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Editorial

Mechanisms and Engineering Research on the Processing,
Storage, and Preservation of Fresh Food

Min Zhang 1,* and Hongwei Xiao 2

1 State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi 214122, China
2 College of Engineering, China Agricultural University, Beijing 100083, China; xhwcaugxy@163.com
* Correspondence: min@jiangnan.edu.cn

The past few years have witnessed a significant increase in research and development
activities related to advances in the processing, storage, and preservation of fresh food. This
Special Issue of Foods aims to highlight a set of original research and review articles on the
current status, challenges, and future directions of the processing, storage, and preservation
of fresh food. We sincerely appreciate the active support from Foods’ publishers and the
kind invitation extended to us to serve as Guest Editors for this Special Issue.

Following an excellent response to our call for papers, we peer-reviewed a number
of papers and selected 19—including 17 research articles and 2 review articles—to appear
in this Special Issue. This Special Issue covers a wide range of fresh food topics as well
as a variety of materials and technologies used in the field. These papers examine a
variety of fresh foods ranging from fish and aquaculture (Chinese mitten crab, crucian
carp, Yesso scallops), meat products (pig carcasses, chicken meat, pork mince), fruit and
vegetables (fresh-cut kiwifruit, walnut, Pleurotus eryngii, fresh pepper fruit), processed
food (pre-prepared fried rice, processed cheese) and aflatoxin in fresh food. Relatively new
technologies for the preservation, processing and detection of fresh food during storage
and transportation are presented in this Special Issue, including various plant essential
oil components, hydrogen-rich water and slightly acidic electrolyzed water, high-quality
drying, 3D and 4D functional printing, intelligent food packaging indicators for detecting
freshness, and a novel detection technique for aflatoxin M1.

In the future, emerging technologies for the processing, storage, and preservation
of fresh food with environmentally friendly, cost-effective, energy-saving, high-quality,
intelligent-detection, and regulation characteristics will be pursued vigorously for the
sustainable development of fresh food in China as well as globally. We hope that this Special
Issue will further encourage research interest, engineering practice, and international
communication in the field of fresh food.

We believe that all the articles published in this Special Issue will provide valuable
information to scientists, engineers, researchers, and manufactures throughout the world,
working in academia as well as in industry in the processing, storage, and preservation of
fresh food.

Acknowledgments: We would like to thank all participating authors, and to thank Samuel Ariyo
Okaiyeto and Li-hui Zhang for providing assistance.
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Cinnamaldehyde Inhibits Postharvest Gray Mold on Pepper
Fruits via Inhibiting Fungal Growth and Triggering
Fruit Defense

Lifei Yang 1,†, Xiaoli Liu 1,2,†, Haiyan Lu 2, Cunzheng Zhang 2, Jian Chen 2 and Zhiqi Shi 2,*

1 Hexian New Countryside Development Research Institute, College of Horticulture, Nanjing Agricultural
University, Nanjing 210095, China; lfy@njau.edu.cn (L.Y.); 2017104077@njau.edu.cn (X.L.)

2 Laboratory for Food Quality and Safety-State Key Laboratory Cultivation Base of Ministry of Science and
Technology, Institute of Food Safety and Nutrition, Jiangsu Academy of Agricultural Sciences,
Nanjing 210014, China; haiyanlu@jaas.ac.cn (H.L.); zcz@jaas.ac.cn (C.Z.); chenjian@jaas.ac.cn (J.C.)

* Correspondence: shizhiqi@jaas.ac.cn
† These authors contributed equally to this work.

Abstract: Gray mold infected with Botrytis cinerea frequently appears on fruits and vegetables through-
out the supply chain after harvest, leading to economic losses. Biological control of postharvest disease
with phytochemicals is a promising approach. CA (cinnamaldehyde) is a natural phytochemical with
medicinal and antimicrobial activity. This study evaluated the effect of CA in controlling B. cinerea
on fresh pepper fruit. CA inhibited B. cinerea growth in vitro significantly in a dose- (0.1–0.8 mM)
and time-dependent (6–48 h) manner, with an EC50 (median effective concentration) of 0.5 mM. CA
induced the collapse and breakdown of the mycelia. CA induced lipid peroxidation resulting from
ROS (reactive oxygen species) accumulation in mycelia, further leading to cell leakage, evidenced by
increased conductivity in mycelia. CA induced mycelial glycerol accumulation, resulting in osmotic
stress possibly. CA inhibited sporulation and spore germination resulting from ROS accumulation
and cell death observed in spores. Spraying CA at 0.5 mM induced a defense response in fresh pepper
fruits, such as the accumulation of defense metabolites (flavonoid and total phenols) and an increase
in the activity of defense enzymes (PAL, phenylalanine ammonia lyase; PPO, polyphenol oxidase;
POD, peroxidase). As CA is a type of environmentally friendly compound, this study provides
significant data on the activity of CA in the biocontrol of postharvest gray mold in peppers.

Keywords: antifungal; Botrytis cinerea; cinnamaldehyde; gray mold; induced defense; pepper fruit

1. Introduction

Postharvest disease development is a major cause of food waste and economic losses
worldwide [1]. Botrytis cinerea is the main phytopathogenic fungi causing postharvest gray
mold on most fresh fruits and vegetables [2]. Infection with B. cinerea results in decay and
rot on fruits, leading to a decline in quality and economic losses. B. cinerea can survive
easily in variable environmental conditions, producing spores than can be easily dispersed
to invade neighboring fruits and vegetables [3]. Pepper is a widely cultivated vegetable
that is economically important for fresh consumption and processing worldwide. B. cinerea,
causing gray mold, significantly decreases the fruit quality during the transport and storage
of pepper [4].

Controlling postharvest gray mold has been considered a great challenge in avoiding
the considerable postharvest losses of fruits and vegetables. Several approaches have been
developed to control postharvest gray mold. The first one is a controlled atmosphere and
temperature. B. cinerea can survive and cause disease at a wide range of temperatures
(0–26 ◦C), but this pathogen can grow and infect rapidly under favorable environmental
conditions (18–24 ◦C; RH > 93%) [5–7]. A low temperature and dry environment can slow

Foods 2023, 12, 3458. https://doi.org/10.3390/foods12183458 https://www.mdpi.com/journal/foods
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down the development and spread of B. cinerea during the storage of fruits and vegetables.
The fungi can grow rapidly in the environment with an enhanced temperature and humidity.
Therefore, the temperature and humidity should be precisely controlled during cold-chain
transportation, which may increase the cost of long-distance transportation [8]. The second
approach is heat treatment. Rinsing bell peppers with hot water at 55 ◦C for 12 s can
disinfect peppers and prolong storage by killing pathogens and altering the host fruit
physiology. However, this approach relies on specific equipment for hot water rinsing and
brushing [9]. The third approach is using physical means, such as ozone, UV irradiation, or
altered atmospheric conditions (hypobaric or hyperbaric treatments). These approaches
can control postharvest gray mold effectively without direct contact with the fruit, but the
effect always lasts for a short time [8]. The fourth approach is using fungicides. Chemical
fungicides can kill the pathogens directly, but toxic fungicide residues may pose a threat to
human health. Moreover, using a single fungicide for a long time may drive the occurrence
of drug resistance in B. cinerea. Some countries even restrict the usage of conventional
synthetic fungicides in postharvest disease management [8,10]. The fifth approach is
the biological control of postharvest disease, which has been drawing great attention
recently [11]. Among the biological methods, the use of environmentally friendly natural
compounds (e.g., essential oils, plant extracts, and microbial products) is a promising
approach [4,12]. These natural compounds have fungicidal activity against B. cinerea,
but they are safe to human health and the environment. Some natural compounds even
have the ability to induce resistance in fruits and vegetables, limiting the development of
postharvest disease [13].

CA (cinnamaldehyde) is a phytochemical obtained from Cinnamomum species [14].
CA has antimicrobial and immune-regulatory activity [15,16]. CA has been applied as a
potential natural food preservative due to its antifungal and antibacterial activity [17,18].
CA (3-phenylpropenal, C9H8O) is a type of aldehyde with one phenyl ring (Figure S1). The
fungicidal activity of CA has been associated with the conjugated double bond and the
length of the CH chain outside the ring [19]. The fungicidal activity of CA against plant
pathogens has been documented [20,21], and the crude extracts of cinnamon can inhibit
gray mold on strawberry [22]. However, we still have little knowledge about the role of CA
against gray mold caused by B. cinerea and its mechanisms.

In this work, we studied the effect of CA on the control of gray mold on fresh pepper.
First, the antifungal activity of CA against B. cinerea was investigated. Then, CA-induced
defensive responses in pepper fruits were detected. Finally, the possible mechanisms and
their significance were discussed.

2. Materials and Methods

2.1. Strain, Media, and Treatment

The monoculture of B. cinerea was obtained from the College of Plant Protection in
Nanjing Agricultural University, China. B. cinerea were placed in PDA (potato dextrose
agar) medium in a petri dish at 25 ◦C and in PDB (potato dextrose broth) medium in a
shaker (150 rpm) at 25 ◦C. Both PDA and PDB were obtained from Nanjing Rongshengda
Instrument Co., Ltd., Nanjing, China.

CA of analytical grade (>98%) was obtained from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. CA at different concentrations (0, 0.1, 0.2, 0.4, 0.6, and 0.8 mM) was
added to PDA shortly before the solidification of PDA. Then, the PDA containing CA was
transferred to petri dishes for the culture of B. cinerea for 48 h. Then, we measured the
colony diameter using a ruler crossing the center of the colony circle to evaluate the radical
growth of B. cinerea [23].

The EC50 (median effective concentration) of CA against B. cinerea was 0.5 mM based
on the calculation of the colony diameter determined as above (linear regression) [24]. The
colony diameter was also determined at 6, 12, 24, 36, and 48 h, respectively, under the
treatment of CA at 0.5 mM. The average growth speed of B. cinerea was calculated using
linear regression based on the changes in colony diameter in 48 h. Then, CA at 0.2, 0.5, and
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0.8 mM (representing low, median, and high CA concentrations, respectively) was added
to PDB for the culture of B. cinerea to collect mycelia for physiological measurements.

2.2. Determination of Mycelial Biomass

B. cinerea was cultured in PDB containing CA for 48 h. Then, the mycelia were collected
through filter paper. The mycelia were surface-dried with paper tissue gently. The fresh
weights of mycelia was determined using a laboratory balance. Then, the fresh mycelia
were dried in an oven (60 ◦C) for 48 h, followed by measuring the mycelial dry weight [25].
Three replicates were conducted for each treatment.

2.3. Spore Production and Germination

The spores were obtained from a PDA-cultured strain according to a previously
published method with slight modification [26]. B. cinerea was cultured in PDA in a petri
dish (2 cm in diameter) for 10 days to produce sufficient spores. Then, sterilized water
(2 mL) was added to the petri dish to wash the spores out. The spores were collected
through four layers of filter paper followed by centrifugation at 10,000× g for 5 min.

CA at different concentrations (0.2, 0.5, and 0.8 mM) was added to PDA for the culture
of B. cinerea for 6 days to produce spores. All the spores were collected to count the number
of spores produced.

To test the inhibitory effect of CA on spore germination, the spore suspension
(1 × 105 spores/mL) was cultured on agar medium containing CA at 0.2, 0.5, and 0.8 mM,
respectively, for 12 h. Then, the number of germinated spores was counted for the calcula-
tion of the germination rate.

2.4. SEM (Scanning Electron Microscopy)

The mycelia of B. cinerea were collected by filtration of the culture solution with
double gauze, followed by washing with phosphate buffer (0.2 M, pH 7.0). Then, we
fixed the mycelia with graded ethanol and acetone according to our previously pub-
lished method [23]. Then, the mycelial samples were observed with an SEM (EVO-LS10,
ZEISS, Jena, Germany). The structure of mycelia was evaluated based on morphological
analysis [27].

2.5. Meaaurement of Mycelial Conductivity

The mycelia (0.5 g) of B. cinerea after treatment (48 h) were collected and suspended in
20 mL distilled water. Then, a conductivity meter (CON510 Eutech/Oakton, Singapore)
was applied to measure the electrical conductivity at 0, 5, 10, 20, 40, 60, 80, 100, 120, 140,
160, and 180 min, respectively. The final conductivity was measured after incubating the
mycelia in boiled water for 5 min. The relative conductivity was calculated as follows:

Relative conductivity (%) =
Conductivity

Final conductivity
× 100

2.6. Meaaurement of Mycelial TBARS (Thiobarbituric Acid Reactive Substances) Content

The mycelia after treatment were collected by filtration of the culture solution with
double gauze, followed by measuring the TBARS content using a detection kit (A003;
Nanjing Jiancheng Bioengineering Institute, Nanjing, China) [28].

2.7. Measurement of Mycelial Glycerol Content

Approximately 0.5 g of mycelia after treatment were harvested. The mycelia were
ground and suspended with 20 mL of distilled water. The mixture was water-heated at
80 ◦C for 15 min, followed by centrifuging (8500 rpm, 10 min). CuSO4 (0.05 g/L) was
mixed with the supernatant, with shaking at 100 rpm for 12 min. This allowed the reaction
between glycerol and CuSO4 to produce a dark blue copper–glycerol complex with specific
absorbance at 630 nm. Then, the absorbance at 630 nm was recorded for the filtered mixture.
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The glycerol in mycelial samples was calculated based on a standard curve of glycerol
(0–0.01 g/mL) [29].

2.8. Histochemical Analysis of ROS (Reactive Oxygen Species) and Cell Death

The mycelia after treatment with CA for 48 h were washed with distilled water three
times. The mycelia were stained with 1 μM DCFH-DA (2′,7′-dichlorofluorescein diacetate)
at 25 ◦C for 20 min. The endogenous ROS were labeled with DCF fluorescence (green) and
analyzed by fluorescent microscopy (ECLIPSE Series, TE2000-S, Nikon, Tokyo, Japan) [30].

For the detection of cell death, collected mycelia were stained with 5 μM PI (propidium
iodide) at 25 ◦C for 30 min. The dead cells were labeled with PI fluorescence (red) and
photographed under fluorescent microscopy [31].

The spores of B. cinerea were also incubated with DCFH-DA or PI, followed by flu-
orescence assays using flow cytometry (Accuri C6 Plus, BD Biosciences, San Jose, CA,
USA) [32].

2.9. CA-Suppressed Development of B. cinerea on Pepper Fruits

Pepper seeds (Sujiao 5) were obtained from the Institute of Vegetable Crops at Jiangsu
Academy of Agricultural Sciences, Nanjing, China. The peppers were grown in a green-
house without using any pesticides. The harvested pepper fruits were collected to test the
effect of CA on the control of B. cinerea development. Fresh pepper fruits were surface-
sterilized with 0.5% NaClO for 5 min and washed with sterilized water three times. An
agar plug (5 mm in diameter) taken from PDA-cultured B. cinerea was inoculated on the
surfaces of pepper fruits. Each fruit was inoculated with five mycelial plugs with an even
distribution on the fruit surface (Supplementary Figure S2). The fruits were kept in a light
chamber (photoperiod of 12 h and active radiation of 200 μmol/(m2 s)) at 25 ◦C, allowing
the growth and infection of B. cinerea. Pepper fruits were sprayed with CA at 0.5 mM
for 2 h before inoculating B. cinerea. The peppers in the control group were treated with
sterilized water before inoculation. Five fruits were inoculated for each treatment. The
sizes of disease lesions were measured after 7 days. For the size of each lesion (almost a
circle), the diameter was evaluated by measuring it three times from different directions
crossing the center of the lesion.

2.10. Assay of Defensive Enzyme Activity of Pepper Fruits

Approximately 2 g pepper fruit samples around the inoculated sites were taken for
the measurement of enzyme activity. The fruit samples were homogenized with pre-chilled
PBS (phosphate buffer solution, 50 mM, pH 7.0) containing 5 mM β-mercaptoethanol and
2 mM EDTA. After centrifugation at 12,000 rpm at 4 ◦C for 20 min, the supernatant was
collected as extracts for the determination of the enzyme activity.

The POD (peroxidase) activity was measured based on guaiacol oxidation with hydro-
gen peroxide [33]. The reaction mixture (2 mL) consisted of PBS, 0.5% hydrogen peroxide,
0.5% guaiacol, and 20 μL of extract. Then, we recorded the absorbance at 420 nm for the
calculation of POD activity using the extinction coefficient at 26.6 /mM/cm.

The PPO (polyphenol oxidase) activity was measured based on pyrocatechol oxida-
tion [34]. The reaction mixture consisted of 0.5 mL pyrocatechol, 2 mL PBS, and 0.5 mL
extract. The absorbance at 410 nm was recorded at initial mixture and after 2 min of mixture,
respectively. One unit of PPO was calculated as a change of 0.01 in absorbance per min
based on the fresh weight of fruit samples.

The PAL (phenylalanine ammonia lyase) activity was measured based on the lysis of
L-phenylalanine [35]. The reaction mixture consisted of 2 mL PBS, 1 mL extract, and 1 mL
L-phenylalanine (0.02 M). The mixture was incubated in boiled water for 1 h. After this,
0.2 mL HCl (6 M) was added to terminate the reaction. Then, the absorbance at 290 nm
was recorded before and after a water bath. One unit of PAL was calculated as a change of
0.01 in absorbance per hour based on the fresh weight of fruit samples.
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2.11. Measurement of Metabolites

Approximately 2 g pepper fruit samples around inoculated sites were taken to deter-
mine the content of flavonoids and total phenols. Fruit samples were ground with cold
1% HCl (dissolved in methanol), adding distilled water to obtain a total volume of 20 mL.
After the reaction at 4 ◦C in darkness for 20 min, the mixture was centrifuged at 12,000 rpm
for 20 min. We collected the supernatant to determine the flavonoid and total phenol
content using a plant total phenol test kit (A143-1-1) and plant flavonoids test kit (A142-1-1),
respectively (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) [36].

2.12. Data Analysis

All data were presented as the mean ± SD (standard deviation) of at least three
replicates. Significant differences between two treatments (p < 0.05 or p < 0.01) were com-
pared using ANOVA (one-way analysis of variance) with an F test. Significant differences
(p < 0.05) among multiple treatments were compared using LSD (least significant difference
test). The package “corrplot” in R was applied to perform Pearson correlation analysis [37].
TBtools was used to generate heatmaps for hierarchical cluster analysis [38].

3. Results

3.1. Mycelial Growth

B. cinerea was cultured on PDA plates containing CA for 48 h to evaluate the growth
of mycelia in vitro. CA at 0.1–0.8 mM inhibited the radical growth of mycelia significantly
in an dose-dependent manner (Figure 1A,B). The EC50 of CA was 0.5 mM based on the
linear regression of the colony diameter shown in Figure 1B. The MIC (minimal inhibitory
concentration) of CA against the radical growth of B. cinerea was 1.1 mM. A time-course
experiment was performed to monitor the growth of mycelia upon CA exposure at 0.5 mM.
CA (0.5 mM) began to inhibit mycelial growth significantly after 12 h. The average mycelial
growth speed for the control and CA treatment was 0.108 and 0.055 cm/h, respectively
(Figure 1C).

 

Figure 1. The antifungal effect of CA against the radical growth of B. cinerea. (A) A photograph of B.
cinerea growing on PDA plate containing CA at different concentrations. (B) The colony diameter
of B. cinerea on PDA plate. (C) The time-course changes in the colony diameter of B. cinerea under
5 mM CA treatment. Different lowercase letters in (B) indicate significant differences among different
treatments (LSD, ANOVA, n = 12, p < 0.05). The asterisk in (C) indicates significant difference between
control and CA treatment at each time point (ANOVA, n = 8, p < 0.05).
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As CA at 0.5 mM resulted in a decrease in mycelial growth by 50%, we selected
CA at 0.2, 0.5, and 0.8 mM as low, median, and high concentrations, respectively, to
investigate the antifungal effect of CA against B. cinerea in detail. Compared to the control
group, the mycelial fresh weight significantly decreased by 40.0%, 60.9%, and 83.7% upon
CA addition at 0.2, 0.5, and 0.8 mM, respectively (Figure 2A). The mycelial dry weight
remarkably decreased by 33.5%, 61.0%, and 92.6% upon CA addition at 0.2, 0.5, and 0.8 mM,
respectively, compared to the control (Figure 2B). These results suggested that CA exposure
remarkably decreased the biomass of B. cinerea.

 

Figure 2. The effect of CA on the mycelial growth of B. cinerea. (A) Mycelial fresh weight. (B) Mycelial
dry weight. Different lowercase letters indicate significant differences among different treatments
(LSD, ANOVA, n = 3, p < 0.05).

3.2. CA Induced Mycelial Injury of B. cinerea

The morphology of mycelia was observed under SEM after treatment for 48 h (Figure 3).
The control group without CA showed smooth and intact mycelia. CA at 0.2 mM induced
distorted mycelia with minor collapse on the surface. CA at 0.5 mM resulted in much
more distorted and collapsed mycelia, with fracture and shrinkage. Treatment with CA at
0.8 mM led to the almost complete breakdown of the mycelia, which shrank severely with
the loss of surface integration.

Figure 3. The effect of CA on the mycelial structure of B. cinerea. Upper panel and lower panel
indicate the magnification of 1000× and 3000×, respectively.
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To confirm the CA-induced collapse of mycelia, several physiological parameters
in CA-treated mycelia were investigated. CA treatments enhanced the mycelial relative
conductivity (Figure 4A), suggesting the leakage of intracellular matter. The lipid perox-
idation of the plasma membrane can be indicated by the TBARS content. CA elevated
the TBARS content in a dose-dependent manner (Figure 4B), indicating the occurrence
of lipid peroxidation in mycelial cells upon CA exposure. CA also induced glycerol ac-
cumulation in mycelia (Figure 4C), suggesting the occurrence of an osmotic response in
CA-treated mycelia.

 
Figure 4. The effect of CA on (A) relative conductivity, (B) TBARS content, and (C) glycerol content
in the mycelia of B. cinerea. Different lowercase letters in (B,C) indicate significant differences among
different treatments (LSD, ANOVA, n = 3, p < 0.05).

ROS frequently attack lipids in the membrane to lead to lipid oxidation. A specific
fluorescent probe, DCFH-DA, was used to detect endogenous ROS in mycelia. CA-treated
mycelia showed extensive DCF fluorescence, suggesting the accumulation of ROS (Figure 5).
Mycelial cell death was labeled with specific fluorescent probe PI. CA at 0.2 mM induced
slight PI fluorescence in mycelia. The PI fluorescence was more extensive with the increase
in CA concentration, suggesting that CA treatment led to mycelial death (Figure 5).

 

Figure 5. The effect of CA on ROS accumulation and cell death in the mycelia of B. cinerea.
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3.3. CA Damaged the Spores of B. cinerea

CA inhibited the production of spores in a dose-dependent manner. Spore numbers
decreased by 35.0%, 65.0%, and 78.3% significantly upon CA addition at 0.2, 0.5, and
0.8 mM, respectively (Figure 6A). CA also inhibited the germination of healthy spores.
After culturing for 12 h, almost all of the spores germinated in the control group. However,
only 54.0%, 29.7%, and 12.0% of spores germinated upon CA exposure at 0.2, 0.5, and
0.8 mM, respectively (Figure 6B).

 
Figure 6. The effect of CA on spore generation and spore germination of B. cinerea. (A) Number
of spores produced by B. cinerea upon CA treatment. (B) The germination rate of spores upon CA
treatment. Different lowercase letters indicate significant differences among different treatments
(LSD, ANOVA, n = 3, p < 0.05).

Flow cytometry was applied to detect DCF-labeled spores. The number of DCF-labeled
spores increased under CA treatment as compared to the control (Figure 7A), suggesting
that CA induced ROS accumulation in spores. The increase in PI-labeled spores also
suggested that CA induced the cell death of spores (Figure 7B).

 

Figure 7. The effect of CA on ROS accumulation and cell death of the spores of B. cinerea. (A) DCF-
labeled spores detected using flow cytometry. (B) PI-labeled spores detected using flow cytometry.

3.4. Hierarchical Cluster and Correlation Analysis of Physiological Parameters in CA-Treated B. cinerea

Hierarchical cluster analysis was applied to compare the changes in the parameters
upon CA treatment. One cluster consisted of the parameters related to fungal growth and
development, such as the mycelial diameter, mycelial fresh weight, mycelial dry weight,
spore number, and spore germination. All these parameters decreased compared to the
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control in a dose-dependent manner (Figure 8A), suggesting the inhibitory effect of CA
against B. cinerea growth. Glycerol content, TBARS content, and relative conductivity were
clustered together. These three parameters increased with the increase in CA concentration
as compared to the control (Figure 8A), suggesting that membrane injury occurred in
CA-treated B. cinerea.

 

Figure 8. Cluster analysis and correlation analysis among determined physiological parameters.
(A) Hierarchical cluster analysis of the parameters. For each parameter, the value from CA treat-
ment is presented as log2 (fold change vs. control). (B) Pearson correlation analysis among
different parameters.

Pearson correlation analysis was performed for all of the measured parameters. The
injury indexes (glycerol content, TBARS content, and relative conductivity) were negatively
correlated with the growth indexes (such as mycelial diameter, mycelial fresh weight,
mycelial dry weight, spore number, and spore germination) (Figure 8B).

3.5. CA Suppresses the Infection of B. cinerea on Pepper Fruit

The above results confirmed the capability of CA in inhibiting B. cinerea in vitro.
We further evaluated the possible role of CA in pepper fruits infected with B. cinerea.
Inoculation with B. cinerea resulted in severe gray mold on pepper fruits, such as enlarged
browning and decay around inoculated sites (control in Figure 9A). Pepper fruits pretreated
with CA (0.5 mM) showed very slight disease symptoms (the right-hand fruit in Figure 9A).
The average size of lesions was significantly decreased by 68.7% on CA-treated fruits as
compared to the control (Figure 9B).

The defensive responses of pepper fruits after 12 h of B. cinerea inoculation were
evaluated by measuring the activity of several defensive enzymes. B. cinerea inoculation
induced a significant increase in POD activity compared to the control (neither CA nor B.
cinerea inoculation). Pretreatment with CA induced a remarkable increase in POD activity
on fruits as compared to B. cinerea inoculation alone (Figure 10B,C). The changes in PPO
and PAL activity were similar to those of POD activity under B. cinerea and CA treatment.

Inoculation with B. cinerea significantly decreased the content of flavonoids and total
phenols in pepper fruits. Pretreatment with CA effectively enhanced the content of these
metabolites as compared to B. cinerea inoculation alone (Figure 10D,E).
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Figure 9. The effect of CA on the infection of B. cinerea in pepper fruits. (A) A photograph of the
lesions on pepper fruits. (B) The size of lesions measured on pepper fruits. Double asterisks indicate
significant differences between treatments (ANOVA, n = 10, p < 0.01).

 

Figure 10. The effect of CA on the defensive enzyme activity and metabolites in pepper fruits
infected with B. cinerea. (A) POD activity. (B) PPO activity. (C) PAL activity. (D) Flavonoid content.
(E) Total phenol content. Different lowercase letters indicate significant differences among treatments
(ANOVA, n = 3, p < 0.05).

4. Discussion

Applying plant extracts is an effective approach to control gray mold on vegetables and
fruits [39]. CA is a small-molecule phytochemical with broad antimicrobial activity. CA can
be applied as a natural food preservative [40]. In this study, we found that CA effectively
controlled the gray mold on fresh pepper fruits by showing antifungal activity against
B. cinerea and inducing defensive responses in pepper fruits, which in turn maintained
pepper quality.

It has been reported that CA shows potential antifungal activity against variable
phytopathogenic fungi, such as Fusarium moniliforme, Verticillium fungicola, Sclerotinia ho-
moeocarpa, Trichophyton rubrum, and Aspergillus fumigates [41,42]. The antifungal activity
of CA has been associated with the disruption of cell wall integrity in Geotrichum citri-
aurantii [43]. CA damaged the mycelia of B. cinerea by inducing cell collapse and death. The
loss of plasma membrane integrity may be one of the most important reasons, evidenced by
ion leakage from mycelial cells. Plasma membrane damage is a typical mechanism behind
the fungicidal activity of CA against Alternaria alternata [44]. The inhibition of ergosterol
biosynthesis is involved in the antifungal activity of CA against Fusarium sambucinum [20],
but we found that ROS accumulation may be another important reason. CA-induced ROS
accumulation can cause lipid peroxidation, resulting in membrane damage by increasing
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membrane permeability in mycelial cells of B. cinerea. The triggering ROS accumulation
is an important action of CA-induced bacterial cell death. CA-induced apoptosis-like
death can be linked to the triggering of ROS accumulation in Microcystis aeruginosa [30].
Nox (NADPH oxidase) is an important enzyme generating ROS in eukaryotes [45]. Nox-
produced ROS contributes to the cell leakage in fungi [46]. Besides damaging the cell
membrane, ROS can act on mitochondrial proteins to induce fungal death [47]. CA can
induce mitochondrial dysfunction in human leukemia K562 cells [48]. Therefore, further
studies are needed to investigate whether and how CA triggers the Nox-ROS system to
damage cell membranes and mitochondria in B. cinerea mycelia.

Glycerol accumulation is a typical consequence of osmotic stress in pathogenic fungi [49].
CA induced glycerol accumulation in B. cinerea mycelia, indicating that osmotic stress
occurred. Filamentous fungi adapt to osmotic stress mainly through the HOG (high
osmolarity glycerol) pathway, which consists of a set of sensors and transducers activating
the biosynthesis of glycerol [50]. Fungicidal activity has been associated with osmotic stress
by targeting the HOG pathway [51]. A conserved HOG pathway has been found in B.
cinerea as well [52]. It is of interest to further understand whether the modulation of the
HOG pathway contributes to the antifungal activity of CA against B. cinerea.

It was reported that CA-inhibited spore germination resulted in the suppression of
mycelial development in Aspergillus flavus [40]. The antifungal activity of CA against
B. cinerea was also related to the inhibition of sporulation and spore viability. B. cinerea
produces large amounts of spores to finish the life cycle in order to achieve survival,
dispersion, and infection among host plants [53]. Here, we found that CA significantly
inhibited B. cinerea spore generation. This may have been due to the detrimental effect
of CA on the vegetative growth of mycelia, weakening the ability of B. cinerea to finish
its life cycle. CA also inhibited the germination of healthy spores produced by B. cinerea.
Stress-inhibited sporulation and germination result from ROS accumulation and oxidative
injury in B. cinerea [54]. ROS accumulation in B. cinerea spore may be one of the possible
reasons for CA-suppressed spore viability.

Fresh pepper fruits pretreated with CA before B. cinerea inoculation showed decreased
lesion development. This result suggested that CA may induce defense responses in pepper
fruits against the invasion of B. cinerea. This hypothesis could be partially confirmed by the
result that CA increased the activity of defensive enzymes (POD, PAL, and PPO) in pepper
fruits. All of these enzymes play roles in helping host plants against pathogens [55,56]. CA
induced the accumulation of flavonoids and total phenols in pepper fruits as well. These
metabolites are not only important non-enzymatic components of plant defense, but also
vital nutrients reflecting the quality of pepper fruits [56,57]. At present, little is known
about CA-regulated plant physiology. We previously found that CA conferred cadmium
tolerance by triggering endogenous Ca2+ in plants [58]. In addition, CA can induce defense
responses in citrus fruit against the infection of Geotrichum citri-aurantii [21]. Moreover, CA
can modulate the immune responses in fish against fungal infection [59,60]. These reports
and our current results suggest an important role of CA in triggering host immunity to
combat biotic or abiotic stress. However, the detailed mechanisms need further study.

Several reports suggest that CA derivatives also have effective (or even enhanced) an-
timicrobial activity [61–63]. In addition, antifungal agents can be encapsulated in nanopar-
ticles in order to enhance the antifungal effect or to control the release of ingredients, which
is proposed as a novel approach to control B. cinerea infection [64]. Encapsulation can
control the release of essential oils to enhance their efficiency, which can help to decrease
the dosage and possible impact of volatile flavors after treatment. Several types of encapsu-
lated nano-CA have been developed to test the bioactivity and ingredient release [65,66].
Therefore, further efforts are needed to design and modify the structure of CA, which
would help to apply CA in the biocontrol of B. cinerea-caused postharvest gray mold on
vegetables and fruits during the supply chain in different scenarios.
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5. Conclusions

In this study, we revealed that CA was capable of controlling postharvest gray mold
on fresh pepper fruit by inhibiting B. cinerea and triggering defense responses in pepper.
CA with a concentration of more than 0.2 mM effectively inhibited the growth of B. cinerea
in vitro. The antifungal activity of CA against B. cinerea was closely related to ROS accumu-
lation and oxidative injury in both mycelia and spores. Pretreatment with CA triggered
defensive responses in pepper, which further prevented the infection of B. cinerea. The
application of CA in real scenarios needs further study, but our current results extend our
knowledge of the antifungal activity of CA as well as the potential application of CA in the
preservation of vegetables and fruits.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods12183458/s1, Figure S1: The chemical structure of cinnamaldehyde, Figure S2: The
schematic model for the inoculation of B. cinerea on the surface of pepper fruit.
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Abstract: In this paper, the quality change of Yesso scallop (Patinopecten yessoensis) in the process of
anhydrous storage and transportation after cold acclimation and induced dormancy was studied, and
the regulation mechanism of quality degradation during storage and transportation in the process
of gradient chilling stress and drying exposure was further explored. The results show that, when
transferred from hydrous to anhydrous states, the breathing pattern of the scallops changed from
aerobic to anaerobic. Their gill filaments were altered and their apparent vitality constantly declined,
which was reflected by the edge shrinkage of the pallium and the direct proportions of the edge
reduction rate and the stimulus response period. After being in the anhydrous state for 4 d, the
AEC value dropped to 67.59%. At this time, if they were placed under hydration again, the scallops
resumed a good growth state. By proteomics analysis, it was revealed that cold acclimation and dry
exposure mainly led to changes in biological functions and pathways, such as mitochondrial inner
membrane and ATP hydrolysis activity. In addition, it can be seen from the functional annotation and
enrichment analysis of the metabolite KEGG that cold acclimation promoted the purine metabolism
of scallops, while dry exposure inhibited the metabolism of saturated fatty acids. In this study, the
infrared sensing mode was used for the first time, too, in order to record the heart-rate changes of the
scallops during circulation, which shows that non-destructive vitality monitoring of Lamellibranchia
is feasible.

Keywords: ecological ice temperature; chilling stress; anhydrous live preservation; regulation
mechanism; Patinopecten yessoensis

1. Introduction

Yesso scallop (Patinopecten yessoensis), as an important economic shellfish variety bred
in northern China, has become the product of a leading industry that now drives the
development of the local fishing economy [1,2]. Based on the dietary consumption habits
of Chinese residents, vitality and freshness are the two main criteria to judge the quality
of aquatic products, as well as the primary factors to consider when purchasing aquatic
products. This has endowed fresh products with higher economic value due to their plump,
tender, and delicious meat quality, as well as their plentiful and diversified nutrition [3].
Before going out into the market, scallops will go through four stages––that is, catching,
clean-up and temporary breeding, anhydrous storage, and, finally, sale [4]. Therefore,
issues such as optimizing and improving the transportation methods of aquatic products,
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enhancing the survival rate, reducing nutrient loss, and maintaining the original flavor
quality are all urgent issues that need to be solved in industrial upgrading.

Ecological ice temperature anhydrous live preservation technology is a burgeoning
method to drive aquatic animals into a dormant state at low temperatures, which can
reduce their metabolic rate and thereby enable live preservation transportation to be con-
ducted under low temperatures without the use of water [5,6]. Compared with traditional
hydrous transportation, ecological ice temperature anhydrous live preservation manages to
improve transportation efficiency and lower the cost of logistics, but the influence of stress
factors, such as low temperature, cold acclimatization, hypoxic exposure, and desiccation,
in waterless transportation on both the physiological state and the flavor quality of shellfish
should be taken into consideration [7]. Many studies have shown that drastic changes in
temperature can seriously affect the physiological activities, the immune function, and the
disease resistance of shellfish, and can result in the death of the shellfish due to immune
suppression [8]. Henzong et al. held the view that, before anhydrous live preservation, if
Pacific oysters were trained in coldness at the ecological ice temperature, the effect of tem-
perature stress on the oxidative immune system and the metabolism of energy substances
could be reduced [9]. Lixin et al. simulated the vitality of scallops during circulation by an-
alyzing the energy content, such as adenosine triphosphate, and they found that the vitality
of scallops decreased for 24 h [10]. Hypoxia stress has a significant impact on the physio-
logical metabolism and organizational structure of scallops. Indeed, Zhang et al. found
that, after hypoxia treatment, scallops evinced decreased vitality, disturbed physiological
and metabolic activities, and an abnormal organizational structure [11]. High temperature
stress caused by increasing seawater temperature significantly affects energy metabolism,
too [12]. However, there has been no systematic report on the stress regulation mechanism
caused by stress, such as chilling stress and anhydrous storage. In this study, we examine
the effects of environmental stress on the bodies of scallops, and we examine the effect of
environmental stress in cold acclimatization and anhydrous storage and transportation in
the temporary breeding stage.

2. Materials and Methods

2.1. Experimental Raw Materials

Scallops (Patinopecten yessoensis) cultured in net cages in Nanguang Island, Shandong,
China, with a shell length of (76.30 ± 6.48) mm, a shell height of (18.97 ± 1.86) mm, and
a wet weight of (59.63 ± 12.76) g, were selected as raw materials. In April 2022, imme-
diately after being caught, they were sealed with foam boxes (ice pack cooling) and sent
to Shandong Provincial Key Laboratory of Agricultural Products Storage, Transportation
and Preservation Technology. Those that arrived in the laboratory in the living anhydrous
hypoxia stress state were immediately placed in artificially circulated seawater for clean-up
and were bred temporarily at a water temperature of (15 ± 2) ◦C and a salinity of 32‰.
After temporary breeding, after 7 d, the scallops with strong vitality and an excellent state
of health were selected to carry out the experiment.

2.2. Experimental Design and Methods

After temporary breeding in the laboratory, healthy and dynamic scallops were se-
lected for gradient cooling and cold acclimatization to ecological ice temperature. In other
words, by setting the cooling rate of the temporary breeding system to 2 ◦C/h, after low-
ering the temperature every 1 h, they were maintained at a constant temperature for 3 h.
The temporary breeding temperature of 15 ◦C was lowered to a dormant temperature
at 4 ◦C over 24 h and then the scallops were removed for anhydrous gas conditioning
packaging. A dozen scallops were set in a group in a (335 × 220 × 175) mm foam box, with
a biological ice bag placed at the bottom. Meanwhile, a temperature insulation bag was put
between the ice bag and the scallops. The packed scallops were stored and transported in
the low-temperature vibration chamber at 4 ◦C for 72 h, after which they were awakened
in water in order to place the scallops after anhydrous storage and transportation into the
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temporary breeding system. Meanwhile, by the system program, the temperature was
increased from the ecological ice temperature at a rate of 2 ◦C/h. After heating for 1 h, they
were maintained at a constant temperature for 3 h until it returned to 15 ◦C, after which
relevant index detection was performed.

2.3. Analysis of the Test
2.3.1. Living Health Evaluation

Edge shrinkage: The edge shrinkage rate refers to the method of Li et al. [13], where
edge shrinkage rate = edge shrinkage distance/shell height × 100%.

Stimulus response time: Pointed tweezers were used to stimulate the pallium of the
live scallops and the contraction response time was recorded using a stopwatch.

Heart rate: The measurement method was slightly modified according to that of
Bakhmet et al. [14]. First, the scallop shell was cleaned, an infrared sensor was attached
to the outside of the scallop shell near the heart, and the scallop was placed in artificial
seawater at 15 ◦C, which would then be detected after the antennas of the pallium were
fully displayed. The Power Lab instrument parameter range (2~5 V) was set with a
low pass (1~10 Hz) and AC coupling. LabChart8 was utilized to record the changes in
scallop heartbeat stability and to intercept the area of the 2 auricular appendages and the
1 ventricular waveform, thus obtaining a complete and smooth waveform map. The stable
waveform in 10 min of detection time was then calculated and 5 scallops were checked
each time, totaling 3 times in parallel.

2.3.2. H&E Staining and Histological Examination of Gill Tissues

The scallops were placed on a dissecting table to remove gill parts for H&E staining.
All samples were cut into 5–6 μm thick slices. Then, H&E staining was performed for
microscopic observation. Dehydration and transparency were performed in ethanol and
xylene, and samples were then cover slipped. The stained sections were observed and
photographed using a light microscope (Nikon, Tokyo, Japan, DS-Fi2) and spliced into a
complete image using ImageJ software.

2.3.3. Nucleotides and Associated Compounds

The scallop adductor muscle was dissected, extracted, and mashed by adding 5% PCA
solution in an ice bath. The pH was adjusted to 2–3.5, 4000× g rpm for 5 min of centrifuga-
tion in order to obtain the supernatant, which was then filtered using a 0.45 μm membrane
filter and analyzed by HPLC after adding phosphate buffer. The chromatographic condi-
tions were column symmetry C18 (4.60 mm 150 mm, 5 μm); mobile phase A: 0.05 mol/L
KH2PO4-K2HPO4 (pH 6.78); mobile phase B: chromatographic methanol; detection wave-
length: 259 nm; sample intake: 20 μ L; flow rate: 1 mL/min; column temperature: 40 ◦C;
and gradient elution. According to the peak time of the standard product, the composition
of the sample was qualitatively determined, and the substance content was calculated from
the peak area.

The nucleotide energy charge AEC (adenylate energy charge) value is an indicator
reflecting the degree of environmental stress on animals, which can reflect the freshness of
scallops. AEC(%) = (2ATP + ADP)/(2(ATP + ADP + AMP)) × 100%.

2.3.4. Proteomics

The adductor muscle at different treatment stages was selected for proteomic anal-
ysis. Samples then underwent protein extraction, enzymatic peptide digestion, liquid
chromatography–mass spectrometry (LC-MS) data collection, database retrieval, and bioin-
formatics analysis. Chromatography–mass spectrometry detection conditions were as
follows––mobile phase A: formic acid aqueous solution; mobile phase B: 0.1% (v/v) formic
acid solution. Peptide fragments were dissolved by liquid chromatography in mobile phase
A and they were separated using an ultra-efficient liquid phase system. The liquid phase
gradient setting was 0~120 min, 8~100%, and the mobile phase B flow rate was 300 nL/min.
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2.3.5. Metabolomics

The adductor muscle at different treatment stages was selected for metabolomics
analysis. After shock crushing and cold sonication, the samples were centrifuged at
12,000× g rmp for 10 min at 4 ◦C, and the supernatant was removed for machine testing.
The column was a C18 column (Zorbax Eclipse C18 (1.8 μm × 2.1 mm × 100 mm), and the
chromatographic separation conditions were a column temperature of 30 ◦C and a flow
rate of 0.3 mL/min, with mobile phase compositions A (0.1% formic acid solution) and B
(pure acetonitrile, gradient elution).

In positive mode, the heater temperature was 325 ◦C; the sheath gas flow was 45 (arbi-
trary units); the aux. gas flow was 15 arb; the sweep gas flow was 1 arb.; the electrospray
voltage was 3.5 KV; the capillary temperature was 330 ◦C; and the S-Lens RF level was 55%.

In negative mode, the heater temperature was 325 ◦C; the sheath gas flow was 45 arb;
the aux. gas flow was 15 arb; the sweep gas flow was 1 arb.; the electrospray voltage was
3.5 KV; the capillary temperature was 330 ◦C; and the S-Lens RF level was 55%.

For the scanning mode, full scan was m/z 100~1500 and data-dependent mass spec-
trometry (dd-MS2, TopN = 10), and the resolution was 120,000 (MS1) and 60,000 (MS2).
The collision mode was High Energy Collision Dissociation (HCD).

2.4. Data Processing

The experimental results are expressed as the mean ± standard deviation (X ± SD),
the experimental data were processed using Origin2021 and SPSS27 software and analyzed
by univariate analysis, and the significance level was set as p < 0.05.

3. Results

3.1. The Apparent Vitality of Patinopecten yessoensis Decreased during Anhydrous Storage
and Transportation

The apparent vitality of Patinopecten yessoensis was evaluated by determining the edge
shrinkage rate and stimulus response time. During the period of purification and the
temporary breeding and cold acclimatization, the pallium of the living scallops was full
and had no shrinkage, and the tentacles fully extended to the shell. However, during
the storage and transportation stage, as time went by, the edge shrinkage phenomenon
appeared and the rate then gradually increased. By the third day of anhydrous storage
and transportation, the rate reached 28.05% (Figure 1). Meanwhile, it was revealed by a
Pearson correlation analysis of the pallium stimulus response time that the correlation
coefficient was 0.914, showing a significant positive correlation (p = 0.011 < 0.05)––that
is, the worse the contraction phenomenon, the worse the living state and the longer the
stimulus response time (Figure 2).

 
(a) (b) 

Figure 1. Living edge shrinkage of Patinopecten yessoensis in different periods: (a) temporary breeding
and cold acclimatization; (b) anhydrous storage and transportation (3D).
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Figure 2. Changes in the apparent vitality index during anhydrous storage and transportation.

