In 
the fingerprint spectra (Fig. 4B), 73 VOCs (including dimers and 
monomers) were detected in all the samples, including 22 aldehydes, 14 
ketones, 18 alcohols, 6 esters, 3 acids, 2 ethers, and 8 other volatile 
compounds. The fingerprint spectra could be divided into four areas 
labeled a (aldehydes), b (ketones), c (alcohols), and d (other substances).

In the HVEF salting groups, the types and contents of aldehydes, 
ketones, and alcohols first increased and then slightly decreased as the 
applied voltage increased, reaching the maximum at 3.5 kV. This may be 
related to the fact that HVEF promotes the diffusion of salt, and study 
has shown contributions to the production of different kinds of VOCs 
(Wang et al., 2024). Compared with the DRS products, the HVEF-treated 
groups had more varieties and higher concentrations of aldehydes, ke
tones, and alcohols, and the flavor composition was similar to that of the 
THS products. These results indicated that HVEF treatment can improve 
the flavor quality of salt-reduced cured products. Aldehydes, namely, 
hexanal, octanal, heptanal, and nonanal, have been identified in many 
different kinds of dry-cured fish products and have proven to be 
important volatile flavor compounds (Zhang et al., 2020).

3.5.3. GC–MS
Qualitative and quantitative analyses of VOCs in the samples were 

then performed using GC–MS (Table S3). In the HVEF treatment groups, 
the varieties of VOCs first increased and then decreased as the treatment 
voltage increased, with the highest found in the 3.5 kV group (Fig. 4D). 
The THS products and HVEF treatment groups showed more varieties of 
aldehydes than the DRS products. The relative content of aldehydes 
showed an increasing trend with the treatment voltage and reached 
55.70 % under 3.5 kV HVEF treatment (Fig. 4C). In general, the VOCs in 
salt-reduced YYCGP salted in HVEF were relatively similar to those in 
the THS products but differed from those in the DRS products. This 
finding was consistent with the results of GC-IMS and electronic nose.

The OAV can be used to measure the odor activity of each volatile 
flavor substance and evaluate the contribution of VOCs to the overall 
flavor profile of the sample. The thresholds of VOCs in water are 
determined by van Gemert (2011). VOCs with OAV > 1 are considered 
key flavor components significant contribution to the overall flavor 
characteristics, and VOCs with 1 > OAV > 0.1 are considered to have an 
important modification effect on the overall flavor. A total of 11 and 6 
VOCs with OAV > 1 were found in THS-A and THS–B, respectively 
(Table S4). Meanwhile, 13, 11, 10, and 9 VOCs with OAV > 1 were 
detected in 2.5, 3.0, 3.5, and 4 kV HVEF treatment groups, respectively. 
The VOCs with OAV > 1 were mainly covered hexanal, nonanal, (E, E)- 
2,4-nonadienal, decanal, (E)-2-nonenal, (E)-2-octenal, (E, Z)-2,6- 
nonadienal, (E, E)-2,4-decenal, heptanal, (E)-2-decenal, and (E, Z)-2,4- 
decadienal. These aldehydes mainly originate from the oxidation and 
degradation of n-6 polyunsaturated fatty acids (Wang et al., 2024). And 
1-octen-3-ol was the alcohol with OAV>1 detected in all samples, which 
is usually formed from arachidonic acid under the action of 12-lipoxyge
nase (Wei et al., 2023). Therefore, hexanal, nonanal, (E)-2-decenal, (E)- 
2-nonenal, and 1-octen-3-ol were the key volatile compounds in YYCGP.