3.2. Patinopecten yessoensis Vitality Dropped during the Anhydrous Storage and Transportation
Process

Infrared sensing was employed to monitor the heart-rate activity of scallops without
doing any damage and the heart-rate cycle and intensity were recorded. The BMP value
was the number of heart beats per minute. In our preliminary research, it was found
that, during the 15 ◦C temporary breeding period, the average heart rate of scallops was
18.39 times/min. Gradient cooling was used to monitor the heart rate in real time. With
the decrease in temperature, the heart rate gradually decreased and the heart rate dropped
to 7.39 times/min at the cooling endpoint of 4 ◦C [15]. After 15 ◦C of rehydration, the heart
rate was significantly higher than that of the control group (p < 0.05) (Figure 3). Among
them, the heart-rate values at 24 h, 48 h, and 72 h were 23.86 ± 0.80 bpm, 28.70 ± 1.51 bpm,
and 24.72 ± 0.48 bmp, respectively, which were 60.41% higher than those of the control
group; the survival rate of scallops decreased after 72 h and the heart-rate measurement
was thus terminated.

0h 24h 48h 72h
0

5

10

15

20

25

30

35

Storage days

Figure 3. Heart-rate change of Patinopecten yessoensis after rehydration at different storage times. the
significant difference was indicated by different symbos (*, ** and ***).
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3.3. Changes in Microorganizational Structure of the Gills

In the comparison of the microscopic tissue sections of the gills after temporary
breeding, cold acclimatization, and water storage for 3 d (see Figure 4), it can be seen that
the filaments of the gills in the clean-up and temporary breeding period were uniform and
neat in arrangement. After gradient cooling cold acclimatization treatment, they became
shorter and thicker. After being transferred from the water environment into the anhydrous
storage environment, the scallops closed their shells to retain moisture, thereby reducing
their oxygen intake. As was the case from oxygen breathing to oxygen respiration, low
oxygen stress led the filaments to increase in space (i.e., extend) in order to increase the
contact area for air exchange. Duan et al. reported that the respiration burst of Japanese
Penaeus orientalis in an anhydrous environment for 3 h showed that respiration weakened
at 10 h and, eventually, the gill cavity movement slowed down, leading to death [16].

(a) (b) (c) 

Figure 4. Microstructure of Patinopecten yessoensis gills at different stages (200), changes in gill
filaments are marked in the figures: (a) temporary breeding stage; (b) cold acclimation stage; (c) no
water storage for 3 d.

3.4. Nucleotide-Lineage Compounds

ATP provides the energy necessary to maintain normal life activities and the change
in its content can better reflect the life status of shellfish [17]. In the process of anhydrous
storage, the ATP content of Patinopecten yessoensis decreases by ladder (Figure 5). How-
ever, when the Patinopecten yessoensis changed from a hydrous to an anhydrous storage
environment after cold acclimation, its breathing mode changed from aerobic to anaerobic
and the release of energy was reduced, so the ATP showed a decreasing trend [18]. During
2–4 d of anhydrous storage and transportation, scallops were in a stress state for a long
time, and they started their own stress response mechanism to mobilize energy materials
and to maintain body balance, so the ATP content maintained a stable state in this stage.
However, in the later period of anhydrous storage and transportation, with the gradual
depletion of glycogen and other substances, the rapid ATP degradation showed a steep
decline. Meanwhile, the decomposition of ATP led to an increase in ADP content. ADP is
the substrate of the adenylate kinase reaction, producing one ATP and one AMP from two
ADP. The changes in the ADP and AMP contents are shown in Figure 5. With the extension
of anhydrous storage and transportation, the body could not maintain the relative stability
of ATP content in an anoxic environment––that is to say, there was an occurrence of ADP
and AMP accumulation.
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Figure 5. Changes in nucleotide series of Patinopecten yessoensis during anhydrous storage and
transportation.

Nucleotide-energy AEC is widely used in the vitality and quality evaluation of live
fish and shellfish. Maguire et al. revealed that the AEC value in scallop muscle could
effectively reflect the stress intensity and state of the scallop at that time, and that the AEC
value was divided into three stages to show the vitality of shellfish in different periods:
80–90% indicates a good state and reproduction being available; 50–70% represents slow
growth but recoverable reproduction; and less than 50% means irreversible damage [19,20].
At 4–5 d, the AEC values were 67.59% and 46.02% (Figure 5), respectively. Therefore, to
ensure a good growth state of scallops after rehydration, the storage and transportation
time should be controlled within 4 d.

3.5. Environmental Stress Induced Changes in the Proteome

In order to obtain the differential protein expression changes of scallops in three dif-
ferent stages––fresh temporary breeding storage (XHZ), cold acclimation (LXHZ), and
anhydrous live preservation storage (BHZ)––the non-labeled quantitative proteomics tech-
nique was used in this study. A search of the UniProt database identified 4548 peptides,
4134 unique peptides, and 856 proteins (Table 1). Based on the above data, a systematic
bioinformatics analysis of quantitatively informative proteins was carried out, including
protein annotation, significant difference analysis, annotation clustering based on signif-
icant difference, and protein interaction network analysis, in order to provide reference
directions for in-depth study of the proteome.

Table 1. Protein quantitative results.

Database Peptides Unique Peptides Protein Groups

Patinopecten yessoensis
(Mizuhopecten yessoensis_6573) 4548 4134 856
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3.5.1. GO Annotation

GO (Gene Ontology) refers to an internationally standardized classification system
for gene function description, which is divided into three categories––namely, the Cellular
Component, which is used to describe subcellular structure, location, and macromolecular
complexes; the Molecular Function, which is used to describe the function of individual
gene products; and the Biological Process, which is used to describe the biological process in
which the gene-encoded products participate. According to the GO annotation results, the
number of proteins corresponding to different GO entries was counted, and the annotation
results of the top 10 in each major class of the GO database were drawn. As seen in Figure 6,
their biological functions were mainly focused on proteolysis, translation, protein folding,
phosphorylation, and other aspects, which are mainly involved in cytoplasm in terms of
cellular components, membrane, ribosome, mitochondrion, and other structures. In terms
of molecular functions, they were ATP binding, metal ion binding, structural constituents
of ribosome, etc.

Figure 6. Bar graph of the GO annotation results.

3.5.2. COG Annotation

COG (Cluster of Orthologous Groups of proteins) refers to the protein database created
and maintained by NCBI, which was constructed based on the phylogenetic relationship
classification of the coding proteins of the complete genomes of bacteria, algae, and eu-
karyotes. Through the alignment, a certain protein sequence can be annotated to a certain
COG and each cluster of COG is composed of a direct homologous sequence, so that
one can speculate on the function of the sequence. The COG database is divided into
26 categories according to its functions and its annotation bar charts are drawn according
to the annotation results, with the results showing that the identified proteins are mainly
concentrated in post-translational modification, protein turnover, and chaperones, as well
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as signal transduction mechanisms, cytoskeletons, energy production and conversion, and
other processes.

3.5.3. Analysis of Variance

Fresh temporary breeding (XHZ), cold acclimation (LXHZ), and anhydrous live preser-
vation storage and transportation (BHZ) were used for between-group comparison, in
which the ratio of all of the biological replicates in the comparison samples was taken as
the multiple of difference (Fold Change, FC) and the protein was increased when FC ≥ 2
(logFC ≥ 1), while, when FC ≤ 0.5 (logFC ≤ −1), the protein showed downregulation of
expression. Among them, the cold acclimation group upregulated 60 and 237 differentially
expressed proteins compared with the transient group. It was speculated that scallops
inhibited the enzyme activity by cold acclimation, so the number of downregulated ex-
pressed proteins was higher. However, the unwatered storage group raised 28 differential
proteins and lowered 13 differential proteins compared with the cold acclimation group
(Table 2), and Figure 7 shows volcano plots of the differential proteins.

Table 2. Differential protein quantity statistics.

Comparisons Up Down All

XHZ_vs_LXHZ 60 237 297
LXHZ_vs_BHZ 28 13 41

 
(a) (b) 

Figure 7. Volcano plots of the differential proteins: (a) LXHZ vs. XHZ; (b) BHZ vs. LXHZ.

3.5.4. GO Annotation and Enrichment Analysis of Significantly Differential Proteins

GO function significance enrichment analysis identified the GO function entries sig-
nificantly enriched in the differential proteins compared to all of the identified protein
backgrounds, thus providing us with the biological functions that the differential proteins
are significantly associated with (p < 0.05). Based on the enrichment results, the bubbles
of the enriched GO entries were drawn (Figure 8). The results showed that, after gradient
cooling, the differential proteins were mainly enriched in mitochondrial inner membrane,
ribosome, translation, actin binding, and other biological functions and pathways, while, in
the transition from cold acclimation to the no water storage stage, the body mainly showed
significant changes in ATP hydrolysis activity and proteolysis.
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(a) (b) 

Figure 8. GO enriched bubble diagram of differential proteins: (a) LXHZ vs. XHZ; (b) BHZ vs. LXHZ.

3.6. Environmental Stress Induced Changes in the Metabolome

The complex metabolic reactions and their regulation in organisms are not conducted
alone, and they often form complex pathways and networks involving different genes
and proteins whose mutual influence and mutual regulation eventually lead to systematic
changes in the metabolome. Global metabolites in and out of the cell were analyzed
qualitatively or semi-quantitatively by non-target metabolomics in order to explore the
effects of cold acclimation stress and anhydrous storage on the metabolic processes of
scallops. Before conducting the difference analysis, principal component analysis (PCA) of
the grouped samples for the difference comparison was undertaken in order to observe
the variation size between the different groups and between the samples within the group.
Figure 9 shows that the three experimental samples were very significant and could be
used for subsequent analysis; almost all were within the 95% confidence interval, which
indicates cold acclimation (unless storage and transportation had a significant impact on
scallop metabolism).

Figure 9. PCA diagram of mass spectrometry data of three scallop samples and mixed samples
(XHZ—temporary breeding group, LXHZ—cold acclimation group, BHZ—anhydrous storage and
transportation group, and QC—quality control mixed samples).

3.6.1. Differential Metabolite Screening

Figure 10 shows volcano plots of the differential metabolites in positive and nega-
tive ion models. Comparing the differential metabolites between the transient breeding
group and the cold acclimation group, 68 differential metabolites were obtained, includ-
ing adenylosuccinic acid, adenylosuccinic acid, guanosine, and dodecyl sulfate, among
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which 30 were upregulated products and 38 were downregulated. The cold acclimation
group was stored and transported without water for 3 d, which produced 179 differential
metabolites, including DL-Arginine, myristic acid, adenylosuccinic acid, Tetradecanoyl-L-
Carnitine, Oleoyl-L-Carnitine, and palmitic acid, of which 85 were upregulated products
and 94 were downregulated.

(a) 

(b) 

Figure 10. Volcano plots of the differential metabolite in positive and negative ion models: (a) LXHZ
vs. XHZ; (b) BHZ vs. LXHZ.

3.6.2. Functional Annotation and Enrichment Analysis of the Differential Metabolite KEGG

The differential metabolites were annotated through the KEGG database and classified
based on the corresponding pathway; the size of the scatter in the figure indicates the
number of differential metabolites that were enriched on the pathway. As can be seen
in Figures 11 and 12, the differential metabolites produced by the transient group by
cold acclimation treatment mainly belonged to the purine metabolism pathway of KEGG.
Cold acclimation promoted the purine metabolism of the scallops, and the differential
metabolites were labeled on the pathway map showing the content of adenylosuccinate
and IMP, which were 3.60 times and 3.37 times that of the transient control, respectively,
while the content of guanosine decreased significantly.

 
(a) (b) 

Figure 11. KEGG enrichment pathway of cold-acclimated differential metabolites: (a) negative ion
mass spectrum; (b) positive ion mass spectrum.
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Figure 12. Metabolic pathway map of purine metabolism.

The cold acclimation group was stored and transported without water for 3 d, and
the differential metabolites generated at this stage mainly belonged to the biosynthesis of
unsaturated fatty acids, fatty acid biosynthesis, and purine metabolism pathways of KEGG
(Figure 13). It was then speculated that low-temperature and anhydrous storage and trans-
portation inhibited the metabolism of saturated and unsaturated fatty acids. After making
the differential metabolites visible in the pathway map, tetradecanoic acid, hexadecanoic
acid, icosapentaenoic acid (EPA), and palmitic acid were significantly reduced.

 
(a) (b) 

Figure 13. KEGG enrichment pathway of anhydrous storage and transportation differential metabo-
lites: (a) negative ion mass spectrum; (b) positive ion mass spectrum.
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4. Discussion

The flavor quality of scallops is closely related to their physiological state. In the living
market, the opening rate, closure sensitivity, and mantle shrinkage often reflect the quality
of the scallop [21]. Biochemical indicators, such as pH, glycogen, ATP-related substances,
and K values, are also widely used in shellfish activity evaluation methods [22,23]. The
apparent vitality of Patinopecten yessoensis evaluated by the rate of edge shrinkage and
stimulus response time was consistent with the results of Li et al. The degree of the pallium
was positively correlated with the stimulus response time. The greater the degree of edge
shrinkage, the longer the stimulus response time––that is, the worse the vitality state.

When stressed by an adverse external environment, living animals can produce stress
and cause changes in heart rate, and non-implantable heart-rate measurement is more and
more widely used in marine organisms. Mat et al. detected the rhythmic activity of Pacific
oysters by means of adhesion sensing, and Dong et al. studied the temperature and the
heat resistance of limpets at different temperatures through heart-rate assessment methods.
Chen et al. also used the method of heart-rate assessment to evaluate the temperature and
the heat resistance of abalone, which shows that the method of heart-rate assessment is
becoming increasingly mature in the study of shellfish.

It is well recognized that scallops usually upregulate the expression of a large number
of stress proteins in order to cope with protein damage from environmental stress and this
process obviously requires the expenditure of large amounts of energy [24–29]. Energy ma-
terial is often the most direct reaction to the physiological state of the scallop. ATP gradually
decreased in the process of anhydrous storage and transportation of Patinopecten yessoensis,
and this was consistent with the earlier results of Zhang et al. [30,31]. Scallops are often in
a state of hypoxia during long-term transportation and severe hypoxia will have a negative
impact on the general health of the scallop. The loss of ATP under hypoxia stress also
leads to a decrease in blood cell adsorption capacity and phagocytosis activity [32]. In Xu’s
study, seven different metabolites were produced after wet storage and transportation and
the pathway analysis showed that the tricarboxylic acid cycle was the most susceptible
pathway [33]. Energy metabolism involves the degradation and synthesis of high-energy
phosphates [34], and both GMP and IMP in this study might be related to this process.
The results of proteomic GO annotation also showed that the differential proteins were
mainly characterized in the tricarboxylic acid cycle, mitochondrion, and ATP, and this was
consistent with the metabolome.
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Abstract: Eugenol is a widely used fishery anesthetic. This study investigated the effects of various
concentrations of eugenol on blood physiological and biochemical indexes, and muscle flavor, in
crucian carp (Carassius auratus). To determine the appropriate concentration of eugenol anesthetic for
use in crucian carp transportation and production operations, we evaluated seven anesthesia groups
of 20, 30, 40, 50, 60, 70, and 80 mg/L and one control group (without eugenol) to determine the effects
on blood physiological and biochemical indexes, and muscle flavor. The red blood cells and platelets
of crucian carp decreased significantly (p < 0.05) with eugenol treatment. With increasing eugenol
concentration, the white blood cells and hemoglobin did not change significantly, whereas lactate
dehydrogenase, alkaline phosphatase, alanine aminotransferase, and aspartate aminotransferase
increased significantly (p < 0.05). The content of phosphorus, magnesium, and sodium increased
after anesthesia, whereas the content of potassium decreased with increasing eugenol concentration.
After anesthesia, the content of albumin and total protein in the serum decreased with increasing
eugenol concentration (p < 0.05); triglyceride first increased and subsequently decreased (p < 0.05);
blood glucose content first increased and then decreased (p < 0.05); and no significant difference was
observed in total cholesterol content (p > 0.05). No significant difference was observed in muscle
glycogen and liver glycogen content after eugenol anesthesia (p > 0.05). The eugenol-based anesthesia
test did not indicate major liver histomorphological effects, but the very small number of gill sheet
edema cases observed requires further study. Analysis of electronic nose data indicated that eugenol
treatment affected the flavor of the fish. The anesthesia concentration of 20–80 mg/L had some effect
on the physiology and biochemistry of crucian carp, thus providing a reference for the application of
eugenol in crucian carp transportation and experimental research.

Keywords: eugenol; anesthesia; crucian crap; physiological and biochemical indexes; histology; flavor

1. Introduction

Crucian carp (Carassius auratus) is an important freshwater aquaculture fish in China,
because of its high nutritional value, fresh and tender taste, fast growth rate, and strong
adaptability [1]. During transportation, crucian carp show an intense stress response.
Improper operations can easily cause quality deterioration and death, thus substantially
affecting breeding production and transportation. The rational use of fish anesthetics can
place fish in a state of anesthesia and sedation, thereby decreasing their consumption of
oxygen and energy, and metabolic rate; alleviating their stress response; and facilitating
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operations and transportation [2]. Simultaneously, the use of anesthetics can decrease
activation of the hypothalamic-pituitary–adrenal axis [3,4], diminish the pressure and
physical damage caused by operations, and help improve fish welfare.

At present, nearly 30 types of fish anesthetics are available, including ethyl
m-aminobenzoate methanesulfonate (MS-222), eugenol, and carbon dioxide (CO2) [5].
Before these drugs are used, their efficiency and safety must be assessed to ensure fish
safety. MS-222 is the only anesthetic approved by the U.S. Food and Drug Administration
(FDA), but its application is not safe, owing to a decrease in pH value and the formation
of methanesulfonic acid [6]. The advantage of carbon dioxide over other anesthetics is
that it does not require a period of withdrawal, but its anesthetic dose is difficult to con-
trol [7]. Syzygium aromaticum is a plant of the genus Syzygium in the family Myrtaceae,
native to the Maluku Islands in Indonesia; its buds are generally known as cloves [8].
Cloves contain 15%–20% volatile oil, and 80% of its components are eugenol. Eugenol
is a plant-derived natural compound extracted from cloves; its chemical formula is 2-
methoxy-4-allylphenol [9]. Pharmacodynamic studies have indicated that eugenol has
sterilization, antioxidative, anesthetic, and analgesic effects [10–12]. Local analgesia and
anesthesia can be achieved by inhibiting the activity of peripheral nerves. Eugenol, as an
anesthetic, inhibits the sensory center of the fish brain and elicits decreases in, or even a
loss of, reflexes. Its mechanism of action is divided primarily into three stages: the tactile
loss period, the excitation period, and the anesthesia period. The tactile loss period refers
to the inhibitory action on the fish brain cortex. The excitation period refers to the action
on the basal ganglia and cerebellum, and the anesthesia period refers to the action on
the spinal cord [13,14]. The U.S. FDA lists eugenol on the Generally Recognized As Safe
(GRAS) list, with an acceptable daily intake (ADI) of 2.5 mg/kg−1, as recommended by the
World Health Organization [15,16]. Eugenol is usually used as a dental analgesic in China.
Eugenol has attracted attention in recent years because of its low cost, high efficiency, safety
in live fish transportation, and good solubility in freshwater and seawater. It is widely
used in fish production and in scientific experiments, such as broodstock egg collection,
live fish transportation, and in vivo surgery [17]. Eugenol is advantageous because it
is rapidly excreted from the blood and tissues, without inducing the body to produce
mutant substances that have no effect on human health [18]. Eugenol at 40–80 mg/L has
anesthetic effects on Trachidermus fasciatus [19], and eugenol at 20–70 mg/L has anesthetic
effects on Trachinotus ovatus [20]. Eugenol has been reported as a fish anesthetic in Salmon
trutta [21] and Pterophyllum scalare [22]. Eugenol effectively decreases stress effects in fish,
and increases the transportation density and survival rate; consequently, it is frequently
used in the transportation of live fish. Research on eugenol in fish has focused primarily
on the anesthetic effects of anesthesia stage, time, and behavior. However, relatively few
studies have assessed the specific physiological and biochemical effects in fish. Studies have
observed substantial differences in the appropriate anesthetic concentrations of eugenol for
different fish species.

2. Materials and Methods

2.1. Fish and Maintenance

Crucian carp were purchased from the Jinan seafood market (Jinan, Shandong, China).
Healthy and active adult fish with an average body length of 16.19 ± 1.58 cm and body
weight of 283.33 ± 25.16 g were selected and transported to the National Engineering
Research Center for Modern Logistics of Agricultural Products. The fish were temporarily
cultured at the National Agricultural Products Modern Logistics Engineering Technology
Research Center with an aquatic product temperature control circulating water filtration
system. The temporary culture conditions were as follows: they were transported to the
Research Center for temporary breeding for 2 weeks, continuously inflated, and fed with
commercial compound feed once in the morning and once in the evening every day, and
treated with sewage and water exchange. During this period, fish that died or survived
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in poor condition were removed. Feeding was prohibited 2 days before the start of the
experiment. Dissolved oxygen ≥ 7 mg/L, pH 7–8, and water temperature 16.30 ± 2.44 ◦C.

2.2. Anesthetic Agents and Preparation

Eugenol (99% purity) was obtained from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. The preparation of eugenol anesthetic followed the method of Oliveira
et al. with appropriate modifications [23]. The eugenol solution was prepared half an hour
before the start of the experiment. The eugenol and anhydrous ethanol (volume ratio 1:9)
were mixed to prepare the stock solution. The stock solution was diluted and fully stirred
to generate the required concentrations during the experiment.

2.3. Sample Collection

All animal experiments were carried out in accordance with the U.K. Animals (Scien-
tific Procedures) Act, 1986, and the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 8023, revised 1978). Anesthesia testing was
performed according to the method of Favero et al. with appropriate modifications [24].
The mass concentration gradient of eugenol was set to 20, 30, 40, 50, 60, 70, and 80 mg/L,
and a control without eugenol was additionally assessed. Five crucian carp were randomly
placed in each tank, and no significant difference in fish size was observed among groups.
Anesthesia was tested with a single-tailed experimental method; that is, each fish was used
in only one experiment. In each experiment, when the fish entered the complete anesthesia
period, the judgment standard of the complete anesthesia period was that the experimental
fish lost the conditioned reflex ability to the external stimulation, the fish body tilted, did
not struggle, the respiratory rate was decreased but regular, and the gill movement fre-
quency was low. Blood samples were collected after crucian carp were maintained under
anesthesia for 10 min. The sampling method of blood and tissue was as described by Liu
et al. [25]. Five test fish were selected at each blood sampling and quickly fished out of the
tank. Using a 5 mL disposable sterile syringe to draw blood from the tail vein of crucian
carp, the blood volume is more than 5 mL, and each fish only draws blood once. After the
blood samples were placed in a refrigerator at 4 ◦C for 10 min, some of them were added
with EDTA anticoagulant to prevent coagulation, which was used for the determination
of blood physiological indexes. The other part was centrifuged at 4 ◦C, 4000 r/min for
20 min, and the supernatant was stored in the refrigerator at −80 ◦C for the determination
of serum biochemical indexes. The liver and muscle were homogenized with 9 volumes
(w/v) of sterile saline at 4 ◦C and centrifuged at 6000× g for 20 min at 4 ◦C. The supernatant
was collected to determine glycogen content.

2.4. Blood Biochemistry

Red blood cells (RBC), white blood cells (WBC), platelets (PLT), and hemoglobin
(HGB) were measured with an XT-1800IV Sysmex se-9500 blood cell analyzer and a kit
(Shenzhen Mindray Biomedical Electronics Co., Ltd., Shenzhen, China).

2.5. Serum Biochemistry

Serum lactate dehydrogenase (LDH), alkaline phosphatase (ALP), alanine amino-
transferase (ALT), aspartate aminotransferase (AST), phosphorus (PO4

3−), potassium (K+),
magnesium (Mg2+), sodium (Na+), glucose (GLU), albumin (ALB), total cholesterol, triglyc-
eride (TG), and total protein (TP) were determined with BK-280 automatic biochemical
analysis. The kit was purchased from Shandong Boke Biological Industry Co., Ltd., Shan-
dong, Jinan, China.

2.6. Glycogen Content Determination

Determination of muscle glycogen content and liver mass fraction was performed
with glycogen kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).
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2.7. E-Nose Analysis

According to the research method of Chen et al. [26] with modifications, fish meat was
ground with a tissue stirrer, and 2.0 g muscle from the control group and experimental
group was weighed, then placed in 10 mL sample bottles, which were sealed. Each sample
was analyzed in four replicates. The system contained 18 metal oxide sensors (Table 1).
Before the experiment, the measurement parameters of the electronic nose were optimized.
According to the response signal of the sensor, the measurement parameters of the electronic
nose were as follows: carrier gas flow rate: 150 mL/min, headspace generation temperature:
40 ◦C, injection volume: 2000 μL, injection speed: 2000 μL/s, headspace generation time:
600 s, data acquisition time: 120 s, and lag time: 400 s. The samples were analyzed with
a radar plot and linear discriminant analysis (LDA) to remove the individuals with large
differences in the samples.

Table 1. Response characteristics of the sensors of the FOX4000 electronic nose.

Serial Number Sensor Name Sensor Response Characteristics

1 LY2/LG Sensitive to gases with high oxidation capacity
2 LY2/G Sensitive to toxic gases
3 LY2/AA Sensitive to organic compounds
4 LY2/GH Sensitive to toxic gases
5 LY2/gCTL Sensitive to toxic gases
6 LY2/gCT Sensitive to flammable gases
7 T30/1 Sensitive to organic compounds
8 P10/1 Sensitive to combustible gases
9 P10/2 Sensitive to flammable gases

10 P40/1 Sensitive to gases with high oxidation capacity
11 T70/2 Sensitive to aromatic compounds
12 PA/2 Sensitive to organic compounds, toxic gases
13 P30/1 Sensitive to combustible gases, organic compounds
14 P40/2 Sensitive to gases with high oxidation capacity
15 P30/2 Sensitive to organic compounds
16 T40/2 Sensitive to gases with high oxidation capacity
17 T40/1 Sensitive to gases with high oxidation capacity
18 TA/2 Sensitive to organic compounds

2.8. Histopathology

To further compare the effects of eugenol on the tissues of crucian carp, we examined
the histological changes in the gills and liver after 10 min of eugenol anesthesia. We
carefully opened the operculum and cut the gills into 5–6 μm thick slices with scissors.
The gills and liver were fixed with 10% formaldehyde and washed with 4 ◦C PBS buffer.
Subsequently, the samples were gradually dehydrated with ethanol (70–100%), rendered
transparent with xylene, embedded in paraffin, and cut into 5–6 μm thick sections for H&E
staining and neutral resin sealing. Optical microscopy was used for staining, observation,
and imaging. Images were processed in Image Pro Plus 6.0 software.

2.9. Statistical Analysis

All data are expressed as mean ± standard deviation. Statistical analysis of the data
was performed in SPSS 22.0 software (Version 22, IBM Corp., Armonk, NY, USA). Based on
single-factor analysis of variance, Duncan’s multiple comparison method was used for the
analysis. In all cases, the minimum level of significance was set to p < 0.05.

3. Results

3.1. Blood and Serum Indexes in Crucian Carp
3.1.1. Blood Components

After eugenol anesthesia, the RBC concentration in each experimental group was
lower than that in the control group (Figure 1A). The RBC content in the control group
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was (0.25 ± 0.01)1012/L. Significant differences were observed between the experimental
groups, except the 20 mg/L group, and the control group (p < 0.05). The WBC content in the
control group after eugenol anesthesia was (824.15 ± 9.03)109/L (Figure 1B). A significant
difference was observed between the experimental groups, except the 20 mg/L group, and
the control group (p < 0.05), whereas no significant difference was observed between the
concentration of 30–40 mg/L (p > 0.05). The PLT content was lower in each experimental
group (p < 0.05) than in the control group ((24 ± 1)109/L; Figure 1C). A significant difference
was observed between the control group and each experimental group (p < 0.05). The
hemoglobin content of the control group was (90.3 ± 1.46) g/L. No significant difference
was observed between the control group and each experimental group, except the 70 and
80 mg/L groups (p > 0.05; Figure 1D).

Figure 1. Changes in RBC, WBC, PLT, and HGB in crucian carp anesthetized with different concentra-
tions of eugenol. The same lowercase letter in the graph indicates an insignificant difference (p > 0.05),
whereas different lowercase letters indicate a significant difference (p < 0.05). Note: (A)—RBC,
(B)—WBC, (C)—PLT, (D)—HGB.

3.1.2. The Changes in Serum Enzymes

After eugenol anesthesia, the concentration of LDH in each experimental group was
higher than that in the control group (Figure 2A). The LDH content in the control group
was 531.67 ± 13.67 U/L, and the highest LDH in the 80 mg/L group was 2560 ± 17 U/L.
A significant difference was observed between the experimental group and the control
group (p < 0.05). With increasing eugenol concentration, the content of ALP gradually
increased (Figure 2B). The concentration of ALP in the control group was 11.32 ± 3.46 U/L.
A significant difference was observed between the control group and the 60, 70, and
80 mg/L test groups (p < 0.05) but not between the other experimental groups (p > 0.05).
The content of ALT in the control group was 8.7 ± 0.61 U/L (Figure 2C). The content of ALT
in each experimental group was higher than that in the control group, except for that in the
20 mg/L group, which significantly differed from that in the control group (p < 0.05). The
content of aspartate aminotransferase (AST) in the control group was 326.83 ± 12.16 U/L,
whereas that in each experimental group was significantly higher (p < 0.05).
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Figure 2. Changes in serum LDH, ALP, ALT, and AST content in crucian carp anesthetized with
different concentrations of eugenol. Note: (A)—LDH, (B)—ALP, (C)—ALT, (D)—AST. The same low-
ercase letter in the graph indicates an insignificant difference (p > 0.05), whereas different lowercase
letters indicate a significant difference (p < 0.05).

3.1.3. Serum Ion Content

The serum PO4
3− concentration in crucian carp was 4.07 ± 0.16 mmol/L in the

control group and was higher in each experimental group after anesthesia (Figure 3A),
except for the 50, 60, and 70 mg/L groups, which significantly differed from the con-
trol group (p < 0.05). The serum K+ concentration in crucian carp in the control group
was 5.17 ± 0.17 mmol/L. The serum K+ concentration in each experimental group after
anesthesia was lower than that in the control group (Figure 3B). A significant difference
in serum K+ concentration was observed between the experimental group and the con-
trol group (p < 0.05). The concentration of Mg2+ in the serum in the control group was
1.60 ± 0.13 mmol/L, whereas that in each experimental group after anesthesia was higher
(Figure 3C). A significant difference in serum Mg2+ concentration was observed between
the experimental group and the control group (p < 0.05), and the concentration of Mg2+

in the 80 mg/L concentration group was highest, at 2.67 ± 0.08 mmol/L. The serum Na+

concentration in the control group was 82.77 ± 4.39 mmol/L, and was higher in each
experimental group after anesthesia (Figure 3D). A significant difference in serum Na+ con-
centration was observed between the experimental group and the control group (p< 0.05),
but no significant difference was observed between the 40–80 mg/L concentration groups
(p > 0.05).

3.1.4. The Serum Concentrations of Organic Components

The concentration of ALB in the control group was 29.58 ± 3.25 g/L, whereas that in
each experimental group was lower (Figure 4A). A significant difference in ALB concentra-
tion was observed between the control group and each experimental group (p < 0.05). The
TP concentration in the control group was 52.87 ± 0.87 g/L, and a significant difference
was observed between the control group and each experimental group (p < 0.05). The con-
centration of TG in the control group was 3.15 ± 0.3 mmol/L, and that in each experimental
group was higher than that in each experimental group (p < 0.05; Figure 4B). No significant
difference was observed between the concentrations of 70–80 mg/L (p > 0.05). The serum
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GLU concentration in crucian carp in the control group was 5.9 ± 0.11 mmol/L, and was
higher in each experimental group (p < 0.05; Figure 4D).

 
Figure 3. Changes in serum PO4

3−, K+, Mg2+, and Na+ content in crucian carp after anesthesia
with different concentrations of eugenol. Notes: (A)—PO4

3−, (B)—K+, (C)—Mg2+, (D)—Na+. The
same lowercase letter in the graph indicates an insignificant difference (p > 0.05), whereas different
lowercase letters indicate a significant difference (p < 0.05).

 
Figure 4. Changes in serum ALB, TP, TG, GLU, and TCHO in crucian carp after anesthesia with
different concentrations of eugenol. Notes: (A)—ALB, TP, (B)—TG, (C)—GLU, (D)—TCHO. The
same lowercase letter in the graph indicates an insignificant difference (p > 0.05), whereas different
lowercase letters indicate a significant difference (p < 0.05).
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3.1.5. The Glycogen Index

The content of liver glycogen in each experimental group was higher than that in the
control group (p < 0.05). The muscle glycogen content significantly increased in crucian
carp after being anesthetized with different concentrations of eugenol (p < 0.05; Figure 5B).
The muscle glycogen content of crucian carp in the control group was 3.12 ± 0.42 mg/g,
which was similar to the change trend of liver glycogen. A significant difference in muscle
glycogen content was observed between the control group and each experimental group
(p < 0.05), whereas no significant difference was observed among experimental groups
except the 20 mg/L group (p > 0.05).

 

Figure 5. Changes in liver and muscle glycogen mass fraction content in crucian carp after anesthesia
with different concentrations of eugenol. Notes: (A)—liver glycogen mass fraction, (B)—muscle
glycogen mass fraction. The same lowercase letter in the graph indicates an insignificant difference
(p > 0.05), whereas different lowercase letters indicate a significant difference (p < 0.05).

3.2. Pathology
3.2.1. Gills

The gill tissue sections of the control group and carp anesthetized with different
concentrations of eugenol are shown in Figure 6. In contrast with the control group, the
20, 60, 70, and 80 mg/L eugenol-treated groups showed edema and elevation of the gill
lamellae, which were not neatly arranged (neither perpendicular to the gill filaments nor
parallel to one another), and the bases of the gill lamellae were elevated and not smooth.
The mitochondria-rich cells were smoothly distributed at the base of the gill lamellae, with
no clear elevation or detachment; the flat epithelial cells were neatly arranged on the gill
lamellae; and the overall structure showed normal physiology.

3.2.2. Liver

The liver tissue sections in the control group and groups anesthetized with different
concentrations of eugenol are shown in Figure 7. The liver samples of all anesthetized
groups were compared with those in the control group, and no significant changes in
normal liver histology were observed. Most nuclei appeared in the centers of the liver cells,
and prominent heterochromatin and nucleoli were observed. In all experimental groups,
no bleeding symptoms, necrotic areas, inflammation, edema, or granuloma were observed.
The islets contained acinar cells and many secretory granules.
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Figure 6. Effects of eugenol anesthesia on the histological structures in the liver in crucian carp.
Note: BC: blood channel; GL: gill lamella; CC: chloride cell; PVC: pavement cells; MRC:
mitochondrion-rich cell.

 

Figure 7. Effects of eugenol anesthesia on the histological structure of the liver in crucian carp. Note:
VS: vacuoles; HC: hepatocytes; HN: hepatocyte nucleus; BV: blood vessels.

3.2.3. Muscle

The muscle tissue sections of the control group and the group anesthetised with
different concentrations of eugenol are shown in Figure 8. Muscle is composed of many
muscle fibers. In the control group, the muscle fibers were closely arranged. The muscle
fiber sizes among the concentration groups differed, the muscle fiber arrangement was
disordered, and the muscle fiber diameter was significantly smaller than that in the control
group. In the 20–80 mg/L concentration group, the muscle fiber gap was further widened,
the muscle fiber was disordered, and a clear fracture phenomenon occurred.

 

Figure 8. Effects of eugenol anesthesia on muscle structure in crucian carp.
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3.3. Response of an Electronic Nose to Volatile Flavor Compounds in Crucian Carp Anesthetized
with Different Concentrations of Eugenol
3.3.1. Radar Fingerprinting of the Effects of Different Concentrations of Eugenol on Muscle
Flavor in Crucian Carp

Radar fingerprints of the effect of muscle flavour in the control group and the group
anaesthetised with different concentrations of eugenol are shown in Figure 9. The aroma
of muscle tissue from crucian carp anesthetized with different concentrations of eugenol
was analyzed with an electronic nose. A radar map was constructed to reflect the effects of
different concentrations of eugenol on volatile components in muscle. The 18 sensors of
the FOX4000 electronic nose differ in their sensitivity to gas. When the sensor is in contact
with gas, the ratio of relative conductivity G/G0 is proportional to the gas concentration.
When G/G0 > 1, the gas concentration is high. When G/G0 ≤ 1, there is no response
gas, or the gas concentration is below the detection limit [27]. As shown in Figure 6, the
18 sensors of the electronic nose responded to different concentrations of eugenol among
the volatile flavor substances of crucian carp muscle, and the response intensity differed.
The G/G0 of T30/1, P10/1, PA/2, P30/1, and P40/2 sensors was higher than that of the
other sensors. The concentration of eugenol in the control group was higher than that in
all experimental groups except the 80 mg/L group. The effects of eugenol on the muscle
in crucian carp in the other experimental groups were unclear, and the difference in the
response signal intensity was small. The principal component analysis diagram can be
visually distinguished.

Figure 9. Radar fingerprinting of the effects of different concentrations of eugenol on muscle flavor
in crucian carp.

3.3.2. LDA Analysis Based on the Electronic Nose Method

The LDA analysis of muscle based on the electronic nose method in the control group
and the anesthesia group using different concentrations of eugenol in Figure 10. LDA is a
statistical method that uses samples of known categories to establish a discriminant model
and discriminate among unknown categories of samples [28]. The electronic nose data
after LDA dimension reduction analysis are shown in Figure 7. The contribution rates of
LDA1 and LDA2 were 74.2% and 14.25%, respectively, and the cumulative contribution
rate was 88.45%. These two principal components essentially reflected all information
characteristic of crucian carp. LDA distinguished each crucian carp muscle test group
exposed to different concentrations of eugenol and the control group, and showed no
overlapping area.
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Figure 10. LDA analysis based on the electronic nose method. Note: CK: 0 mg/L, A: 20 mg/L,
B: 30 mg/L, C: 40 mg/L, D: 50 mg/L, E: 60 mg/L, F: 70 mg/L, G: 80 mg/L.

4. Discussion and Conclusions

Blood physiological indexes are closely associated with metabolism, nutritional status,
and diseases in fish [29]. The main role of WBC is to protect the body and resist invasion
pathogens [30]. RBCs are oxygen-transporting cells in the blood, which transport fresh
oxygen to the body tissue through the blood in the circulatory system in fish, and simul-
taneously squeeze the capillaries of the body and transport carbon dioxide from tissue to
the lungs, thus allowing the fish to breathe [31]. PLT are small pieces of cytoplasm that are
lysed from the cytoplasm of mature megakaryocytes in the bone marrow. These blood cells
maintain hemostasis in the body and have active immunomodulatory effects. HGB is a
metal protein in red blood cells, which usually transports oxygen and carbon dioxide in
fish blood [32]. Liang et al. [33] analyzed the anesthetic blood indexes of clove oil on tilapia
(Oreochromis mossambicus) and found higher content of WBC, RBC, HGB, and PLT in the
blood after anesthesia than in the control group. In our study, the content of RBC, WBC,
PLT, and HGB in crucian carp after anesthesia with different concentrations of eugenol
was lower than that in the control group. We speculated that eugenol anesthesia might
have influenced blood function in fish, in contrast to the results in tilapia research. It is
speculated that the results may be caused by temperature or species differences.

Changes in serum enzymes can reflect the metabolism and material transformation of
the body, and the different states of tissue structure and function, and serve as important
indicators of the integrity of the cell membrane [34]. LDH is present primarily in myocardial
cells, and its main function is to catalyze the oxidation of lactic acid to pyruvate in cells. An
increase in LDH activity reflects the degree of damage to the kidney of the myocardial cell
nucleus [35]. ALP is directly involved in the transfer and metabolism of phosphate groups
in organisms, and thus plays a role in metabolism and immune protection in organisms [36].
ALT and AST are important aminotransferases widely present in animal cell mitochondria,
and their content is high in hepatocytes [37]. Under normal circumstances, only small
amounts of transaminases in hepatocytes are released into the blood, and consequently,
the activity of transaminases in the serum is low. When the content of ALT and AST in
the serum increases, hepatocytes are considered to be damaged, and ALT is an important
indicator of liver damage. In general, the concentrations of LDH, ALP, ALT, and AST in the
serum of crucian carp increased after eugenol anesthesia, possibly because of the synthesis
and release of enzymes in the body of crucian carp in response to the stress of eugenol
anesthesia, thus increasing the activity of these enzymes. This finding is consistent with
research results on Oncorhynchus mykiss anesthetized with myrcene and eugenol [38].
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Inorganic ions such as PO4
3−, Mg2+, K+, and Na+ in the serum play important roles in

maintaining plasma osmotic pressure, acid–base balance, and the stability of the internal
environment in fish [39]. The kidneys are associated with the metabolism of magnesium
and phosphorus. When the kidneys are damaged, the level of magnesium and phosphorus
metabolism in fish becomes abnormal [40]. Feng et al. [41] have found that the serum phos-
phorus and magnesium levels of juvenile Siberian sturgeon (Acipenser baerii) increase after
eugenol anesthesia, similar to the results of this study. When the concentration of eugenol
was 80 mg/L, the content of magnesium reached a maximum. We speculated that with
increasing eugenol concentration, the damage to the fish kidneys caused by the anesthetic
was aggravated, thus resulting in renal dysfunction, abnormal magnesium metabolism,
and serum magnesium retention and increased level. In general, the permeability of fish
gill epithelium was greatest to hydrogen ions, followed by water and Na+. We inferred
that eugenol anesthesia in crucian carp increased the permeability of the gill epithelium.
Excessive Na+ entered the blood, and its concentration significantly increased, whereas K+

was inhibited, and its concentration significantly decreased. This finding is inconsistent
with that reported by Hu et al. [42], who have found that the serum K+ level in silver
carp (Hypophthalmichthys molitrix) increases by four times after CO2 anesthesia. Therefore,
differences in the mechanisms of various anesthesia methods may exist among fish species,
and the physiological functions of serum ions with different anesthesia methods must be
further explored.

Blood GLU provides energy to support various life activities in fish and is susceptible
to fluctuations in environmental factors [43]. The normal blood GLU content in fish is
2.78–12.72 mmol/L [44]. The blood GLU concentration in crucian carp in the control group
was lower than that in each group after anesthesia. This finding might have been due to
a decrease in blood GLU metabolism after anesthesia, thereby increasing the blood GLU
concentration. The physiological functions of ALB in the blood include maintaining colloid
osmotic pressure, and transporting serum calcium ions, unconjugated bilirubin, free fatty
acids, and hormones [45]. After anesthesia with eugenol, the ALB value in crucian carp
decreased, possibly because ALB, as a carrier of nutrients, increased consumption when
dealing with the anesthesia slope, thus providing energy for the body, repairing damaged
tissues, and participating in maintaining plasma colloid osmotic pressure balance. This
possibility is consistent with the results of Zhu et al. [46], who observed the decreased
effects of electrical anesthesia on ALB in the blood of juvenile Coreius guichenoti. Lipids in
the blood serve as raw materials for the metabolism of liver cells, including total cholesterol,
triglycerides, high-density lipoprotein, and low-density lipoprotein [47]. Total cholesterol
is not only an important component of biofilm but also a prerequisite for the synthesis of
bile acids, steroid hormones, vitamin D3, and other physiologically active substances [48].
Triglyceride, total cholesterol, and total protein levels are affected by protein catabolism and
hepatic glycogen decomposition. In this study, the serum triglyceride content in crucian
carp in the experimental groups was lower than that in the control group, whereas the
total cholesterol content in the experimental groups did not significantly differ from that
in the control group, in agreement with the results of eugenol anesthesia in short-tailed
bass (Piaractus brachypomus) [19]. The reason for the decrease may be that under anesthesia,
blood lipids are involved in metabolism and are transported and decomposed. Serum GLU
in fish is generally provided by liver glycogen and muscle glycogen [49]. Muscle glycogen,
an important energy source for maintaining the body’s metabolism, exists primarily in
muscles and is an important indicator of the degree of environmental stress. Changes in
muscle glycogen clearly reflect the body’s adaptation to the environment [50]. The increase
in muscle glycogen and liver glycogen concentration in the anesthesia group was much
higher than that in the control group, possibly because of the decrease in metabolic rate and
the accumulation of muscle and liver glycogen after anesthesia. No significant difference
was observed in muscle glycogen and liver glycogen in each eugenol concentration group,
thus indicating that different concentrations of eugenol had little effect on the muscle and
liver in crucian carp.
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The gills are involved in gaseous exchange, acid–base balance, ion balance, nitrogenous
waste excretion, osmotic adjustment, and other multi-functional tissues [51,52]. The gills are
also a biological indicator used to measure water quality [53,54] and an important means
through which fish interact with the external water environment. In addition, fish gills are
an important organ for the absorption of anesthetics. The gills are the main respiratory
organ in fish, and are responsible for excreting metabolic wastes, such as ammonia nitrogen,
and regulating osmotic pressure [55]. The fish gills are composed primarily of gill filaments
and gill lamellae. The gill filaments extend vertically and have semicircular flat cystic
gill lamellae, which are arranged in parallel. The main part of the gill filament contains
gill cartilage, central venous sinus, and gill filament epithelial cells (composed primarily
of chloride cells, mucous cells, flat cells, and undifferentiated cells). The gill lamellae
are composed primarily of columnar cells, flat cells, and blood vessels (with blood cells).
MS-222 has been shown to cause swelling of gill tissue [56], thereby hindering oxygen
uptake by gill lamellae. Oliveira et al. [57] have found that eugenol can cause mild lamellar
epithelial hyperplasia in the gill tissue in freshwater fish. Similar phenomena were also
observed in this study. The liver is an important gland, and digestive and metabolic organ,
in fish. It is one of the most important organs responsible for maintaining physiological
functions, including bile secretion, metabolism, detoxification, and defense [58]. In this
study, the different eugenol anesthesia concentrations in crucian carp did not cause liver
tissue damage, in agreement with findings by Velisek et al. [59], indicating that eugenol
anesthesia in carp did not cause liver or kidney tissue damage.

The electronic nose is an array based on gas sensors, which simulate the human
olfactory system to capture the characteristic aroma of a sample. It has the advantages of
low cost, easy operation, and high accuracy [60]. The electronic nose technology based
on a bionic olfactory mechanism has developed rapidly in recent years. Li et al. [61] have
quantitatively analyzed the freshness of fish meal with electronic nose technology combined
with chemometrics. Zhang et al. [62] have used an electronic nose and other technologies
to study the volatile flavor components and their production mechanisms in Trachinotus
blochii fillets treated with different drying methods. Li et al. [63] used an electronic nose
to detect the biochemical indexes of Trachurus japonicus during frozen storage, to assess
its freshness. In this experiment, we observed no overlap between the control group and
the groups subjected to different concentrations of eugenol anesthesia; however, overlap
existed between the experimental groups, possibly because of the minor effects of eugenol
on the flavor substances in crucian carp muscle. The effects of eugenol treatment on the
flavor of crucian carp meat may be short-term, and the metabolism of eugenol in fish will
continue to be studied in the future.

5. Conclusions

According to the changes in blood physiological and biochemical indexes in crucian
carp after eugenol anesthesia, we determined that 20–80 mg/L concentrations of eugenol
had relatively small effects on the physiological and biochemical indexes, but relatively
greater effects on muscle, and did not result in major liver histomorphological effects.
However, the edema observed in a very small number of gill lamellae requires further
study to determine any potential histological effects of this anesthesia method. In fish
production and scientific research, eugenol can be used reasonably in this concentration
range, as appropriate. Eugenol affected the original muscle flavor of crucian carp. In the
future development of fishery anesthetics, more products with less influence on flavor
should be considered. This study provided a reference for the application of eugenol in
crucian carp transportation and experimental research.
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Abstract: Low-temperature deposition manufacturing has attracted much attention as a novel print-
ing method, bringing new opportunities and directions for the development of biological 3D printing
and complex-shaped food printing. In this article, we investigated the rheological and printing
properties of gelatin solution and conducted numerical simulation and experimental research on the
low-temperature extrusion process of gelatin solution. The velocity, local shear rate, viscosity, and
pressure distribution of the material in the extrusion process were calculated using Comsol software.
The effects of the initial temperature, inlet velocity, and print head diameter of the material on the
flow field distribution and printing quality were explored. The results show that: (1) the fluidity
and mechanical properties of gelatin solution vary with its concentration; (2) the initial temperature
of material, inlet velocity, and print head diameter all have varying degrees of influence on the
distribution of the flow field; (3) the concentration change of the material mainly affects the pressure
distribution in the flow channel; (4) the greater the inlet velocity, the greater the velocity and shear
rate in the flow field and the higher the temperature of the material in the outlet section; and (5) the
higher the initial temperature of the gel, the lower the viscosity in the flow field. This article is of
great reference value for the low-temperature 3D printing of colloidal materials that are difficult to
form at room temperature.

Keywords: low-temperature forming; numerical simulation; rheological properties; printing temperature

1. Introduction

3D printing technology refers to a technique employed for creating entities with special
shapes/properties by stacking materials layer by layer based on digital models, and is
capable of completing multiple tedious processes in traditional machining processes with
a high degree of flexibility and intelligence in the absence of a mold as an alternative to
traditional processing lines, thereby reducing energy consumption and production cost [1].
There are three categories of raw materials commonly used for 3D printing, namely powder,
slurry, and solid. The commonly used printing methods for powder raw materials include
3D printing technology (3DP) and selective laser sintering technology (SLS), those for solid
raw materials include inkjet-forming technology (LJP) and digital light technology (SLA),
and those for slurry raw materials mainly include fused deposition technology (FDM),
direct-write printing technology (DIW) [2], and low-temperature deposition manufacturing
(LDM). LDM is available as either plunger or screw types, depending on how extrusion
pressure is provided. The gel material itself has a certain viscosity. Screw printing requires
direct contact between the screw and material, making it difficult to clean during actual
printing [3,4]. However, plunger printing is simple in structure without requiring contact
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with the material, and the stepper motor is directly connected to a piston with high
accuracy [5].

Gels typically consist of large amounts of water and a three-dimensional network of
cross-linked polymers. Multifunctional hydrogel inks include double-network hydrogels,
magnetic hydrogels, temperature-sensitive hydrogels, and biogels [6]. Gelatin (GEL) is a
typical temperature-sensitive gel, which is the product of animal collagen decomposition.
It is an immune reaction-free and non-toxic natural polymer material with good biocompat-
ibility in living organisms. It has been approved by the FDA to be widely used in the food
industry as well as in biomedical fields such as pharmaceuticals, drug delivery, and tissue
engineering [7]. Currently, in the food field, Yang et al. [8] have achieved chicken gelatin
gel printing, and Dong et al. [9] have achieved potato starch gelatin gel printing, laying a
theoretical foundation for digitally accurate design and regulation of food nutrition; in the
biological field, Schuurman et al. [10] mixed methacrylate-anhydride gelatin solution with
cartilage cells to prepare a multilayer lattice-structured bio-scaffold by 3D printing tech-
nology. However, all the above studies were performed from the perspective of material
modification. Due to the limitations of the traditional preparation process, only hydrogels
with two-dimensional or simple three-dimensional structures can be prepared, and those
with high-precision complex models cannot be printed. In addition, the biological activity
of materials cannot be perfectly guaranteed by the vast majority of printing technologies.
Cryogenic 3D printing technology, from a process perspective, controls the temperature of
the printing environment, and is not only able to print some hydrogels that are difficult
to form but also effectively prevents the thermal phase transition of the material in the
printing process while ensuring its biological activity [11]. Therefore, low-temperature 3D
printing technology is widely used for the rapid design and manufacturing of hydrogels.
Tan et al. [6] conducted a preliminary biological evaluation of 3D printing materials coated
with type I collagen, poly-L-lysine and gelatin, and therefore, this article investigates the
gelatin printing and forming process based on low-temperature deposition 3D printing
technology from a process perspective, which has important research value.

Through the research results of Gu et al., Levett et al., and Zhao [12–15], it was found
that when the concentration of gelatin aqueous solution is too high, it is not suitable for
cell survival and is relatively easy to form. The research has little significance. When the
concentration of gelatin aqueous solution is low, it is suitable for cell survival but is not
easy to print and shape. In the food industry, gelatin is a natural food additive with a small
amount of addition. Therefore, we chose gelatin aqueous solutions with concentrations of
12 wt%, 9 wt%, 6 wt%, and 3 wt% within this range to study their molding process.

The solutions of non-Newtonian fluid and nonlinear flow problems based on the finite
element method (FEM) have been widely used in the additive manufacturability of material
flow characteristics and is of great significance to 3D printing process optimization. The
location of the printing head in a closed environment makes it very difficult to observe the
changes in fluid temperature and characteristics in the 3D printing process [16].

Moreover, gelatin is sensitive to temperature; its viscosity and elasticity are sensitive to
temperature changes. The ink near the nozzle outlet easily solidifies [17], resulting in nozzle
blockage. Therefore, in this article we numerically simulated flow field distribution (speed,
shear rate, viscosity) and temperature field distribution (temperature distribution, and the
change of outlet material temperature over time) in the print head during printing using
Comsol software. The mathematical model between extrusion line diameter and layer
thickness provided a theoretical reference for the matching of inlet velocity and printing
speed, and a self-made low-temperature 3D printing device was used in the gelatin printing
process experiment, which provided a theoretical basis for the 3D printing of colloidal
materials that are difficult to form at room temperature.
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2. Materials and Methods

2.1. Materials

12 g, 9 g, 6 g, and 3 g of gelatin (purchased from Henan Sugar Cabinet Co., Ltd,
Shangqiu, China. using food grade 180 freezing force) were, respectively, weighed and
mixed with 88 g, 91 g, 94 g, and 97 g of water in a beaker to prepare 12 wt%, 9 wt%, 6 wt%,
and 3 wt% gelatin aqueous solution. Subsequently, the gelatin solutions were placed in a
constant temperature water bath heating pot (purchased by 600 W Qun’an Experimental
Instrument Co., Ltd., Huzhou, China) for melting at a constant temperature of 40 ◦C, and
then in a negative pressure box (Puruiqi AP-01P) for 3–5 min for defoaming treatment in
an environment of −2.5 MPa. Finally, they were separately stored at 35 ◦C, 30 ◦C, and
25 ◦C for further use.

2.2. Measurement of Rheological Properties

The rheological properties of the samples were measured using the hybrid rheometer
Discovery HR-1, and the viscosity parameters of gelatin solutions at 35 ◦C, 30 ◦C, and
25 ◦C were measured. Three parallel experiments were conducted on each group of
samples. During the measurement, gelatin solution was dropped onto a parallel plate of
the rheometer with a gap of 1 mm between the two parallel plates. Before the experiment,
excess material outside the plate was scraped out and allowed to stand for 2 min until
it became steady. When the temperature of the material was consistent with the preset
temperature, the viscosity parameters were measured at a shear rate of 0.1–100 s−1 [5]. In
the temperature-sensitive processes, the oscillation mode was used to test the viscosity
variation curve with the temperature at 0–45 ◦C [18].

2.3. Finite Element Simulation
2.3.1. Simulation Scheme

Material concentration, inlet velocity, and nozzle diameter are important parameters
that affect flow field distribution in the flow channel. Gelatin is sensitive to temperature, so
temperature distribution and changes in the printing process are also key factors affecting
printing quality. In this article, we calculated the velocity, shear rate, viscosity, and pressure
distribution of materials in the extrusion process by combining the coupling experiment
and simulation while controlling a single variable, and then explored the effects of dif-
ferent process parameters (material concentration, inlet velocity, nozzle diameter, initial
temperature of gelatin solution) on the flow field distribution and printing quality in the
flow channel.

2.3.2. Conditions and Assumptions

1. Assuming that the material was an incompressible fluid;
2. Assuming that there was no slip between the material and the cylinder wall during

extrusion;
3. The piston moved at a constant speed at the inlet. The equivalent inlet velocity

boundary conditions were applied on this boundary to replace the constant movement
of the piston, with wall normal velocity vn = 0 and surface velocity vs = 0;

4. The material was a fluid with high viscosity, whose inertial force and gravity were
much smaller than the viscous force, so gravity was ignored;

5. The pressure at the nozzle outlet was 101,325 Pa, which was 1 atm;
6. The material was fully filled in the mold and stably flowed laminar in the flow channel.

2.3.3. Fluid Viscosity Model

The viscosity of the gelatin solution decreased with the increase in shear rate, char-
acteristic of a pseudoplastic fluid, i.e., the shear stress of the fluid τ and shear rate γ
have a nonlinear correlation. The selection of appropriate fluid viscosity model is very
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important for studying the fluidity of a pseudoplastic fluid. The constitutive equation of a
pseudoplastic fluid is [19]:

ηa = τ/γ = kγn−1 (1)

where k is the consistency coefficient and n is the rheological index.

2.3.4. Physical Model

Figure 1a shows a three-dimensional physical model of an extrusion device for a
3D printer, consisting of a material barrel, printing nozzle, fixed block, silicone heating
sleeve, resistance wire, and materials. The outer diameter of the material barrel was 17 mm,
the inner diameter was 14 mm, the length from inlet to outlet was 58 mm, the diameter
of the print head outlet was 1 mm, the length of the fixed block was 45 mm, and the
width was 30 mm, as shown in Figure 1b, which depicts the grid diagram of the extrusion
device, which was automatically generated based on the physical field, with a total of
9,893,297 units.

 
(a) (b) 

Figure 1. (a) 3D model of extrusion device; (b) Grid diagram of extrusion device.

Model Heat Transfer Analysis

The extrusion process of the gelatin solutions involved non-isothermal flow and solid
heat transfer, and transient analysis of the extrusion process was conducted using Comsol
software coupled with multiple physical fields. The model involved natural convection
heat transfer and contact heat transfer, where natural convection heat transfer refers to
the heat exchange between the air and the material in the material storage barrel, as well
as that between the fixed block, the bottom of the material barrel, and the surface of the
printing head and the external air, and contact heat exchange refers to the heat exchange
between the material and the barrel wall, as well as that between the fixed block and the
heating sleeve and the barrel wall.

The Heat Source and Its Initial Conditions

A silicone heating strip with a power of 20 W, a height of 45 mm, and a length of
106 mm was used as the heat source. A thermocouple was placed between the silicone
heating strip and the outer wall of the material barrel. When the ambient temperature
was 5 ◦C and the heating temperature of the silicone heating sleeve was 45 ◦C, the actual
measured temperature of the outer wall of the storage barrel was 31 ◦C, the temperature of
the inner wall of the storage barrel was 24.3 ◦C, and the temperature of the fixed block was
13.5 ◦C. Therefore, the initial temperature of the storage barrel and the printing head was
set to 24.3 ◦C, and that of the fixed block to 13.5 ◦C.
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Heating Condition Setting

The actual measured temperature of the outer wall of the storage barrel was 31 ◦C. The
temperature of the thermocouple was used to replace the temperature of the outer wall of
the material barrel. Using the implicit event built into Comsol, b1 = aveop1 (T) − 32 [degC]
and b2 = aveop1 (T) − 30 [degC] were set. During the calculation: if b_1 > 0, stop heating;
If b_2 < 0, start heating, where aveop1 (T) is the average temperature at the thermocouple,
keeping the outer wall temperature of the material barrel constant at 31 ◦C.

2.3.5. Convective Heat Transfer Coefficient

The heat transfer in the model was mainly in the form of natural convection heat
transfer, and the empirical formula for the convective heat transfer coefficient of natural
convection is [20].

hc =
Nμ

L
(2)

In formula (2), L is the characteristic length, hc is the Nusselt number, and Nμ is a
dimensionless number that represents the intensity of convective heat transfer, which can
be calculated by:

Nμ = c(GrPr)
m (3)

The material barrel was vertically placed, and the material was in the laminar flow
state, so c was taken as 0.59, and m as 0.25.

Gr =
βgΔTρ2L3

μ2 (4)

PT =
cpμ

k
(5)

where Gr is the Grashof number, which is dimensionless and represents the ratio of buoy-
ancy and viscous force acting on the fluid; PT is the Prandtl number, indicating the re-
lationship between the temperature boundary layer and the flow boundary layer; β is
the coefficient of volume change; g is the acceleration of gravity; ΔT is the temperature
difference; ρ is the density of air; L is the feature length; μ is the aerodynamic viscosity; cp
is the specific heat capacity of air; and k is the thermal conductivity of the air.

2.3.6. Printing Test

A self-developed LDM (Low-Temperature Deposition Manufacturing) printer was
used for process experiments, as displayed in Figure 2a. The equipment diagram is shown
in Figure 2b. The piston extrusion, printing environment cooling (5–10 ◦C), and heating of
the silicone heating sleeve (35–55 ◦C) were utilized, with a printing speed of 2–8 mm/s and
an inlet velocity of 0.03–0.09 mm/s. The printing model is shown in Figure 3.

 

Figure 2. Schematic diagram of the structure of the cryogenic deposition 3D printer: (a) Equipment
physical diagram; (b) Equipment diagram.
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Figure 3. Schematic diagram of grid structure.

3. Results and Discussion

3.1. Rheological Properties

Rheological performance is an important indicator for evaluating the 3D printing
performance of materials [21]. Materials used for extrusion 3D printing must have certain
flowability or melting characteristics, as well as the ability to maintain product shape
after printing is completed [22]. As shown in Figure 4a, when shear rate fluctuated from
0.1 s−1 to 3 s−1, the apparent viscosity of the gelatin solution significantly decreased; when
shear rate continued to increase from 3 s−1 to 100 s−1, the apparent viscosity of the gelatin
solution decreased slowly. The curve tended to be flat as the viscosity approached 0 Pa·s,
and the gelatin solution became closer to a Newtonian fluid. Overall, the apparent viscosity
decreased with the increase in shear rate, indicating that the gelatin solution exhibited shear
thinning behavior and was characteristically a pseudoplastic fluid, which was conducive
to the discharge of slurry through the nozzle [23]. As shown in Figure 4c,d, the viscosity of
the gelatin solution followed the same trend with shear rate at different temperatures, with
higher temperatures resulting in lower viscosity and shear stress at the same shear rate.
As shown in Figure 4a,b, the higher the concentration of gelatin solution, the higher the
viscosity and the higher the shear stress at the same shear rate.

Viscosity measurement is one of the commonly used methods to determine the gel
point temperature. The viscosity mutation point was used to determine the gel point
temperature. As shown in Figure 4e, the curve of 9% gelatin viscosity changes with
temperature. The gelatin viscosity changes abruptly at 31 ◦C, so 31 ◦C is the gel point
temperature of 9% gelatin.

The storage modulus (G′) is a measure of elastic solid materials, which reflects the
mechanical strength of the specimen. Materials with high mechanical strength exhibit
excellent self-supporting properties after deposition and maintain a stable shape after
printing. The loss modulus (G′′) is the viscous response of the stress–strain ratio under
dynamic oscillation frequency [23]. Different viscoelastic behaviors were illustrated using
loss tangent (Tan δ = G′/G′′) as a characteristic parameter. A tan δ less than 1 indicates
mainly elastic properties, exhibiting solid characteristics. On the contrary, a tan δ greater
than 1 indicates liquid properties [24], as shown in Figure 4f. When the temperature
was greater than 31 ◦C, the gelatin solution tan δ was >1, and exhibited liquid proper-
ties; at a temperature less than 31 ◦C the gelatin solution tan δ was <1, and exhibited
elastic properties.
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(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 4. Material rheological properties: (a) Apparent viscosity versus shear rate curve of dif-
ferent concentrations of gelatin solution; (b) Stress versus shear rate curve of different concen-
trations of gelatin solution; (c) Apparent viscosity versus shear rate curve of gelatin solution at
different temperatures; (d) Stress versus shear rate curve of gelatin solution at different temperatures;
(e) Apparent viscosity versus temperature curve of 9% gelatin solution; (f) Temperature-dependent
curves of storage modulus and loss modulus of 9% gelatin solution.

3.2. Analysis of the Flow Field Distribution in the Flow Channel

Taking a gelatin aqueous solution with an inlet velocity of 0.03 mm/s, an initial
temperature of 30 ◦C, a heating jacket temperature of 45 ◦C, an ambient temperature of
5 ◦C, and a concentration of 9 wt% as an example, the flow field distribution in the flow
channel was analyzed.
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3.2.1. Temperature Distribution

The temperature distribution during the printing process was under the above process
conditions as shown in Figure 5a. The heat exchange between the gelatin solution and the
air in the barrel and the barrel wall resulted in the temperature gradient in the entire model.
The temperature at the bottom of the material barrel was about 23 ◦C, higher than the
surface temperature of the print head (about 20 ◦C), forming a small temperature gradient,
which was conducive to the rapid cooling and solidification of materials after extrusion.

As shown in Figure 5b, the temperature at middle of the barrel was the highest, while
the temperature at the fixed block was the lowest. Due to the influence of the fixed block
temperature, the temperature of the gelatin solution at the inlet was relatively low.

3.2.2. Velocity Distribution

The velocity field has a direct impact on the quality of 3D printing of materials.
Figures 5c and 5d, respectively, show the velocity field distribution in the flow channel and
outlet under the above process conditions. It can be intuitively seen from Figure 5c that the
material in the cylinder was in a low-speed state, with an average speed of 0.032 mm/s and
that there was no significant change in speed. The material speed in the printing nozzle
was relatively high, with an average of 1.82 mm/s. As can be seen from Figure 5d, on
the same horizontal section, the fluid velocity peaked at the central axis of the nozzle and
decreased from the central axis to the inner wall, with the lowest velocity near the inner
wall, which was caused by the friction between the material and the solid wall [25]. These
results are comparable to those found in the study by Liu et al. [26].

3.2.3. Shear Rate Distribution

Gelatin solution is a pseudoplastic fluid whose viscosity varies with shear rate.
Figures 5e and 5f, respectively, show the distribution of shear rate fields in the flow channel
and outlet section under the above process conditions. As shown in Figure 5e, the shear
rate in the storage barrel section was lower, while that in the nozzle section was higher.
As shown in Figure 5f, the shear rate in the flow channel bottomed at the central axis and
increased from the central axis to the inner wall, with the shear rate higher near the inner
wall, indicating that the material was subjected to significant shear force at the wall surface.
These results are comparable to those of the study by Yang et al. [5].

 

(a) (b) 

Figure 5. Cont.
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 5. Cont.
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(i) (j) 

Figure 5. Simulation of channel flow field distribution based on Comsol: (a) Three-dimensional
temperature distribution; (b) Channel temperature distribution; (c) Channel velocity vertical distribu-
tion; (d) Outlet section velocity horizontal distribution; (e) Channel shear rate vertical distribution;
(f) Outlet section shear rate horizontal distribution; (g) Channel viscosity vertical distribution;
(h) Outlet section viscosity horizontal distribution; (i) Channel pressure vertical distribution;
(j) Outlet section pressure horizontal distribution.

3.2.4. Viscosity Distribution

The viscosity distribution of materials is also one of the main factors affecting the
forming quality of 3D printing, which is mainly reflected in the difficulty of extruding
materials at the outlet. Gelatin is a thermosensitive material. When the temperature was
lower than 30 ◦C, viscosity changed significantly with temperature. Figure 5g,h show
the viscosity field distribution at the flow channel and outlet under the above process
conditions, respectively. It can be intuitively seen from Figure 5g that the viscosity at the
upper end of the barrel was high, and that at the center and at the bottom of material barrel
was low. The viscosity at both sides was high, which was consistent with the temperature
distribution at the same inlet velocity rate, indicating that temperature was one of the main
factors affecting the viscosity distribution during printing.

As shown in Figure 5h, on the same horizontal section, the viscosity of the fluid
decreased from the axis to the inner wall, with the lower viscosity near the wall surface.
Due to the high shear rate at the nozzle outlet, the viscosity of the material dropped,
indicating that the material was easier to extrude. These results are comparable to those
reported by Shamsudin et al. for the effect of temperature and shear rate on viscosity
distribution [27].

3.2.5. Pressure Distribution

In the continuous-extrusion 3D printing process, pressure has a significant impact
on the material extrusion process [28] Figures 5i and 5j, respectively, show the pressure
field distribution in the flow channel and outlet section under the above process conditions.
As shown in Figure 5i, pressure in the storage barrel slightly changed, while that in the
nozzle changed significantly. In addition, the pressure in the material barrel section was
relatively large, while that in the nozzle section was relatively small. As shown in Figure 5j,
the pressure in the flow channel increased from the axis to the inner wall, with that near
the inner wall being relatively high, which was consistent with the horizontal velocity
distribution inside the nozzle, both caused by the high friction between the inner wall and
the material. These results are comparable to those of the study by Yang et al. [5].
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3.3. Effect of Inlet Velocity on Flow Field Distribution

In the LDM process, inlet velocity was regulated by varying the velocity of the piston.
The change in inlet velocity directly affected the velocity field within the flow channel,
which was a key factor affecting flow channel parameters and 3D printing efficiency.
Therefore, this section investigates the effect of inlet velocity on the flow field distribution
within the flow channel.

As shown in Figure 6a,b, inlet velocity increased from 0.03 mm/s to 0.09 mm/s,
and the average velocity at the nozzle outlet increased from 33.2 mm/s to 107.4 mm/s.
The average shear rate at the outlet increased from 30 s−1 to 87.8 s−1. The above results
indicated that both velocity and shear rate increased with the increase in inlet velocity. This
is comparable to the findings of Emin et al. [29].

As shown in Figure 6c, when the initial temperature was 30 ◦C, the temperature
variation trend in the Z-axis at different inlet velocities was the same, which firstly increased
and then decreased. As the inlet velocity increased, peak temperature gradually shifted
from the middle part of the printing barrel to the printing nozzle.

As shown in Figure 6d, at the initial temperature of 30 ◦C, with the increase in time, the
temperature of the gelatin solution outlet section first decreased and then shifted towards
equilibrium, and the greater the inlet velocity, the slower the decrease in temperature of
the gelatin solution in the outlet section, and the greater the temperature at equilibrium.
The inlet velocity increased from 0.03 mm/s to 0.09 mm/s, corresponding to the increased
temperature of the outlet gelatin solution from 25.1 ◦C to 27.1 ◦C, respectively.

Temperature was one of the main factors affecting the viscosity of gelatin, as shown
in Figure 6e,f. The variation trend of viscosity in different inlet velocity channels was the
same, with viscosity first remaining horizontal and then gradually decreasing to point A
because the temperature from the inlet to point A (the highest temperature point) gradually
increased due to the influence of the heating sleeve, and with the increase in temperature
the viscosity of the gelatin solution decreased.

Both extrusion speed and nozzle movement speed affect 3D printing because they
change the extrusion amount per unit time and length. The key problem of the continuous
extrusion line in 3D printing is matching between the extrusion speed and printing speed
(Figure 7). In the deposition process, the cross-section of deposited silk thread is generally
taken as an elliptical flat section, which increases the contact area between the front and
back deposition layers, thereby enhancing the adhesion between the two [30].

The inlet velocity of the gelatin solution is set as vj, the cross-sectional area during
extrusion as sj, the deposition velocity of the gelatin solution as vc, the cross-sectional area
during deposition as sc, and the volume of gelatin solution extruded within time t is Q. To
avoid line breakage or accumulation, the extrusion volume of gelatin solution per unit time
should be equal to the deposition volume of gelatin solution, which can be represented by
Equation (6).

Q = vjsjt = vcsct (6)

Equation (7) is an expansion of Equation (6).

vjπ(d1/2)2 = vc((d2 − h)h + π(h/2)2) (7)

Equation (8) is the relationship between inlet speed and printing speed, and the K
value is shown in Equation (9).

vc = kvj (8)

k =
πd2

1
4d2h − 4h2 + πh2 (9)

d2 =
vjπd2

1
4vch

+
(4 − π)h

4
(10)
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where vj is inlet velocity; vc is deposition rate; d is the print head diameter; d1 is the inner
diameter of the storage barrel; d2 is the width of extrusion line; and h is the thickness
of deposition layer. Due to certain errors between the theoretical model and the actual
situation, it was necessary to make corrections based on actual formula experiments.

  
(a) (b) 

 
(c) (d) 

  
(e) (f) 

Figure 6. Effect of inlet velocity on flow field distribution based on Comsol simulation: (a) Velocity;
(b) Shear rate; (c) Temperature; (d) Temperature variation curve of material in the outlet section with
time; (e) Viscosity; (f) Coordinate distribution.
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Figure 7. Line model.

Actual parameters were: h = 0.3 mm, d = 1 mm, d1 = 14 mm, vc = 5 mm/s. The
theoretical widths of deposition lines corresponding to inlet velocities of 0.0156 mm/s,
0.0313 mm/s, 0.0469 mm/s, and 0.0625 mm/s were calculated by formula 10 to be 1.068 mm,
2.034 mm, 2.99 mm, and 3.955 mm, respectively. The actual widths of the deposition lines
were measured using an electron microscope (TD-4KHT, SANQID), as shown in Figure 8,
which were 1.660 mm, 2.280 mm, 2.830 mm, and 3.320 mm, respectively.

Figure 8. The effect of inlet velocity on the deposition width of wire: (a) 0.0156 mm/s;
(b) 0.0313 mm/s (c) 0.0469 mm/s; (d) 0.0625 mm/s.

The relationship between the actual line width and the entrance velocity according to
the linear fit of the Origin software is shown in Equation (11).

d3 = 1.1415 + 35.3344vj (11)

The theoretical width as a function of entrance velocity is shown in Equation (12).

d2 = 0.1075 + 61.529vj (12)

The width error between the actual width and the theoretical width is shown in
Equation (13).

Dd3 − d2 = 1.0345 − 26.195vj (13)

The actual width minus the width error D is equal to the theoretical width, and the
revised coefficient k1 can be obtained by bringing it into Formula (10). Formula (14) is the
revised velocity relationship equation.

vc = k1vj (14)

k1 =
πd2

1
4hd2 + (π − 4)h2 − 4.14h + 104.78hvj

(15)

The appropriate line width was selected based on the printed model, with a wall
thickness of 2 mm. Therefore, d2 was set to 2 mm. According to Formula (14), the optimal
inlet velocity should be 0.0242 mm/s when the line diameter is 2 mm and printing speed
is 5 mm/s. Using this speed as a reference, the effect of inlet velocity on 3D printing was
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studied by controlling a single experimental variable. Grid model printing experiments
were conducted with inlet velocities of 0.0156 mm/s, 0.0250 mm/s, 0.0343 mm/s, and
0.0438 mm/s at a printing speed of 5 mm/s, respectively.

As shown in Figure 9a, there was stacking in the printing model at the inlet velocity
of 0.0438 mm/s, indicating that inlet velocity did not match printing speed, and that the
inlet velocity was greater than its optimal value. As shown in Figure 9b, when the inlet
velocity was 0.0343 mm/s there was a slight accumulation in the printing model, indicating
an improvement in the mismatch degree between the inlet velocity and the printing speed,
with the inlet velocity slightly higher than the optimal value. As shown in Figure 9c, when
the inlet velocity was 0.0250 mm/s, the forming quality was higher and the model was
smooth and flawless, indicating that the inlet velocity matched the printing speed at this
time and was close to its optimal value. As shown in Figure 9d, when the inlet velocity
was 0.0156 mm/s, the extrusion wire was broken, indicating that the inlet velocity did
not match the printing speed and was less than its optimal value. In summary, printing
quality could be guaranteed at the inlet velocity close to its optimal value at 0.0242 mm/s,
indicating that the matching between inlet velocity and printing speed was an interval
value. In this article, we study the relationship between extrusion speed and deposition
line width by setting the printing speed. This is consistent with the research ideas of
Cao et al. [31], who used a constant extrusion speed to study the relationship between
printing speed and line stretching rate. The results indicate that when the printing speed
remains constant within a certain range, the actual line width gradually increases with the
increase of extrusion speed.

 
Figure 9. The effect of extrusion speed on 3D printing quality: (a) 0.0438 mm/s; (b) 0.0343 mm/s;
(c) 0.0250 mm/s; (d) 0.0156 mm/s.

3.4. Effect of Initial Gelatin Solution Temperature on Temperature Field Distribution

During extrusion, the gelatin solution first transferred some heat to the printing head,
and then exchanged heat with cold air. If the initial temperature of the gelatin solution was
too high, it would take a longer time for the gelatin solution to cool down to the gel point.
The gelatin solution failed to solidify rapidly after deposition, resulting in a decrease in the
printing accuracy. Therefore, the initial temperature of the gelatin solution was one of the
important factors affecting printing quality.
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Guo et al. found that the gelatin gel process can be divided into two stages: the fast gel
stage and the slow gel stage. When the temperature of 9 g/dL gelatin solution is lower than
31 ◦C, gelatin enters into the slow gel stage, and when the temperature is lower than 26 ◦C,
gelatin enters into the fast gel stage [32]. Zhao et al. studied the influence of temperature
on the precision of gelatin molding. The results showed that a 10 w% gelatin solution was
in the form of liquid drop, pre-gelation, gelation, and super-gelation at 27, 26, 25, and 24 ◦C,
respectively, and the lines were more uniform when it was close to gelation [15].

This means that under ideal printing conditions the gelatin solution should be at a
rapid set point when extruded into the print nozzle outlet, allowing the gelatin solution
to set quickly after deposition. However, in practice there is a certain difference between
the temperature of the added gelatin solution and the temperature of the extruded gelatin
solution, which requires consideration of the heat exchange between the gelatin solution
and the barrel wall and print head during the extrusion process. So, in this section the
variation of the temperature of the material in the exit section of the gelatin aqueous
solution at different initial temperatures over time and the effect on print quality is explored.
Figure 10 shows the change curve of gel temperature with time under the conditions of
inlet velocity of 0.03 mm/s, ambient temperature of 5 ◦C, nozzle diameter of 1 mm and
heating jacket temperature of 45 ◦C. As shown in Figure 10, with the initial temperature
of 35 ◦C and 30 ◦C, the temperature at the exit section of the gelatin solution decreased
gradually and then became stable with the increase in time. At 35 ◦C, the temperature
of the gelatin solution decreased slowly and it took a long time to reach the equilibrium
temperature. At 3 ◦C, the temperature of the gelatin solution quickly stabilized, getting
close to the rapid setting temperature. At 25 ◦C, the temperature of the gelatin solution
firstly dropped, then rose, and finally tended to reach the equilibrium. At 25 ◦C, the lowest
temperature of the gelatin solution in the outlet section was 21 ◦C. Therefore, under the
above process conditions, the optimal initial temperature of the material should be about
30 ◦C.

Figure 10. Temperature versus time curve of gelatin solution exit section material at different initial
temperatures based on Comsol simulations.

Figure 11a shows the printing results of the gelatin solution at an initial temperature
of 35 ◦C, which indicates that the model exhibited stacking deformation. Figure 11c shows
the printing results of the gelatin solution at an initial temperature of 25 ◦C, accompanied
by particle-like extrusion lines. Figure 11b shows the printed results of the gelatin solution
at an initial temperature of 30 ◦C. The model has no flow or deformation phenomena, and
the molding quality is high, which is consistent with the simulation results.
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Figure 11. Gelatin printing effect at different initial temperatures: (a) 35 ◦C; (b) 30 ◦C; (c) 25 ◦C.

3.5. Effect of Material Concentration on Flow Field Distribution

At low shear rates, viscosity was related to the fluidity of the material before extru-
sion [8]. Therefore, it was very important to study the influence of viscosity variation with
numerical values on other parameters such as shear rate and pressure field. As shown in
Figure 12a,b, the distribution of velocity and shear rate fields in the flow channel did not
change with material viscosity, mainly depending on inlet velocity. As shown in Figure 12c,
the pressure inside the barrel remained basically constant in the Z-axis direction, and the
higher the concentration, the greater the pressure inside the barrel. The pressure gradually
decreased from the barrel to the outlet, and the pressure of the gelatin solution decreased
more rapidly with the increase in concentration, while the pressure at the nozzle outlet
basically remained unchanged. These results are comparable to the research results of
Yang et al. [5].

(a) (b) (c) 

Figure 12. Effect of material concentration on flow field distribution based on Comsol simulation:
(a) Velocity; (b) Shear Rate; (c) Pressure.

In the actual 3D printing process, the extrusion process was not instantaneously
extruded to the viscosity of colloidal materials. Only when the extrusion pressure was
greater than the material viscosity could it be smoothly extruded. The extrusion response
time was affected by material viscosity, and the higher the viscosity, the greater the pressure
required for material extrusion. The longer the extrusion response time, the greater the
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hysteresis, which was not conducive to printing. Therefore, pressure in the printing process
could be ensured within a reasonable range by adjusting the concentration of the gelatin
solution, and the material viscosity could be adjusted to an appropriate value.

The printing results of gelatin solutions with concentrations of 12%, 9%, 6%, and 3%
were obtained at an ambient temperature of 5 ◦C, an initial temperature of 30 ◦C, and an
inlet velocity of 0.025 mm/s, as shown in Figure 13. The storage modulus (G′) is a measure
of elastic solid materials, which reflects the mechanical strength of the specimen. Materials
with high mechanical strength exhibit excellent self-supporting properties after deposition
and maintain a stable shape after printing.

Figure 13. The effect of material concentration on 3D printing quality: (a) 12%; (b) 9%; (c) 6%; (d) 3%.

As shown in Figure 13a,b, the printing accuracy of 12% and 9% gelatin solutions
is relatively high. As shown in Figure 13c, 6% gelatin solution had insufficient support
performance, resulting in the serious deformation of the printing model. As shown in
Figure 13d, 3% gelatin solution flowed obviously during printing, making it difficult to form.
Therefore, the energy storage modulus of gelatin was proportional to the concentration
of gelatin, and when the gelatin concentration was below 6% its self-supporting ability
was far from being sufficient for formation. These results are comparable to the research
results of He et al., who showed that in the range of 10~20% MA modified gelatin gel, the
higher the concentration, the greater the Young’s modulus, and the better the mechanical
properties [33].

3.6. Effect of Nozzle Diameter on Flow Field Distribution

The nozzle diameter was a key parameter affecting printing time and accuracy. Using
the nozzle diameter as a variable, we explored its impact on the parameters inside the flow
channel. As shown in Figure 14a,b, there was no significant change in the velocity and
shear rate in the flow channel of the printing head with different diameters in the barrel
section, but they rapidly increased in the printing head section. The smaller the printing
head diameter, the more rapidly the velocity and shear rate increased.
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(a) (b) (c) 

Figure 14. Effect of nozzle diameter on flow field distribution based on Comsol simulation: (a) Veloc-
ity; (b) Shear rate; (c) Pressure.

As shown in Figure 14c, as the nozzle diameter increased from 0.5 mm to 2.0 mm,
the relative pressure inside the material barrel decreased from 19.9 Pa to 3.3 Pa, and
the pressure declined significantly by about 83.5%, which indicates that the smaller the
nozzle diameter, the greater the pressure required for material extrusion and the more
high-pressure zones there are in the flow channel. The pressure difference between the inlet
and outlet of the printing heads with diameters of 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm
was 19.9 Pa, 7.8 Pa, 4.6 Pa, and 3.3 Pa, respectively. The above results demonstrated that
the smaller the nozzle diameter, the greater the pressure difference between the inlet and
outlet. However, the larger the pressure difference, the more elastic potential energy is
released after extrusion, which is very likely to result in expanded extrusion. Therefore,
the nozzle with an appropriate diameter should be selected in the actual printing process.
These results are comparable to the research results of Oyinloye et al. [34].

4. Conclusions

Simulation techniques can be used to predict the distribution of the flow field in the
flow channel during the printing process, as well as the influence of process parameters on
the flow field distribution. It was found that the parameter changes within the barrel during
the low-temperature extrusion process were small, and the parameter changes were mainly
concentrated in the nozzle section. As the inlet velocity increases, the velocity and shear
rate in the flow field increase, and the material temperature in the outlet section increases.
The material concentration and temperature are the main factors affecting the viscosity;
as the gelatin concentration increases, its viscosity, storage modulus, and self-supporting
ability increase. As the print head diameter decreases, the pressure, velocity, and shear rate
in the flow channel increase.

The initial temperature of gelatin mainly affects the distribution of the temperature
field in the flow channel and the temperature of the gelatin aqueous solution in the outlet
section. In an ideal printing state, when the gelatin solution is extruded to the outlet of the
printing nozzle, the temperature of the gelatin solution should be at the rapid condensation
point temperature. When the temperature of the gelatin aqueous solution in the outlet
section is lower than the rapid condensation point temperature, it can easily cause the
gelatin aqueous solution to solidify in the printing head and cause extrusion blockage.
When the temperature of the gelatin in the outlet section is greater than the rapid setting
temperature of the gelatin, it can easily cause the print model to flow and collapse.

Through experiments and simulations, it was found that for the experimental 3D
printer—under the process conditions of: environmental temperature, 5 ◦C; heating jacket
temperature, 45 ◦C; nozzle diameter, 1 mm; and printing speed 5 mm/s—the molding
quality was better when the inlet speed was 0.025 mm/s, the initial temperature of the
gelatin solution was 30 ◦C, and the gelatin concentration was 9% and 12%. When the
concentration of gelatin solution was below 6%, it was difficult to form due to insufficient
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self-supporting ability. The process parameters obtained from the experiment were within
a range, which could also meet the molding process requirements when the inlet speed and
the initial temperature of the gelatin solution were close to the experimental conclusion.
This paper provides a certain reference value for the optimization of the low-temperature
deposition 3D printing process for other food materials and the design of a low-temperature
deposition 3D printer extrusion mechanism. Materials are an important factor limiting
the development of 3D printing at present. In the future, the printability of more kinds of
hydrogels can be explored, providing more possibilities for food and biological 3D printing.
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Abstract: Low-temperature food printing technology is used in many fields, such as personalized
nutrition, cooking art, food design and medical nutrition. By precisely controlling the deposition
temperature of the ink, a food with a finer and more controllable structure can be produced. This
paper investigates the influence of nozzle temperature on printing performance via a numerical
simulation and experimental research. The results indicate that the ink gradually changed from a
granular state to a fLow-characteristic deposition structure when the nozzle temperature increased
from 19 ◦C to 27 ◦C. When the nozzle temperature exceeded 21 ◦C, the ink demonstrated excellent
extrusion behavior and tended to flow. The widths of the rectangular frame deposition showed no
obvious changes and were 4.07 mm, 4.05 mm and 4.20 mm, respectively. The extrusion behavior of
the ink showed a structural mutation in the temperature range of 19–21 ◦C. Its line width changed
from 3.15 mm to 3.73 mm, and its deposition structure changed from a grainy shape to a normal
shape. Under the influence of different environmental control capabilities, bulk structure deposition
demonstrates an ideal printing performance at 21, 23 and 25 ◦C, and the latter temperature is
more suitable in the case of large external interference. The ink flowed violently when the nozzle
temperature reached 27 ◦C, at which point the deposit structure flowed and deformed seriously.
On the other hand, evaporation losses had a strong effect on Low-viscosity ink. To reach the full
potential of this promising technology, it is necessary to determine the effect of nozzle temperature
on printing performance. This article provides a method for developing and applying Low-viscosity,
Low-temperature food printing.

Keywords: low-temperature forming; low-viscosity ink; printing temperature; formability

1. Introduction

Three-dimensional food printing is a popular production technology for creating
customized and personalized food, and research on food printing is expanding in both
academic and commercial fields [1–3]. There are three main types of food materials currently
used for printing: (1) soft materials that can maintain their support after deposition;
(2) Low-melting materials that can crystallize to form layered structures; and (3) polymeric
materials with shear-thinning behaviors [4–6]. The viscoelastic and mechanical properties
of gel materials are determined by changes in the rheological properties of the ink [7]. In
addition, the temperature range from the barrel to the nozzle outlet is closely related to the
rheological behavior of the ink. A bad temperature gradient will lead to poor deposition
structure and support capacity [8–10]. Therefore, based on temperature regulation, it is
the focus of further research on food printing to explore the influence of the temperature
distribution of gel ink at the print head on printing performance. Gel food inks usually
exhibit strong colloidal characteristics at low viscosities, and are generally less affected by
food materials. Taking a gelatin solution as example, this paper explores the performance
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characteristics of Low-viscosity food inks during printing. The gelatin solution has the
typical characteristics of a pseudoplastic fluid, with high-temperature melting and Low-
temperature curing points which can be used for printing. It is often used as an additive
to improve ink performance, edible film preparation and bioprinting [11–13]. Compared
with other food gels, it shows greater fluidity at a low viscosity. Among materials used to
study the influence of nozzle domain temperature on Low-viscosity food ink, it is easier to
observe the flow behavior and more representative.

Low-temperature deposition manufacturing (LDM) is a cold-cure additive manufactur-
ing technique (AM) suitable for Low-viscosity food inks [14]. In a typical printing process,
the ink needs to be melted at the right temperature to be extruded through the nozzle. The
temperature is raised by a heating device on the barrel wall, and the forming environment
temperature is reduced via air cooling, water cooling or a cooling environment covering
the entire printer [15–17]. The cylinder has a certain diameter, and the heat transfer is
carried out through the cylinder and the nozzle in contact with the cooling environment.
As a result, the temperature distribution is not uniform across the center, the surface of
the cylinder and the nozzle. Due to the large temperature difference between heating and
cooling, the lower temperature will be concentrated in the nozzle and its upper area. This is
not conducive to the extrusion of ink and changes in temperature in the nozzle. Therefore,
an innovative nozzle structure is needed to regulate the temperature gradient.

Temperature changes will affect the rheology and printing properties of temperature-
dependent materials [18,19]. Gelatin is a highly temperature-sensitive material that exhibits
more pronounced rheological behaviors at different temperatures [20–22]. It gels at low
temperatures and melts at high temperatures, with a small range of variation that is easy
to observe in experiments. A large number of studies have shown that the temperature
changes in the barrel and the forming environment will affect the printing performance of
the ink and can regulate the state of the deposition structure [15,16,23–27]. Proper structural
design can improve the temperature gradient, which further affects the mechanical prop-
erties of printing [28–32]. The ink exhibits different forming capabilities and deformation
effects under different nozzle outlet temperatures and temperature gradients. Therefore, it
is important to understand the underlying mechanisms of different nozzle temperatures
on Low-viscosity food inks. This contributes to the development and application of 3D
printing food inks.

At present, the printing process of Low-viscosity food ink, especially the influence of
nozzle temperature on printing performance, has not been fully understood. We adopted
an integrated research approach, combining a numerical simulation and experimental
validation to obtain more comprehensive and accurate research results. The effects of
nozzle temperature on the printing properties, rheological properties and macroscopic and
microscopic structures of Low-viscosity food inks were systematically studied. Through
the results of this study, we aim to provide a scientific basis and optimization strategy
for the printing process of Low-viscosity food inks. At the same time, our research also
has important engineering value for the further development and application of food
printing technology. In the following chapters, we will introduce our research methods,
experimental design and an analysis of our results in detail. This will further verify
and explain our novel discovery and reveal the key mechanism of the effect of nozzle
temperature change on printing performance.