All the samples contained (E)-2-nonenal except for THS–B. Hexanal, 
nonanal, and (E)-2-decenal were detected in all the samples. All the 
HVEF treatment groups contained (E, Z)-2,6-nonadienal (an aroma of 

grass, roast and candle) and (E, E)-2,4-decadienal (with fatty, deep fried 
and waxy aroma) (Wei et al., 2023). No ketones with OAV > 1 were 
detected in the five commercially available products, but all the HVEF 
treatment groups contained 2,3-octanedione, which has an aroma of 
milk and butter (Wei et al., 2023). These results indicated that the 
quantity and content of the key flavor components of YYCGP cured by 
HVEF were similar to those of the traditional products. Therefore, HVEF 
salting can increase the odor richness of salt-reduced YYCGP and pro
mote its flavor formation. Xu et al. (2020) found that HVEF treatment 
could enhance the characteristic flavor of dry-cured beef, which was 
consistent with the results of the present study. These differences may be 
explained by the fact that HVEF affects the formation and the release of 
flavor compounds (Wang et al., 2024). Studies have shown that the 
formation and release of flavor compounds are closely related to lipid 
and protein oxidation (Cao et al., 2018), thus the effect of HVEF on lipid 
and protein oxidation was further investigated.

3.6. Effect of HVEF salting on the lipid and protein oxidation of YYCGP

3.6.1. Lipid oxidation
The POVs of THS-A and THS-B were 0.94 ± 0.02 and 0.88 ± 0.02 

mmol/kg, respectively (Fig. 5A); those of DRS-A, DRS–B, and DRS-C 
were 0.55 ± 0.02, 0.64 ± 0.02, and 0.69 ± 0.02 mmol/kg, respec
tively; and those of the 3.0 and 3.5 kV groups were 0.81 ± 0.01 and 0.78 
± 0.01 mmol/kg respectively. In the HVEF salting groups, the POV 
increased at first and then decreased (P < 0.05), reaching the highest at 
3.0 kV. The changes in POV depend on the ratio of formation to 
degradation of hydroperoxides, which are transitory and could be 
further decomposed into secondary oxidation products, such as acids 
and aldehydes (Xu et al., 2019). The decrease in POV (3.5 kV, 4.0 kV) 
may be due to the decomposition of more hydroperoxides formed into 
carbonyl compounds or other decomposition products.

The MDA contents of THS-A and THS-B were 1.61 ± 0.03 and 0.82 
± 0.02 mg/kg, respectively (Fig. 5B); those of DRS-A, DRS–B, and DRS- 
C were 0.23 ± 0.01, 0.36 ± 0.01, and 0.50 ± 0.02 mg/kg, respectively; 
and those of the 3.0 and 3.5 kV groups were 0.18 and 0.50 ± 0.02 mg/ 
kg, respectively. The lipid oxidation degree of the THS products was 
significantly higher than that of the DRS products and HVEF salting 
groups (P < 0.05). This result was consistent with that of POV. In the 
HVEF treatment groups, the MDA content increased significantly with 
the voltage (P < 0.05) and was the highest in the 4.0 kV group (0.70 ±
0.01 mg/kg). The increase in MDA content (3.5 kV, 4.0 kV) may be 
related to the degradation of some hydroperoxides into MDA. These 
findings indicated that the HVEF could promote the oxidation of lipids, 
which may be associated with the promotion of salting by HVEF 
(Mariutti & Bragagnolo, 2017). Mousakhani-Ganjeh et al. (2016) found 
that the MDA content increased significantly with the applied voltage 
when HVEF was used to thaw frozen tuna (P < 0.05), suggesting that the 
high energy generated by HVEF may be responsible for air ionization 
and ozone production and release, thereby aggravating lipid oxidation.

The oxidation and hydrolysis of lipids are the main biochemical re
actions in cured products and play an important role in flavor formation 
(Wang et al., 2024). The degradation of lipids generates free fatty acids 
(FFAs), which is the first step in transforming lipids into volatile flavor 
substances. FFAs could further be oxidized to form volatile flavor sub
stances such as aldehydes, alcohols, and ketones, which form charac
teristic flavors in the final products (Cao et al., 2018; Wang et al., 2024). 
In addition, it has been demonstrated that sodium chloride could 
improve the flavor of cured products by regulating lipid hydrolysis and 
oxidation, inhibiting bitterness and astringency, and removing off-odors 
(Wang et al., 2023). The volatile flavor compounds in salt-reduced 
YYCGP salted in HVEF were relatively abundant in quantity and con
tent, especially aldehydes. This phenomenon may be due to HVEF pro
moting salt diffusion and lipid oxidation and degradation in fish.
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3.6.2. Protein oxidation
The carbonyl contents of THS-A and THS-B were 2.52 ± 0.01 and 