2. Materials and Methods

2.1. Material

To determine a suitable gelatin concentration, we printed ink with gelatin contents of
4, 6, 8, 10 and 12 wt%. According to Zhao’s master’s thesis (2019) and our actual printing
conditions, 10 wt% was used in this study [33]. The gelatin (purchased from Henan Sugar
Cabinet Co., Ltd., Henan, China, using 160 bloom) and water were prepared in a mixed
solution at a ratio of 1:9, placed in a constant-temperature water circulation heating pot
(purchased from 600 W Qun’an Experimental Instrument Co., Ltd., Zhejiang, China) for
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constant-temperature melting. It was defoamed (−2.5 MPa) using an air compressor
(AP-01P, Puruiqi, Beijing, China) and stored at 40 ◦C.

2.2. Rheological Analysis of Gelatin

The rheological properties of the gelatin were characterized using a hybrid rheometer
(Discovery HR-2, TA Company, Boston, MA, USA). The liquid gelatin was placed between
a 25 mm parallel plate and the platform, with a gap of 1 mm. The setup was equilibrated
for 1 min to reach the desired temperature (25, 30 and 35 ◦C), and excess meat was scraped
off of the platform. The variance in the apparent viscosity with the shear rate was recorded
as the shear rate was increased from 0.1 s−1 to 100 s−1. The elastic modulus G′ and the
loss modulus G′ ′ were calculated via a temperature sweep at a frequency of 1.6 Hz, and
the samples were heated from 4 ◦C to 40 ◦C within 20 min. The variance in the apparent
viscosity with temperature was recorded as the temperature was increased from 4 ◦C to
40 ◦C at a shear rate of 3.12 s−1. All measurements were conducted at an amplitude strain
of 0.5% within the linear viscoelastic region (LVR) [9].

2.3. Configuration and Optimization of the Design of 3D Food Printing Equipment and
Nozzle Structure
2.3.1. Configuration of Food 3D Printing Equipment

A 3D printer for Low-temperature food deposition was designed, as shown in Figure 1.
It added ambient cooling and nozzle domain temperature control to a traditional direct
writing (DW) food printer. The ambient cooling consisted of a PID controller and a cooling
box that surrounded the printer as a whole, as shown in Figure 1a. Nozzle domain
temperature control was achieved with a customized nozzle structure via water circulation,
as shown in Figure 1b.

 
(a) (b) 

Figure 1. Configuration of 3D food printing equipment: (a) custom-designed Low-temperature food
deposition 3D printer; (b) custom-made print head structure.

A temperature sensor was installed in the nozzle to accurately control its temperature.
However, nozzles used for food printing generally have diameters of less than 2 mm.
Considering the structural size of the temperature sensor, it was impractical to install the
temperature sensor inside the nozzle. Therefore, it was installed in the gap between the
self-made print head structure and the nozzle, and the temperature of the water circulation
recorded by the sensor replaced the temperature at the nozzle.

2.3.2. Nozzle Structure Design

Convective heat transfer occurred between the cold air in the cooling environment
and the nozzle. And the heat lost through the outer surface of the nozzle generated a
thermal gradient. This phenomenon is particularly evident in Low-viscosity food printing
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because Low-viscosity foods are more sensitive to temperature changes. This will lead to a
large deviation between the nozzle temperature and the barrel heating temperature, thus
affecting the temperature control accuracy of the deposition process. Here, we designed an
improved structure, as shown in Figure 1b. It was designed based on reducing heat loss
and controlling temperature. The water flow temperature was heated via water circulation,
and it was used to replace the thermal convection between the cold air and the nozzle.
The simulation results in Section 4.1.1 show that the temperature distribution and control
accuracy were improved.

The size of the optimized nozzle structure is shown in Figure 2. The inlet was above,
and the outlet was below. In order to ensure a spiral flow of water around the nozzle, they
were eccentrically designed. The water flowed from the inlet at a flow rate of 10 mm/s,
ensuring the nozzle temperature during continuous rotation.

   
(a) (b) (c) 

Figure 2. The size diagram of the optimized nozzle structure: (a) front view; (b) vertical view;
(c) equiaxial side view.

2.4. Finite Element Numerical Analysis
2.4.1. Finite Element Simulation of Gelatin Fluid

Using the Heat Transfer and CFD module of COMSOL6.0 software (Comsol, Inc.,
Burling, MA, USA), the temperature field of the gelatin in the barrel and nozzle was
analyzed via the finite element method.

2.4.2. FEM Modeling of the Print Head

The better printing conditions obtained from the early orthogonal experiments were
used for analysis. In order to accurately estimate the temperature distribution of the nozzle
in the printing state, a steady-state thermal simulation model of the printing state was
established based on the finite element method. Furthermore, geometric features such
as chamfers and threads were ignored, and resistance wire heating was regarded as an
isothermal shell heat source with a temperature of 30 ◦C. These decisions were made to
reduce the difficulty of modeling during the analysis process and improve computational
efficiency. The calculation grid and thermal boundary conditions of the nozzle domain are
shown in Figure 3. The outer surface of the nozzle structure was simplified as a convective
heat transfer boundary.

2.4.3. Geometry and Boundary Conditions

To reduce the calculation time, the calculation range was limited to the nozzle and the
barrel filled with gelatin (the part above the piston was ignored). The geometry simulation
was constructed using Solidworks2018 (Solidworks, Inc., Dassault Systemes, Waltham, MA,
USA). The mesh division of the simulated geometry is shown in Figure 3. Triangular mesh
was used to discretize the fluid domain in the geometry. In order to ensure the calculation
of turbulence, a finer physical field control grid was used. The grids of the entire model
contained 3,542,847 units. The related boundary conditions are shown in Figure 3b. Flow
was applied at the gelatin and water circulation inlets. The boundary conditions are listed
as follows:
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(1) Since it was assumed that there was no wall slip, the printing speed and water speed
at the wall were zero;

(2) The pressure at the outlet of the nozzle was 101,325 Pa, which was 1 atm;
(3) The piston was considered a rigid body and did not deform. Therefore, the piston

exerted a squeeze on the reservoir area at the same speed as its movement.

 
(a) (b) 

  
(c) (d) 

Figure 3. Schematic diagram of 3D printer nozzle and print head: (a) meshing of the overall model;
(b) the essential boundary conditions; (c) thermal boundaries of the overall model; (d) meshing and
heat transfer boundaries of the nozzle structure region.

2.4.4. Models and Assumptions

(1) Ink Flow Model

To analyze the flow characteristics of ink flowing through the nozzle, we evaluated
the Reynolds number (Re1) of the shear thinning flow [34]:

Re1 =
ρ1d1

nv1
2−n

K((3n + 1)/(4n))n8n−1 (1)

where ρ1 is the density, d1 is the nozzle diameter, v1 is the average velocity of gel ink,
n and K are the flow index and consistency index (Pa·sn), respectively, derived from the
rheological properties of the ink defined by the power law model [35]:

η
( .
γ
)
= m

.
γ

n−1 (2)
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where η is the apparent viscosity (Pa·s) and
.
γ is the local shear rate (s−1). The Re can be

used to identify a flow regime in a pipe, such as a laminar flow (Re ≤ 2300), critical flow
(2000 < Re < 4000), or turbulent flow (Re > 4000) [36]. The physical properties of the gel ink
(90% moisture content) and the power law model coefficients are listed in Table 1.

Table 1. The geometric parameters of FEM.

Parameter Symbol Value Unit

The density of the gel ink ρ1 1 g/cm3

The nozzle diameter d1 1 mm
The average velocity of the gel ink in the nozzle v1 0.83 mm/s

The consistency index K 0.04 Pa·sn

The flow index n 0.58
Reynolds number of the gel ink Re1 0.03

The density of water ρ2 1 g/cm3

The inlet diameter d2 3 mm
The average velocity of water v1 10 mm/s

The dynamic viscosity of water μ2 10−3 Pa·s
Reynolds number of water Re2 30
The Prandtl number of air Pr 0.713

For a given shear rate, the viscosity of the fluid is only related to n, and n quantifies
the response of the apparent viscosity to the shear rate. n > 1, n < 1 and n = 1 indicated
shear thickening, shear thinning and Newtonian fluid characteristics, respectively. The
printing ink studied in this paper was a non-Newtonian fluid with n < 1. Both exponential
coefficients in the power law model were measured via the rheological tests described in
Section 2.2.

Due to the low Reynolds number, the incompressible gelatin fluid was under stable,
isothermal and laminar flow conditions. The mathematical model of ink flow applied in
this study included the following continuity and momentum conservation equations in the
vector symbol [36]:

ρ1∇ · u1 = 0 (3)

ρ1
∂u1

∂t
+ ρ1(u1 · ∇)u1 = ∇ ·

[
−pI + μ1

(
∇u1 + (∇u1)

T
)]

+ F (4)

where u1 is the velocity vector, p is the hydrostatic pressure, I is the unit tensor, μ1 is the
dynamic viscosity of the gel ink and F represents other external forces. The effect of gravity
was neglected.

(2) Water flow model

To analyze the flow characteristics of the water circulation part, we evaluated the Re2
of the Newtonian fluid [37]:

Re2 =
ρ2v2d2

μ2
(5)

where ρ2 is the density of water, v2 is the average velocity of water, d2 is the inlet diameter
and μ2 is the dynamic viscosity of water. Table 1 shows that the Re2 of the water cycle was
small and should indicate a laminar flow. However, the water flow had an obvious vortex
flow in the improved nozzle structure, which was beneficial to the heat transfer between
the water body and the nozzle. The model (Low-Reynolds-number k−ε turbulence model)
applied in this study of water circulation included the following continuity and momentum
conservation equations in vector symbols [38]:

ρ2
∂k
∂t

+ ρ2u2 · ∇k = ∇ ·
((

μ2 +
μ2T

σk

)
∇k

)
+ Pk − ρ2ε (6)
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ρ2
∂ε

∂t
+ ρ2u2 · ∇ε = ∇ ·

((
μ2 +

μ2T

σε

)
∇ε

)
+ Cε1

ε

k
Pk − fεCε2ρ2

ε2

k
(7)

Pk = μ2T

(
∇u2 :

(
∇u2 + (∇u2)

T
)
− 2

3
(∇ · u2)

2
)
− 2

3
ρ2k∇ · u2 (8)

where k is the turbulent kinetic energy, u2 is the velocity vector, μ2T is the turbulent viscosity,
σk is the turbulent Prandtl number for k, Pk is the production of turbulent kinetic energy,
ε is the dissipation rate of turbulent kinetic energy, σε is the turbulent Prandtl number for ε,
fε, and Cε1 and Cε2 are constants. The effect of gravity was neglected.

(3) Assumptions

(1) Due to the slow extrusion speed and the small Reynolds number for food 3D
printing, the laminar flow of the ink was adopted in the barrel;

(2) The flow in the barrel was considered to be fully developed;
(3) The influence of a small amount of gas in the barrel was ignored;
(4) The ink did not slip on the wall during printing;
(5) The friction between the piston and the storage cylinder was neglected;
(6) The ink was a homogeneous material;
(7) The ink was considered an incompressible material.

2.4.5. Heat Transfer Settings

(1) Heat Transfer Analysis

The process of extruding gelatin ink involved natural convection heat transfer and
contact heat transfer. The natural convection heat transfer refers to the heat exchange
between the nozzle outlet, the barrel, the optimized nozzle structure and the external air.
The contact heat exchange refers to the heat exchange between the ink, barrel wall, water
circulation, nozzle structure, improved structure, heating sleeve and water circulation.
There was no clear thermal contact resistance between the faces of the contact part, which
was considered full-contact. No thermal contact resistance was set in the model, as shown
in Figure 3.

(2) Heat source for barrel heating

The heating element was installed in the heat insulation cotton as a heat source
during the experiment. And the temperature of the heating element was controlled via
a closed-loop temperature sensor. The temperature of the cylinder wall at a distance of
13 mm from the bottom of the cylinder remained relatively stable at different temperatures
(see Section 4.1.2). Therefore, the heating element and insulation cotton were regarded
as a whole as a constant temperature boundary. The temperature of the entire module
was defined as 30 ◦C (the average value of the ink in the cartridge measured at different
temperatures) during the simulation.

(3) Convective heat transfer coefficient

Using Re and the Grashof number (GrL) (two dimensionless numbers), the type of heat
transfer was determined as [37]:

GrL =
gβ(Ts − T∞)L3

ν2 (9)

where g is the acceleration of gravity, β is the volumetric thermal expansion coefficient, L is
the characteristic dimension and ν is the kinematic viscosity of the air. Ts and T∞ are the
temperatures of the surface air and the surrounding air. As the GrL/Re2 between the barrel,
nozzle structure, heat insulation cotton and the cooling ambient air was much greater than
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1, the heat transfer state between all models and the air was regarded as natural convection.
The convective heat transfer coefficient (h) thus can be expressed as [29]:

h =
0.59k

L
GrL Pr (10)

Pr =
μaircp

k
(11)

where Pr is a temperature-related physical property (the Prandtl number), μair is the
dynamic viscosity of air, cp is the specific heat capacity and k is the thermal conductivity of
air. Pr was defined as a 15 ◦C cooling environment.

3. Printing Experiment and Result Verification

A Low-temperature deposition manufacturing (LDM) food printer was used for
the experiments. According to the preliminary experimental results, suitable printing
conditions were selected. The diameter of the nozzle was 1.0 mm, the layer height was
0.5 mm, the ambient cooling temperature was 15 ◦C, the heating temperature of the barrel
was 55 ◦C, the water circulation temperature was 19, 21, 23, 25 and 27 ◦C and the travel
speed of the nozzle was 1.56 mm/s. The standard printing process was carried out at
refrigerated temperatures to evaluate the printing performance. We experimented with the
initial and optimized structures of gelatin in different nozzle temperature domains.

An electron microscope (TD-4KHT, Sanqiang Teda) was used to analyze the deposition
structure changes in the gelatin photographed. We selected the same location of the
deposited structure for analysis, as shown in Figure 4.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 4. Micrograph of sedimentary points of the unified model: (a) initial structure; (b) optimized
structure at 19 ◦C; (c) 21 ◦C; (d) 23 ◦C; (e) 25 ◦C; (f) 27 ◦C.

4. Results and Discussion

In 3D printing Low-viscosity food, the rheological properties of the printed materials
are significantly affected by temperature changes. In this section, the relationship between
material printing performance and temperature is investigated and discussed by controlling
the temperature of nozzle domain.

4.1. Analysis and Experimental Verification of Simulation Results
4.1.1. Analysis of Simulation Results

Figure 5 shows the steady-state distribution of printing temperature for the initial and
optimized structures. It can be seen from the figure that under the initial conditions, the
temperature peaked at 30 ◦C in the middle of the inner wall of the barrel and bottomed at
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19 ◦C at the outlet of the nozzle. The temperature drop at the top of the barrel was caused
by the piston being affected by the external temperature. This was the same case in the
optimized structure, but it had little impact on the printing performance because the ink
would be heated again during the extrusion process. Moreover, a significant temperature
drop occurred at the nozzle outlet due to the convective heat transfer between the cold
forming environment and the nozzle. It formed a lower and steeper temperature gradient
distribution, which was not conducive to nozzle temperature control during printing.

   

 

(a) (b) (c) 

  
(d) (e) (f) 

Figure 5. Steady-state temperature distribution under the initial and optimized structures: (a) initial
structure; (b) optimized structure at 19 ◦C; (c) 21 ◦C; (d) 23 ◦C; (e) 25 ◦C; (f) 27 ◦C.

The temperature distribution of the nozzle under the optimized structure was more
uniform. It had a gentler temperature drop than under the initial structure and a significant
impact on the temperature of the nozzle. It can be seen that the temperature dropped only
to a certain extent at the nozzle outlet. And there is a positive correlation with the water
circulation temperature. This helps us indirectly characterize the nozzle outlet temperature
using the water circulation temperature.

To compare the numerical difference between the simulated and actual printing
processes, temperature measurements were carried out and are described in Section 4.1.2.
Figure 6 shows the measured and simulated temperature curves at the nozzle outlet
(Point 1) at three points under different conditions. The simulated and experimental
temperatures at the nozzle outlet are also shown in the figure. And the deviations at
different temperatures are 2.16, 1.66, 0.56, 0.02 and −0.26 ◦C, respectively. The average
temperature deviation is about 0.83 ◦C. The mean difference from the actual value is 4.9%.
Due to the simplified treatment of the model, the simulation results fit poorly at lower
temperatures. Therefore, the simulation results are only used for further temperature
distribution and control analysis.

4.1.2. Experimental Verification

To verify the calculation accuracy of the simulation results and the temperature im-
provement ability of the optimized structure, several sets of experiments were carried
out to measure the actual nozzle temperature at different water circulation temperatures.
As shown in Figure 7, three-point temperatures of the initial and optimized structures
were measured using temperature sensors (PT100 platinum resistance temperature sensor,
±(0.15 + 0.002 × |t|), where t is the temperature value to be measured).

77



Foods 2023, 12, 2666

 

Figure 6. The temperature data measured by the sensor at three points and the simulated temperature
at Point 1.

Initial struc-
ture 

   

Optimized 
structure 

   
 Point 1 Point 2 Point 3 

Figure 7. Temperature measurement at three points (the red box indicates the measurement location).

Figure 6 shows the temperature data measured by the sensor and simulated by Comsol
software. It can be seen from the figure that with the increase in the water circulation
temperature, the growth rate at Point 1 was higher than at Points 2 and 3. The temperature
of Point 1 even exceeded that of Point 2 at 23 ◦C. This was because the influence of the
temperature of the water cycle weakens with increasing height and had a weaker effect at
Point 2. In addition, there was little difference between Points 1 and 3 at 19 ◦C whether
water circulation was present or not, but there was a gap of 8 ◦C at Point 2. The reason for
this was the difference in the dominant factors under such a condition. In the absence of
water circulation, the system was dominated by the heating device, and in the presence
of water circulation, it was dominated by the water circulation temperature. Figure 6 also
shows the deviation range between the nozzle outlet of the optimized structure and the
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water circulation temperature. It was 1.6, 1.8, 1.2, 1.5 and 1.2 ◦C, respectively. The average
deviation was 1.46 ◦C, indicating that the optimized nozzle structure was more effective at
temperature control, and there was a strong correlation between the water body and the
nozzle outlet temperature, which is consistent with the simulation results. In this paper,
the temperature of the water body, which can be easily controlled, replaces the temperature
of the nozzle outlet for analysis.

4.2. Rheological Properties of Gelatin

Food materials used for extrusion molding must have an appropriate viscosity, ease of
extrusion and a certain degree of adhesion to avoid deformation during the deposition of
structures [39,40]. The apparent viscosity of the gelatin ink with a water content of 10 wt%
is shown in Figure 8a. It decreased with the increase in the shear rate, so it was a typical
pseudoplastic food printing material. In addition, the viscosity also inversely proportional
to the temperature and decreased sharply in the range of 25–33 ◦C. This meant that gelatin
ink had low degree of printability at a low temperature and a high degree of fluidity at a
high temperature, which was not conducive to the structure-forming process of 3D printing,
as shown in Figure 8b.

  
(a) (b) 

 

 

(c)  

Figure 8. (a) The apparent viscosity of gelatin ink with a water content of 10 wt% at different
temperatures as a function of shear rate; (b) the apparent viscosity of gelatin ink with a water content
of 10 wt% as a function of temperatures; (c) storage modulus and loss modulus of gelatin ink with a
water content of 10 wt% at different temperatures.

The storage modulus G′ and loss modulus G′′ of the gelatin ink are shown in Figure 8c,
which shows that they were temperature-dependent. G′ was significantly higher than
G′′ at low temperatures, showing a gel structure dominated by an elastic ability that
made it easy to maintain the shape of the sedimentary structure [41]. With the increase
in temperature, G′ and G′′ gradually decreased, and the decline rate of G′′ was gradually
less than G′. When the gel network is depolymerized to a certain extent, the decrease rate
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of G′ slows down until it stops, and the decrease rate of G′′ gradually exceeds G′. The
change in internal tension led to the transfer of intermolecular and molecular internal
forces, gradually weakening the elastic part of the gel structure and enhancing its ability
to flow. The loss tangent (Tanδ = G′/G′′) is a characteristic parameter used to describe
viscoelastic behavior. A Tanδ less than 1 shows elastic characteristics, and a Tanδ greater
than 1 shows viscous characteristics [42]. At temperatures higher than 32.25 ◦C, G′′ was
greater than G′, and the gelatin ink demonstrated a flow ability with liquid properties. In
order to achieve successful printing, a reasonable temperature drive and precise rheological
characteristics are needed.

Low-viscosity gelatin ink has an obvious fast gelling stage and a slow gelling stage.
Upon cooling, gelatin undergoes physical gelation via the formation of triple helices. In
the rapid gelation stage, the gelatin changes over time to show an initial rapid growth
region in which a new helix is formed. In the slow gel phase, a slower growth region is
present, involving spiral elongation. For gelatin gels formed in the fast-gelling regime, the
rheological exponents depend on concentration but not on temperature. In addition, helical
elongation occurs for a long time at each temperature and concentration for gelatin [43]. The
slow gelling stage of 10 wt. % gelatin ink is large, and its slow gel time will be significantly
greater than the rapid gel time. Since food printing is a rapid prototyping process, the slow
gelation temperature is not suitable for printing analysis. Therefore, this paper used the
rapid gelation temperature as a printing reference. It is calculated as follows [43]:

Tl(K) = (35 + 0.18c0 + 273)
(

1 − 0.28
2 ln c0 + 5.06

)
(12)

where c0 is the initial concentration of gelatin (g/dL). Since the density of the ink is close
to water, the initial value is 10 g/dL, and the calculated rapid gel temperature is 27.67 ◦C.
Figure 8c shows the measured slow gelation temperature, 32.25 ◦C. These results are
consistent with the study of Guo et al.

4.3. Macroscopical Effect of Nozzle Temperature on Printing Performance
4.3.1. Rectangular Frame Sedimentary Structure

The deposition results of a rectangular frame with line segments lapped in the initial
and optimized structure are shown in Figure 9. Gaps and less granular deposition are
present in the initial structure. The optimized structure showed a serious extrusion issue at
the nozzle domain temperature of 19 ◦C, and the material deposited on the transparent
plastic film in a granular form. This was because the material gelatinized and blocked the
nozzle tip at an ambient temperature that was too low. In addition, a simple extrusion
behavior was observed at the nozzle temperatures of 21, 23, 25 and 27 ◦C, which was
caused by the strong temperature sensitivity of the Low-viscosity material. The results
show that the ink underwent a strong change in its printing performance in the 2 ◦C range.

However, as transparent plastic film is easy to fold and bend and is not easily made
completely flat, the deposited structure will show flow gaps of different sizes on the
film. This is somewhat beneficial for us to judge the flow properties of materials. With
the gradual increase in temperature, there were an increasing number of flow gaps in the
deposition structure on the film. It was not conducive to the deposition of the base structure
in the printing process.

The differences in material properties between the actual and ideal print were at-
tributed to the shear-thinning property of the material. As a result, the material which
should show elastic ability at 19–25 ◦C demonstrated extrusion performance. A polymer is
easier to extrude than a Newtonian fluid [44]. When the ink was sprayed into the nozzle,
the viscosity declined under the condition of the shear force, making it easier to extrude.
As a consequence, an ink that should demonstrate good extrusion performance above
27.67 ◦C (a fast-gelling temperature) can achieve a good deposition structure at 21 ◦C.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 9. Initial and optimized deposition structure of rectangular frame at different nozzle domain
temperatures: (a) initial structure; (b) optimized structures at 19 ◦C; (c) 21 ◦C; (d) 23 ◦C; (e) 25 ◦C;
(f) 27 ◦C.

The flow of food materials in the nozzle was regarded as a Poiseuille flow [45]. The
increase in temperature reduced viscosity but increased velocity, thus increasing the width
of the deposition structure. However, the width of the deposition structure did not change
significantly with the change in the nozzle temperature, as displayed in Figure 9, which
was more obvious in Figure 4. This was because the viscosity of the printing material
was too low and varied little with temperature at the same shear rate. This phenomenon
indicated that the ink had a sudden change in response to temperature but had little effect
on the width of deposition structure.

4.3.2. Cylindrical Sedimentary Structure

Figure 10 shows the cylindrical deposition structure of gelatin ink at different nozzle
domain temperatures (19, 21, 23, 25 and 27 ◦C) and the initial conditions. Among them,
the initial structure and nozzle temperature at 21 ◦C showed similar printing results.
This was due to the fact that the nozzle temperatures in the two states ware similar (see
Section 4.1), and the inks exhibited nearly identical rheological properties. The printing
performance of gelatin ink varied with the change in the nozzle domain temperature. The
19 ◦C sedimentary structure was granular and formed a complete cylindrical sedimentary
structure at the base. After printing to a certain height, there was a granular aggregation
due to the uneven support layer, and the particles collapsed to the side of the cylinder
after excessive aggregation, which was caused by the low fluidity of the ink at 19 ◦C. At
21 ◦C, the granular structure suddenly disappeared, which was consistent with the analysis
results in the previous section. At 21–27 ◦C, the porous defects in the gelatin gradually
disappeared until it exhibited the best printing effect at 25 ◦C, and the flow phenomenon
occurred due to strong fluidity at 27 ◦C. This was different from what was described in the
above section because although a better rectangular frame deposition was presented, the
fluidity was poor at 21 and 23 ◦C. The body structure deposition was prone to influence
from the external environment, leading to pore defects. The fluidity of the ink was better
at 25 ◦C, which made up for pore defects in the printing process, and it was suitable for
printing conditions that did not require precise external environment control. Therefore, it
is reasonably inferred that a more accurate ink model could be obtained at 21 and 23 ◦C
when the external environment is well controlled. If the above material conditions and
printing specifications were maintained, printing performance at 21, 23 and 25 ◦C varied
under different environmental capabilities.
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 10. Cylinder deposition structure of initial structure and optimized structure at different
nozzle domain temperatures: (a) initial structure; (b) optimized structure at 19 ◦C; (c) 21 ◦C; (d) 23 ◦C;
(e) 25 ◦C; (f) 27 ◦C.

4.4. Microscopic Effect of Nozzle Temperature on Deposition Structure

The micro-deposition structures of the rectangular frame under the same conditions
and position for the initial and optimized structures are shown in Figure 4. The deposition
width at the horizontal symmetry line of the picture was regarded as the average width
of the ink at this temperature. Gelatin shows inconsistent deposition widths on different
surfaces (the hydrophobic plastic material or the rough, corrugated, stainless steel surfaces,
etc.). This is caused by the combined effects of uneven surface morphology, the permeability
difference of gelatin, and the drying and shrinkage of gelatin. A transparent plastic film
is a typical hydrophobic plastic material with good transparency and a smooth surface.
Therefore, the observed width is generally more consistent than the width observed on
a rough surface in the gelatin printing process. In this paper, the deposition width of
the gelatin was studied using a transparent plastic film as the substrate. The deposition
widths at 19, 21, 23, 25 and 27 ◦C were 3.15, 3.73, 4.07, 4.05 and 4.20 mm, respectively. As
can be seen from the microscopic map, dark characteristics appeared on both sides and
bright characteristics appeared in the middle. This is because the light source illuminated
by the electron microscope deflected at the ends of the arc section, resulting in lower
levels of brightness at both ends. It can be more intuitively seen from Figure 11. After
evaporation, the ink arc was reduced, both ends became flat, and brightness was increased.
Under the initial conditions, there were obvious shadow-like lap marks in the middle of
the sedimentary structure, and it had irregular contour edges compared to the optimized
structures at 21, 23, 25 and 27 ◦C. The optimized structure at 27 ◦C had a smoother surface
and better shape. The reason for this situation was that the initial condition had no nozzle
domain water circulation heating structure. The actual temperature at the nozzle was
far lower than the charging barrel temperature but close to ambient cooling temperature.
The viscosity of the gelatin material sharply increased with the decrease in temperature,
which led to a decline in the passing ability of the ink at the nozzle and thus a poor
deposition effect. This phenomenon was more significant at 19 ◦C after optimization
and was accompanied by a serious granular deposition structure. In addition, lap marks
gradually weakened, and edges became smoother with the increase in temperature in the
range of 21–27 ◦C. The best effect emerged at 27 ◦C, but the viscosity was too low, and an
obviously uneven flow appeared on the test plate, as shown in Figure 12.
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(a) (b) 

     
(c) (d) (e) (f) (g) 

Figure 11. Deposition structures at different time under the optimal structure condition at 25 ◦C:
(a) normal view at 2 min; (b) 10 min; (c) micro view at 2 min; (d) 4 min; (e) 6 min; (f) 8 min; (g) 10 min.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 12. Typical bad spots and flows of deposition structures at different temperatures: (a) initial
structure; (b) optimized structure at 19 ◦C; (c) 21 ◦C; (d) 23 ◦C; (e) 25 ◦C; (f) 27 ◦C.

The normal extrusion of gelatin ink was achieved under these conditions except
that the deposition had obvious grainy quality at 19 ◦C. There was little difference in the
deposition width, which was consistent with the conclusion in Section 4.3. The mutability
of Low-viscosity gelatin to a temperature response was further confirmed. Considering the
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overall structure, lap marks and edge effects, the optimized 23 and 25 ◦C demonstrated
better printing performance. This phenomenon illustrated the importance of nozzle domain
temperature control for the overall and microscopic deposition performance in the 3D food
printing process.

4.5. Effect of Evaporation on Deposition Structure of Low-Viscosity Ink

In this study, the deposition structure of Low-viscosity ink showed obvious evapo-
ration loss and shrinkage behavior within 10 min (room temperature environment) after
printing, as shown in Figure 11. This is relatively common in gelled 3D printing materials
but usually occurs after a long time or in extreme environments [46]. With the increase in
time, the structure width of the gelatin ink decreased after evaporation. The small-scale de-
formation due to the flow disappeared, showing a flatter frame structure. This phenomenon
was caused by the low molecular content of the Low-viscosity ink. The reduced molecular
content extended the gelation time of the gelatin ink and made it more prone to melting at
room temperature. This was significantly different from conventional high-concentration
food printing. Although small-scale deformation and the disappearance of lap marks were
beneficial to the appearance and perception of the deposition structure, the deposition
width shrank by about 55%, which was not conducive to the formation of the next layer of
the structure or accurate control of the deposition structure. In the printing process, the
temperature should be maintained as low as possible to inhibit the influence of evaporation
loss on the printing structure. The volumetric evaporation loss of the structures that needed
to be preserved at room temperature was considered in the construction of the 3D model.

5. Conclusions

The temperature in the cylinder has an important impact on the printing performance
and deposition structure of extrusion 3D printing with Low-viscosity food. In order to better
understand the variation mechanism and potential role of the temperature domain from
the barrel to the nozzle, we developed a nozzle structure to quantify the temperature of the
nozzle domain and carried out a thermal analysis simulation via the finite element method,
as well as experimental verification. Through simulation and experimental comparison, a
10 wt. % gelatin ink demonstrated an ideal printing performance when exposed to varying
environmental control capabilities at nozzle domain temperatures of 21 ◦C, 23 ◦C and
25 ◦C. In the presence of external interference, the nozzle domain temperature should be
set as 25 ◦C to ensure excellent printing performance. The actual printable temperature is
about 6 ◦C lower than the temperature guided by the rheological properties. The response
of print performance to temperature changes was abrupt. It mutated at 19–21 ◦C, and
the ink deposition was granular below 19 ◦C and normal above 21 ◦C. With the increase
in temperature, the lap traces between the lines weakened, and the porous defects in
the body structure decreased. However, it showed a strong flow capacity at 27 ◦C, and
the flow deformation of the structure was serious. In addition, evaporation loss has a
great effect on the deposition structure of the Low-viscosity ink. When stored at room
temperature for 10 min, the evaporation loss occurred obviously, and the deposition width
decreased by about 55%. This paper provides a certain reference for forming or printing
other Low-viscosity food at low temperatures. Further research can be carried out to test the
printing performances of different inks at low temperatures or on different surfaces. Future
research should explore the forming performances and rheological properties of more Low-
viscosity inks at low temperatures and expand the application range of Low-viscosity ink in
food printing.
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Abstract: In order to develop a reliable and rapid method for meat freshness detection, nanocellulose
(TOCNF) prepared via the TEMPO (2,2,6,6-tetramethylpiperidine oxidation) oxidation method was
used as raw material to prepare hydrogels using Zn2+ coordination and binding. Physicochemical
properties such as water absorption and porosity were analyzed. It was further used to select suitable
hydrogels for the preparation of indication labels after anthocyanin adsorption, and it was applied
in the freshness detection of fresh minced pork. Five percent TOCNF (w/w) aqueous solution was
homogenized by high shear for 4 min, and 20% (w/w) zinc chloride solution was added to it, so
that the concentration of zinc ions could reach 0.25 mol/L. After standing for 24 h, the hydrogel
was obtained with good water absorption and a porous three-dimensional network structure. The
activation energies of volatile base nitrogen (TVBN) and anthocyanin indicating label color changes
were 59.231 kJ/mol and 69.453 kJ/mol, respectively. The difference between the two is within
25 kJ/mol, so the prepared indicator label can accurately visualize the shelf life of fresh pork.

Keywords: nanocellulose; anthocyanin; hydrogel; intelligent indicator label; freshness

1. Introduction

With the improvement of the quality of life, people’s attention to food quality and
safety is increasing, and the demand for fast and effective access to food quality and
freshness is also increasing [1]. To date, researchers have developed a variety of intelligent
food indicator labels to monitor the status changes in packaged products, such as food
freshness, spoilage and maturity, microbial counts, and product quality information such as
texture and flavor [2]. The freshness indicator label uses target chemical substances such as
carbon dioxide [3] or volatile nitrogen compounds [4] to dissolve in water to cause a change
in pH value, thereby causing a color change on the indicator label. The color change in the
label is highly sensitive and effective to humidity, but excessive humidity will cause the
label to absorb water, swell, and become damaged [5]. Therefore, the hydrophilicity and
stability of the material need to be considered in the preparation of the freshness indicator
label. Therefore, the hydrophilicity and stability of materials are the prerequisites for the
successful preparation of freshness indicator labels. Studies [6] have shown that in addition
to chemical dyes such as bromothymol blue and methyl red, natural pH-sensitive dyes [2,6]
such as anthocyanin, curcumin, and madder extract [7] were used to interact with highly
hydrophilic chemical substances such as starch, chitosan, polyvinyl alcohol, and other
substances to prepare food freshness indicator labels which have good indication effects
and natural pigments with low toxicity, and the indicator labels must not pollute the food.
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Hydrogel is a kind of material with a stable three-dimensional network structure made
of natural or synthetic hydrophilic substances by means of thermal gelation, ionic interaction,
chemical bonding or cross-linking, and it has the ability to hold a large amount of water [8].
If highly hydrophilic materials such as hydrogels are used to prepare indicator labels, the
adverse effects of humidity on the sensitivity and effectiveness of color changes can be
avoided, and the stability of the color response of pH-sensitive dyes to target chemicals can be
improved [9]. Among them, the advantages of natural polymer-based hydrogels such as starch
and cellulose compared with chemically synthesized materials in terms of biodegradability
and biocompatibility have attracted more and more attention [9,10].

Oxidized nanocellulose (TOCNF), which is obtained by oxidizing the hydroxyl group
at the C6 position of cellulose to a carboxyl group by using 2,2,6,6-tetramethylpiperidinium
oxide (TEMPO), has a large specific surface area, strong adsorption capacity, high mechan-
ical strength, and other characteristics [11,12]. TOCNF can not only be dispersed in the
aqueous phase in the form of individual fibers to form self-assembled hydrogels, but it can
also be cross-linked with counterions such as Zn2+ (Figure 1), Ca2+, Al3+, and the carboxyl
groups on the surface of TOCNF to form hydrogels. Thus, the mechanical strength and
stability of the hydrogel are improved [13].

Figure 1. Schematic diagram of Zn2+ cross-linked with TOCNF for gelation.

Therefore, in this study, Zn2+ was cross-linked with TOCNF to form hydrogels, and the
effects of the TOCNF addition amount, homogenization time, and Zn2+ addition amount
on hydrogel water absorption and porosity were explored. Furthermore, a hydrogel with
good water absorption was selected for the adsorption of blueberry anthocyanins, and
a hydrogel-based freshness indicator label was developed and prepared. Moreover, the
feasibility of using the indicator label to detect changes in the freshness of pork mince
during storage was explored, and the relevant kinetic model was established by using
the Arrhenius formula to evaluate the accuracy of its indicator effect, which provided a
clear reference for meat products during storage. It provides a new method for intelligent
monitoring of freshness in the process of transportation and in sales.

2. Materials and Methods

2.1. Materials

TEMPO oxidizes nanocellulose (TOCNF) with carboxylic acid content of 2.0 mmol/g,
fiber length of 500–1000 nm and diameter of 5–10 nm was supplied by a local retailer
(Tianjin Wood Spirit Biotechnology Co., Ltd., Tianjin, China). Anhydrous zinc chloride
(AR, 98%, w/w) and aqueous ammonia (AR, 25–28%, w/w) were purchased from Shanghai
Aladdin Reagent Company (Shanghai, China). Blueberry anthocyanins (10%, w/w) were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
Pork was sampled from fresh hind leg meat from RT-mart (Wuhu, China). The water used
in the experiment was deionized water.

2.2. Preparation of Nanocellulose Hydrogels

The preparation of the hydrogels was performed according to the experimental method
described by Lu et al. [13], as shown in Figure 2.
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Figure 2. Preparation process of nanocellulose hydrogel.

TOCNF suspension with a certain concentration (3%, 3.5%, 4%, 4.5% and 5% (w/v))
was homogenized for a certain period of time (3, 4, 5, 6, 7 min) by a high shear homoge-
nizer (Fluko FA25, Shanghai Fluko Technology Development Co., Ltd., Shanghai, China),
followed by 30 min ultrasonic defoaming, and then transferred quantitatively to a plastic
vial with an inner diameter of 25 mm. Then, a certain volume of zinc chloride solution with
a concentration of 20% (w/w) and pH = 3 was added along the inner wall of the vial to
maintain the content of zinc ions in the system. The total volume of zinc chloride solution
and TOCNC solution is fixed at 5 mL. Zinc chloride solution, without stirring, was directly
placed at 25 ◦C for 24 h, and then it was washed in distilled water three times to remove
excess zinc ions, freeze-drying the reserve.

2.2.1. Effect of TOCNF Concentration on Water Absorption and Porosity of Hydrogels

TOCNF powder was weighed and mixed with distilled water to obtain TOCNF
suspension with concentrations of 3%, 3.5%, 4%, 4.5%, and 5% (w/v), respectively. After
homogenizing for 5 min (Fluko FA25, Shanghai Fluko Technology Development Co., Ltd.),
the content of zinc ions in the hydrogel system was fixed at 0.25 mol/L to prepare the
corresponding hydrogel, and the water absorption capacity and porosity of the hydrogel
were measured.

2.2.2. Effect of Homogenization Time on Water Absorption and Porosity of Hydrogels

After the TOCNF suspension with 4% concentration was homogenized for 3 min,
4 min, 5 min, 6 min and 7 min, respectively, the content of zinc ions in the hydrogel system
was fixed at 0.25 mol/L to prepare the corresponding hydrogel, and the water absorption
capacity and porosity of the hydrogel were measured.

2.2.3. Effect of Zinc Ion Concentration on Water Absorption and Porosity of Hydrogels

After homogenizing the TOCNF suspension with 4% concentration for 5 min, the
contents of zinc ions in the hydrogel system were 0.05 mol/L, 0.15 mol/L, 0.25 mol/L,
0.35 mol/L and 0.45 mol/L, respectively. The corresponding hydrogels were prepared, and
the water absorption capacity and porosity of the hydrogels were measured.

2.3. Determination of Water Absorption Capacity of Hydrogels

The dried hydrogel was soaked in 10 mL distilled water for 24 h, and then the free
water on the surface of the hydrogel was removed, and the hydrogel was weighed [14].
Water absorption rate is calculated according to Formula (1).

Water absorption rate(%) =
W2 − W1

W1
× 100% (1)
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where W1 and W2, respectively, represent the mass before and after water absorption of the
dried hydrogel (g).

2.4. Determination of Hydrogel Porosity

After freeze-drying, the hydrogel was weighed, the diameter and thickness of the hydro-
gel were also measured, and the hydrogel was soaked in 10 mL is isopropyl alcohol solution
for 24 h to fill the pores, and the mass of the hydrogel after filling the pores with isopropyl
alcohol was weighed [15]. Its porosity was calculated according to Equations (2)–(4).

P(%) =
Vpore

Vgel + Vpore
× 100% (2)

Vpore =
mwet − mdry

ρ
× 100% (3)

Vgel = πR2 × H (4)

where Vpore, Vgel, mwet, mdry, R and H, respectively, represent the volume of hydrogel pore
(cm3), volume of hydrogel (cm3), weight of hydrogel after soaking isopropyl alcohol (g),
weight of freeze-dried hydrogel (g), radius of freeze-dried hydrogel (cm) and height of
freeze-dried hydrogel (cm).

2.5. Morphological Characteristics of Hydrogels
2.5.1. Scanning Electron Microscope

The dried and unground hydrogel samples were sprayed with gold, and the surface
morphology of the samples was observed by SEM at 10 kV accelerating voltage [16].

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR)

The hydrogel samples were mixed with pure TOCNF powder and pure KBr [17]. The
mixture was then ground and pressed at 100 Pa for 1 min, and the resulting transparent
sheet was used for measurement. All samples were analyzed in the wavelength range of
4000~400 cm−1.

2.6. Preparation and Characterization of Indicator Label
2.6.1. Response of Anthocyanins to pH

An amount of 1.0 g/L anthocyanin was obtained by dissolving 1.0 g blueberry antho-
cyanin in 1 L distilled water. Then, 1 mL of 1.0 g/L anthocyanin solution was added to
9 mL of solution with pH value of 1–13, stirred evenly, sealed into 25 ◦C incubator, and left
for 30 min without light. Finally, The UV-VIS spectrum of blueberry anthocyanin solution
in the pH 1–13 range was measured using a UV-VIS spectrophotometer with a scanning
wavelength of 400–700 nm.

2.6.2. Response of Anthocyanins to Ammonia

Firstly, 10 mL of 1.0 g/L anthocyanin solution (pH = 5) was placed in a 20 mL glass
bottle. Then, 20 mL of ammonia solution with a concentration of 0.028~0.28% (w/w) was
placed in another glass bottle. The two glass bottles were placed in a 450 mL sealed jar as
shown in Figure 3. After sealing, the anthocyanin solution was reacted at 25 ◦C for 3 h in
the dark, and the UV–visible spectrum of the anthocyanin solution was measured using a
UV spectrophotometer with a scanning wavelength of 400–700 nm [18].

2.6.3. Preparation of Indicator Label

Firstly, the hydrogel was prepared according to the methods described in Section 2.2.
Then, the freeze-dried hydrogel was soaked in anthocyanin solution of different concentra-
tions (0.5–2.5 g/L) for 24 h at 25 ◦C, the excess water was wiped off after taking it out, and
it was stored in a dark place at 4 ◦C.
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Figure 3. Schematic diagram of an experiment on the responsiveness of anthocyanins to ammonia.

2.6.4. Response of Indicator Label to Ammonia

The CIE L*a*b* color coordinates of the indicator label was determined with a col-
orimeter (HP-C220, Hanpu Photoelectric Technology Co., Ltd., Shanghai, China). In the
L*a*b* coordinates, a* represents the green–red color and b* the blue–yellow color of the
samples. The L* coordinate represents lightness, where L* = 0 is completely black, and
L* = 100 is completely white. The indicator label was placed over a 20 mL vial, with 20 mL
of 0.14% ammonia added to another vial, and both bottles were placed in a 450 mL airtight
jar as shown in Figure 4; after sealing and reacting in the dark at 25 ◦C for 3 h, the color
change in the indicating label was measured. According to Formula (5), the total color
difference in the indicating label before and after the reaction was calculated as follows:

ΔE =
√
(L − L0)

2 + (a − a0)
2 + (b − b 0)

2 (5)

where L0, a0 and b0 represent the initial color value of the indicating label. L, a and b
represent the values after the response of the indicating label, respectively [18].

Figure 4. Schematic diagram of an experiment on the responsiveness of the indicator label to ammonia.

2.6.5. Characterization of Indicator Label

Indicator label were vacuum freeze-dried and subjected to IR and SEM analysis
accorded the method as described in Section 2.5.

2.7. Application of Indicator Label in Detecting the Freshness of Minced Pork
2.7.1. Preparation of Minced Pork

Firstly, the fat and fascia on the hind legs of fresh peeled pigs were removed and
minced twice using a meat grinder. Then, 50 g of pork minced meat was placed on one
side of the plastic box, and the indicator label was fixed on the other side of the plastic box.
After the plastic box was sealed, it was stored at 4 ◦C, 14 ◦C, 24 ◦C, and 34 ◦C, respectively.
At certain intervals, the plastic box was taken out to measure the volatile base nitrogen
(TVB-N) content of pork mince, as well as the L (brightness), a (redness), and b (yellowness)
values of the indicator label, and analysis of the total color difference at different stages
was performed according to Equation (5) (ΔE).
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2.7.2. TVB-N Content Analysis

TVB-N concentration was measured according to China National Food Safety Standard
methods (Determination of Total Volatile Basic Nitrogen in Food; GB/T 5009.228–2016).
The results are expressed as mg of TVB-N per 100 g of pork. Finally, the freshness of minced
pork was analyzed according its TVB-N content [18].

2.8. Statistical Analyses

Every experiment was performed in triplicate and average values with standard errors
were reported. Using SPSS 25.0, statistical analysis was carried out according to analysis of
variance (ANOVA) for which Duncan’s method was adopted, and graphs were produced
with origin 2019b, and different lowercase letters for the same indicator was used to indicate
significant differences at 5% confidence intervals (p < 0.05).

3. Results and Discussion

3.1. Characteristics of Hydrogel
3.1.1. Water Absorption of Hydrogel

The anthocyanin solution needs to be fully absorbed during the preparation of the
indicator labels, so the study of the water absorption ability of the hydrogel is the pre-
requisite for the study of the application of hydrogels [19,20]. The influence of different
factors on the water absorption of hydrogel is shown in Figure 5. Figure 5A shows the
influence of the TOCNF addition amount on the water absorption of hydrogel. According
to the analysis, there was a very significant effect of the TOCNF addition amount on the
water absorption of hydrogel (p < 0.01), and with the increase in the addition amount, the
water absorption gradually increased, and the high shear homogenizer used in the experi-
ment cannot effectively homogenize the solution with the addition of nanocellulose in an
amount greater than 5.0%. The maximum value was 804.81 ± 112.00% at 5.0%. Figure 5B
shows the effect of zinc ion addition on the water absorption of hydrogel. According to
the analysis, the zinc ion addition had a very significant effect on the water absorption
of hydrogel (p < 0.01). With the increase in zinc ion addition, the water absorption first
increased and then decreased. The highest water absorption was obtained when the content
of zinc ion was controlled to 0.25 mol/L in the hydrogel system. Figure 5C shows the
influence of TOCNF homogenization time on the water absorption of the hydrogel. As
shown in Figure 5C, there was a very significant effect of the amount of zinc ion on the
water absorption of the hydrogel (p < 0.01). With the increase in homogenization time,
the water absorption first increased and then decreased. The highest water absorption
(753.68 ± 87.23%) was obtained when the TOCNF solution was homogenized for 4 min.

A large number of hydrophilic groups in the hydrogel (such as carboxyl and hydroxyl
groups contained in TOCNF) could form a hydrogen bond force with water molecules to
make water molecules fixed in the hydrogel’s three-dimensional network structure, thus
causing the hydrogel to rapidly absorb water and swell [21]. Therefore, the content of the
carboxyl group increases with the increase in the amount of nanocellulose added, and the
water absorption capacity of the hydrogel also increases. Zinc ion mainly increased the
three-dimensional network structure inside the hydrogel and improved the stability of the
structure by coordinating with the carboxyl group [22]. With the increase in the addition
amount, the network structure of the hydrogel was improved, causing the improvement
of the swelling performance of the hydrogel. However, the excessive zinc ion would
also affect the interaction between the internal hydrophilic group carboxyl group and
water and reduce the water absorption performance [22,23], making the water absorption
first decline and then increase with the increase in zinc ion. During the homogenization
process of TOCNF solution, cellulose was mechanically wrapped and folded to form
a three-dimensional network structure with low stability. As the homogenization time
increases, the effect of wrapping and folding became excessive, which also affected the
subsequent addition of zinc ions that could not fully penetrate into the interior of TOCNF
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for coordination and binding, thereby affecting water absorption. As the homogenization
time increases, the water absorption first increased and then decreased.

Figure 5. Water absorption properties of hydrogels induced by TONF (A) and zinc ions (B) and
under different homogenization times (C). Each value represents the mean ± SD (n = 3). Different
superscript letters (a, b, c) between columns indicate statistical differences according to Duncan’s
multiple comparison test (p < 0.05).

3.1.2. The Porosity of Hydrogel

Porosity is an important physical property of hydrogels. High porosity means that
the material has a large specific surface area and high adsorption capacity, which is more
conducive to the subsequent adsorption of the anthocyanin solution to prepare indicator
labels [8]. The influence of different factors on the porosity of hydrogel is shown in Figure 6.
As shown in the figure, the addition of TOCNF has no significant effect on the porosity
of the hydrogel (p > 0.05). Figure 6B shows the effect of zinc ion addition on the porosity
of hydrogel. As shown in Figure 6B, the amount of zinc ion added has a very significant
impact on the porosity of the hydrogel (p < 0.01). With the increase in zinc ion addition,
the porosity first increased and then decreased. The highest porosity (42.07 ± 0.59%) was
achieved when the zinc ion addition was 0.25 mol/L in the hydrogel system. Figure 6C
shows the effect of the TOCNF homogenization time on the porosity of hydrogel. As shown
in Figure 6B, the homogenization time has a very significant effect on the porosity of the
hydrogel (p < 0.01). As the homogenization time increases, the porosity shows a trend of
first increasing and then decreasing, with the highest porosity (45.44 ± 1.05%) at 4 min of
TOCNF suspension homogenization.

Under the mechanical force of the high shear homogenizer, the TOCNF solution
folds and tangles between TOCNF fibers to form a three-dimensional structure. The addi-
tion of zinc ions enhanced the interaction between carboxyl groups to produce the three-
dimensional structure more stable. However, excessive zinc ions induced the reduction in
particle size of the hydrogel, resulting in an increase in pore density and porosity [13,22].
However, a long time of homogenization treatment leads to strong folding and entangle-
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ment effect of cellulose molecules, which leads to the inability of zinc ions to penetrate into
the gel, thus reducing the stability, and the pore structure is also easily destroyed, which
reduces the porosity.

Figure 6. The porosity of hydrogels induced by TONF (A) and zinc ions (B) and under different
homogenization times (C). Each value represents the mean ± SD (n = 3). Different superscript letters
(a, b) between columns indicate statistical differences according to Duncan’s multiple comparison
test (p < 0.05).

3.2. Preparation of Indicator Labels
3.2.1. Response of Anthocyanins to pH

Anthocyanins exhibit different colors under different pH conditions. As shown in
Figure 7A, within the pH range of 1–13, the color changes in blueberry anthocyanins are in
the order of red, light pink, purple, blue purple, gray purple, and yellow brown. The color
change in the solution is due to the mutual transformation of the high-molecular-weight
conjugated system of anthocyanin molecules under different acid and base conditions. The
four molecular structures of anthocyanins with different colors, namely, xanthate cation
(red), methanol pseudobase (colorless), quinone base (blue), and chalcone (colorless), have
different degrees of mutual transformation due to the increase and decrease in H+ and
OH− ion content. Studies have demonstrated that pH value has a significant impact on
the stability and color changes in anthocyanins during storage. The anthocyanin solution
appeared red/pink in strong acidic conditions (pH < 2), purple/blue in a relatively neutral
medium (pH 6–7), and green/yellow under alkaline conditions, which were the colors
with greatest dominance (Figure 8) [24]. In addition, anthocyanin 3-glucoside achieved the
highest stability at pH 8–9, while other glycosides achieved the highest stability at pH 5–7.
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Figure 7. Color (A) and visible spectral absorption (B) characteristics of blueberry anthocyanin
solution at pH 1–13.

Figure 8. Molecular structure and color changes in blueberry anthocyanins at different pH.

Figure 7B shows the UV–visible spectrum of anthocyanin solution. Generally, the
greater the absorbance in the visible spectrum, the deeper the color development of the
solution. As shown in Figure 7B, within the pH range of 1–5, as the pH increased, the
maximum absorption wavelength of the solution shifted from 515 nm to 523 nm, and the
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absorbance value decreased significantly. When the pH of the solution increased to 10, the
maximum absorption wavelength was located near 581 nm. In the pH range of 11–13, the
maximum absorption peak of the solution disappeared, and the shape of the spectrum
remained unchanged. That is because, under strong alkaline conditions, the stability of
anthocyanins was poor, and the central ring of the anthocyanin molecule decomposed to
form chalcone. The absorbance and wavelength of blueberry anthocyanins were constantly
changing due to the structural transformation of anthocyanins caused by pH changes [24].

3.2.2. Response of Anthocyanins to Ammonia

When ammonia is dissolved in water, it forms ammonium ions and hydroxide ions,
leading to a change in the pH of the solution and causing a change in the color of the indi-
cator. The color response of the anthocyanin indicator solution to different concentrations
of ammonia is shown in Figure 9A. As the concentration of ammonia solution increases
from 0.028% to 0.14%, the color of the solution gradually changed from bright red to purple
red and then to purple. Then, as the concentration of ammonia increased to 0.28%, the
color of anthocyanin remained purple. Moreover, it was observed with the naked eye that
only changes in color depth were observed in anthocyanin solutions with an ammonia
concentration greater than 0.14%.

Figure 9. Color (A) and visible spectral absorption (B) characteristics of blueberry anthocyanin
solution for different concentrations of ammonia.

The UV–visible absorption spectrum corresponding to the reaction between antho-
cyanins and ammonia is shown in Figure 9B. It was observed that an absorption peak
appeared near 530 nm in a 1 g/L blueberry anthocyanin solution that was not in contact
with ammonia. As the ammonia concentration increased, the absorption peak gradually
shifted to the right, and the intensity of the absorption peak gradually decreased. This
was also due to the solubility of ammonia in water causing an increase in pH, and the
yellow salt cations gradually transformed into colorless methanol pseudobases and blue
quinone-type bases. However, when the ammonia concentration increased to 0.14%, the
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absorption peak disappeared. It indicated that the pH of the solution was sufficient to open
the central ring of anthocyanins, and the color of the anthocyanin solution also changed to
deep purple [18].

As the concentration of ammonia water continued to increase, there was no significant
change in the spectral pattern. Although the absorption intensity increased at 0.168%
ammonia concentration, there was no significant change in absorption intensity as the
ammonia concentration continued to increase. The results indicate that anthocyanin so-
lution had a relatively high sensitivity to ammonia [18,20], and the color of anthocyanin
solution varied with the change in ammonia concentration in the range of 0.028% to 0.14%.
Therefore, in the subsequent preparation of indicator labels, it was considered best to use
0.14% ammonia concentration for ammonia response experiments to ensure significant
color changes and reduce the waste of ammonia in the experiment.

3.2.3. The Color Difference in Color Indicator Labels

Under the action of microorganisms and enzymes, volatile nitrogen-containing com-
pounds such as ammonia, trimethylamine, and dimethylamine are produced during the
spoilage process of meat. Therefore, ammonia gas can be used to simulate the volatile
nitrogen-containing compounds generated during the process of meat spoilage, in order
to explore the response sensitivity of indicator labels obtained by soaking in different
concentrations of anthocyanin solutions [20]. Figure 10A shows the color changes in the
indicator labels on ammonia gas obtained by soaking different concentrations of antho-
cyanin solutions. It can be observed that the color of the indicator labels changed from
purple red to blue after 3 h of exposure to ammonia gas. As the soaking concentration
increases, the starting purple red color of the indicator labels becomes darker, and the
blue color after the reaction ends also becomes darker. Figure 10B shows the total color
difference changes in different indicator labels before and after exposure to ammonia gas.
As shown in the figure, as the concentration of the anthocyanin solution used to prepare
the indicator label increased, the total color difference in anthocyanins showed a tendency
of first increasing and then decreasing. As the content of anthocyanins that reacted with
ammonia increased, the indicator labels soaked in 1.5 g/L anthocyanin concentration has
the maximum total color difference before and after contact with ammonia (19.718 ± 0.434).
However, when the anthocyanin concentration continuously increased, the color change
which was caused by a pH change induced by ammonia reaching saturation. Moreover, the
deep red color inherent in anthocyanins also affected the color rendering effect, leading to
a decreasing tendency in total color difference. Therefore, the indicator labels obtained by
soaking 1.5 g/L anthocyanin solution was selected for experiments relating to the freshness
detection of pork mince.

3.2.4. Characterization of Indicator Labels
Infrared Spectrum of Indicator Labels

The infrared spectra of TOCNF, anthocyanins, hydrogels, and indicator labels are
shown in Figure 11. As shown in the figure, there is a strong and wide absorption peak
near 3377 cm−1 for blueberry anthocyanins and TOCNF, mainly due to the presence of
more hydroxyl groups in both anthocyanins and TOCNF. Moreover, the peak showed a
significant red shift in the hydrogel prepared by TOCNF, which might be due to the increase
in the number of hydrogen bonds during the preparation of the hydrogel. Compared with
the single TOCNF, the infrared spectrum of the indicator labels prepared by adsorption
of anthocyanins showed a blue shift. This is mainly because the addition of anthocyanins
increased the hydroxyl content in the sample, which also indicated that anthocyanins
were successfully adsorbed into the hydrogel [8,19]. At 1611 cm−1 and 1423 cm−1, the
characteristic peaks of TOCNF were observed, namely, the symmetric and asymmetric
stretching vibration peaks of -COOH. The characteristic peaks of anthocyanins at 1627 cm−1

and 1515 cm−1 were caused by the stretching vibration of C=C on the aromatic ring skeleton
of anthocyanins, and the absorption peak at 1284 cm−1 was caused by the stretching
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vibration of the pyran ring in its structure. The absorption peak at 1015cm−1 might be
caused by the bending vibration of C-H on the aromatic ring. The blue shift in the COOH
vibration peak in the hydrogel sample may be caused by the coordination bond between
zinc ion and carboxyl group. Moreover, the carboxyl vibration peak in the indicator label
showed a red shift, and the absorption peak at 1556 cm−1 indicated that anthocyanins were
adsorbed on the hydrogel and affected the original coordination bond. According to FT-IR
analysis, blueberry anthocyanins can attach well to hydrogels and have good compatibility
with TOCNF. The performance of indicator labels is mainly determined by intermolecular
forces, and the chemical composition of each substrate is not affected [9].

Figure 10. Color (A) and total color difference change (B) of indicator labels obtained by soaking
anthocyanin solutions of different concentrations. Each value represents the mean ± SD (n = 3).
Different superscript letters (a, b) between columns indicate statistical differences according to
Duncan’s multiple comparison test (p < 0.05).

Scanning Electron Microscope for Indicating Labels

The SEM image can be used to determine the dispersion and compatibility of various
components within the indicator labels. It was found by scanning electron microscope
that the cellulose fibers inside the freeze-dried hydrogel were coiled and wound, with
an obvious pore structure, but the diameters of the holes were different, with diameters
ranging from 60 to 100 μm. Therefore, the hydrogel prepared by shear homogenization
and the cross-linking of zinc ion and TOCNF had good water absorption and porosity, and
it has a certain application value.
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Figure 11. Infrared spectrum of hydrogel and indicator label.

Compared with the hydrogel shown in Figure 12A, the indicator labels with blueberry
anthocyanin in Figure 12B showed a more compact and smooth surface, indicating that the
blueberry anthocyanin and TOCNF hydrogel had good compatibility. In addition, the pore
size of the hydrogel prepared with anthocyanin and TOCNF were smaller than that of the
hydrogel. After the anthocyanins were adsorbed, the pore size of the hydrogel is 45 μm,
and there were some small particles of anthocyanins attached to cellulose aggregates. This
might be because the adsorption of anthocyanins successfully attached to the hydrogel
filled the original pore structure. Moreover, the phenolic hydroxyl groups in blueberry
anthocyanin molecules formed intermolecular hydrogen bonds with the hydroxyl groups in
nanocellulose [8,25], reducing the phenomenon of polymer chain molecular entanglement
and hydrogen bonding between cellulose molecules. Eventually, the mechanical properties
of the hydrogel were affected, making the internal structure more uniform.

  
(A) (B) 

Figure 12. SEM image of hydrogel (A) and indicator label (B).

3.3. Application of Indicator Labels in Detecting the Freshness of Pork Mince
3.3.1. Freshness of Pork Mince and Indicator Labels Color

The changes in the indicator label color, TVBN, and total color difference in pork
mince stored at different storage temperatures (4–34 ◦C) are shown in Figure 13. As
shown in Figure 14A–D, with the extension of storage time, the TVBN value and ΔE was
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constantly increasing, with an initial value of 1.90 mg/100 g for TVBN. In accordance with
the GB2707-2016 ‘Hygienic Standard for Fresh (Frozen) Animal Meat’, the TVBN value for
fresh meat should be less than 15 mg/100 g, and the indicator label should be purple red
at this condition. As shown in Figure 13A–D, with the extension of storage time, it was
observed that the color of the indicator label changes from purple red to blue purple at
different temperatures, and there were certain differences in the time and degree of color
change. According to the change in total color difference between TVBN and indicator
label in Figure 14A–D, it was inferred that this might be due to differences in TVBN values
greater than 15 mg/100 g at different temperatures. The TVBN value at 4 ◦C at 192 h was
20.85 mg/100 g, which exceeded the freshness standard for pork mince. And, at this point,
the minced meat ΔE was 5.88 ± 1.30, and the color was observed by the naked eye to change
from initial red to light purple. Subsequently, at 240 h, the TVBN value of pork mince was
85.09 mg/100 g, ΔE was 9.09 ± 2.37, and the edge of the label was seen by the naked eye
as blue purple. Similarly, the TVBN value for 72 h at a storage temperature of 14 ◦C was
36.46 mg/100 g, ΔE was 5.15 ± 2.13, and the edge of the indicator label could be visually
observed to appear blue purple. With the extension of storage time, the blue range of the
indicator label expands until it completely turns blue purple at 120 h, at which point the
TVBN value is 96.72 mg/100 g. The TVBN value at 24 ◦C for the 36 h was 19.78 mg/100 g,
and ΔE was 5.62 ± 1.89, indicating that the purple color of the label deepens, and as the
storage time prolongs, the label gradually turned blue until it completely turned blue
purple at 60 h. At this time, the TVBN value was 73.53 mg/100 g.

Figure 13. Color change in indicator labels (A–D) under 4, 14, 24 and 34 ◦C storage condition.

The TVBN value at 34 ◦C at 18 h was 39.68 mg/100 g, and ΔE was 15.29 ± 2.58,
indicating that the surface of the label turns blue. With the extension of storage time,
the blue color of the label deepened. The final TVBN value at 60 h was 133.25 mg/100 g,
ΔE was 19.76 ± 1.42, and a clear blue purple color was observed on the indicator labels.
There were certain differences in the types and metabolites of microorganisms at different
temperatures, which resulted in differences in the range and color depth of the blue
indicator labels at different temperatures. However, when the TVBN value exceeded
15 mg/100 g, the indicator labels for detecting the freshness of pork mince at different
temperatures showed a change from purple red to blue purple. Some freshness indicators
have been designed based on the volatile compounds released by microbial spoilage, thus
resulting in the pH increase inside the package headspace. For example, an on-package
indicator label was developed by Chen et al. [4] for monitoring lean pork freshness on
the basis of the presence of TVB-N in the package. It was found that the lower initial
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pH is, the slower color change is. This colorimetric freshness indicator provides three
different colors for illustrating freshness (red), medium freshness (goldenrod), and spoilage
(green), thus enhancing guarantee of pork safety. In contrast, visual pH-sensing films
containing curcumin and anthocyanins were developed as on-package indicator labels for
monitoring fish freshness in real time [26]. This SPVA/glycerol film incorporated with
curcumin and anthocyanins at a ratio of 2:8 (v/v) could provide three different colors,
which were assigned to the sign of freshness, medium freshness, and spoilage for packaged
fish. Furthermore, efficient prediction dynamic modeling of the freshness and freshness
indicator labels of pork mince is needed to explore the correlation between the indicator
labels and the quality of pork mince at different temperatures.

Δ

Figure 14. TVBN and total color difference in indicator labels (A–D) under 4, 14, 24 and 34 ◦C storage
condition. Each value represents the mean ± SD (n = 3). Different superscript lowercase letters (a,
b, c, d) between columns and capital letters (A, B, C, D) between points of curve indicate statistical
differences according to Duncan’s multiple comparison test (p < 0.05).

3.3.2. Dynamics Analysis of TVBN and Indicator Labels Color in Pork Mince

Mathematical modeling is an effective method for analyzing and predicting various
biological and chemical reactions that cause changes in food quality. The Arrhenius
equation is a commonly used empirical formula to represent chemical reaction rates and
temperature changes, which can explore the impact of temperature on the rate of change
in experimental objects. For example, the response change in the indicator labels can be
modeled as a function of the response time (t) and the reaction rate constant (k) of color
change. After the K value of the indicator label is determined, the activation energy (Ea)
can be calculated using the Arrhenius equation. Based on the dynamic model established
for pork mince and freshness indicator labels, the activation energy of pork and indicator
label changes could be obtained. However, it is generally believed that the difference in
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activation energy between the appropriate freshness indicator label and the food should
be less than 25 kJ/mol. Establishing a kinetic model can also accurately reflect the impact
of temperature changes around the food on the food and the indicator label, and it can
provide predictive factors for the food quality change process during the shelf life.

Analyzing the TVBN content in meat is beneficial for assessing food quality. Therefore,
the changes in TVBN content of pork mince stored at 4 ◦C, 14 ◦C, 24 ◦C, and 34 ◦C at different
time points were used to analyze the quality change trend of pork mince and determine its
kinetic parameters. For fresh pork quality changes, the first order kinetic equation should be
used to analyze the relationship between TVBN content of pork mince and time.

The trend and kinetic parameters of TVBN changes in pork mince at different temper-
atures are shown in Figure 15 and Tables 1 and 2. According to Figure 15, as the storage
time prolongs, the color difference and TVBN of indicator labels at different storage tem-
peratures showed a gradual upward trend, and the rate of change also varied at different
temperatures. The first-order kinetic equation is suitable for analyzing the changes in food
quality of fresh meat. Therefore, it is necessary to select an exponential function for linear
fitting of the TVBN content changes in pork mince and the color difference in the indicator
label. The response function and change rate of the TVBN and indicator color difference
values of pork mince are shown in Tables 1 and 2. It was found that with the increase
in temperature, the change rate constants of TVBN and total color difference were both
increasing. According to Arrhenius equation, 1/RT corresponding to different temperatures
was taken as the abscissa (R is the molar gas constant, also known as the ideal gas constant,
with the value of 8.3144 J/mol·K; T is the thermodynamic temperature, with the unit of
K), and the logarithm ln k of the change rate constant corresponding to the temperature
was taken as the ordinate to draw and perform linear fitting, as shown in Figure 15. The
relationship between the label change rate and temperature obtained by linear fitting is ln k
(total color difference) = −68337/RT + 24.595, and the linear fitting R2 = 0.9587. According
to this equation, the activation energy indicating the total color difference in the label is
68.337 kJ/mol. Significantly, a means to correlate color changes to freshness of packaged
foods must be established. Sun et al. [27] reported a back propagation artificial neural
network model which was established using the color of the films as the input and the
TVB-N content as the output. It was found that neural network model well predicted the
freshness of packaged pork patties and fish balls based on color change in the films, with
R2 of 0.94–0.98.

Figure 15. Changes in pork TVBN (A) and color of indicator label (B) at different temperatures.

According to the equation, the activation energies of TVBN and total color difference
are 53,061 J/mol and 68,337 J/mol, respectively, with a difference of less than 25 kJ/mol.
According to Taoukis’ viewpoint, a good freshness indicator label that can achieve real-time
monitoring of food quality should meet the activation energy of the food (i.e., TVBN content
of pork mince) Ea1 and the activation energy of the indicator (total color difference before
and after the indicator label) Ea2, with a difference of less than 25 kJ/mol. At four different
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temperatures, the color change in indicator labels was consistent with TVBN content of
ground pork exceeded the spoilage threshold (greater than 15 mg/100 g). Therefore,
the anthocyanin indicator labels could maintain good responsiveness at different storage
temperatures. It is suitable for detecting the content of volatile nitrogen-containing odor gas
produced in the process of pork ground corruption in various scenarios and for realizing
real-time monitoring of meat freshness.

Table 1. Response function and change rate of pork TVBN at different temperatures.

Storage
Temperature (◦C)

Change Trend
of TVBN

R2 The Rate
Constants

ln k

34 y = 1.3777e0.162x 0.9471 0.162 −1.820158944
24 y = 3.1861e0.0529x 0.9125 0.0529 −2.93935194
14 y = 2.7466e0.0332x 0.9559 0.0332 −3.405205403
4 y = 1.4663e0.0154x 0.9621 0.0154 −4.17338777

Table 2. Response function and change rate of color of indicator labels at different temperatures.

Storage
Temperature (◦C)

Change trend of
ΔE R2

The Rate
Constants

(ΔE)

ln k (Color
Difference)

34 y = 1.0812e0.1284x 0.8609 0.1284 −2.0526
24 y = 2.0219e0.0342x 0.8695 0.0342 −3.37553
14 y = 1.4846e0.0238x 0.9607 0.0238 −3.73807
4 y = 1.9988e0.0058x 0.9447 0.0058 −5.1499

The Arrhenius equation for TVBN and indicator color difference response factor can
be obtained by fitting the equation of 1/RT and ln k, as follows (Figure 16):

ln k (TVBN) = −53,061/RT + 18.792 (6)

ln k (Color difference)= −68,337/RT + 24.595 (7)

Figure 16. The ln k and 1/RT curves of pork TVBN and total color difference in indicator labels at
different temperatures.
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4. Conclusions

The hydrogel prepared by using zinc ion and TEMPO-oxidized nanocellulose (TOCNF)
had good water absorption and a stable three-dimensional network structure. The indicator
label made from the hydrogel-adsorbed blueberry anthocyanin showed obvious color
change in the experiment of using ammonia gas to simulate the corruption of pork surimi,
and a corresponding maximum color difference was observed before and after the hydrogel
indicator labels soaked in 1.5 g/L anthocyanin solution. Applying this indicator label to
the detection of pork mince freshness, it was found that when pork mince spoils, the labels
changed from purple red to blue purple. Moreover, based on the Arrhenius formula, a
dynamic model was established for the color difference value and TVBN change in the
indicator label, and it was found that the indicator labels maintained similar color changes
according to the freshness of pork mince at different temperatures. In conclusion, blueberry
anthocyanin is an ideal intelligent food packaging indicator, and the hydrogel indicator
label prepared by anthocyanin and nanocellulose has good application prospects in the
detection of pork mince freshness.
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Abstract: Aflatoxin B1 (AFB1), as a class I carcinogen, poses a substantial health risk to individu-
als. Contamination of food sources, particularly grains and nuts, with Aspergillus flavus (A. flavus)
contributes to the prevalence of AFB1. The impact of global warming has spurred research into the
development of AFB1 prevention technologies. While edible fungi have shown potential in detoxify-
ing AFB1, there is a scarcity of literature on the application of Auricularia auricular (A. auricular) in
this context. This study aimed to investigate the ability and underlying mechanism of A. auricular
mycelia to adsorb aflatoxin B1, as well as evaluate its protective effects on the AFB1-induced liver
damage in SD rats. Additionally, the effects of temperature, time, pH, and reaction ratio on the
adsorption rate were examined. Combining thermodynamic and kinetic data, the adsorption process
was characterized as a complex mechanism primarily driven by chemical adsorption. In SD rats, the
A. auricular mycelia exhibited alleviation of AFB1-induced liver damage. The protective effects on the
liver attributed to A. auricular mycelia may involve a reduction in AFB1 adsorption in the intestine,
mitigation of oxidative stress, and augmentation of second-phase detoxification enzyme activity. The
adsorption method for AFB1 not only ensures safety and non-toxicity, but also represents a dietary
regulation strategy for achieving effective defense against AFB1.

Keywords: AFB1; Auricularia auricular; adsorption; liver protection

1. Introduction

Aflatoxin B1 (AFB1), which is the most highly toxic mycotoxin, is predominantly
produced by Aspergillus flavus and Aspergillus parasiticus [1,2], and can frequently be found
in foods such as milk, rice, corn, peanuts, oils, and soybeans [3,4]. It can cause damage
to our liver, lungs, heart, and kidneys, and it shows immunosuppressive properties, such
as inhibiting cell-mediated immune reactions, decreasing natural killer cytolysis, and
suppressing macrophage function [5–8]. Currently, it has been listed as a class I carcinogen
by the World Health Organization (WHO) [9–12]. Its carcinogenic action requires exertion
by metabolic activation [13]. Once adsorbed, aflatoxin undergoes metabolism by hepatic
cytochrome P450 enzymes, resulting in the formation of AFB1-8,9-epoxide (AFBO) [14].
AFBO is considered pivotal in the toxicity of aflatoxins, and it undergoes an adduct reaction
with DNA, causing DNA damage and genetic mutations [15].

To reduce the exposure risk of aflatoxin in the diet, numerous approaches have been
investigated for the removal of AFB1. These approaches can be broadly categorized
into physical, chemical, and biological control methods [16,17]. Considering safety and
efficiency, biological detoxification is emerging as a favorable approach for the removal of
aflatoxins [17,18]. The application of microorganisms used in the food industry to remove
aflatoxins, including lactic acid bacteria, yeast, and edible fungi, has been reported in a lot
of research [19–22]. It is found that AFB1 can be effectively degraded by enzymes extracted
from edible fungi, such as Armillariella tabescens, Pleurotus ostreatus, Plerotus eryngii, and
Agaricus blazei [23–25].
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In addition, many studies have shown that AFB1 can not only be degraded by microor-
ganisms through enzymatic degradation, but also adsorbed by the cell wall components
of microorganisms. To better understand the role of fungal components in AFB1 removal
activity, the ability of Bjerkandera adusta (B. adusta) to remove AFB1 was analyzed after
enzymatic, physical, and chemical treatments to degrade or change the fungal cellular
components. The results suggest that AFB1 was removed by its binding onto the cell wall
components of B. adusta [26].

In the preliminary research, we studied the ability of seven edible fungi (Lentinus
edodes, Flammulina velutiper, Pleurotus ostreatus, Hericium erinaceum, Armillariella mellea,
Auricularia auricular, and Auricularia polytricha) to remove AFB1, and found that A. auricular
has the strongest ability to remove AFB1, with a removal rate of 88.2%. Interestingly, the
efficacy of A. auricular for AFB1 removal is primarily attributed to its adsorption capabili-
ties, rather than biodegradation. Therefore, edible fungi have demonstrated potential as
AFB1 adsorbents, due to their edibility and high adsorption capacity [19]. Based on the
composition and structural characteristics of A. auricular, it contains a lot of dietary fiber
that is not digested by the body and is able to adsorb heavy metals, tetracycline, and other
pollutants [27–29].

Furthermore, A. auricular contains many pharmacologically active ingredients, which
have been emphasized for use in various biological activities, such as hepatoprotective
and antioxidative action [30,31]. Therefore, we speculate that A. auricular can effectively
alleviate the liver damage caused by AFB1. On the one hand, A. auricular prevents AFB1
from being adsorbed into the intestine by binding the toxin; on the other hand, the active
ingredients contained in A. auricular may activate the body’s immune function and protect
the liver from oxidative damage caused by AFB1.

To comprehensively assess the detoxification effect of A. auricular on AFB1, this re-
search systematically investigated the impact of various parameters, such as temperature,
pH, and reaction ratio, on the adsorption of AFB1 by A. auricular in vitro. Subsequently, the
adsorption process was characterized by analyzing the kinetics and thermodynamics of
adsorption. Finally, the protective effect of A. auricular against AFB1-induced liver injury
was evaluated in an in vivo model.

2. Materials and Methods

2.1. Strains, Chemicals, and Reagents

A. auricular was purchased from Xixiang Edible Fungi Research Institution (Xixi-
ang, Shaanxi Province, China) and stored at 4 ◦C on potato dextrose agar (PDA, BD)
medium. AFB1 and dimethyl sulfoxide (DMSO) were purchased from Sigma Com-
pany (Ronkonkoma, NY, USA). All kits (Superoxide dismutase (SOD) kit, glutathione
S-transferase (GST) kit, etc.) were purchased from Nanjing Jiansheng Biological Engi-
neering Co., Ltd. (Nanjing, China). Other chemicals and reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). And 10 mg/mL AFB1 stock
solution was prepared by dissolving 10 mg AFB1 powder in 1 mL of methanol solution.

2.2. Assessment of Adsorption Capacity under Different Pretreatments

A. auricular was cultured in PDA medium at 28 ± 2 ◦C until all over the plate. Sub-
sequently, the mycelia were transferred to potato dextrose broth (PDB) medium, and
incubated at 28 ± 2 ◦C under continuous shaking at 120 r/min in the absence of light, for
a period of 4–7 days. The mycelia were then separated through vacuum filtration. The
mycelia were divided into 4 groups, each containing 2 g, and individually combined with
2 mL of phosphate-buffered saline (PBS) buffer to form separate A. auricular suspensions.
The four groups were subjected to different pretreatment procedures: (1) heated at 121 ◦C
for 20 min; (2) pre-freezing at −20 ◦C for 12 h, followed by repeated cycles of freezing after
dissolution for 12 h, repeated for 3 times; (3) freeze-drying for 12 h after pre-freezing at
−20 ◦C; or (4) a blank control, where the A. auricular suspension was not subjected to any
treatment. Samples with different pretreatments (the above 4 groups) were added to up to
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0.4 μg/mL of AFB1, then cultured at the same conditions for 12 h. Finally, the free toxins
were quantified using high-performance liquid chromatography (HPLC).

The residual AFB1 was detected according to the method by Xu [32]. AFB1 present in
the 1 mL filtrate sample was extracted using 3 mL of chloroform, followed by drying using
nitrogen gas. The resulting AFB1 extract was then dissolved in 100 μL of trifluoroacetic
acid and 200 μL of n-hexane, and kept in a dark environment at 40 ◦C for 15 min. The
derivative obtained was subsequently dried using nitrogen gas blowing, and redissolved
in 1 mL of acetonitrile–water (30:70; v/v). The AFB1 derivative solution was then filtered
through a 0.22 μm filter, and quantified using an Agilent HPLC 1200 liquid-chromatograph
(Agilent Technologies, Palo Alto, CA, USA) equipped with a C18 column (Diamonsil®,
250 mm × 4.6 mm, 5 μm) that was conditioned at 30 ◦C. The mobile phase consisted of 30%
acetonitrile and 70% water, with a flow rate of 1.0 mL/min. Finally, the AFB1 signal was
monitored using a fluorescent detector at excitation/emission wavelengths of 360/440 nm.

2.3. Effects of Reaction Ratio (Mycelia/AFB1), pH, Temperature and Incubation Time on AFB1
Adsorption Capacity

The effects of various factors on adsorption were investigated using vacuum freeze-
dried A. auricular powder. A suspension of A. auricular was prepared by mixing
0.05 g of mycelia powder with 5 mL of PBS buffer. Different initial concentrations of
AFB1 (ranging from 0.0125 to 1.0 μg/mL) were added, and the mixture was cultured for
12 h. The supernatant was collected to determine the residual AFB1. In addition, experi-
ments were conducted by adding AFB1 to a concentration of 0.4 μg/mL, and the adsorption
process was studied under various pH levels (ranging from 2 to 8), temperatures (ranging
from 20 to 60 ◦C), and co-culturing times (from 2 to 12 h).

2.4. Stability of the Adsorption

The mycelia separated from co-cultured systems were subjected to dissolution using
various solvents, including sodium hydroxide (NaOH), acetonitrile (C2H3N), methanol-
acetonitrile mixture (CH3OH:C2H3N = 1:1), and 0.01 mol/L hydrochloric acid (HCl), at
30 ◦C for 6 h, 160 r/min. Then, the amount of AFB1 in the supernatant was defined as the
desorption quantity of the binder.

The experiment was divided into two groups. In the first group, 40 μL AFB1 so-
lution (10 mg/L) was added, then 1 mL artificial gastric juice and artificial intestinal
juice were added, respectively. Then, 0.01 g of A. auricular mycelia powder was added,
and the mixture was co-cultured 37 ◦C for 0.5–4 h at 200 r/min. After centrifugation at
5000 r/min for 10 min, the supernatant was collected for AFB1 content determination. In
the second group, the binders obtained after 4 h of culture were mixed with 1 mL of artificial
gastric juice and artificial intestinal juice, and the mixture was shaken at 37 ◦C for 0.5–4 h at
200 r/min. Finally, the supernatant was collected, and the quantity of AFB1 was determined
using HPLC.

2.5. Adsorption Kinetics

A quantity of mycelia powder (0.05 g) was subjected to co-cultivation with AFB1 at a
concentration of 0.4 μg/mL at 35 ◦C for 2–12 h. The adsorption of AFB1 was subsequently
evaluated using the same experimental procedure. Four different kinetic models, namely
the intraparticle diffusion model, pseudo-first-order kinetic model, pseudo-second-order
kinetic model, and Elovich model, were chosen for fitting analysis in order to determine
the most suitable kinetic model for describing the adsorption process.

qt = kpt0.5 (1)

ln(qe − qt) = ln qe − k1t (2)

t
qt

=
1

k2qe2 +
t
qe

(3)
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qt = AE + BE ln t (4)

2.6. Adsorption Isotherm

A total of 0.05 g mycelia powder and PBS buffer were cultured together to form a sys-
tem of 5 mL. Then, we set a range of initial concentrations of AFB1
(0.0125–0.4 μg/mL) and tested at 25–45 ◦C for 8 h, and separately followed the above
methods to map adsorption isotherm. The quantity of AFB1 adsorbed per unit of adsorbent
can be calculated using the Formula (5):

Qe =
(Co − Ce)× V

m
(5)

where Qe is the adsorption capacity of AFB1 (μg/Kg); Co is the concentration of AFB1
(μg/L); Ce is the equilibrium concentration of AFB1 (μg/L); V is the volume of AFB1 (mL);
and M is the mass of added mycelia powder (g).

The Freundlich (6) and Langmuir empirical Formulae (7) were used to fit the adsorp-
tion results and describe the adsorption process of AFB1 by A. auricular mycelia:

Qe = K f × Ce
1
n (6)

Qe =
Qm × KL × Ce

1 + KL × Ce
(7)

2.7. Adsorption Thermodynamics

The relevant thermodynamic parameters are calculated by the following formulae:

KOC =
K f

WOC
(8)

ΔG = −RT ln Kd (9)

ΔG = ΔH − TΔS (10)

Kd =
Qe

Qc
=

Cs

Ce
× V

M
(11)

ln Kd =
ΔS
R

− ΔH
R

× 1
T

(12)

2.8. The In Vivo Evaluation of the Intervention Effect of A. auricular on AFB1-Induced Liver Injury

After a period of 7 days of adaptive feeding, 5-week-old male Sprague Dawley (SD)
rats were provided with a standard diet and ad libitum access to water. The rats were then
randomly assigned to 6 groups based on their body weight, with each group consisting
of 6 rats. The groups included the blank control group (B), which received a normal
diet without AFB1 and mycelia powder; the positive control group (P), which received a
2 mg/kg AFB1 solution via oral gavage at 9 a.m. on the first day; the high dose negative
control group (HC), which received a daily oral administration of 500 mg/kg BW; the high
dose mycelia powder experimental group (HT), which received an AFB1-mycelia powder
solution (AFB1 2 mg/kg BW, mycelia powder 500 mg/kg BW) via oral administration at
9 a.m. on the first day; the low dose negative control group (LC), which received a daily
oral administration of mycelia powder solution (100 mg/kg BW); and the low dose mycelia
powder experimental group (LT), which received an AFB1-mycelia powder solution (AFB1
2 mg/kg BW, mycelia powder 100 mg/kg BW) via oral administration at 9 a.m. on the
first day.

Following the aforementioned protocol, the SD rats were fed a standard diet for three
additional days. After an overnight fasting period, the rats were weighed the next morn-
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ing, and anesthesia was induced by injecting 0.3 mL/100 g BW of 10% chloral hydrate
solution. Blood samples were promptly collected after anesthesia, with 2 mL of blood
stored in 5 mL anticoagulation tubes and accelerating tubes. The samples were then trans-
ported to the hospital for liver function assessment, including ALT, AST, γ-GT, T-Bil, D-Bil,
I-Bil, TP, and ALB. A portion of the liver tissue was homogenized to measure enzyme
activity, including antioxidant enzymes such as superoxide dismutase (SOD), glutathione
peroxidase (GST-PX), and catalase (CAT). The levels of MDA were measured following the
instructions provided in the MDA kit. Additionally, liver tissue was sectioned into 10 μm
slices and stained with HE (hematoxylin-eosin) for further analysis. The histopathological
procedure followed the methodology described in a previous study [33]. Fresh liver tissues
were carefully dissected into pieces measuring 1 cm × 1 cm. These tissue samples were
then immersed in neutral formalin for a minimum of 24 h, and subsequently processed for
paraffin embedding. Sections with a thickness of 10 μm were obtained from the embedded
tissues. To facilitate histopathological examination, the slides were stained using hema-
toxylin and eosin (H&E). Microscopic analyses of the liver sections from all experimental
groups were performed using a Nikon E100 microscope from Japan.

2.9. Statistics Analysis

The experiments were repeated three times, and date analysis was performed using
SPSS 19.0 software (International Business Machines Corporation, Armonk, NY, USA);
p ≤ 0.05 or less was considered significant.

3. Results

3.1. Characterization of AFB1 Adsorption by A. auricular Mycelia
3.1.1. Assessment of Adsorption Capacity under Different Pretreatments

Based on the previous experimental results in our laboratory regarding the detoxifica-
tion of toxins by A. auricula, it was observed that A. auricular mycelia exhibited enhanced
AFB1 adsorption capability. As shown in Figure 1, compared with control group, the
three different pre-treatment methods of the mycelia resulted in improved AFB1 adsorp-
tion (≤20%). However, no significant differences were observed among the three treated
groups. Notably, freeze-dried mycelia demonstrated the highest adsorption rate (71.2%).
Freeze-drying preserves the high biological activity of the mycelia and offers the benefits of
convenient storage and processing.

3.1.2. Effects of Reaction Ratio (Mycelia/AFB1), pH, Temperature and Incubation Time on
AFB1 Adsorption Capacity

Furthermore, we investigated the effects of various factors on the adsorption, in-
cluding the reaction mass ratio (mycelia/AFB1), pH, temperature, and incubation time
(Figure 2A–D). Figure 2A showed that, as the reaction ratio increases, the adsorption rate
will show an upward trend, and will reach equilibrium under a certain ratio. When the
reaction ratio (mycelia/AFB1) was 1:2.5 × 10−6, the adsorption quantity and adsorption
rate could sustain a steady state. It showed that the adsorption has reached saturation, and
the adsorption rate could still reach 81.5%.

It was observed from Figure 2B that the adsorption rate could reach the highest (75.2%)
at pH 7.0, while the adsorption is less effective under acidic conditions. With the pH shifts
towards alkaline, there is a slight increase in the adsorption rate, albeit within a range of
approximately 20%.

The effect of temperature is shown in Figure 2C. While there were no significant varia-
tions in the adsorption rate at different temperatures, it was observed that the adsorption
rate tends to be higher when the temperature approaches the human body temperature.
Specifically, at 30 ◦C, the adsorption rate reaches 82%, surpassing the rates observed under
other conditions.
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Figure 1. The effect of mycelia pretreatments on AFB1 adsorption. The abbreviations FT and FD
correspond to repeated freeze–thaw and vacuum freeze-drying treatments, respectively, while the
control group represents wet mycelia without any treatment. The values are presented as means ±
standard deviation (SD); a and b indicate significant differences between different components or
treatments (p < 0.05).

Figure 2. AFB1 adsorption capacity of A. auricular mycelia: effect of reaction mass ratio
(mycelia/AFB1) (A), effect of incubation pH (B), effect of incubation temperature (C), and effect of
incubation time (D). Values are expressed as means ± SD; a, b, c and d indicate significant differences
between different treatments (p < 0.05).

As shown in Figure 2D, the adsorption process of AFB1 by A. auricular mycelia
exhibited a slow progression, with approximately 30% of AFB1 being adsorbed after 2 h
of mixing with the mycelia. The relationship between the adsorption rate and incubation
time followed a “J”-shaped growth curve. Within 8 h, the adsorption rate exhibited rapid
growth, ultimately reaching equilibrium at a rate of 78.4%.

3.1.3. Stability Evaluation of AFB1 Adsorption

The stability evaluation of the adsorption was shown in Figure 3. There was no
significant difference in the desorption capacity between different eluents (Figure 3A).
Following elution with seven different eluents, the residual AFB1 content in the compound
was between 89.6% and 94.8%, and the elution of AFB1 to the binders were all less than
11%. The results indicated that the binders were stable.
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Figure 3. AFB1 adsorption stability of A. auricular mycelia: the residual AFB1 content after washing
with different eluents (A), AFB1 adsorption and its desorption rate in artificial gastric juice (B,D), and
AFB1 adsorption and its desorption rate in artificial intestinal juice (C,E). Values are expressed as
means ± SD; a, b, and ab indicate significant differences between different treatments (p < 0.05).

In simulated vitro experiments, we found that with the extension of the treatment time,
the AFB1 adsorption rate gradually increased, indicating that the mycelia powder has the
capability to adsorb AFB1 in gastric juice and intestinal juice (Figure 3B,C). This suggests
that A. auricular mycelia can reduce the bioavailability of AFB1 through adsorption. Our
findings demonstrate the stability of the mycelia powder–AFB1 binders in the in vitro
environment. From Figure 3D,E, the addition of artificial gastrointestinal juice resulted in
minimal desorption of AFB1 from the binders. Hence, we believe that A. auricular mycelia
has promising potential for application in the prevention and control of AFB1 in vivo.