2.31 ± 0.02 nmol/mg, respectively (Fig. 5C), and those of the 3.0 and 
3.5 kV groups in the HVEF salting groups were 1.72 ± 0.02 and 1.95 ±
0.04 nmol/mg, respectively. The carbonyl content gradually increased 
with the applied voltage (P < 0.05). Compared with those of the DRS 
products and HVEF salting groups, the carbonyl content of the THS 
products was higher (P < 0.05).

The total sulfhydryl content of the THS products was significantly 
lower than those of the DRS products and HVEF salting groups (Fig. 5D) 
(P < 0.05), showing that the protein oxidation degree of THS products 
was higher. This result was consistent with that for carbonyl contents. In 
the HVEF treatment groups, the total sulfhydryl content showed an 
overall downward trend (P<0.05), indicating that HVEF treatment 
could accelerate protein oxidation. This finding was in agreement with 
the results of Huang et al. (2023), who found that the total sulfhydryl 
content of MPs treated with HVEF decreased significantly as the voltage 
increased (0–30 kV) (P < 0.05). The ozone generated by the ionization of 
air during the HVEF treatment caused the sulfhydryl groups of MPs to be 
oxidized into disulfide bonds, resulting in protein oxidation (Uzun et al., 
2012). In addition, products of lipid oxidation, such as hydroperoxides, 
would attack MPs to form carbonyl compounds, resulting in promoting 
protein oxidation (Xiong et al., 2009). Therefore, HVEF salting may lead 
to lipid oxidation in fish, and the oxidation products then promote 
protein oxidation.

Existing studies have shown that the oxidation of proteins affects 
WHC and texture (Rahbari et al., 2018; Rahbari et al., 2020), which are 

consistent with the above results. And salt substances can promote the 
Fenton reaction to generate active substances, which will aggravate the 
oxidation of proteins (Wang et al., 2023). Therefore, HVEF affects the 
WHC, water distribution and texture in fish by accelerating salt migra
tion and protein oxidation. In addition, the oxidation and degradation of 
MPs in fish during curing can produce free amino acids and other flavor 
precursors, which influence the final flavor formation of the products 
(Lin et al., 2024). The relatively abundant volatile flavor compounds in 
the samples salted in HVEF may be attributed to HVEF promoting the 
oxidation and degradation of proteins.

4. Conclusions

In this study, the effects of HVEF on the quality of salt-reduced cured 
golden pomfret were studied. The reasons for improving the quality of 
salt-reduced cured YYCGP were investigated from the perspective of 
lipid oxidation and protein oxidation by comparing DRS products and 
THS products. HVEF treatment can accelerate salt penetration, and the 
salt content of the samples showed an increasing trend with the applied 
voltage. The cooking losses of the HVEF treatment groups were signifi
cantly lower than those of commercially available products. In addition, 
HVEF salting significantly increased the varieties and contents of vola
tile flavor compounds, especially aldehydes, ketones, and alcohols. 
Among the treatment groups, the 3.5 kV group had the highest values. 
Overall, HVEF treatment improved the quality of salt-reducing cured 
products mainly by accelerating salt penetration, thus changing the 
water state and organizational structure. It also promoted the oxidation 

Fig. 5. Effect of HVEF salting on lipid oxidation (A POV, B MDA content) and protein oxidation (C carbonyl content, D total sulfhydryl content) of YYCGP. Different 
letters above the columns indicate significant differences (P < 0.05).
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of proteins and lipids, relating to the accelerated diffusion of salt and the 
ozone produced by air ionization, which may be the reason for the 
change in the moisture, texture, and flavor of the samples. This study 
demonstrated that HVEF-assisted salting shows potential to be a new 
method to cure salt-reduced fish that improves curing efficiency and 
product quality.
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