3.2. Analysis of Adsorption Behavior
3.2.1. Adsorption Kinetics

The curve of the adsorption amount of A. auricular mycelia for AFB1 with adsorption
time is showed in Figure 4A. The adsorption amount exhibited an increasing trend from
2 to 8 h, reaching equilibrium at 8 h (0.358 μg/kg). To analyze the adsorption process,
four kinetic models, namely the intra-particle diffusion model, pseudo-first-order kinetic
model, pseudo-second-order kinetic model, and Elovich model, were employed.

Figure 4B–E shows the fitting line of the kinetic models, and the four model fitting
parameters are listed in Table 1. The pseudo-second-order kinetic equation exhibits a
significantly higher fitting value (0.9976) compared to the other models, suggesting that it
provides a better description of the adsorption process of AFB1 by A. auricular mycelia.

Table 1. The kinetics model fitting parameters of AFB1 adsorbed by A. auricular.

Fitting Model Formula R2

In-particle diffusion equation Qt = 0.06 t0.5 0.8870
Pseudo first-order kinetic equation ln(qe − qt) = lnqe − 0.16 t 0.9856

Pseudo second-order kinetic equation t/qt = 1/13.77 qe2 + 1/qe 0.9976
Elovich equation Qe = 0.09 + 0.02 lnt 0.9618
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Figure 4. Kinetics of adsorption: the kinetics curve of AFB1 adsorbed by A. auricula mycelia (A–E)
represent the kinetics model fitting curve of AFB1 adsorbed by A. auricula mycelia, using four kinetic
models including the intra-particle diffusion model, pseudo-first-order kinetic model, pseudo-second-
order kinetic model, and Elovich model. Values are expressed as means ± SD; a, b, c, and d indicate
significant differences between different treatments (p < 0.05).

3.2.2. Adsorption Isotherm

The adsorption isotherm of Qe (adsorption amount of mycelia) with Ce (equilibrium
concentration of AFB1) is shown in Figure 5A. The equilibrium adsorption amount of
mycelia demonstrates a significant increase with the rise in the initial concentration of
AFB1. At the same time, the adsorption of AFB1 by mycelia showed a decreasing trend as
the temperature increased from 25 ◦C to 45 ◦C, with the highest adsorption observed at
35 ◦C. Furthermore, we used the Freundlich equation and the Langmuir equation to fit
data of adsorption isotherm.

Figure 5. Adsorption behavior of A. auricula mycelia on AFB1: the adsorption isotherm of AFB1 (A),
the adsorption isotherm of Freundlich equation fitting AFB1 adsorbed by A. auricula mycelia (B),
and the adsorption isotherm of Langmuir equation fitting AFB1 adsorbed by A. auricula mycelia (C).
Values are expressed as means ± SD.

The fitting line of the isothermal adsorption models were shown in Figure 5B,C, and
the corresponding parameters are listed in Tables 2 and 3. The analysis revealed that the
Freundlich model was more suitable for describing the adsorption isotherm, due to its high
R2 (R2 > 0.99 at different temperatures). The results suggest that the adsorption process
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of AFB1 by A. auricular mycelia follows the heterogeneous adsorption of multi-molecular
layers, as described by the Freundlich equation.

Table 2. The adsorption isotherm parameters of the Freundlich equation fitting AFB1 adsorbed by
A. auricular.

Temperature (K) Kf 1/n Freundlich Formula R2

298 0.11 0.02 Qe = 0.11 × Ce0.02 0.9981
303 0.22 0.04 Qe = 0.22 × Ce0.04 0.9927
308 0.24 0.05 Qe = 0.24 × Ce0.05 0.9901
313 0.17 0.03 Qe = 0.17 × Ce0.03 0.9951
318 0.11 0.02 Qe = 0.11 × Ce0.02 0.9979

Table 3. The adsorption isotherm parameters of the Langmuir equation model.

Temperature (K) KL Langmuir Formula R2

298 0.01 Qe = 0.278 × Ce/(1 + 0.01 Ce) 0.9943
303 0.02 Qe = 0.625 × Ce/(1 + 0.02 Ce) 0.9680
308 0.04 Qe = 0.333 × Ce/(1 + 0.04 Ce) 0.9462
313 0.09 Qe = 0.419 × Ce/(1 + 0.09 Ce) 0.8551
318 0.04 Qe = 0.527 × Ce/(1 + 0.04 Ce) 0.9464

3.2.3. Adsorption Thermodynamics

Adsorption thermodynamic parameters are listed in Table 4. It can be observed that,
as the temperature increases, the value of Koc first rose and then decreased. It indicated
that the adsorption of A. auricular mycelia on AFB1 increases with temperature, exhibiting a
trend of first rising and then falling. These findings are consistent with the results obtained
from the previous fitting of the Freundlich equation.

Table 4. The thermodynamics parameters of AFB1 adsorbed by A. auricular.

Temperature (K) Koc ΔG (KJ/mol) ΔH (KJ/mol) ΔS (KJ/mol)

298 10.59 −22.43 −6.31 0.05
303 21.59 −21.35 −6.31 0.07
308 24.38 −36.85 −6.31 0.10
313 17.27 −50.39 −6.31 0.11
318 11.13 −43.82 −6.31 0.09

According to ΔG < 0, it can be judged that the adsorption process is spontaneous and
is affected by temperature. The absolute value of ΔG initially increases and then decreases
as the temperature rises. This indicates that the adsorption process reaches its maximum at
40 ◦C, and slows down beyond that temperature.

It can be judged by ΔH = −6.31 that the adsorption reaction process is exothermic.
It suggests that an increase in temperature is not favorable for the progress of the reaction.
This is consistent with the previous single-factor result of incubation temperature, and in
line with the result of ΔG < 0.

The ΔS value represents the variation in adsorption entropy, reflecting the degree of
disorder between the solid and liquid phases during the reaction. ΔS > 0 values indicate
an increase in disorder. With increasing temperature, the ΔS value initially rises and then
decreases. This trend suggests that higher temperatures have a beneficial impact on the
reaction progress, promoting increased disorder. However, once the maximum value is
reached, the adsorption reaction proceeds unfavorably, leading to a decrease in disorder.

3.3. Evaluation of the Intervention Effect of A. auricular on AFB1-Induced Liver Injury

In this study, A. auricular mycelia showed an excellent ability to adsorb AFB1 in vitro.
To investigate the effect of AFB1 adsorption by mycelia in vivo, SD rats were fed with
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mycelia, AFB1, or a mixture of both. The results showed that the addition of mycelia
improved liver function and restored antioxidant levels in SD rats. Overall, A. auricular
mycelia exhibited a protective effect against AFB1-induced liver damage.

The assessment of liver function was conducted, and the findings are presented in
Figure 6A. There were significant differences between the negative control group, the
positive control group, and the experimental group, as can be seen in Figure 6A. Obviously,
rats in the positive control group exhibited abnormal liver function indicators due to
AFB1 induction. The levels of TP and ALB significantly decreased, indicating a decline
in liver reserve function. The elevated levels of ALT and AST suggested severe liver cell
damage. The varying levels of T-Bil, D-Bil, and I-Bil indicated impairment in liver excretory
function. The presence of high γ-GT levels in the positive control group, which is typically
produced by the liver, indicated abnormal or pathological liver conditions. In summary,
AFB1 infection led to abnormal liver function in the experimental rats. However, the
experimental group showed mitigated liver damage compared to the negative control
group. Notably, this protective effect was observed to be dose-dependent on the ingestion
of mycelia powder.

Figure 6. Heat map of liver functions, lipid peroxidation and antioxidant levels. Positive (P)
represents the positive control group, rats infected with AFB1; LC and HC represent low-dose
Auricularia auricula mycelia-fed and high-dose mycelia-fed normal SD rats, respectively; LT and HT
represent the rats treated with mixed toxins and different doses of mycelia powder. (A) liver function
related index; (B) lipid peroxidation and antioxidant levels.

Similarly, the protective effect of mycelia on SD rats is also evident in Figure 6B.
In the positive control group, an increase in MDA and LDH levels was observed, indicating
AFB1-induced lipid peroxidation in the liver of rats. The levels of GST, CAT, SOD, and
GSH-PX, which are associated with in vivo oxidative status, significantly decreased. This
reduction indicated a decrease in the antioxidant capacity of rats, and an imbalance in the
regulation mechanism of endogenous enzymes or non-enzymatic factors. Such conditions
are unfavorable for rats to counteract external substance interference. Conversely, in the
experimental group of rats fed with a mixture of mycelia, a significant increase in the activity
of endogenous antioxidant enzymes or non-enzymatic factors was observed, accompanied
by a decrease in MDA and LDH levels. These findings suggest that A. auricular mycelia
alleviated AFB1-induced lipid peroxidation in SD rats and prevented the accumulation of
reactive oxygen species.

Figure 7 presents histological sections of rat livers stained with HE. The liver structure
in the control group (A, B, and C, without AFB1) appeared normal, with no significant
differences observed among A, B, and C. These findings indicate that the addition of mycelia
powder does not induce liver damage, and is considered safe. In contrast, the positive
control group exhibited evident lesions, characterized by pronounced congestion of hepatic
sinusoids and a light purple appearance throughout the section. Hepatocytes showed
disordered arrangement, nucleus loss, cytoplasmic outflow, and noticeable infiltration
of inflammatory cells in the portal area. In liver tissue sections b and c, the overall liver
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structure was mostly normal, with some remaining nucleus loss. However, the pathological
changes were significantly alleviated, with section c demonstrating a liver state closer to
normal. In summary, A. auricular mycelia effectively mitigated liver damage caused by
AFB1, and the protective effect improved with increasing mycelia dosage. Moreover, when
fed mycelia powder alone, it did not induce liver damage and exhibited a certain level of
liver protection.

 

Figure 7. The liver histopathological slices observation of rats; (a–c) represent the positive group, the
low dose experimental group, and the high dose experimental group, respectively, and (A–C) are
their corresponding control groups.

4. Discussion

Due the high toxicity and exposure risk associated with AFB1, many methods are
developed to mitigate its adverse effects. Among them, the use of microbials to remove
AFB1 from materials has garnered significant attention, particularly in the feed indus-
try [34]. A lot of microbial species, such as Lactobacillus rhamnosus, Accharomyces cerevisiae,
and Leurotus eryngii, have been identified for their ability to remove AFB1, achieving an
average clearance rate of 86% [19,35–37]. Interestingly, we discovered that the mycelia of
A. auricular, a popular edible fungus widely cultivated in Southeast Asia and recognized for
its potential pharmaceutical value, exhibited a higher efficiency in removing AFB1, with a
clearance rate of 88.2% [38–40]. Under optimal conditions, the AFB1 clearance rate reached
98.3%. Therefore, A. auricular mycelia offer a promising, safe, and appealing approach to
combat aflatoxin contamination in food [41,42]. This study was designed to investigate
the adsorption effect of A. auricular mycelia on AFB1, establish its safety, and explore the
underlying mechanism.

This study provides evidence that A. auricular mycelia exhibit robust adsorption ca-
pacity for AFB1. The adsorption rate remains consistently high, exceeding 60%, at both
lower (20 ◦C) and higher (121 ◦C) temperatures. The influence of pH on adsorption is
minimal, with a minimum adsorption rate of 60%. Alkaline conditions favor adsorp-
tion, with a notable adsorption rate of 75.2% at pH 8. Furthermore, despite a decrease in
the adsorption rate in artificial intestinal juice and artificial gastric juice, it still reaches
55.5% and 77.6%, respectively, confirming the ability of A. auricular mycelia to adsorb AFB1
within the human gastrointestinal tract. In the case of AFB1-poisoned rats, A. auricular
mycelia significantly alleviated liver damage and reduced oxidative stress and lipid peroxi-
dation levels. Moreover, the adsorption process demonstrates remarkable stability, with
the highest desorption rate observed at 10.4% after treatment with organic reagents. In
artificial intestinal juice and gastric juice, the binder maintains high stability, exhibiting
desorption rates of 10.7% and 9.1%, respectively.

Based on the findings from our experiment, we proposed the mechanism of A. auricular
mycelia against AFB1-induced liver damage. In addition to its direct role in reducing
AFB1 adsorption in the gastrointestinal tract, similar to other enterosorption therapies,
A. auricular mycelia also exhibit the ability to attenuate AFB1-induced oxidative stress
upon entering the body, and to enhance the activity of phase II detoxification enzymes.
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The freeze-dried mycelia demonstrate a higher adsorption rate, which can be attributed
to their elevated mycelial activity, and they are also more convenient for storage and
application in food processing [43]. Owing to the high stability of this adsorption, different
interpretations of adsorption behaviors emerged. According to the adsorption kinetic curve
and thermodynamic research, we consider this adsorption as a form of steady chemical
adsorption. However, the adsorption process aligns with empirical formulas, indicating
a characteristic of heterogeneous multi-molecular layer adsorption, typically associated
with physical adsorption. Considering the porosity and complexity of A. auricular mycelia,
we propose that the adsorption process involves two phases: physical adsorption and
chemical adsorption.

The hepatoprotective effects of A. auricular mycelia on rats have been successfully
validated, confirming our initial hypothesis that A. auricular mycelia can alleviate AFB1-
induced oxidative stress reactions and promote liver recovery. What sets it apart is that,
in addition to post-digestion detoxification, A. auricular mycelia can directly reduce the
adsorption of AFB1 in the gastrointestinal tract, thereby intercepting the initial step of toxin
metabolism. Interestingly, the addition of A. auricular mycelia not only exhibited no toxicity
in normal rats, but also provided favorable conditions for their growth, while exerting a
protective effect on the liver. We speculate that this could be attributed to the nutritional
and medicinal value inherent in A. auricular mycelia.

5. Conclusions

A. auricular mycelia exhibit the ability to adsorb AFB1 and mitigate AFB1-induced liver
damage in rats. Its liver-protective effect is attributed to multiple mechanisms, including a
reduction in AFB1 bioavailability through stable adsorption, attenuation of AFB1-induced
oxidative stress, and enhancement of phase II detoxification enzyme activity. Furthermore,
A. auricular mycelia contribute to the normalization of liver function indicators. The adsorp-
tion process is considered to involve both physical and chemical adsorption phenomena.
In conclusion, A. auricular mycelia demonstrate the capability to adsorb AFB1, thereby
alleviating AFB1-induced liver damage and providing liver protection. This adsorption
ability remains effective even under extreme conditions, suggesting its potential for indus-
trial applications. With its edibility and medicinal value taken into account, A. auricular
mycelia hold promise as a potential food supplement or health-care product for the ultimate
prevention of AFB1 and the promotion of liver health.

The research conducted in this study provides theoretical evidence for the edible fungi
removal of AFB1. However, the adsorption of AFB1 by A. auricula is a complex biologi-
cal reaction, and further investigation is needed to elucidate the adsorption mechanisms.
Specifically, this study examined the adsorption of AFB1 by different A. auricula tissue struc-
tures. To further understand the adsorption mechanisms, a more in-depth investigation of
the binding sites for AFB1 adsorption by A. auricula is warranted. Additionally, in order
to clarify the impact of A. auricula on AFB1 adsorption and metabolism, future research
should incorporate in vivo and in vitro experiments to investigate the adsorption of AFB1
in the intestine, the formation of biomarkers and parent compounds within the organism.
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Abstract: This research investigates the antibacterial potential of plant essential oil components
including thymol, carvacrol, citral, cinnamaldehyde, limonene, and β-pinene against Salmonella
Enteritidis (S. Enteritidis). Through the determination of minimum inhibitory concentration, three
kinds of natural antibacterial agents with the best inhibitory effect on S. Enteritidis were determined,
namely thymol (128 μg/mL), carvacrol (256 μg/mL), and cinnamaldehyde (128 μg/mL). Physical,
chemical, microbial, and sensory characteristics were regularly monitored on days 0, 2, 4, and 6. The
findings of this study reveal that both thymol at MIC of 128 μg/mL and carvacrol at MIC of 256 μg/mL
not only maintained the sensory quality of chicken, but also decreased the pH, moisture content,
and TVB-N value. Additionally, thymol, carvacrol and cinnamaldehyde successfully inhibited the
formation of S. Enteritidis biofilm, thereby minimizing the number of S. Enteritidis and the total
aerobic plate count in chicken. Hence, thymol, carvacrol, and cinnamaldehyde have more effective
inhibitory activities against S. Enteritidis, which can effectively prevent the spoilage of chicken and
reduce the loss of its functional components.

Keywords: Salmonella Enteritidis; thymol; carvacrol; cinnamaldehyde

1. Introduction

In the course of the process of slaughter, circulation, sale, and processing, raw fresh
meat is susceptible to contamination by S. Enteritidis, which can cause bacterial infections
and even lead to food poisoning [1,2]. The control and elimination of S. Enteritidis in retail
meat products poses a significant challenge. Tetracycline and sulfanilamide antibiotics are
currently widely employed in poultry through drinking water and feed. However, many
drug-resistant phenotypes of Salmonella isolates from food animals have been identified, and
these are significantly higher than those found in human clinical isolates [3,4]. Consequently,
the proficient surveillance of S. Enteritidis stands as an indispensable component in the
deterrence and management of alimentary illnesses, thereby holding considerable import
in the preservation of human well-being.

Plant essential oils (Eos) are considered viable alternatives to traditional antibacterial
agents. The use of plant Eos as antibacterial agents not only implies greater safety for
humans and a more environmentally friendly option due to their natural origin, but
also represents a low risk of pathogenic microorganisms developing resistance. Thymol,
carvacrol, and cinnamaldehyde have drawn considerable attention among researchers for
their antibacterial potential [5,6]. Thymol, carvacrol, and cinnamaldehyde have broad-
spectrum bacteriostatic effects. In the research of Qingliu Wei et al., a box-Behnken design
model was selected, and 2.40 μL/mL cinnamon EO, 1.00 μL/mL cinnamon EO, and
3.50 μL/mL tea tree EO were optimized, which could effectively reduce the total aerobic
plate count [7]. The antibacterial mechanism of cinnamon EO is achieved by exerting an
impact on the respiratory metabolism, energy metabolism, and substance metabolism of
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S. Enteritidis, thereby resulting in a decrease in bacterial growth [8]. In the exploration
of the impact of EOs on the adhesion of Salmonella strains and HT-29 cells, Alibi noted
that six types of essential oils exhibited varying degrees of inhibitory effects on biofilm
formation. Cinnamon oil demonstrated a remarkable inhibition rate of 99.10%, followed
by clove oil with 97.64%, thyme oil with 95.90%, rosemary oil with 79.84%, turmeric oil
with 28.98%, and sage oil with 15.55% [9]. The synergistic effect of different essential oils
can change the permeability of the cell membrane, the leakage of dissolved substances in
cells, the denaturation of membrane proteins, and the destruction of proton kinetics, thus
achieving the antibacterial effect [10–13]. In addition, the use of natural preservatives and
antimicrobial agents in polymer matrices has become a new trend. Peng et al. prepared
antimicrobial packaging films from agar/konjac glucomannan (KA) and carvacrol (CV)
and showed that the composite film containing 2% carvacrol was the most effective in
preserving freshness and could extend the shelf life of frozen chicken breasts from 5 to
9 days [14]. Lian has arrived at the conclusion that thyme EO in chitosan composite
film exhibits the highest release rate in a 50% ethanol solution. As the concentration
of ethanol increases, the release rate of the essential oil from the composite film slows
down, while the antibacterial activity of the film improves [15]. Meanwhile, researchers
have been exploring nanoencapsulation technology to address the issues posed by lipid-
soluble active ingredients that are insoluble in water or that are air-unstable or that have a
pungent odor [16]. Although the incorporation of thymol crystals into zeolite networks
has reduced the volatility of thymol, the strong aroma of the essential oil itself may alter
the flavor of food, posing potential obstacles to certain applications [17]. Sodium alginate-
based cinnamaldehyde controlled-release active packaging films loaded with halloysite
nanotubes have broad prospects for application in high-fat food packaging [18]. In addition,
the biodegradability of composite films, preparation costs, and potential risks associated
with their use in food warrant further consideration and resolution by researchers [19].

Chicken is considered to be a major source of human Salmonella infection. Researchers
have successfully isolated bacteriophages resistant to various Salmonella serotypes from
raw chicken skin and claws [20]. Microbial infections not only result in the loss of nutrients
and functional components in chicken meat, but also produce toxins that pose a threat to
human health [21]. To effectively prevent and control S. Enteritidis in chicken meat, the use
of safe and natural antimicrobial agents such as thymol, carvacrol, and cinnamaldehyde
is of utmost importance [22]. Extensive research has been conducted on the antibacterial
properties and inhibitory mechanisms of using plant essential oils as a method to suppress
Salmonella in animal feed. However, there is limited research on the application of EOs
for antibacterial and preservation purposes in fresh meat products [23–25]. The ultimate
purpose of this study is to investigate the inhibitory effects of thymol, carvacrol, and
cinnamaldehyde on S. Enteritidis, as well as their potential to improve the quality of
chicken meat. Therefore, this research provides sufficient theoretical and practical basis for
addressing the antibacterial and preservation issues of chicken.

2. Materials and Methods

2.1. Materials

Based on our preliminary research, an S. Enteritidis was screened from retail meat in the
Hefei area [26]. Thymol (>99.0% purity), carvacrol (99% purity), limonene (>95.0% purity), citral
(97% purity), cinnamaldehyde (≥95% purity), and β-pinene (purity ≥ 95%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

Buffered peptone water (BPW), bismuth sulfite agar (BSA), brilliant green sulfa agar
(BGSA), Mueller-Hinton broth (MH), plate count agar (PCA), and tryptic soy broth (TSB)
were purchased from Qingdao Haibo Biotechnology Co., Ltd. (Qingdao, China).

2.2. Minimum Inhibitory Concentration(MIC) Determinations

Initially, antimicrobial agents (such as thymol, carvacrol, limonene, citral, cinnamalde-
hyde, and β-pinene) at different concentrations (4096, 2048, 1024, 512, 256, 128, 64, 32,
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16, 8, 4, 2, and1 μg/mL, respectively) were added into sterile 96-well polystyrene plates.
Antimicrobial agents were added to wells 1–13, 10 μL per well, and well 14 was utilized
as a growth control without the addition of antimicrobial agents. Subsequently, bacterial
suspensions with turbidity equivalent to 0.5 McFarland standard were prepared using
the direct bacterial suspension method and diluted 1:1000 in Mueller-Hinton broth. Then,
100 μL suspensions of S. Enteritidis were added to each well, each well was sealed, and
each well was incubated for 48 h in ambient air at 37 ◦C to determine the results. The MIC
is defined as the concentration where no visible bacterial growth is observed after 48 h of
incubation at 37 ◦C under microaerophilic conditions [27].

2.3. Sample Preparation

The chicken used in this study was obtained from the Yong-hui Supermarket in
Hefei. Three essential oil components with the smallest MIC were selected, and thymol at
128 μg/mL, carvacrol at 256 μg/mL, and cinnamaldehyde at 128 μg/mL were uniformly
coated on fresh chicken, while the control group was coated with anhydrous ethanol. The
samples were stored at 4 ◦C, and samples were taken on days 0, 2, 4, and 6, respectively. Un-
der sterile conditions, four groups of samples (25–30 g each, treated with thymol, carvacrol,
and cinnamaldehyde) were immersed in S. Enteritidis suspension with a concentration of
107 CFU/g for 15 s, drained, and sampled on days 0, 2, 4, and 6.

2.4. Microbial Indicators Determinations

In the ultraclean workbench, 10 g of ground chicken was mixed with 9 mL of sterilized
saline solution to create a 1:10 diluted sample. After shaking for 1 min, a series of 10-fold
dilutions were performed and three appropriate dilutions were plated and incubated at
37 ◦C for 48 h to determine the total aerobic plate count [28].

Using the threefold dilution and most probable number (MPN) method, the amount
of S. Enteritidis in chicken samples was determined. Specifically, 10 g of chicken meat was
placed into a sterile homogenization bag containing 90 mL of BPW and homogenized for
1 min, and then 100 uL of the mixture was spread on BSA and BGSA plates, which were
incubated at 37 ◦C for 24 h to analyze the presence of Salmonella colonies [29]. Following
the procedure described in the Health Canada “Method Summary” (MFHPB-20), putative
Salmonella colonies were isolated and subjected to biochemical and serological tests to
confirm the identification of S. Enteritidis [30].

2.5. Antimicrobial Effects

A total of 20 μL of bacterial liquid (107 CFU/mL) of S. Enteritidis isolates was added
into a sterile 96-well plate, and 180 μL of thymol, carvacrol, and cinnamaldehyde were
added to make their final concentrations 1/4 MIC, 1/2 MIC, and MIC respectively. Six
parallel wells were provided for each strain, and 200 μL of TSB broth containing no bacteria
was added to the negative control well, and then it was allowed to stand at 37 ◦C for 12 h.
Crystal violet assay was performed to evaluate biofilm formation, and the optic density at
590 nm was measured. The average value is the result of at least three tests.

The ability of bacterial strain biofilm formation is classified into four categories [31]:
OD ≤ ODC is a nonbiofilm former,
ODC < OD ≤ 2ODC is a weak biofilm former,
2ODC < OD ≤ 4ODC is a moderate biofilm former,
4ODC < OD is a strong biofilm former.
Among them, the cutoff optical density value (ODC) is defined as three standard

deviations higher than the average or average ODAV of the negative control.

2.6. Physical and Chemical Indexes Determinations
2.6.1. pH

By using a Five Easy Plus pH meter (Shanghai, China, Mettler Toledo Instrument Co.,
Ltd.), the electrode of the pH meter was directly placed in the meat tissue to determine the
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pH value [32]. The equipment was calibrated before measurement, and the experiment
was repeated three times for each sample.

2.6.2. Moisture Content

The moisture content of chicken was determined by the AOAC (2009) standard method.

2.6.3. TVB-N

Referring to the method of Zhang et al., 10 g minced sample was added to 100 mL
distilled water, homogenized for 1 min, and determined by automatic Kjeldahl nitrogen
analyzer [33].

2.6.4. Color

After the sample was ground, it was spread all over the bottom of the vessel, and
immediately measured by a spectrophotometer. The spectrophotometer was preheated for
15 min before use and used after calibration, and recorded as brightness (L*), redness (a*),
and yellowness (b*).

2.7. Sensory Evaluation

Six people with sensory evaluation experience formed the evaluation group, including
three boys and three girls. Members of the evaluation team independently evaluated the
color, smell, viscosity, and overall acceptability of each sample, and could not communicate
with each other. All samples were graded according to the grading criteria in Table 1.

Table 1. Standards of sensory evaluation for chicken.

Indicators Score Scoring Criteria

Color
8–10 points Light red, glossy surface
6–7 points Slightly dim, slightly shiny surface

6 points or fewer Dull, surface matte

Odor
8–10 points Normal smell of chicken, no peculiar smell
6–7 points Slightly smelly

6 points or fewer Fishy odor or ammonia odor

Stickiness
8–10 points Moist, not sticky
6–7 points Wetter, not sticky

6 points or fewer Sticky hands

Overall
acceptability

8–10 points Willing to accept
6–7 points Acceptable

6 points or fewer Unacceptable

2.8. Statistical Analysis

The data were analyzed using one-way analysis of variance (ANOVA) and Duncan’s
multiple range test in SPSS 14.0 software. Statistical significance was considered when
p < 0.05. Additionally, data visualization graphs were created using Origin 2023 software.

3. Results

3.1. MIC

The compounds, namely thymol, carvacrol, limonene, citral, cinnamaldehyde, and
β-pinene, exhibited a certain degree of inhibitory effect on S. Enteritidis. Table 2 dis-
plays the MIC values of six essential oil constituents against S. Enteritidis, with thymol,
carvacrol, and cinnamaldehyde exhibiting MIC values of 128, 256, and 128 μg/mL, re-
spectively, representing the three constituents with the smallest MIC values. Generally, a
smaller MIC value indicates greater inhibition of bacterial growth, particularly in relation to
S. Enteritidis. It is worth noting that EOs mainly composed of aldehydes and phenols
have higher antibacterial activity, such as cinnamaldehyde, citral, carvacrol, and thymol,
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followed by EOs containing terpenoid alcohols [34]. Thymol and carvacrol have been
found to disrupt the bacterial biofilm, causing the breakdown of the cell membrane and
leakage of intracellular contents, ultimately resulting in cell death [12]. The aldehyde
groups contained in citral and cinnamaldehyde can easily penetrate the cell wall and
destroy the structure of polysaccharides. In addition, the aldehyde groups can also act on
protein transporters, playing a role of sterilization [35,36]. Therefore, thymol, carvacrol,
and cinnamaldehyde with low MIC were chosen for the next experiment.

Table 2. Minimum inhibitory concentrations.

Essential Oil Main Ingredients Thymol Carvacrol Limonene Citral Cinnamaldehyde β-Pinene

MIC (μg/mL) 128 256 1024 512 128 2048

3.2. Inhibitory Effect on S. Enteritidis Biofilm

From Figure 1, it can be observed that thymol, carvacrol, and cinnamaldehyde all
have significant inhibitory effects on the formation of S. Enteritidis biofilms. As shown
in Figure 1A, the OD value of the thymol-treated group at MIC significantly began to
decrease compared to the control group and 1/4 MIC (p < 0.05) after 12 h of cultivation
(early stage of biofilm formation). Therefore, it can be concluded that high concentrations
of thymol have an inhibitory effect on S. Enteritidis biofilm formation at the early stage. At
24 h (basic biofilm formation) and 48 h (mature biofilm formation), the inhibitory effect of
thymol on S. Enteritidis biofilms became more pronounced with increasing concentrations,
as the OD values decreased with increasing concentrations, indicating that the ability
of thymol to inhibit S. Enteritidis biofilms increased with increasing concentration. As
shown in Figure 1B, carvacrol at MIC had a significant inhibitory effect on S. Enteritidis
biofilm formation throughout the entire process (p < 0.05) compared to the control group.
It is worth noting that the OD values of 1/2 MIC and 1/4 MIC were significantly higher
than those of the control group at 12 h and 24 h, indicating that low concentrations of
carvacrol had a promoting effect on S. Enteritidis biofilm formation at the early and
basic formation stages. The OD values of 1/2 MIC and MIC were significantly lower
than those of the control group at 12 h and 24 h, indicating that high concentrations of
carvacrol had a strong inhibitory effect on S. Enteritidis biofilm formation at the early
and mature stages. As shown in Figure 1C, the cinnamaldehyde-treated group had a
significant inhibitory effect on S. Enteritidis biofilms at each concentration after 24 h and 48 h
(p < 0.05). Using lower concentrations of EO will increase the permeability of the cell
membrane and eventually lead to the destruction of cell membrane structures. Nevertheless,
lower concentrations of EOs do not impact the viability of the cells. Conversely, the
utilization of higher concentrations of EOs leads to extensive membrane damage and
complete disruption of homeostasis, which ultimately results in the death of cells. Carvacrol
and thymol can prevent or interfere with biofilm formation, and they can also eradicate
preformed biofilms [37,38].
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Figure 1. Inhibitory effects of thymol (A), carvacrol (B), and cinnamaldehyde (C) on biofilm formation
in Salmonella. The different superscripts (a–d) indicate a statistically significant difference (p < 0.05)
between different treatment groups within the same storage time.

3.3. Changes in the Total Aerobic Plate Count of Chicken during Storage

During the storage of chicken, with the increase of days, the total aerobic plate count
in each groups increased significantly (p < 0.05), as shown in Figure 2. Among them, the
total aerobic plate count in the thymol treatment group and the carvacrol treatment group
was significantly lower than those in the other two groups (p < 0.05), which indicated that
thymol and carvacrol had obvious inhibitory effects on microbial reproduction in chicken
during storage. However, the antibacterial effect of the cinnamaldehyde treatment group is
not ideal. There was no significant difference between the two groups on the second and
fourth days of storage (p > 0.05).

Similar to many other antibacterial agents and food preservation techniques, the
effectiveness of cinnamaldehyde in food systems has been significantly reduced. This may
be attributed to the inherent properties of chicken, such as ion strength and water activity,
as well as differences in composition, including protein and fat content. These factors can
affect the distribution of antibacterial agents within cells, thereby further diminishing their
bactericidal activity [39]. On the fourth day of storage, the total aerobic plate count in the
control group reached 6.22 Lg CFU/g, which exceeded the national fresh meat standard.
Thymol, carvacrol, and cinnamaldehyde were all within the standard range of fresh meat,
and total aerobic plate counts were 4.98 Lg CFU/g, 4.99 Lg CFU/g, and 5.98 Lg CFU/g,
respectively. Meat is generally considered to be spoiled when the total aerobic plate count
in meat products exceeds 6.0 Lg CFU/g [40]. On the sixth day of storage, all the treatment
groups exceeded the fresh meat standard, indicating that the chicken in the control group
could be stored for about two days, while thymol, carvacrol, and cinnamaldehyde had
obvious antibacterial effects, which could prolong the storage time to about four days.
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Figure 2. Effects of thymol, carvacrol, and cinnamaldehyde on total aerobic plate counts of chicken at
storage. The different superscripts (a–d) indicate statistically significant differences (p < 0.05) between
different treatment groups within the same storage time.

3.4. Changes in S. Enteritidis Count in Chicken Meat during Storage

In Figure 3, a comparison is made between the antibacterial effects of thymol,
carvacrol, and cinnamaldehyde against S. Enteritidis during the storage of chicken.
At day 0, the number of S. Enteritidis in each group was 4.39 Lg CFU/g, and the
concentration of S. Enteritidis suspension used in the experiment was 7 Lg CFU/g. This
indicates that a certain loss of Salmonella suspension occurred during the experimental
operation, resulting in a final concentration of S. Enteritidis suspension dispersed on
the surface of the chicken of 4.39 Lg CFU/g [41]. On the second day of storage, the
number of S. Enteritidis in thymol and carvacrol treatment groups decreased to 4.20 Lg
CFU/g and 3.96 Lg CFU/g, respectively, showing good antibacterial effect, which also
proved that thymol and carvacrol had the strongest antibacterial effect in the first two
days. However, the number of S. Enteritidis in the cinnamaldehyde treatment group
and the control group had no significant difference in the first four days. Therefore,
cinnamaldehyde’s ability to inhibit S. Enteritidis in chicken was weaker than thymol
and carvacrol, which was confirmed in the research of Hoffman et al. [42] Furthermore,
there are researchers who have proposed an order of antibacterial effectiveness of EOs
as follows: thymol > oregano > carvacrol > trans-cinnamaldehyde > eugenol. Among
these, thymol has demonstrated the strongest antibacterial effect against Salmonella,
Escherichia coli, and Klebsiella pneumoniae [43]. With the extension of storage time,
the number of Salmonella in each group increased rapidly. On one hand, due to the
volatilization of thymol and carvacrol over time, the antibacterial effects of thymol
and carvacrol are weakened. On the other hand, MIC thymol and carvacrol could
not completely inhibit the growth of S. Enteritidis, but increased the lag time of S.
Enteritidis. Although MIC concentrations of thymol and carvacrol in culture media
were effective in inhibiting the growth of S. Enteritidis, the antimicrobial effect of
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applying MIC concentrations of thymol and carvacrol to chicken was diminished.
Hence, the use of two or more complex EOs may need to be further considered in order
to achieve similar antibacterial effects in food systems as in culture-based systems.

Figure 3. Effects of thymol, carvacrol, and cinnamaldehyde on Salmonella counts of chicken at storage.
The different superscripts (a–c) indicate statistically significant differences (p < 0.05) between different
treatment groups within the same storage time.

3.5. Changes in pH Values of Chicken during Storage

pH value is one of the most important factors affecting the quality of meat, which can
affect the color, water retention capacity, flavor, tenderness, and shelf life of meat. A higher
pH value is beneficial to the growth and reproduction of microorganisms, which means
a short shelf life, while a lower pH value means a poor water retention ability [44]. The
changes in the pH value of chicken during storage by thymol, carvacrol, and cinnamalde-
hyde are shown in Figure 4. The increase in microorganisms promotes the decomposition
of protein in chicken meat, producing alkaline nitrogen-containing compounds such as
amino acids, biogenic amines, and ammonia, which leads to aggravated meat spoilage and
an increase in pH value. On the sixth day of storage, all groups experienced spoilage, indi-
cating that chicken meat treated with thymol, carvacrol, and cinnamaldehyde had a shelf
life of four days, delaying the spoilage of chicken meat. Compared with the control group,
thymol, parsley phenol, and cinnamaldehyde can inhibit the growth and reproduction of
microorganisms, reduce the pH value, and achieve a certain preservation effect.
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Figure 4. Effects of thymol, carvacrol, and cinnamaldehyde on the pH of chicken at storage. The
different superscripts (a–d) indicate statistically significant differences (p < 0.05) between different
treatment groups within the same storage time.

3.6. Changes of Moisture Content of Chicken during Storage

The moisture content of fresh meat is an important factor affecting sensory quality and
consumer perception [45]. During storage, the water content of chicken changes smoothly,
as shown in Table 3. In general, the water content of chicken in each treatment groups
did not change significantly during storage (p > 0.05). The decrease in moisture content
of the control group during the first two days of storage can be attributed to the stiff
state of the chicken meat, its poor water-holding capacity, and the loss of some free water
during the sample preparation process. High moisture content in meat can lead to rapid
putrefaction after death, as microorganisms proliferate rapidly in meat with a water content
exceeding 80% [46]. From the second day of storage, the moisture contents of the thymol,
carvacrol, and cinnamaldehyde treatment groups were higher than that of the control
group, indicating that these three EOs inhibited the growth of microorganisms, slowed
down the decomposition of chicken protein and fat, and thereby reduced the increase in
moisture content.

Table 3. Effects of thymol, carvacrol, and cinnamaldehyde on the moisture content of chicken at storage.

Parameter
Processing

Groups

Days of Storage

0 d 2 d 4 d 6 d

Moisture
content

0 0.75 Aa 0.74 Bb 0.74 Bb 0.74 Bb

Thymol 0.75 ABa 0.75 Bab 0.76 Aa 0.75 ABa

Carvacrol 0.75 Aa 0.75 Aab 0.76 Aa 0.76 Aa

Cinnamaldehyde 0.74 Ba 0.75 ABa 0.75 ABb 0.76 Aa

Different superscript letters (a,b) indicate statistically significant differences (p < 0.05) between different treatment
groups for the same storage time; different superscript letters (A,B) indicate statistically significant differences
(p < 0.05) between different storage times for the same treatment group.
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3.7. Changes in the TVB-N of Chicken during Storage

The TVB-N value is an important quality indicator to evaluate the freshness of meat.
The degradation of proteins and other nitrogenous compounds leads to the accumulation
of organic amines, which are often referred to as total volatile basic nitrogen (TVB-N) [47].
The changes in the TVB-N content of chicken meat during storage for thymol, carvacrol,
and cinnamaldehyde are shown in Figure 5, where TVB-N values in all treatment groups
showed an increasing trend with time, similar to the changes in pH and total aerobic
plate count. TVB-N values were as high as 20.17 mg/100 g in the control group and
18.13 mg/100 g in the cinnamaldehyde-treated group at day four of storage, both exceeding
the fresh meat standard (≤15 mg/100 g), while thymol- and carvacrol-treated groups still
did not exceed the standard, at 14.79 mg/100 g and 14.84 mg/100 g, respectively. The level
of TVB-N in meat is related to the growth of microorganisms and the hydrolysis of protein
into ammonia and amine. Chicken treated with thymol, carvacrol, and cinnamaldehyde
leads to a decrease in the number of microorganisms responsible for protein degradation
and the production of nonprotein nitrogen compounds including ammonia and amine.
TVB-N significantly decreases compared to the control group. However, during storage,
the antibacterial ability of thymol, carvacrol, and cinnamaldehyde gradually weakens, and
the amplitude of TVB-N growth correspondingly increases. [48,49]. All treatment groups
exceeded the standard on day six of storage, and the control group had a TVB-N value of
26.29 mg/100 g, which exceeded the standard for spoiled meat (>25 mg/100 g). The results
indicate that thymol and carvacrol treatments can be effectively applied in chicken systems
as natural bacterial inhibitors to extend the shelf life of chicken meat up to four days.

 
Figure 5. Effects of thymol, carvacrol, and cinnamaldehyde on the TVB-N of chicken at storage. The
different superscripts (a–d) indicate statistically significant differences (p < 0.05) between different
treatment groups within the same storage time.

3.8. Changes in Chicken Color during Storage

The color of meat is an important indicator for consumers to evaluate the freshness
of meat and make a purchase decision accordingly [50]. The changes in L*, a*, and b*
values on the surface of chicken during storage are shown in Table 4. The L* values of each
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treatment group showed a trend of increasing first and then decreasing. The increase in
L* values may be due to the destruction of the protein structure caused by the enzymatic
degradation of protein, which leads to more light scattering [51]. The proliferation of
microorganisms accelerates the spoilage and deterioration of chicken, causing a decrease
in brightness, a sticky and darkened surface, and reduced elasticity after storage for four
days. In the middle storage period, the brightness of the chicken treated with thymol and
carvacrol was significantly higher than that of the control group (p < 0.05), which may be
because thymol and carvacrol inhibited the growth of microorganisms and reduced the
formation of methemoglobin, indicating that thymol and carvacrol treatment can improve
the brightness of chicken. With the extension of storage time, the a* value of each treatment
group showed a downward trend, while the b* values showed an upward trend. From the
second day of storage, the red degrees of the thymol and carvacrol treatment groups were
higher than that of control group (p < 0.05), which slowed down the oxidation of myoglobin
to methemoglobin. On the sixth day, the red value decreased rapidly, which promoted the
production of methemoglobin, so the change trend of the b* value was opposite to that of
the a* value.

Table 4. Effects of thymol, carvacrol, and cinnamaldehyde on color of chicken at storage.

Parameter
Processing

Groups

Days of Storage

0 d 2 d 4 d 6 d

L* values

0 54.87 Da 56.37 Cb 57.40 Bb 55.27 Ab

Thymol 54.61 Da 58.09 Ca 58.42 Ba 57.03 Aa

Carvacrol 54.86 Da 57.93 Ca 58.34 Ba 56.21 Aab

Cinnamaldehyde 54.69 Da 55.45 Cc 57.36 Bb 55.38 Abc

a* values

0 5.13 Da 4.55 Cb 4.10 Bb 3.49 Ab

Thymol 5.12 Da 4.91 Ca 4.78 Ba 4.10 Aa

Carvacrol 5.07 Da 4.99 Ca 4.73 Ba 3.74 Ab

Cinnamaldehyde 5.14 Da 4.84 Ca 4.13 Bb 3.58 Ab

b* values

0 31.54 Da 32.71 Ca 34.50 Ba 35.93 Aa

Thymol 31.14 Dab 32.12 Cab 33.11 Bb 34.60 Ac

Carvacrol 30.92 Db 31.51 Cb 32.31 Bc 35.30 Ab

Cinnamaldehyde 31.29 Dab 32.49 Ca 34.34 Ba 35.86 Aa

Different superscript letters (a–c) indicate statistically significant differences (p < 0.05) between different treatment
groups for the same storage time; different superscript letters (A–D) indicate statistically significant differences
(p < 0.05) between different storage times for the same treatment group.

3.9. Changes in the Sensory Indicators of Chicken during Storage

Table 5 illustrates the sensory changes in chicken meat during storage when treated
with thymol, carvacrol, and cinnamaldehyde. Within the first two days of storage, there
were no significant differences in color, odor, or overall acceptability (p > 0.05) among
the different treatment groups. However, there was a significant difference in viscosity
between the thymol group and the control group (p < 0.05), with only a slight stickiness
observed on the surface of the chicken meat. On the fourth day of storage, there were
significant differences in color, odor, viscosity, and overall acceptability (p < 0.05) between
the thymol and carvacrol treatment groups and the control group, while only stickiness and
overall acceptability (p < 0.05) showed significant differences between the cinnamaldehyde
group and the control group, indicating a weaker preservation effect of cinnamaldehyde.
The overall acceptability score of the control group was only 5.33, which was below the
level that consumers would accept, with an odor score of 4, indicating a strong and
unpleasant smell on the fourth day of storage, as well as a dull and sticky surface on the
chicken meat. The overall acceptability score of the cinnamaldehyde group was also only
5.66, indicating a weak preservation effect, while the overall acceptability scores of the
thymol and carvacrol treatment groups were both above 7, indicating that thymol and
carvacrol could significantly inhibit the growth and reproduction of protein-degrading

131



Foods 2023, 12, 2560

microorganisms. On the sixth day, the overall acceptability scores of all groups were
around 3, indicating rapid microbial growth, which had penetrated into the chicken meat
tissue and gradually decomposed to produce decay flavor substances such as dimethyl
sulfide [49]. The antimicrobial properties of thymol, carvacrol, and cinnamaldehyde have
been demonstrated to effectively minimize the microbial count, prolong the shelf life of
products, and enhance the sensory quality of chicken.

Table 5. Effects of thymol, carvacrol, and cinnamaldehyde on the sensory parameters of chicken
at storage.

Sensory
Indicators

Processing
Groups

0 d 2 d 4 d 6 d

Color

Control group 9.50 ± 0.84 Aa 8.67 ± 1.21 Aa 6.00 ± 0.89 Bb 4.33 ± 0.82 Cb

Thymol 9.50 ± 0.84 Aa 9.17 ± 0.98 Aa 7.33 ± 0.82 Ba 6.17 ± 0.75 Ca

Carvacrol 9.33 ± 0.82 Aa 9.17 ± 0.95 Aa 7.83 ± 0.75 Ba 5.83 ± 0.75 Ca

Cinnamaldehyde 9.33 ± 0.82 Aa 8.83 ± 0.98 Aa 6.83 ± 0.75 Bab 4.16 ± 0.75 Cb

Odor

Control group 9.67 ± 0.52 Aa 8.67 ± 1.03 Aa 4.00 ± 0.89 Bb 2.33 ± 0.82 Cb

Thymol 9.83 ± 0.41 Aa 9.00 ± 0.89 Aa 6.50 ± 1.05 Ba 3.17 ± 0.75 Cab

Carvacrol 9.67 ± 0.82 Aa 9.17 ± 0.75 Aa 5.67 ± 0.82 Ba 3.50 ± 0.55 Ca

Cinnamaldehyde 9.50 ± 0.84 Aa 8.83 ± 0.75 Aa 3.83 ± 0.75 Bb 2.50 ± 0.84 Cb

Stickiness

Control group 9.83 ± 0.41 Aa 8.33 ± 0.52 Bb 6.83 ± 0.75 Cb 5.83 ± 0.75 Da

Thymol 9.67 ± 0.52 Aa 9.50 ± 0.84 Aa 8.50 ± 1.05 Ba 6.83 ± 0.75 Ca

Carvacrol 9.83 ± 0.41 Aa 9.33 ± 1.03 ABab 8.33 ± 1.37 Ba 6.67 ± 1.03 Ca

Cinnamaldehyde 9.83 ± 0.41 Aa 9.17 ± 0.98 ABab 8.17 ± 0.98 Ba 6.50 ± 0.84 Ca

Overall
acceptability

Control group 9.84 ± 0.41 Aa 8.33 ± 1.03 Ba 5.33 ± 0.82 Cb 2.83 ± 0.75 Da

Thymol 9.67 ± 0.52 Aa 9.33 ± 0.82 Aa 7.17 ± 0.75 Ba 3.50 ± 1.05 Ca

Carvacrol 9.67 ± 0.82 Aa 9.00 ± 0.89 Aa 7.00 ± 0.63 Ba 3.50 ± 0.84 Ca

Cinnamaldehyde 9.67 ± 0.52 Aa 9.00 ± 0.89 Aa 5.67 ± 1.03 Bb 3.00 ± 1.26 Ca

Different superscript letters (a,b) indicate statistically significant differences (p < 0.05) between different treatment
groups for the same storage time; different superscript letters (A–D) indicate statistically significant differences
(p < 0.05) between different storage times for the same treatment group.

4. Conclusions

In this paper, the inhibitory effects of thymol, carvacrol, and cinnamaldehyde on S.
Enteritidis during storage and on the quality characteristics of chicken meat were evaluated.
The results of physicochemical analysis showed that MIC (128 μg/mL) thymol- and MIC
(256 μg/mL) carvacrol-treated chicken surfaces minimized the number of S. Enteritidis
and total aerobic plate count, reduced pH and TVB-N, and extended the shelf life from
two to four days compared to MIC (128 μg/mL) cinnamaldehyde. The results of sensory
analysis showed that the color, odor, viscosity, and overall acceptability of the chicken
remained good in the thymol and carvacrol groups. This study confirmed that thymol and
carvacrol were more effective in inhibiting S. Enteritidis and improving chicken quality.
Based on current research findings, our future efforts will focus on the development of an
antibacterial film that combines thymol, carvacrol, cinnamaldehyde, and polysaccharides,
which will be applied to fresh food packaging.
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Abstract: The increasing incidence of diseases caused by highly carcinogenic aflatoxin M1 (AFM1) in
food demands a simple, fast, and cost-effective detection technique capable of sensitively monitoring
AFM1. Recent works predominantly focus on the electrochemical aptamer-based biosensor, which
still faces challenges and high costs in experimentally identifying an efficient candidate aptamer.
However, the direct electrochemical detection of AFM1 has been scarcely reported thus far. In this
study, we observed a significant influence on the electrochemical signals of ferric ions at a gold
nanoparticle-modified glassy carbon electrode (AuNPs/GCE) by adding varying amounts of AFM1.
Utilizing ferricyanide as a sensitive indicator of AFM1, we have introduced a novel approach for
detecting AFM1, achieving an unprecedentedly low detection limit of 1.6 × 10−21 g/L. Through
monitoring the fluorescence quenching of AFM1 with Fe3+ addition, the interaction between them
has been identified at a ratio of 1:936. Transient fluorescence analysis reveals that the fluorescence
quenching process is predominantly static. It is interesting that the application of iron chelator
diethylenetriaminepentaacetic acid (DTPA) cannot prevent the interaction between AFM1 and Fe3+.
With a particle size distribution analysis, it is suggested that a combination of AFM1 and Fe3+ occurs
and forms a polymer-like aggregate. Nonetheless, the mutual reaction mechanism between AFM1

and Fe3+ remains unexplained and urgently necessitates unveiling. Finally, the developed sensor
is successfully applied for the AFM1 test in real samples, fully meeting the detection requirements
for milk.

Keywords: aflatoxin M1; electrochemical detection; gold nanoparticles; Fe3+

1. Introduction

Aflatoxins, produced by Aspergillus flavus and Aspergillus. parasiticus, which are com-
monly found in cereal grains, dairy products, beans, and nuts [1–3], are toxic compounds
with a difuran ring structure. The improper storage conditions can result in contamination
with aflatoxins, and the intake of aflatoxins is associated with a significant portion of
hepatocellular carcinoma cases worldwide such as impaired liver function and immune
response and an increase in susceptibility to infectious diseases [4–6]. These toxins can enter
the bloodstream and undergo metabolization in the human body. There are four generally
recognized aflatoxins designated B1, B2, G1, and G2. Aflatoxin B1 (AFB1) is the major
mycotoxin produced by most species under culture conditions and is the most frequently
studied of the four. However, the index compound of AFB1 is not carcinogenic before it
is metabolically activated. AFM1, a hydroxylated metabolite of AFB1 in human food and
animal feed, is excreted in urine and secreted in milk in mammalian species within 12 h
after consumption, while its toxicity is much less known. AFM1, in particular, is reclassified
as a naturally occurring carcinogen belonging to Group 1, with the formation of DNA
adducts [7]. Nonetheless, many nations have set regulatory limits for maximum allowable
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AFM1 in milk and other dairy products. In 2005, the Food and Drug Administration (FDA)
set an AFM1 action level in milk and other dairy products at 0.5 μg/L. The European Union
(EU) set a much stricter standard that allows a maximum of 0.05 μg/L in milk in 2006 [7].
Turna noted that a high AFM1 level in milk was associated with a high level of AFB1 in
animal feed, which upon consumption could harm both animal and human health [8].
Accordingly, timely monitoring of aflatoxins during biological transformation can help
reduce the risk of diseases [9]. Consequently, the development of a sensitive detection
method has become a prominent research focus in recent years.

Currently, the identification and quantification of aflatoxins are commonly performed
using thin-layer chromatography (TLC) [10], immunoaffinity chromatography [11], high-
performance liquid chromatography (HPLC) [12], and enzyme-linked immunosorbent as-
say (ELISA) [13]. However, these methods have drawbacks such as being time-consuming,
requiring special equipment, or involving cumbersome sample pretreatment and false-
positive results [14]. A reliable and promising alternative approach that offers high sensi-
tivity, ease of operation, fast analysis, and cost-effectiveness is the electrochemical method.
Recently, electrochemical aptamer-based sensors have gained significant attention for afla-
toxin monitoring. However, the instability of the biological recognition piece limited the
use as anticipated.

Abnous et al. [15] reported an electrochemical sensing strategy for the detection of
AFB1 based on aptamer-complementary strands of aptamer complex, forming a π-shape
structure on the electrode surface, with a detection limit of 2 pg/mL. Ahmadi et al. [16]
developed a pencil graphite electrode modified with reduced graphene oxide and gold
nanoparticles for the detection of AFM1, achieving a detection limit of 0.3 ng/L. Fur-
thermore, the detection of AFM1 has been accomplished using voltammetric biosensors,
utilizing silver nanoparticles dispersed on an α-cyclodextrin-GQDs nanocomposite [17].
Aflatoxins can be electrochemically oxidized to ketone because of containing an alcohol
group, which is generated by the hydrolysis of the aromatic ester group in a basic medium.
This allows the direct detection of aflatoxins without the need for recognition elements
or tags [18]. Gevaerd et al. [19] reported the direct determination of AFB1 in 2020 at the
screen-printed electrode (SPE) modified with gold nanoparticles and graphene quantum
dots (AuNPs-GQDs), which exerted an electrocatalytic effect on the oxidation of AFB1
(shift of the oxidation peak to less positive values). The performance in ng/mL level by this
approach was quite similar to those obtained with other systems where bioreceptors are
used. However, the low specificity of this format of detection limits its further application
for the selective determination of aflatoxins. Thus, there is still a growing demand for novel
sensors that offer a simple electrode modification process, high sensitivity, low cost, and
ease of use for the detection of Aflatoxins replacing commonly used biological recognition
systems described above.

Aflatoxins belong to the class of coumarin compounds characterized by their difuran
ring structures. Previous reports have identified coumarin compounds as fluorescent probes
for various metal ions such as Mg2+ [20], Cu2+ [21,22], Zn2+ [23], and others. In recent years,
numerous small molecule fluorescent probes for Fe3+ have been developed [24,25] based
on a selective binding approach for example complexation or chelation. Wang et al. [26]
reported a highly selective coumarin-based chemosensor for the detection of Fe3+ where
coumarin FB displayed a high affinity to Fe3+ resulting in forming an FB-Fe3+ complex.
Zhao et al. [27] specifically designed and synthesized Schiff base probes using phenanthro
[9,10-d] imidazole-coumarin derivatives, demonstrating the formation of a 1:1 complex
between these probes and Fe3+.

Considering this, the electrochemical signals of Fe3+ could potentially reflect the
concentration of aflatoxins. There appear to be interactions between Fe3+ and aflatoxins,
which warrant further comprehensive investigation, particularly in understanding the
nature of the interaction between Fe3+ and aflatoxins.

As is known, electrode modifiers having good conductivity and catalytic activity play
an important role in influencing the sensitivity and capability of modified electrodes. Com-
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monly, conducting polymers, molecularly imprinted materials and some metals such as
gold, iron, silver, and palladium can be used as electrode modifier materials for enhancing
the peak currents, which is necessary for determining the trace amount of analytes in
real samples. In this work, we have compared the electrochemical activity of polythion-
ine, molecularly imprinted L-cysteine, and electrodeposited gold nanoparticles (AuNPs).
Among them, the uniform deposition of AuNPs onto the glassy carbon electrode (GCE)
surface is well known for its ability to increase the effective area and confer the direct
electron transfer between the analyte and the electrode base [28,29], making it an excellent
sensing platform and giving a much better electrochemical signal towards Fe3+ as shown in
Supplementary Figure S1. In this study, we have successfully developed an electrochemical
sensor by modifying a GCE with AuNPs (AuNPs/GCE) for the detection of AFM1. While
the electrochemical synthesis of AuNPs without the requirement of an external linker or
functionalizing ligand is well established, aiming for the best electrochemical performance;
herein, we have particularly optimized the electrochemical sweeping methods and parame-
ters, deposition times, and minimal solution preparation because the in situ tailoring of
nanoparticle surface chemistry resulted in improved catalytic activity and selectivity. The
sensor utilizes ferricyanide as a mediator, where the presence of AuNPs greatly facilitates
the electrode reaction and enhances the catalytic activity towards ferricyanide. Conse-
quently, this sensor exhibits an unprecedented lowest detectable concentration of AFM1
over the widest linear range reported thus far.

To demonstrate the specificity of Fe3+ in AFM1 detection, an immunoassay column
was utilized. Remarkably, an impressive reaction ratio of AFM1 to Fe3+ was obtained. The
performance of the developed sensor was evaluated by measuring AFM1 in spiked milk
samples, yielding satisfactory analytical results since it is easy, quick, and does not involve
developing the biological material methodology.

2. Materials and Methods

2.1. Chemicals and Apparatus

AFM1 was obtained from Toronto Research Chemicals, while HAuCl4·3H2O (≥99%)
was acquired from Sigma Aldrich. KCl, K3[Fe(CN)6], K4[Fe(CN)6], NaH2PO4, and Na2HPO4
were purchased from Aladdin Reagents. Unless otherwise specified, all reagents were used
as received. Phosphate buffer solutions (PBS) were prepared by diluting 0.1 M NaH2PO4
and 0.1 M Na2HPO4 stock solutions. All solutions were prepared using double-distilled
water with a resistivity of 18 MΩ·cm.

The electrochemical experiments were conducted at room temperature using a CHI900D
workstation (Shanghai CH Instrument Ltd., Shanghai, China) equipped with a conven-
tional three-electrode system. The system consisted of a glassy carbon electrode (GCE,
3.0 mm in diameter) as the working electrode, a platinum wire as the counter electrode,
and an Ag/AgCl (saturated KCl) electrode as the reference electrode. Electrochemical
impedance spectroscopy (EIS) measurements were performed in PBS containing 5 mM
K3[Fe(CN)6]/K4[Fe(CN)6] (mole ratio of 1:1) and 0.1 M KCl at room temperature. An
AUTOLAB PGSTAT302N (Metrohm Auto lab B.V., Herisau, Switzerland) was used for EIS
measurements, employing a formal potential of 0.2 V, 5 mV amplitude, and a frequency
range from 0.1 Hz to 100 kHz. Nyquist plots were generated from the impedance data and
fitted using AUTOLAB Nova 1.8.

Scanning electron microscopy (SEM) experiments were conducted using an XL30
ESEM-FEG (FEI Company, Hillsboro, OR, USA) with an acceleration voltage of 20.0 kV.
Molecular fluorescence spectra were measured using an F-180 fluorescence spectroscope
(Tianjin Gangdong Co., Ltd., Tianjin, China). The steady-state and transient-state fluores-
cence spectra were obtained using an FLS 1000 spectrometer (Edinburgh Instruments, West
Lothian, UK). Particle size distribution analysis was obtained using a nanoparticle size
analyzer Winner 802 (Jinan Weina Particle Instruments, Jinan, China). The enzyme-linked
immunosorbent assay (ELISA) was performed using a Varioskan™ LUX (Thermo Fisher
Scientific, Waltham, MA, USA).
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2.2. Preparation of AuNPs/GCE

Figure 1A depicts the schematic diagram illustrating the modification of GCE with
AuNPs. To achieve this, the GCE was initially polished to a mirror finish using 0.05 μm
alumina slurry on a microcloth. Subsequently, it was ultrasonicated with distilled water
for 1 min to ensure cleanliness. The polished and cleaned GCE was then immersed in
a solution containing 5 mM HAuCl4 and 0.1 M KCl. AuNPs were formed using cyclic
voltammetry (CV) in a potential range from −0.4 V to 1.2 V, with a scan rate of 10 mV/s for
20 cycles. Figure 1B displays the cyclic voltammograms, which exhibit a monotonically
increasing trend of the redox waves, confirming the continuous growth of the AuNPs layer.

 
Figure 1. The preparation of AuNPs−modified glassy carbon electrode. (A) Schematic diagram of
AuNPs modification onto glassy carbon electrode; (B) CVs of Au electrodeposition onto GCE in
0.1 M pH 7.0 PBS; (C) SEM image of AuNPs/GCE.

Following the AuNPs formation, the AuNPs/GCE was thoroughly rinsed with deion-
ized water and transferred to a 0.1 M PBS solution at pH 7.0. The electrode was scanned
until a stable voltammogram was obtained. Figure 1C shows the corresponding SEM image
of the AuNPs/GCE, revealing a compact layer with uniformly distributed and smaller
AuNPs, providing full coverage.

2.3. Sample Preparation

AFM1 stock solution was prepared by dissolving an appropriate mass of AFM1 in
pH 7.0 PBS, and working solutions with different concentrations of AFM1 were prepared
by diluting the stock solution with buffer. The commercial milk was purchased from a
local store. In the experimental procedure, 30 mL of the milk sample was transferred to a
centrifuge tube. To remove proteins, 20% TCA (trichloroacetic acid) was added, and the
mixture was centrifuged for 5 min. Subsequently, centrifugation was performed at a speed
of 6000 rpm for 10 min. The resulting supernatant was then filtered through a 0.22 μm filter
and passed through an immunoaffinity column. Finally, the filtered sample was subjected
to testing. The possibility and reliability of the method being applied in practice were
established in regard to evaluating the recovery rate in actual samples.
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3. Results and Discussion

3.1. Electrochemical Characterization of the AuNPs/GCE

The electrochemical behaviors of AuNPs/GCE were investigated by performing CV
(cyclic voltammetry) and EIS (electrochemical impedance spectroscopy) measurements in a
0.1 M PBS solution (pH 7.0) containing 5 mM Fe(CN)63−/4−. Figure 2A clearly shows that
AuNPs/GCE exhibits remarkable activity and reversibility, as evidenced by the distinct
peak-to-peak separation (ΔEp = ca. 78 mV at 100 mV·s−1) and enhanced peak current
observed in the CVs, in comparison to the bare GCE. Furthermore, the CVs of AuNPs/GCE
remained nearly constant despite variations in the number of ultrasonic cleaning cycles,
indicating the high stability of the modifier layer.

Figure 2. The improved performance of AuNPs−modified glassy carbon electrode. (A) CVs of
ferricyanide at GCE and AuNPs/GCE in the presence of AFM1; (B) Nyquist Plot (Z′ vs. −Z′′) of GCE
and AuNPs/GCE.

Additionally, the Nyquist plots presented in Figure 2B, obtained from the EIS mea-
surements, further support the superior conductivity of AuNPs/GCE when compared
to the bare GCE. This enhanced conductivity contributes to the exceptional electrochem-
ical catalytic performance exhibited by AuNPs/GCE without the use of any additional
biomolecule as an electrode modifier.

3.2. Effect of pH and Scan Rates on Fe3+ Signals at AuNPs/GCE in the Presence of AFM1

The impact of pH variation on the electrochemical response of Fe3+ at AuNPs/GCE in
the presence of AFM1 was further investigated using different buffer solutions prepared
and adjusted to a pH range of 4.0 to 8.0. Protons always exert a significant impact on the
reaction speed when being involved in the electrochemical reactions of organic compounds.
Figure 3A illustrates the gradual increase in peak currents in differential pulse voltammetry
(DPV) with an increase in pH within the range of 4–9. The peak currents reach a maximum
at pH 7.0 and then decline, leading to the selection of pH 7 for subsequent experiments.
This phenomenon is also aligned with the fact that AFM1 is generally more stable in neutral
pH. Notably, the absence of proton involvement in the reaction is evident as the peak
potential does not exhibit a linear shift with pH.
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Figure 3. The effects of different pH on the sensitivity of AuNPs/GCE to Fe3+ and AFM1. (A) DPVs
of ferricyanide at AuNPs/GCE in 0.1 M PBS in the presence of AFM1 with pH ranging from 4.0 to
8.0. (B) CVs of ferricyanide GCE in 0.1 M pH 7.0 PBS at AuNPs/GCE in the presence of AFM1 at
various scan rates (10, 20, 40, 60, 80, 100, 150, 200, and 300 mV·s−1, respectively). Inset shows plots of
Ipa and Ipc (μA) versus the square root of the scan rate.

Figure 3B presents the cyclic voltammograms (CVs) obtained at AuNPs/GCE with
different scan rates. It is observed that both the cathodic peak current (Ipa) and an-
odic peak current (Ipc) are directly proportional to the square root of the scan rates
within the range of 10–300 mV·s−1. The correlated linear equations can be expressed
as Ipa (μA) = 5.63 v1/2 (mV·s−1) + 2.72, and Ipc (μA) = −5.84 v1/2 (mV·s−1) − 2.23, respec-
tively, with the consistent regression coefficient (r2) of 0.99 (inset of Figure 3B), suggesting
a diffusion-controlled redox behavior of Fe3+ at AuNPs/GCE according to Randles–Sevcik
equation instead of a surface reaction-controlled process. Moreover, the fact that peak
potential is nearly independent on the scan rate suggests that the redox reaction is electro-
chemically reversible.

3.3. Electrochemical Response of Fe3+ at AuNPs/GCE in the Presence of AFM1

Differential pulse voltammetry (DPV) is an effective and rapid electroanalytical tech-
nique with lower concentration detection limits. The electrochemical responses of Fe3+

were further investigated using the DPV technique, with varying concentrations of AFM1
added to the electrolyte. Figure 4 illustrates the findings, where it can be observed
that the peak currents of Fe3+ decrease as the concentrations of AFM1 increase within
the range of 1.6 × 10−21 to 2.5 × 10−4 g/L. A linear regression equation for AFM1 of
I (μA) = −2.34 lg [AFM1] (g/L) + 54.261 with a correlation coefficient of 0.99879 was de-
rived from the data. Each current response was measured three times, yielding a relative
standard deviation (RSD) of 4.3%. These results clearly demonstrate the successful applica-
tion of the developed sensor for ultrasensitive detection of AFM1, with the lowest observed
concentration of 1.6 × 10−21 g/L, surpassing previous reports based on the electrochemical
method as listed in Table 1. When the electrode was stored in the refrigerator at 4 ◦C, the
current response remained almost unchanged for about 2 weeks by taking advantage of
a highly reliable electrode-preparing process. This raises a crucial question regarding the
nature of the reaction occurring between Fe3+ and AFM1, leading to significant suppression
of the electrochemical signals of Fe3+ in the presence of AFM1. We also confirmed the
capability of the present method for the monitoring of AFB1-NAC and AFB1-lysine, which
are another two metabolites from AFB1 as shown in Supplementary Figure S2.
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Figure 4. (A) DPVs profile of 5 mM ferricyanide at AuNPs/AGCE in the presence of AFM1 at
different concentrations (2.5 × 10−4, 5 × 10−7, 1 × 10−9, 2 × 10−12, 8 × 10−18, 1.6 × 10−21 g/L, and 0,
respectively). (B) Inset shows the plot of Ipa as a Logarithmic function of the concentration of AFM1.

Table 1. Comparison of analytical performance for the electrochemical detection of AFM1.

System Detection Limit Linear Range Ref.

A-CD-GQDs-AgNPs/GCE 2 μm 0.015–25 μM [17]
Apt-CS-AuNPs/SPGE 0.9 ng/L 2–600 ng/L [29]

anti-AFM1/SPGE 2.5 × 10−8 g/kg 3 × 10−8–1.6 × 10−7 g/kg [30]
Fe3O4-PANi/IDE 1.98 ng/mL 6–60 ng/mL [31]

NR/P [5]A-COOH/GCE 0.5 ng/L 5–120 ng/L [32]
AuNPs/SPE 37 pg/mL - [33]

ss-HSDNA-AuNPs/GE 0.36 ng/mL 1–14 ng/mL [34]
Fe3+-AuNPs/GCE 1.6 × 10−21 g/L 1.6 × 10−21–2.5 × 10−4 g/L This work

Furthermore, the potential application of this method for detecting other toxins such
as zearalenone (ZEA), ochratoxins (OTA), AFB2, and AFG1 was investigated. The DPVs
obtained for these toxins are shown in Figure 5. Similar phenomena were observed for
AFB2 and AFG1, confirming the method’s suitability for selective detection of aflatoxins.

Figure 5. DPVs profile of ferricyanide at AuNPs/GCE in 0.1M PBS in the presence of ZEA (A),
OTA (B), AFB2 (C), and AFG1 (D) at different concentrations.

3.4. Chronoamperometric Studies

The diffusion coefficient and catalytic rate constant of Fe3+ in the presence of AFM1
were calculated from chronoamperometry. From the time-current curve, as shown in
Figure 6A, it has been deduced that inversely linear dependency exists between the current
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and the square root of time as shown in Figure 6B. The slope of the linear equation could
be obtained by using the Cottrell Equation:

I = nFAD1/2Cπ1/2t1/2

where n is the number of transferred electrons, F is the Faraday constant, A is the proportion
of the electrode, D is the diffusion coefficient of active substance, C is the initial molar
concentration, and t is the running time. From the resulting slope, the D value was obtained
to be 6.463 × 10−8 cm2·s−1. Chronoamperometry was also used to measure the catalytic
rate constants from the following Equation:

Icat/Id = c1/2π1/2 = π1/2(kCt)

where Icat and Id were the currents of Fe3+ at AuNPs/GCE in the presence and absence
of AFM1 and Fe3+, respectively, γ = kCt is the error function, k is the catalytic rate con-
stant, C is the concentration of AFM1 and Fe3+, and t is the running time (s). From the
slope of the Icat/Id vs. t1/2 plot, as shown in Figure 6C, the k value was obtained to be
4.8 × 10−2 cm3·mol−1·s−1.

Figure 6. Amperomertric i-t Curves of AFM1 with different concentrations (C0: 0, C1: 6.25 × 10−10 g/L,
C2:2.5 × 10−15 g/L, and C3:1 × 10−20 g/L) at AuNPs/GCE in the presence of 5 mM [Fe(CN)6]4−.
(A) Potential is 400 mV. (B) Dependence of Icatal/IL on t1/2. (C) Dependency of transient current
on t−1/2.

3.5. Effect of Fe3+ Concentration on AFM1 Fluorescence Intensity

The fluorescence intensity of AFM1 in the presence of Fe3+ was observed to de-
crease as the solution pH values increased, as shown in Supplementary Figure S3. Al-
though, generally, the fluorescence intensity at neutral pH is higher than that in acidic
or base environments, there is competition occurring between Fe3+ and H+ assumed by
Patel-Sorrentino et al., for the explanation of pH effect [35]. Additionally, in order to further
explore the response properties of AFM1 to Fe3+, the fluorescence titration experiment in
tris buffer solution was performed with the gradual addition of Fe3+ to AFM1. The concen-
tration of AFM1 was maintained at 1 × 10−5 M, while the concentration of Fe3+ was over
the range from 0 to 5.12 × 10−6 M. Figure 7A demonstrates that the fluorescence intensity
gradually decreases with increasing Fe3+ concentration; to put it another way, the addition
of Fe3+ leads to a remarkable fluorescence quenching of AFM1. Once the concentration
reaches 8 mM, the fluorescence intensity remains constant at nearly zero and does not
change because of quenching saturation. It can be assumed that they may tend to form
polymer-like nano-aggregates [36]. The fitting curve is illustrated in Figure 7B, revealing a
concentration ratio of AFM1 to Fe3+ of approximately 1:936. Transient fluorescence analysis
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(Figure 7C) confirms that the fluorescence quenching process is predominantly static, as
AFM1, Fe3+, and AFM1+Fe3+ exhibit high coinciding properties. The second-order fitting
curve of transient fluorescence spectra by the ordinary least square method is displayed in
Supplementary Figure S4. The non-linear Equation is expressed as follows:

Y = A1 × exp(−x/t1) + A2 × exp(−x/t2) + y0 (r2 = 0.99)

where A1 = 3155.94 ± 17.67, t1 = 1250.31 ± 14.00, A2 = 156.62 ± 11.16, t2 = 13,712.75 ± 1427.08,
y0 = −3.42 ± 2.37, respectively. A calculated fluorescence lifetime of 12.402 μs by formula
t = (A1 × t12) + (A2 × t22)/(A1 × t1 + A2 × t2) proves that the interaction between AFM1
and Fe3+ is ultrafast.

                

            
  
           

×   

×

×   

μ

Figure 7. The specific interaction between Fe3+ and AFM1. (A) Effects of Fe3+ addition on fluorescence
emission of AFM1; (B) Fluorescence intensity as a function of Fe3+ concentration; (C) Transient
fluorescence lifetime of AFM1, AFM1 + Fe3+; (D) Effects of other metal ions on the fluorescence
emission of AFM1.

To determine the specific effect of Fe3+, various ions including Na+, K+, Zn2+, Cu2+,
Ni2+, Pb2+, Cd2+, Mn2+, Mg2+, and Co2+ were investigated for their interference on the
fluorescence intensity of AFM1 under the same conditions. As demonstrated in Figure 7D,
none of these ions caused any significant interference even at higher concentrations reflected
by negligible responses of AFM1. The fluorescence intensity of AFM1 was also examined in
the presence of vitamin B12, a water-soluble vitamin known for its metal ion content, and
heme iron. Similar to the effect of Fe3+, the fluorescence intensity gradually decreased with
increasing concentration, as depicted in Supplementary Figure S5. These findings indicate
a certain interaction between AFM1 and Fe3+.

To evaluate the intensity of this interaction, diethylenetriaminepentaacetic acid (DTPA)
was employed as a competitor against AFM1. As it was, DTPA may form a complexation
with Fe3+ to release AFM1 so as to observe an increase in fluorescence intensity. Despite
the strong Fe3+-binding ability of DTPA, the addition of DTPA (5 mM) to a mixture of
AFM1 (4 μg/mL) and Fe3+ (3.2 mM) unexpectedly led to a further decrease in fluorescence
intensity, as depicted in Figure 8A. This suggests that DTPA can surprisingly enhance the
interaction between AFM1 and Fe3+. The particle size distribution analysis of AFM1+Fe3+
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in the 420–600 nm range (Figure 8B) compared with Fe3+ and AFM1 in the range of
500–800 nm and 400–1000 nm, respectively, further confirms their combination.

Figure 8. Evaluation on the intensity of interaction between AFM1 and Fe3+. (A) The Fluorescence
intensity of AFM1, AFM1+Fe3+, and AFM1+Fe3++DTPA. (B) The Particle size distribution of AFM1,
Fe3+, and AFM1+Fe3+.

3.6. Determination of AFM1 in Milk

To assess the effectiveness and feasibility of the proposed method, AFM1 levels in
milk were measured. Spike and recovery experiments were conducted by measuring DPV
responses in real milk samples with known concentrations of AFM1 added. The AFM1
concentrations in the milk samples were determined through calibration and are presented
in Table 2. In all cases, good recoveries were obtained for AFM1 varying from 92.0%
to 93.9% considering the level of concentration being analyzed, which is comparatively
better than those obtained from spectrofluorimetry and ELISA. These findings strongly
demonstrate the practical applicability and reliability of the proposed method.

Table 2. The determination of AFM1 in milk with three methods.

Method Add/μM Detected/μM Recovery%

This work
2.96 2.78 93.9
8.91 8.24 92.4

23.78 22.17 93.2

Spectrofluorimetry
2.2 1.9 86
3.16 2.5 78

12.65 10.08 84

ELISA
2.6 2.39 92.1
8.41 7.82 93

20.25 18.71 92.4

4. Conclusions

In this study, we have introduced a novel approach for detecting AFM1, utilizing the
electrochemical signals of ferricyanide as a sensitive indicator of AFM1 concentrations.
Notably, we achieved an unprecedentedly low detection limit of 1.6 × 10−21 g/L, surpass-
ing previous reports. Furthermore, the recovery rates of 92.4–93.9% obtained from real
sample testing underscore the potential of this method as a reliable screening technique
for AFM1 detection in food. This approach combines the advantages of nanotechnology,
supramolecular recognition techniques, and signal amplification, providing a versatile
tool for monitoring aflatoxins. Ongoing investigations aim to elucidate the underlying
interaction mechanism between AFM1 and Fe3+. Since most research on the electrochemical
detection of aflatoxins is focused on aptamer immunosensors, this work may open new
opportunities for Fe3+ as a probe for reversely monitoring coumarin-based small molecules.
Meanwhile, this work will provide a beneficial reference for sensing of other toxins in food
or pharmaceutical assays.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods12132521/s1, Figure S1: CV response of different modified electrodes
in Fe3+ and AFM1; Figure S2: Effect of pH on fluorescence spectrum intensity; Figure S3: The DPV
response of AFB1, AFB1-NAC and AFB1-lysine respectively at AuNPs/GCE; Figure S4: The second-
order fitting curve of transient fluorescence spectra; Figure S5 Fluorescence intensity at different
concentrations of heme iron and VB12.

Author Contributions: Conceptualization, X.L. and M.Z.; methodology, X.L.; software, H.M.; formal
analysis, X.L. and H.L.; investigation, M.Z.; resources, D.X. and L.H.; data curation, X.L.; writing—
original draft preparation, X.L.; writing—review and editing, D.X. and L.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by National Key R&D Program of China(2022YFD2100601),
National Natural Science Foundation of China (32272278) and Innovation Capability Support Program
of Shaanxi Province (Program No. 2023-CX-TD-61).

Data Availability Statement: The data used to support the findings of this study can be made
available by the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict interest.

References

1. Ma, H.H.; Sun, J.Z.; Zhang, Y.; Bian, C.; Xia, S.H.; Zhen, T. Label-free immunosensor based on one-step electrodeposition
of chitosan-gold nanoparticles biocompatible film on Au microelectrode for determination of aflatoxin B1 in maize. Biosens.
Bioelectron. 2016, 80, 222–229. [CrossRef]

2. Malhotra, B.D.; Srivastava, S.; Ali, M.A.; Singh, C. Nanomaterial-based biosensors for food toxin detection. Appl. Biochem.
Biotechnol. 2014, 174, 880–896. [CrossRef]

3. Machida, M.; Gomi, K. Aspergillus: Molecular Biology and Genomics; Horizon Scientific Press: Tsukuba, Japan, 2010.
4. Liu, Y.; Wu, F. Global burden of aflatoxin-induced hepatocellular carcinoma: A risk assessment. Environ. Health Perspect. 2010,

118, 818–824. [CrossRef]
5. Liu, Y.; Chang, C.C.; Marsh, G.M.; Wu, F. Population attributable risk of aflatoxin-related liver cancer: Systematic review and

meta-analysis. Eur. J. Cancer 2012, 48, 2125–2136. [CrossRef] [PubMed]
6. Wu, F. Perspective: Time to face the fungal threat. Nature 2014, 516, S7. [CrossRef] [PubMed]
7. Lee, J.; Her, J.Y.; Lee, K.G. Reduction of aflatoxins (B1, B2, G1, and G2) in soybean-based model systems. Food Chem. 2015, 189,

45–51. [CrossRef]
8. Turna, N.S.; Wu, F. Aflatoxin M1 in milk: A global occurrence, intake, & exposure assessment. Trends Food Sci. Tech. 2021, 110, 183–192.
9. Turner, N.W.; Subrahmanyam, S.; Piletsky, S.A. Analytical methods for determination of mycotoxins: A review. Anal. Chim. Acta

2009, 632, 168–180. [CrossRef]
10. Stroka, J.; Anklam, E. Development of a simplified densitometer for the determination of aflatoxins by thin-layer chromatography.

J. Chromatogr. A 2000, 904, 263–268. [CrossRef]
11. Kolosova, A.Y.; Shim, W.B.; Yang, Z.Y.; Eremin, S.A.; Chung, D.H. Direct competitive ELISA based on a monoclonal antibody for

detection of aflatoxin B1 stabilization of ELISA kit components and application to grain samples. Anal. Bioanal. Chem. 2006, 384,
286–294. [CrossRef]

12. Khayoon, W.S.; Saad, B.; Yan, C.B.; Hashim, N.H.; Ali, A.S.M.; Salleh, M.I.; Salleh, B. Determination of aflatoxins in animal feeds
by HPLC with multifunctional column clean-up. Food Chem. 2010, 118, 882–886. [CrossRef]

13. Kav, K.; Col, R.; Tekinsen, K.K. Detection of aflatoxin M1 levels by ELISA in white-brined Urfa cheese consumed in Turkey. Food
Control 2011, 22, 1883–1886. [CrossRef]

14. Selvaraj, J.N.; Zhou, L.; Wang, Y.; Zhao, Y.J.; Xing, F.G.; Dai, X.F.; Liu, Y. Mycotoxin detection-recent trends at global level. Integr.
Agric. 2015, 14, 2265–2281. [CrossRef]

15. Abnous, K.; Danesh, N.M.; Alibolandi, M.; Ramezani, M.; Emrani, A.S.; Zolfaghari, R.; Taghdisi, S.M. A new amplified π-shape
electrochemical aptasensor for ultrasensitive detection of aflatoxin B1. Biosens. Bioelectron. 2017, 94, 374–379. [CrossRef]

16. Ahamadi, S.F.; Hojjatoleslamy, M.; Kiani, H.; Molavi, H. Monitoring of aflatoxin M1 in milk using a novel electrochemical
aptasensor based on reduced grapheme oxide and gold nanoparticles. Food Chem. 2021, 373, 131321. [CrossRef]

17. Shadjou, R.; Hasanzadeh, M.; Heidar-poor, M.; Shadjou, N. Electrochemical monitoring of aflatoxin M1 in milk samples using
silver nanoparticles dispersed on α-cyclodextrin-GQDs nanocomposite. J. Mol. Recognit. 2018, 31, e2699. [CrossRef]

18. Perez-Fernandez, B.; Escosura-Muniz, A.D.L. Electrochemical biosensors based on nanomaterials for aflatoxins detection: A
review (2015–2021). Anal. Chim. Acta 2022, 1212, 339658. [CrossRef]

19. Gevaerd, A.; Banks, C.E.; Bergamini, M.F.; Marcolino-Junior, L.H. Nanomodified screen-printed electrode for direct determination
of aflatoxin B1 in malted barley samples. Sens. Actuator B Chem. 2020, 307, 127547. [CrossRef]

147



Foods 2023, 12, 2521

20. Suzuki, Y.; Komatsu, H.; Ikeda, T.; Satio, N.; Araki, S.; Citterio, D.; Hisamoto, D.; Kitamura, Y.; Kubota, T.; Nakagawa,
J.; et al. Design and Synthesis of Mg2+ Selective Fluoroionophores Based on a Coumarin Derivative and Application for Mg2+

Measurement in a Living Cell. Anal. Chem. 2002, 74, 1423–1428. [CrossRef]
21. Ciesienski, K.L.; Hyman, L.M.; Derisavifard, S.; Franz, K.J. Toward the detection of cellular copper(II) by a light-activated

fluorescence increase. Inorg. Chem. 2010, 49, 6808–6810. [CrossRef]
22. Sheng, J.R.; Feng, F.; Qiang, Y.; Liang, F.G.; Sen, L.; Wei, F.H. A coumarin-derived fluorescence chemosensors selective for

copper(II). Anal. Lett. 2008, 41, 2203–2213. [CrossRef]
23. Lim, N.C.; Brückner, C. DPA-substituted coumarins as chemosensors for zinc(II): Modulation of the chemosensory characteristics

by variation of the position of the chelate on the coumarin. Chem. Commun. 2004, 10, 1094–1095. [CrossRef] [PubMed]
24. Kumar, R.; Gahlyan, P.; Yadav, N.; Bhandari, M.; Kakkar, R.; Manu, D.; Prasad, A.K. Bis-triazolylated-1,4-dihydropyridin—Highly

selective hydrophilic fluorescent probe for detection of Fe3+. Dyes Pigm. 2017, 147, 420–428. [CrossRef]
25. Xu, Y.K.; Liu, X.G.; Zhao, J.Y.; Wang, H.Y.; Liu, Z.; Yang, X.F.; Pei, M.S.; Zhang, G.Y. A new “ON–OFF–ON” fluorescent probe for

sequential detection of Fe3+ and PPi based on 2-pyridin-2-ylethanamine and benzimidazo [2,1-a]benz[de]isoquinoline-7-one-12-
carboxylic acid. New J. Chem. 2019, 43, 474–480. [CrossRef]

26. Wang, W.; Wu, J.; Liu, Q.L.; Gao, Y.; Liu, H.M.; Zhao, B. A highly selective coumarin-based chemosensor for the sequential
detection of Fe3+and pyrophosphate and its application in living cell imaging. Tetrahedron Lett. 2018, 59, 1860–1865. [CrossRef]

27. Zhao, B.; Liu, T.; Fang, Y.; Wang, L.Y.; Song, B.; Deng, Q.G. Two ‘turn-off’ Schiff base fluorescence sensors based on phenanthro
[9,10-d]imidazole-coumarin derivatives for Fe3+ in aqueous solution. Tetrahedron Lett. 2016, 57, 4417–4423. [CrossRef]

28. Luna, D.M.N.; Avelino, K.Y.P.S.; Cordeiro, M.T.; Andrade, C.A.S.; Oliveira, M.D.L. Electrochemical immunosensor for dengue
virus serotypes based on 4-mercaptobenzoic acid modified gold nanoparticles on self-assembled cysteine monolayers. Sens.
Actuators B Chem. 2015, 220, 565–572. [CrossRef]

29. Jalalian, S.H.; Ramezani, M.; Danesh, N.M.; Alibolandi, M.; Abnous, K.; Taghdisi, S.M. A novel electrochemical aptasensor for
detection of aflatoxin M1 based on target-induced immobilization of gold nanoparticles on the surface of electrode. Biosens.
Bioelectron. 2018, 117, 487–492. [CrossRef]

30. Micheli, L.; Grecco, R.; Badea, M.; Moscone, D.; Palleschi, G. An electrochemical immunosensor for aflatoxin M1 determination in
milk using screen-printed electrodes. Biosens. Bioelectron. 2006, 21, 588–596. [CrossRef]

31. Nguyen, B.H.; Tran, L.D.; Do, Q.P.; Nguyen, H.L.; Tran, N.H.; Nguyen, P.X. Label-free detection of aflatoxin M1 with electrochem-
ical Fe3O4/polyaniline-based aptasensor. Mater. Sci. Eng. C 2013, 33, 2229–2234. [CrossRef]

32. Smolko, V.; Shurpik, D.; Porfireva, A.; Evtugyn, G.; Stoikov, I.; Hianik, T. Electrochemical Aptasensor Based on Poly(Neutral red)
and Carboxylated Pillar [5]arene for Sensitive Determination of Aflatoxin M1. Electroanalysis 2018, 30, 486–496. [CrossRef]

33. Karczmarczyk, A.; Baeumner, A.J.; Feller, K.H. Rapid and sensitive inhibition-based assay for the electrochemical detection of
Ochratoxin A and Aflatoxin M1 in red wine and milk. Electrochim. Acta 2017, 243, 82–89. [CrossRef]
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Abstract: E. sinensis, normally harvested in October and November, is an economic aquatic product in
China. Pond culture has been widely applied for the production of E. sinensis, wherein a stable food
supply for crabs is provided. In order to improve the nutritional quality of E. sinensis products, this
study evaluated the effect of the local pond culture on the nutritive profiles of E. sinensis and screened
out the best harvest time for the nutrient-rich crabs, thereby guiding the local crab industry to
improve its aquaculture mode and harvest strategy. The results indicated that pond culture enhanced
the levels of protein, amino acids, and specific organic acid derivatives, and reduced the levels of
peptides and polyunsaturated fatty acids (PUFAs). Compared with E. sinensis harvested in October,
peptide levels were significantly increased, whereas sugar, phenolic acid, and nucleotide levels were
decreased in those harvested in November. Overall, the study revealed that the nutritive profile
of the pond-reared E. sinensis was significantly modulated by a high-protein diet, thus lacking the
diversity of metabolites. Additionally, October could be more appropriate for harvesting E. sinensis
than November.

Keywords: harvest time; metabolomic profiling; polyunsaturated fatty acid; pond culture

1. Introduction

Chinese mitten crab (E. sinensis) is an important aquatic product native to the East
Pacific coast of China and the Korean Peninsula [1]. Although E. sinensis has increasingly
entered into Europe and America, China has accounted for the most of its production in
the world, reaching 770,000 tons in 2020 [2–4]. Jiangsu province of China has the largest
crab-producing water area, belonging to the Yangtze River, annually producing half of
E. sinensis over the country [3].

Qin Lake is located in the north of Jiangsu province and flows as a tributary of Yangtze
River. With a subtropical monsoon climate, the average temperature of Qin Lake is 15.3 ◦C,
and the mean annual sunshine duration is 2075 h. Moreover, the lake water has a high
dissolved oxygen content (5.5–8 mg/L) and relatively constant pH (7.2–8.6), providing an
ideal environment to the local aquaculture [5]. The local people from Qin Lake harvest
E. sinensis using a unique tool, ‘Duan’, which is a set of circle-shaped bamboo weirs located
in the lake. Small and immature crabs normally pass around the weir circle; however,
strong crabs are able to climb over the weir, thus falling down to the center of the weir circle
and being captured afterwards [6]. Owing to this special harvest strategy and the ideal lake
environment, E. sinensis harvested from Qin Lake may possess high nutritional quality.

Protein and fat are two of the major fundamental nutrients in crabs. Crab protein is
considered nutritious, owing to the high level of essential amino acids, which not only
contribute to the flavor but also exerted various biological effects after being absorbed
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and metabolized by the human gastrointestinal tract [7]. Fat is nutritionally significant in
crustaceans, where SFA (saturated fatty acid), MUFA (monounsaturated fatty acid), and
PUFA (polyunsaturated fatty acids) are the key biomarkers for human health. SFA was
proven to elevate plasma cholesterol and could be involved in inflammation response [8,9].
However, MUFA and PUFA are able to reduce the level of low-density lipoprotein (LDL)
and exhibit beneficial effects on the risk markers of cardiovascular disease, including
inflammation, blood pressure, and vascular function [10,11].

Besides protein and fat, other delicate but important nutritional compounds have been
uncovered using a metabolomics approach, which was an analytical profiling technique for
measuring and comparing large numbers of metabolites present in cells, organs, tissues,
or biofluids. As a high-throughput and high-sensitivity technique, metabolomics has
been widely adopted recently for the characterization of aquatic products’ nutritional
quality. For example, the flesh quality of grass carp was evaluated by a UPLC-QTOF/MS-
based metabolomics study [12]. Integrated metabolomic and gene expression analyses
were conducted for analyzing the meat quality of large yellow croaker [13]. Therefore,
metabolomics is an effective method for evaluating aquatic products’ nutritional quality.
Although the metabolomics data of E. sinensis has been collected recently [14], there has
been no systematic metabolomics study comparing the nutritive profiles of the pond-reared
and naturally produced E. sinensis. Normally, crabs reared in a pond are offered a stable
food supply, but at the same time, they have limited space for living and reproducing.
In contrast, naturally produced crabs are nourished by the lake’s eco-system, whereas
they should face the environmental changes independently. Hence, the way in which
these different aquaculture modes affect the nutritive profiles of E. sinensis remains to be
elaborated. Further, October and November have been regarded as the best season for
crab harvesting in China [3], but no report is available that has investigated the delicate
difference of the nutritional quality of crabs harvested between these two months.

Therefore, the present study aimed to decipher the nutritive profiles of E. sinensis har-
vested from the pond and natural water area of Qin Lake, as well as to compare the different
nutritional compositions between E. sinensis harvested in October and November, thereby
providing comprehensive metabolomics information for the aquaculture of E. sinensis and
thus facilitating the production of E. sinensis with superior nutritional quality.

2. Materials and Methods

2.1. Sample Preparation and Sampling

The crabs were reared in a 0.8 ha water pond and fed a high-protein diet (91% of dry
matter, 56% of crude protein, 9% of crude lipid, and 13% of ash) twice per day. However,
the crabs from the natural water area of Qin Lake, China (32◦31′11.47′′–32◦42′56.74′′ N,
119◦53′16.94′′–120◦16′14.52′′ E), were mostly dependent on natural food, such as algae,
zoobenthos, and planktons. Twenty-one male crabs (200.0 ± 10.0 g) were collected from
the pond in October 2021 (P-M10) and November 2021 (P-M11), respectively. Twenty-one
male crabs (200.0 ± 10.0 g) were collected from natural water area in October 2021 (N-M10)
and November 2021 (N-M11), respectively. Then, the crabs were stored in a plastic foam
box with a small amount of water and thereafter were transported to the laboratory within
an hour. After that, the crabs were cleaned with water and sacrificed, and the crab meat,
including breast, feet and claw meat, and crab cream, including the hepatopancreas and
gonad, were picked by hand. All the samples were frozen at −20 ◦C before analyses.
The 21 crabs of each group were divided into two parts: 3 crabs were chosen for the
proximate composition, free amino acid, and fatty acid composition analyses, and the rest
of the 18 crabs were analyzed by the metabolomics approach. The edible part of the crab,
including the meat and cream, was mixed before analysis. Therefore, 18 edible parts of
crabs were obtained, and they were further divided into 6 biological replicates by randomly
mixing every 3 edible parts together.
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2.2. Proximate Composition Analysis

The moisture content and protein content were analyzed on the basis of Association
of Analytical Chemists Procedures [15]. For the ash content measurement, 0.5 g of the
sample was added to the crucible and combusted at 550 ± 25 ◦C for 30 min. The ash was
then cooled down and weighed. The ash content (%) was finally presented as the ratio
of the ash weight to the sample weight. The total lipid was extracted with absolute ether
by a Soxhlet apparatus (BSXT-02, Yuming Co., Ltd., Shanghai, China). A total of 1 g of
the sample was added to the evaporating dish and removed the moisture via evaporation,
and then we transferred the dried sample into a filter paper pocket. The paper pocket was
then transferred to the Soxhlet apparatus, and absolute ether was added to extract the total
lipid. The whole apparatus was run under a water bath for 6–8 h. After extraction, the total
lipid was weighed, and the lipid content (%) was calculated by dividing by the original
sample weight.

2.3. Amino Acid Determination

A total of 5 mL of 10% sulfosalicylic acid (304851-84-1, Sigma, Darmstadt, Germany)
was added to the crushed crab meat or cream samples. Then, the solution was centrifuged
at 12,000× g for 20 min. We collected the supernatant and added 1 mL of petroleum ether
(101316-46-5, Sigma, Darmstadt, Germany). After 1 h, we removed the petroleum ether and
obtained the solution in the bottom. Lastly, the solution was filtrated by a 0.22 μm syringe
filter and loaded to an automatic amino acid analyzer (LA 8080, Hitachi, Japan) equipped
with a Hitachi high-performance cation exchange column.

2.4. Fatty Acid Composition

A total of 20 mL of chloroform/methanol solution (v/v, 2:1, Sigma, Darmstadt, Ger-
many) was added to the 1.0 g sample. After 2 h, we removed the chloroform by a rotatory
evaporator (RE-52AA, Yarong Co., Ltd., Shanghai, China). Then, 3 mL of 0.5 mol/L sodium
hydroxide methanol solution was added, and the mixture was heated to 50 ◦C for 20 min by
a thermostatic water bath (HH-1, Yuexin Instrument Manufacturing, Co., Ltd., Changzhou,
China). Next, methanolic boron trifluoride (3 mL, 13%, Sigma, Darmstadt, Germany) was
added, and the mixture was heated again at 85 ◦C for 30 min. Finally, after cooling down to
the room temperature, 1 mL of n-hexane was added, and the mixture was filtered through
a 0.45 μm syringe filter. The solution was applied to an Agilent 6890 gas chromatograph
equipped with an HP-5.5% phenyl methyl Si-loam capillary column (30.0 m × 25 mm,
Agilent 19091J-413, Santa Clara, CA, USA).

2.5. Wide Targeted Metabolomics Analysis

A total of 20 mg of each replicate (6 biological replicates in each experimental group)
was weighed and homogenized (30 HZ) for 20 s with a steel ball. The mixture was
centrifuged (3000 rpm, 4 ◦C) for 30 s. Then, 400 μL of 70 % methanol was added, and the
solution was shaken (1500 rpm) for 5 min and placed on ice for 15 min. After that, the
solution was centrifuged at 12,000 rpm, 4 ◦C for 10 min, and 300 μL of the supernatant was
obtained. Finally, the supernatant was centrifuged again (12,000 rpm, 4 ◦C) for 3 min, and
the newly obtained supernatant was collected for LC-MS/MS analysis, where a LC-ESI-
MS/MS system (UPLC, ExionLC AD; MS, QTRAP® System) was applied. The analytical
conditions were as follows: UPLC column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm,
2.1 mm × 100 mm); column temperature, 40 ◦C; flow rate, 0.4 mL/min; injection volume,
5 μL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid); gradient
program, 95:5 v/v at 0 min, 10:90 v/v at 10.0 min, 10:90 v/v at 11.0 min, 95:5 v/v at 11.1 min,
95:5 v/v at 14.0 min. Linear ion trap (LIT) and triple quadrupole (QQQ) scans were acquired
on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC-MS/MS
System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative
ion modes and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation
parameters were as follows: source temperature, 500 ◦C; ion spray voltage (IS), 5500 V
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(positive) or −4500 V (negative); ion source gas I, gas II, and curtain gas were set at 50,
50, and 25 Psi, respectively; the collision gas was set as high. Instrument tuning and mass
calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in
QQQ and LIT modes, respectively.

2.6. Statistical Analysis

The significant differences among samples were analyzed by one-way ANOVA with
SPSS statistics package software (version 25.0, Chicago, IL, USA), using Tukey’s range
test under a significant level of p < 0.05. In terms of MS data analysis, unsupervised PCA
(principal component analysis) was performed by statistics function prcomp within R
(www.r-project.org, accessed on July 2022). The data were unit variance scaled before
unsupervised PCA. Variable importance of the projected (VIP) values and the permutation
plots were extracted from orthogonal partial least squares discriminant analysis (OPLS-
DA) result, which was generated using the R package MetaboAnalystR. The data was
log transformed (log2) and mean centered before OPLS-DA. Differential metabolites were
selected on the basis of VIP > 1, absolute Log2FC (fold change: the ion intensity of the
metabolite in experimental group/the ion intensity of the metabolite in control group) > 2,
and p < 0.05.

3. Results

3.1. Proximate Composition of the E. sinensis

The proximate composition of the edible part of E. sinensis (meat and cream) is pre-
sented (Table S1). P-M11 showed the highest protein content in meat samples, followed by
P-M10, N-M11, and N-M10. N-M11, P-M11, and P-M10 had significantly higher fat content
compared to N-M10 (p < 0.05). For crab cream, the pond-reared crabs (P-M10 and P-M11)
also had the most proteins, and crabs harvested in November possessed higher protein
content compared to those harvested in October. The lowest fat content was observed in
N-M11; however, no significant difference was found among the other groups (p < 0.05).

3.2. Amino Acid Determination

The pond-reared crabs had a significantly higher amount total amino acid in meat
compared to crabs harvested in a natural water area (p < 0.05, Table 1).

Table 1. Free amino acid content of the meat and cream from E. sinensis (mg/g of wet weight).

Meat Cream

N-M10 P-M10 N-M11 P-M11 N-M10 P-M10 N-M11 P-M11

Asp 1 N.D. 0.02 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 1.08 ± 0.13 C 1.41 ± 0.07 B 1.72 ± 0.18 A 1.50 ± 0.11 AB

Thr 0.63 ± 0.07 a 0.59 ± 0.06 ab N.D. 0.47 ± 0.05 b 2.49 ± 0.22 A 2.13 ± 0.16 A 2.58 ± 0.32 A 2.49 ± 0.33 A

Ser 0.18 ± 0.02 b 0.32 ± 0.07 a 0.15 ± 0.04 b 0.24 ± 0.03 ab 1.34 ± 0.12 A 1.41 ± 0.32 A 1.25 ± 0.23 A 0.98 ± 0.15 B

Glu 0.17 ± 0.01 b 0.32 ± 0.09 a 0.12 ± 0.02 b 0.31 ± 0.07 a 2.95 ± 0.15 B 2.91 ± 0.34 B 3.80 ± 0.29 A 3.88 ± 0.35 A

Gly 1.69 ± 0.31 b 3.59 ± 0.24 a 1.50 ± 0.24 b 3.80 ± 0.23 a 1.32 ± 0.16 B 1.09 ± 0.14 B 1.67 ± 0.18 A 1.89 ± 0.38 A

Ala 2.20 ± 0.07 b 4.87 ± 0.74 a 1.78 ± 0.34 b 5.07 ± 0.70 a 2.81 ± 0.36 C 2.72 ± 0.22 C 4.86 ± 0.12 B 5.50 ± 0.22 A

Cys 0.04 ± 0.01 b 0.08 ± 0.02 a 0.02 ± 0.00 c 0.07 ± 0.02 a 0.26 ± 0.03 B 0.32 ± 0.03 A 0.25 ± 0.01 B 0.28 ± 0.07 AB

Val 0.14 ± 0.03 b 0.27 ± 0.10 a 0.11 ± 0.04 b 0.29 ± 0.07 a 1.68 ± 0.18 A 1.92 ± 0.18 A 1.99 ± 0.47 A 2.04 ± 0.23 A

Met 0.14 ± 0.01 bc 0.31 ± 0.11 a 0.10 ± 0.03 c 0.23 ± 0.02 ab 0.83 ± 0.03 A 0.85 ± 0.12 A 0.81 ± 0.06 A 0.86 ± 0.04 A

Ile 0.07 ± 0.02 bc 0.15 ± 0.05 a 0.05 ± 0.01 c 0.13 ± 0.03 ab 1.23 ± 0.19 A 1.25 ± 0.35 A 1.49 ± 0.09 A 1.54 ± 0.22 A

Leu 0.16 ± 0.01 ab 0.29 ± 0.12 a 0.12 ± 0.02 b 0.22 ± 0.09 ab 2.36 ± 0.29 A 2.55 ± 0.44 A 2.70 ± 0.28 A 2.75 ± 0.12 A

Tyr 0.07 ± 0.02 b 0.27 ± 0.09 a 0.09 ± 0.02 b 0.14 ± 0.03 b 1.36 ± 0.29 A 1.32 ± 0.14 A 1.22 ± 0.25 A 1.16 ± 0.20 A

Phe 0.10 ± 0.04 b 0.29 ± 0.08 a 0.11 ± 0.03 b 0.23 ± 0.07 a 1.42 ± 0.05 A 1.57 ± 0.15 A 1.42 ± 0.15 A 1.45 ± 0.22 A

Lys 0.11 ± 0.02 b 0.46 ± 0.19 a 0.13 ± 0.01 b 0.51 ± 0.03 a 2.12 ± 0.27 A 2.34 ± 0.38 A 2.74 ± 0.24 A 2.09 ± 0.48 A

His 0.14 ± 0.03 b 0.31 ± 0.08 a 0.12 ± 0.03 b 0.25 ± 0.04 a 0.76 ± 0.06 AB 0.69 ± 0.17 B 0.89 ± 0.09 A 0.90 ± 0.07 A

Arg 2.53 ± 0.19 b 3.81 ± 0.18 a 1.86 ± 0.33 c 4.26 ± 0.17 a 2.67 ± 0.27 A 2.70 ± 0.29 A 2.99 ± 0.14 A 3.28 ± 0.52 A
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Table 1. Cont.

Meat Cream

N-M10 P-M10 N-M11 P-M11 N-M10 P-M10 N-M11 P-M11

Pro 1.06 ± 0.06 b 1.19 ± 0.22 b 1.07 ± 0.05 b 2.32 ± 0.17 a 1.44 ± 0.11 B 1.50 ± 0.24 B 2.91 ± 0.40 A 2.43 ± 0.32 A

Essential AA 1.49 ± 0.09 c 2.67 ± 0.37 a 0.74 ± 0.13 d 2.33 ± 0.13 b 12.89 ± 0.45 C 13.30 ± 0.37 BC 14.62 ± 0.1 A 14.12 ± 0.57 AB

Total umami
AA 0.17 ± 0.01 b 0.34 ± 0.09 a 0.13 ± 0.02 b 0.32 ± 0.07 a 4.03 ± 0.25 B 4.32 ± 0.39 B 5.52 ± 0.29 A 5.38 ± 0.24 A

Total sweet
AA 5.76 ± 0.39 c 10.56 ± 0.80 b 4.50 ± 0.22 d 11.90 ± 0.49 a 9.40 ± 0.30 B 8.85 ± 0.22 B 13.27 ± 0.96 A 13.29 ± 1.10 A

Total bitter AA 3.39 ± 0.29 b 5.89 ± 0.53 a 2.60 ± 0.25 c 6.12 ± 0.28 a 13.07 ± 0.54 B 13.87 ± 0.44 B 15.03 ± 0.41 A 14.91 ± 0.32 A

Total AA 9.43 ± 0.31 c 17.14 ± 0.55 b 7.34 ± 0.04 d 18.55 ± 0.64 a 28.12 ± 0.15 B 28.68 ± 0.99 B 35.29 ± 0.67 A 35.02 ± 1.20 A

1 Letters in lower case mark the significant difference of each line of the meat samples (p < 0.05); letters in upper
case mark the significant difference of each line of the cream samples (p < 0.05). Sweet AA includes Thr, Ser, Gly,
Ala, and Pro. Umami AA includes Asp and Glu. Bitter AA includes Val, Met, Ile, Leu, Phe, Lys, His, and Arg.
N.D. = not detected.

Glu, Gly, Ala, Val, Phe, Lys, His, and Arg were the most significant amino acids
accumulated in the meat of pond-reared crabs. The crabs harvested in November possessed
a greater level of total amino acids in cream compared to those harvested in October
(p < 0.05), which was mostly due to the increased levels of Glu, Gly, and Ala.

3.3. Fatty Acid Composition

For the crab meat, the pond-reared crabs had significantly higher MUFAs and lower
SFAs and PUFAs than crabs from a natural water area (p < 0.05, Table 2).

Table 2. The fatty acid composition of the meat and cream from E. sinensis (% of total fatty acid).

Meat Cream

N-M10 P-M10 N-M11 P-M11 N-M10 P-M10 N-M11 P-M11

C14:0 0.35 ± 0.06 0.49 ± 0.03 0.38 ± 0.02 0.62 ± 0.03 0.94 ± 0.02 1.28 ± 0.05 0.77 ± 0.06 1.23 ± 0.03

C15:0 N.D. 0.32 ± 0.02 0.21 ± 0.01 0.28 ± 0.02 0.45 ± 0.03 0.73 ± 0.04 0.43 ± 0.02 0.56 ± 0.01

C16:0 14.50 ± 0.46 15.13 ± 0.11 14.15 ± 0.15 14.04 ± 0.40 20.17 ± 0.36 21.83 ± 0.42 19.26 ± 0.18 19.49 ± 0.12

C17:0 0.57 ± 0.08 0.66 ± 0.05 0.45 ± 0.02 0.54 ± 0.02 0.35 ± 0.09 0.48 ± 0.05 0.24 ± 0.01 0.35 ± 0.05

C18:0 7.56 ± 0.35 7.29 ± 0.40 6.71 ± 0.25 6.40 ± 0.01 2.49 ± 0.30 2.92 ± 0.24 2.49 ± 0.13 2.60 ± 0.06

C20:0 N.D. N.D. N.D. N.D. 0.23 ± 0.02 N.D. N.D. 0.21 ± 0.02

C24:0 12.47 ± 0.47 9.98 ± 0.14 12.48 ± 0.16 11.13 ± 0.13 1.71 ± 0.20 1.64 ± 0.10 1.42 ± 0.12 1.54 ± 0.16

SFA 1 35.45 ± 1.00 a 33.87 ± 0.43 bc 34.38 ± 0.55 b 33.01 ± 0.21 c 26.34 ± 0.26 B 28.88 ± 0.72 A 24.61 ± 0.42 C 25.98 ± 0.44 B

C16:1 n7 3.14 ± 0.17 3.20 ± 0.12 2.89 ± 0.02 2.79 ± 0.06 8.72 ± 0.15 7.81 ± 0.09 7.59 ± 0.10 7.71 ± 0.02

C17:1 n7 0.47 ± 0.06 0.51 ± 0.03 0.45 ± 0.06 0.44 ± 0.02 0.54 ± 0.05 0.50 ± 0.04 0.48 ± 0.02 0.52 ± 0.02

C18:1 n9 20.71 ± 0.51 22.74 ± 0.13 21.45 ± 0.11 21.75 ± 0.09 28.05 ± 0.17 27.45 ± 0.60 29.23 ± 0.16 29.06 ± 0.11

C20:1 n9 0.42 ± 0.08 0.51 ± 0.02 0.44 ± 0.01 1.58 ± 0.03 0.53 ± 0.05 0.74 ± 0.09 0.61 ± 0.02 0.92 ± 0.02

MUFA 24.74 ± 0.67 b 26.96 ± 0.05 a 25.24 ± 0.15 b 26.56 ± 0.21 a 37.84 ± 0.29 A 36.50 ± 0.53 B 37.92 ± 0.28 A 38.22 ± 0.13 A

C18:2 n6 17.27 ± 0.24 13.27 ± 0.22 18.11 ± 0.19 15.08 ± 0.09 25.43 ± 0.27 16.54 ± 0.43 26.47 ± 0.36 19.60 ± 0.19

C18:3 n3 1.66 ± 0.06 1.39 ± 0.06 1.34 ± 0.04 0.21 ± 0.02 2.39 ± 0.08 2.35 ± 0.19 1.70 ± 0.03 2.07 ± 0.01

C20:2 n6 1.31 ± 0.08 1.81 ± 0.11 1.37 ± 0.07 1.62 ± 0.10 0.90 ± 0.10 2.07 ± 0.29 1.09 ± 0.05 1.68 ± 0.10

C20:3 n3 0.35 ± 0.03 0.29 ± 0.33 0.34 ± 0.01 N.D. 0.31 ± 0.05 0.35 ± 0.48 0.32 ± 0.01 0.28 ± 0.03

C20:4 n6 4.62 ± 0.17 7.08 ± 0.23 4.56 ± 0.19 6.32 ± 0.17 1.08 ± 0.12 2.79 ± 0.20 1.11 ± 0.14 2.10 ± 0.09

C22:6 n3 6.30 ± 0.40 5.48 ± 0.26 6.45 ± 0.27 7.13 ± 0.20 0.93 ± 0.22 1.08 ± 0.06 0.89 ± 0.11 2.01 ± 0.19

PUFA 31.50 ± 0.64 a 29.31 ± 0.07 c 32.17 ± 0.37 a 30.36 ± 0.35 b 31.04 ± 0.22 A 25.18 ± 0.61 C 31.58 ± 0.63 A 27.74 ± 0.26 B

n3 PUFA 8.30 ± 0.46 a 7.15 ± 0.27 b 8.13 ± 0.27 a 7.34 ± 0.19 b 3.64 ± 0.22 B 3.78 ± 0.14 B 2.91 ± 0.11 C 4.36 ± 0.16 A

n6 PUFA 23.20 ± 0.23 b 22.16 ± 0.21 c 24.04 ± 0.11 a 23.02 ± 0.17 b 27.40 ± 0.28 B 21.40 ± 0.57 D 28.67 ± 0.54 A 23.39 ± 0.33 C

n3/n6 0.36 ± 0.02 a 0.32 ± 0.02 b 0.34 ± 0.01 ab 0.32 ± 0.01 b 0.13 ± 0.01 B 0.18 ± 0.01 A 0.10 ± 0.00 C 0.18 ± 0.01 A

1 Letters in lower case mark the significant difference of the SFA, MUFA, and PUFA of the meat samples (p < 0.05);
letters in upper case mark the significant difference of the SFA, MUFA, and PUFA of the cream samples (p < 0.05).
N.D. = not detected.
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Crabs harvested in October had significantly more SFAs and less MUFAs and PUFAs
than those harvested in November (p < 0.05). For the cream samples, the levels of PUFAs
were less in the crabs harvested in November when compared to those harvested in October
(p < 0.05). Further, the pond-reared crabs had significantly more SFAs and less PUFAs
compared to those from a natural water area (p < 0.05).

3.4. Overview of the Metabolic Profile of E. sinensis

A widely targeted metabolomic analysis was performed on the meat and cream
(mixture) of E. sinensis. In total, 1920 metabolites were detected, including 680 amino
acids and their metabolites; 158 organic acids and their metabolites; 156 heterocyclic
compounds; 151 fatty acyls; 129 benzene and substituted derivatives; 117 nucleotides and
their metabolites; 95 glycerophospholipids; 91 aldehyde, ketones, and esters; 84 alcohol and
amines; 60 carboxylic acids and derivatives; 34 hormones and hormone-related compounds;
31 glycerolipids; and 46 undefined organic compounds and other minor components (less
than 1% of total metabolites) (Figure 1A).

Figure 1. The overview of the metabolomic profile (A) and principal component analysis of E. sinensis
harvested from the pond and natural water area of Qin Lake (B). Amino acid and its metabolomics:
35.42%; organic acid and its derivatives: 8.23%; heterocyclic compounds: 8.12%; fatty acyls: 7.86%;
benzene and substituted derivatives: 6.72%; nucleotide and its metabolomics: 6.09%; glycerophos-
pholipids: 4.95%; aldehyde, ketones, and esters: 4.74%; alcohol and amines: 4.38%; carboxylic acids
and derivatives: 3.12%.
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Unsupervised PCA was conducted to compare the differences of the metabolite profiles
among all the groups, where six biological replicates were clustered together by different
colors (Figure 1B). The first principal component (PC1) was with a 29.41% variance con-
tribution value, and P-M10 and P-M11 were separated by line X = 0 as distinct groups.
However, N-M10 and N-M11 were relatively similar, sharing large areas of overlap. On the
basis of the second principal component (PC2), the line Y = 0 separated groups between
crabs from the natural water area (N-M10, N-M11, Y > 0) and the pond (P-M10, P-M11,
Y < 0). The result indicated that the pond culture significantly altered the metabolites
of E. sinensis. In addition, the harvest time (maturity of crabs) remarkably affected the
metabolites in pond-reared crabs, whereas metabolites in crabs from a natural water area
were relatively similar between October and November.

3.5. Differential Metabolites Analysis
3.5.1. Effect of Pond Culture on the Metabolites of E. sinensis

The differential metabolites were analyzed according to pairwise comparisons, using
the OPLS-DA model. The permutation tests of OPLS-DA models are shown in the Sup-
plementary Materials (Figure S1), which reflects the robustness of the model. A further
differential metabolites screening was applied, wherein metabolites with a fold change > 2
(upregulation) or <0.5 (downregulation), VIP > 1, and p < 0.05 were regarded as significant
differential metabolites. In the present study, there were 275 upregulated and 174 downreg-
ulated metabolites in P-M10 compared with N-M10 (Figure 2A,C).

Six organic acid derivatives were among the top 10 upregulated metabolites, including
stachydrine, methylsuccinic acid, and glutaric acid, whereas the top 10 downregulated
metabolites mostly contain small peptides. In November, there were more downregu-
lated metabolites (373) than upregulated metabolites (66) observed in P-M11 compared to
N-M11 (Figure 2B,D). Similar to the results from October, peptides were the most down-
regulated metabolites (127 out of 373), followed by glycerophospholipids and heterocyclic
compounds. Organic acid derivatives were also the most upregulated metabolites. This
showed that the pond culture exhibited a similar effect on the nutritive profiles between
E. sinensis harvested in October and November. In addition, the Venn diagram illustrates
the common metabolites shared between P-M10 and P-M11, revealing the key metabolites
modulated by pond breeding (Figure 2E).

3.5.2. Effect of Harvest Time (Maturity) on the Metabolites of E. sinensis

There were 165 differential metabolites identified in N-M11 compared to N-M10
(Figure 3A,C).

The most upregulated metabolites included 5,6-epoxy-eicosatrienoic acid (EET), N-
stearamide, peptide HQTE, hypericin, and palmitoylethanolamide (PEA). Urocanic acid,
trigonelline, and urea, followed by several sugars, including D-trehalose, lactose, lactulose,
and maltose, were the most downregulated metabolites (Figure 4).

Regarding on the pond-reared crabs, the metabolites were significantly different be-
tween October and November, due to approximately one-third of the metabolites (674 out
of 1908) being identified as differential metabolites according to our screening threshold
(Figure 3B,D). Small peptides and carnitine (C18 and C14) were the most upregulated
metabolites, whereas phenolic acids (8-paradol and coniferaldehyde) and nucleotides
(2′-deoxyuridine and deoxyguanosine) were significantly downregulated (Figure 4). More-
over, 57 key metabolites affected by the maturity of crabs were identified (Figure 3E).
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Figure 2. The score plots of OPLS-DA pairwise comparisons between N-M10 and P-M10 (A), N-
M11 and P-M11 (B). Volcano plots of the differential metabolites between N-M10 and P-M10 (C),
N-M11 and P-M11 (D). Venn diagram of differential metabolites (E). The T score of the score plot
indicates the degree of variations between groups, and the orthogonal T score represents the degree
of variations within the group. Percentages indicate how well a component explains the dataset. The
volcano plot illustrates the distribution of the up-/downregulated differential metabolites. In the
Venn diagram, each comparison group is illustrated as a circle, and the number in it indicates the
number of differential metabolites. The number in the overlapped area of the circles indicates the
number of the common differential metabolites among all the comparison groups.
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Figure 3. The score plots of OPLS-DA pairwise comparisons between N-M10 and N-M11 (A), P-
M10 and P-M11 (B). Volcano plots of the differential metabolites between N-M10 and N-M11 (C),
P-M10 and P-M11 (D). Venn diagram of differential metabolites (E). The T score of the score plot
indicates the degree of variations between groups, and the orthogonal T score represents the degree
of variations within the group. Percentages indicate how well a component explains the dataset. The
volcano plot illustrates the distribution of the up-/downregulated differential metabolites. In the
venn diagram, each comparison group is illustrated as a circle, and the number in it indicates the
number of differential metabolites. The number in the overlapped area of the circles indicates the
number of the common differential metabolites among all the comparison groups.
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Figure 4. Representatives of the differential metabolites from E. sinensis. The box in the middle
represents interquartile range. The 95% confidence interval is presented as a black line that penetrates
through the box. The black line in the middle of the box is the median. The outer shape describes the
density of distribution.

4. Discussion

The production of E. sinensis in China experienced a rapid increase, from 17,500 tons
in 1993 to 77,000 tons in 2020, which brought in huge economic benefit, reaching a gross
annual output value of more than 10 billion dollars [16]. Although a huge business success
occurred for this large-scale crab industry, the nutritional quality of the products, which
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may be compromised for the yield, possessed great potential to be improved. The present
study firstly focused on the aquaculture mode and therefore intended to figure out how the
traditional pond culture at Qin Lake affected the nutritive profiles of E. sinensis. Secondly,
the study elucidated the difference of nutritive profiles between crabs harvested in October
and November, thereby screening out the best harvest time, in order to facilitate the
production of E. sinensis with superior nutritional quality. As a metabolomics-based study,
it should be noted that the crabs were transported to the laboratory freshly after harvesting
without any freezing or drying steps. Therefore, the metabolites kept their best activities
during the following extraction step.

The characterization of samples, regarding the proximate composition of the pond-
reared and naturally produced crabs, was firstly determined. The pond culture showed
a significant effect in terms of increasing the protein level of both crab meat and cream.
Further, P-M10 and P-M11 contained significantly higher fat content than N-M11 in the
crab cream (p < 0.05), which was in agreement with He et al. [17], where pond culture
exhibited a significant growth-promoting effect on crabs, including enhancement of both
fat and protein content. Pond culture was often applied as a traditional aquaculture mode,
in order to ensure a stable growth of the aquatic products, thus facilitating a high yield
and thereby creating economic values. However, people nowadays focused more on their
health and began to consider whether the consumption of this unnaturally cultured aquatic
products would lead to abnormal nutritional uptake or even health problems. Contrary to
natural lake water, the water in the pond flowed less, and therefore may have contained less
oxygen and fewer small organisms, although enough food for the crabs was supplemented.
Several recent studies indicated that the strong crabs reared in ponds were not always
associated with superior nutrition, suggesting that various kinds of metabolites, rather
than protein and fat, also contributed to the crabs’ nutritive profile and exhibition of high
nutritional value [18–20]. This raised the need for a wide-targeted metabolomics study to
decipher the subtle difference of the nutritive profiles between pond-reared and naturally
produced crabs. Regarding the free amino acid, pond-reared crabs accumulated more Glu,
Gly, Ala, Val, Phe, Lys, His, and Arg than naturally produced crabs. Additionally, the sum
levels of essential amino acids in pond-reared crabs were significantly higher than those in
naturally produced crabs (p < 0.05). A similar result was observed by He et al. [21], who
found that almost all the amino acid levels were elevated in the pond-reared swimming
crabs (Portunus trituberculatus). The amino acids in crabs not only provided flavor but also
participated in amino acid metabolism after being absorbed by the human body, exerting
numerous biological processes. For example, Glu/Gln and Asp/Asn were involved in
nitrogen assimilation, synthesis of other amino acids and nitrogenous compounds, and
carbon/nitrogen partitioning [22]. Lys was the major building blocks for growth factors
and played important roles in cell division and wound-healing processes. Deficiency in
Lys could cause impaired growth performance, immune response, and inflammation in
grown-up grass carp [23]. Further, Lys and Met were the precursors for the synthesis of
carnitine, which was able to convert fat into energy and suppress oxidative stress [24].
Additionally, regarded as a dietary essential amino acid and the precursor for various
hormones, His showed great importance in kidney function, gastric secretion, the immune
system, and neurotransmission [25]. Overall, the pond culture enriched these important
amino acids in E. sinensis, owing to its stable supply of protein-rich food.

Fatty acids also played important roles in the energy metabolism and regulation of
blood glucose [26]. However, in contrast to free amino acids, the pond-reared crabs had
significantly less PUFAs than crabs from a natural water area, both in terms of the crab meat
and cream (p < 0.05). Similar results were observed by Kong, Cai, Ye, Chen, Wu, Li, Chen,
and Song [18], who indicated that the snails in the natural water area served as an extra
source of PUFA for crabs, leading to an increase in PUFAs in the naturally produced crabs.
Moreover, the naturally produced crabs had a larger space for living and traveling, thus
being likely to develop more muscle, wherein the stearoyl-CoA desaturase 1 (SCD1) from
crab muscle was able to catalyze SFA into PUFA [27]. PUFAs, including omega-3 and omega-
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6 fatty acids, could maintain cell membrane fluidity and improve vascular endothelial
cell function, as well as being important to the regulation of obesity, metabolic disease,
cardiovascular and immune functions, and neuropsychiatric disorders [28]. However, pond
culture led to decreased PUFAs in the present study, which may have been due to the
deficiency of snails in the pond and the reduced muscle content in crabs.

The organic acid derivatives stachydrine, methylsuccinic acid, and glutaric acid were
significantly upregulated in the pond-reared crabs compared to those cultured in a nat-
ural water area. Interestingly, stachydrine was a potent bioactive compound, having
demonstrated various activities against tissue fibrosis, cardiovascular diseases, cancers,
uterine disease, and inflammation [29]. However, methylsuccinic acid is a kind of urinary
metabolite that has been regarded as one of the potential biomarkers for nephrotoxicity [30].
Glutaric acid could lead to apoptosis in immature oligodendrocytes and has been associated
with glutaryl-CoA dehydrogenase deficiency, which is an inherited metabolic disease [31].
In addition, the levels of peptides were significantly downregulated in the pond-reared
crabs, which could have been due to the amino acid metabolism, where peptides were
consumed and free amino acids were produced.

Therefore, the sufficient food provided by ponds resulted in the accumulation of
protein, free amino acids, and specific organic acids derivatives. However, it also led
to the decreased release of peptides and PUFAs compared to naturally produced crabs.
These results revealed that the pond culture significantly affected the nutritive profile of
E. sinensis via the modulation of mostly protein, peptide, and amino acid levels. This
could have been due to the food supplied by pond being mostly protein-based; however,
naturally produced E. sinensis had access to various organisms in the lake, e.g., snails,
zoobenthos, and planktons, leading to a more diverse nutritive profile, including elevated
levels of PUFAs. Although snails, small fish, and animal-based freeze-dried powder could
also be added to the pond, it not only raised the cost for crab rearing but also brought
contaminants to the water, and therefore the local pond owners only used the cost-effective
plant-based protein to rear E. sinensis. This implied that the pond culture was still relatively
primitive at the Qin Lake area, although the environment there was highly suitable for crab
rearing. The introduction of animal-based feed, combined with the improvement of a pond
water circulation (inlet and drainage) system, growing aquatic plants with self-purification
capacity, or reducing the culture density, could be ways to enhance the nutritional quality
of the pond-reared crabs [16].

The nutritional quality of crabs was not only decided by the aquaculture mode but also
affected by the harvest time when crabs with different maturities were collected. The local
farmers at Qin Lake typically harvest crabs through the entire crab season, i.e., October,
November, and possibly the beginning of December, thereby obtaining as many crabs as
possible for selling. However, it was extremely important for the large-scale crab industry
to focus on the best representative products instead of the yield, and therefore a comparison
of the crab nutritive profiles between October and November was conducted.

In the present study, 5,6-EET significantly accumulated in the naturally produced crabs
harvested in November, when compared to those harvested in October (p < 0.05). EETs
were cytochrome-P450-epoxygenase-derived metabolites that play important biological
roles in humans. Reports showed that they could not only improve the vasodilatation but
also modulate insulin sensitivity, therefore being regarded as a potential therapeutic target
for diabetes and ischemic cardiomyopathy [32,33]. Two amines, N-stearamide and PEA,
were also remarkably upregulated in N-M11. However, they showed distinct bioactivities.
N-stearamide was a potential biomarker for disordered fatty acid metabolism related to
hepatic cirrhosis [34], whereas PEA was a ligand of peroxisome proliferator-activated
receptors (PPAR-α) that exerted neuroprotective, anti-inflammatory, analgesic, and lipid-
regulating effects [35,36]. Surprisingly, hypericin, a plant-originated bioactive compound
that possesses anti-depressive, anti-neoplastic, anti-tumor, and anti-viral activities [37],
was enriched in N-M11. This might provide evidence that the naturally produced crab
consumes plant for survival in November. However, sugars, including D-trehalose, lactose,
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lactulose, and maltose, were significantly downregulated in N-M11. The consumption
of carbohydrates provides crabs with enough energy to live through the cold weather
in November.

Different to the naturally produced crabs, the pond-reared crabs had a stable energy
supply during the entirety of November. This led to the significant increase in peptide levels
in P-M11 compared to P-M10, as the protein-based food was largely digested. However,
significant amounts of phenolic acids and nucleotides, which were not only important
nutrients but also flavor compounds, were downregulated in P-M11. This was in line with
studies that indicated that the total free amino acids, hydroxyeicosatrienoic acid, umami
5′-nucleotide compounds, and PUFAs were decreased in pond-reared crabs [18,20]. It was
speculated that the strategy for a pond-reared crab to survive in November could be in
consuming sufficient food and staying still in the pond, leading to a significant increase
in peptide levels for energy provision. Overall, it could be concluded that October was
more appropriate for harvesting E. sinensis than November, due to the elevated levels
of sugars, phenolic acids, and nucleotides. Therefore, the local farmers could consider
reducing the duration of the harvest time, instead of harvesting throughout the whole crab
season, while finding a balance between the nutritional quality and the yield of crabs. In
addition, controlling the fluctuation of water temperature was found to be crucial for the
nutritional quality of E. sinensis in cold November.

5. Conclusions

To conclude, pond culture enhanced the levels of protein, free amino acids (Glu, Gly,
Ala, Val, Phe, Lys, His, and Arg), and organic acid derivatives (stachydrine, methylsuccinic
acid, and glutaric acid) and reduced the levels of peptides and PUFAs in E. sinensis. For
pond-reared E. sinensis harvested in November, the levels of peptides were elevated,
whereas phenolic acid (8-paradol and coniferaldehyde) and nucleotide (2′-deoxyuridine
and deoxyguanosine) levels were declined, compared with those harvested in October.
Above all, the metabolic profile of the pond-reared E. sinensis was significantly modulated
by the high-protein diet, thus lacking the diversity of metabolites, especially PUFA levels.
October could be more appropriate for harvesting E. sinensis in terms of crabs’ nutritional
quality. Therefore, our study facilitated the development of a high-end E. sinensis product
by providing new understandings on the pond culture and the harvest strategy of crabs.
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Abstract: Microwave heating acts as an environmental stimulus factor to induce rapid shape changes
in 4D-printed stereoscopic models over time. The influence of microwave power and model structure
on the shape change behavior was explored, and the applicability of the deformed method to other
vegetable-based gels was verified. The results described that the G′, G′′, η, and proportion of bound
water of yam gels increased with the increase in yam powder content, and the yam gel with 40%
content had the best printing effect. The IR thermal maps showed the microwaves first gathered
in the designed gully region caused the swelling phenomenon, which induced the printed sample
to undergo a bird-inspired “spreading of wings” process within 30 s. Increasing the microwave
power and microwave heating time were able to increase the bending angles and dehydration
rates of the printed samples, thus improving the deformed degree and deformed speed. Different
model base thicknesses (4, 6, 8, and 10 mm) also had significant effects on the shape change of the
printed structures. The efficiency of the shape changes of 4D-printed structures under microwave
induction can be judged by studying the dielectric properties of the materials. In addition, the
deformed behaviors of other vegetable gels (pumpkin and spinach) verified the applicability of the
4D deformed method. This study aimed to create 4D-printed food with personalized and rapid shape
change behavior, providing a basis for the application scenarios of 4D-printed food.

Keywords: 4D printing; shape change; microwave induction; vegetable-based food; temperature
distribution

1. Introduction

Three-dimension (3D) printing technology, first proposed in 1984, is a development
method derived from rapid prototyping technology, which is a type of additive manu-
facturing technology [1,2]. In recent years, with the continuous understanding of model
structures, people are no longer satisfied with the static shapes of 3D-printed food struc-
tures. The demand for changes in the dynamic appearances and structural properties of
food has promoted the emergence and development of four-dimensional (4D) food print-
ing technology [3,4]. Four-dimensional printing technology enables three-dimensionally
printed food to undergo predictable dynamic changes in appearance and structural proper-
ties (shape, color, flavor, etc.) over time when it is stimulated correctly in the appropriate
environment (temperature, pH, light, moisture content, electromagnetic radiation, etc.),
thus allowing for transformation from 3D to 4D [5–7]. Therefore, to smoothly print a 4D
model, 3 factors need to be met: a stimulus–response material with specific properties, an
environmental stimulus that can trigger the state change of the 3D-printed model, and the
time demanded for the change in the state of the model [8,9]. 4D-printed food can enhance
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the interactions between food and consumers, thereby enriching the eating experiences
of consumers.

There are two main strategies for studying the shape change achieved by 4D food
printing at present: the use of double-layer materials and the design of special model
structures. In materials science, the use of two materials with different expansion and
shrinkage rates in response to specific stimuli is one of the most common ways to achieve
shape changes of materials [10]. This approach has also been used to produce food products.
Wang et al. [11] took advantage of the difference in water absorption capacity between
gelatin and ethyl cellulose to design a gelatin/ethyl cellulose double-layer structure that
could lead to shape change under the stimulation of hydration induction, and on this
basis, invented deformable pasta. Chen et al. [12] made use of the different responses
of pumpkin and printing paper to temperature to allow pumpkin products combined
with printing paper to change shape. There are many ways to induce shape changes by
designing special model structures. For instance, ideal deformable models can be obtained
by designing filling structures of 3D printed models. Tao et al. [13] changed the product
shape by controlling the depth, direction, and number of grooves in the model to control
the changes between the dehydration and expansion rates of the material. He et al. [4]
achieved shape change behavior of the models under microwave induction by designing
filling rates and filling angles of the printed purple potato gel models. The results described
that the filling rates and filling angles of the printed models were related to the deformation
directions and degrees. However, these studies mainly focused on the shape transformation
from planar structures (two-dimension, 2D) to stereoscopic structures (3D), and the amount
of time required for shape change was often very long (a few min to more than ten min).
On this basis, Shi et al. [14] used the different microwave heating efficiencies of purple
potato puree and oil gel to achieve shape changes of the printed stereoscopic structures.
Guo et al. [15] realized the directional shape change from 3D structure to 3D structure by
using the swelling behavior of the printed food at hot-spots. However, there are still few
studies on the rapidly deformed behavior of 4D-printed food.

Microwave is a kind of electromagnetic wave which has the advantages of selective
heating, fast heating speed, and short drying time. Microwave heating has important
applications in the food industry and in home cooking [16]. During microwave heating,
the microwave can penetrate the inside of the material to produce heat so as to allow
for volume heating from the inside to the outside [17]. At present, microwave heating
technology has been successfully applied to the environment-induced change process of 4D
food printing [4,15]. Chen et al. [18] used a microwave to stimulate the decomposition of
baking soda in lotus root powder gel to increase the pH of the gel system, thereby inducing
the color change process of the lotus root powder gel containing curcumin. Guo et al. [19]
used soybean protein extracts and oats as food inks to achieve the shape change of a
4D-printed structure under microwave stimulation.

Vegetables contain a great number of vitamins, minerals, and cellulose, which the
human body requires [20]. The daily intake of the vegetable can help to improve the body’s
immunity and prevent chronic diseases [21]. The application of vegetables in food printing
has a profound influence on the production of personalized nutritious foods. Yams are a
kind of food with high nutritional value. Studies have found that yams have antioxidant,
anticancer, hypoglycemic, and lipid-lowering functions [22]. Pumpkin and spinach, as
common vegetables, have good nutritional function and printing performance, and can
also be used as good raw materials for 4D food printing [12].

In this study, microwave heating acted as the environmental stimulus factor for 4D
printing to investigate the rapid shape changes of 3D-printed stereoscopic models. The
influences of yam powder content on the material properties and printing properties of the
mixed gels were studied. The influences of microwave power and model design structures
on the deformed behaviors of 3D printed components were investigated, and pumpkin gel
and spinach gel were used for the validation tests of microwave-induced shape change.
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This study aimed to create 4D-printed food with personalized and rapid shape change
behavior, providing a basis for the application scenarios of 4D-printed food.

2. Materials and Methods

2.1. Materials

Yam powder containing 7.6% water, 73.5% carbohydrate, 4.7% protein, and 3.7% crude
fat was obtained from Duomai Food Co., Ltd. (Zaozhuang, China). Pumpkin powder
containing 7.8% water, 61.2% carbohydrate, 6.4% protein, and 2.6% crude fat was collected
from Baofeng Biotechnology Co., Ltd. (Bozhou, China). Spinach powder containing 8.1%
water, 55.6% carbohydrate, 19.5% protein, and 2.7% crude fat was collected from Lvshuai
Food Co., Ltd. (Xinghua, China). Low acyl gellan gum (food grade) was obtained from
Fufeng Biotechnology Co., Ltd. (Urumqi, China).

2.2. Preparation of Printing Materials

Yam gel was obtained by mixing the yam powder with deionized water, and the
contents of yam powder were 25%, 30%, 35%, 40%, and 45% (w/w), respectively. The
yam gels were gelatinized in a water bath at 75 ± 0.2 ◦C for 0.5 h. During gelatinization,
the container mouth was wrapped with plastic wrap to avoid water loss. According to
preliminary test results, 0.5% (w/w) gellan gum was added to the gelatinized yam gels
and mixed evenly to form smooth pastes without any clumps. The deformation model put
forward higher requirements for the printability and post-processing abilities of materials.
Adding an appropriate amount of gellan gum can enhance the support and stability of
the printed samples in the shape change process. Finally, the yam gels were placed in a
normal-temperature environment for 30 min to stabilize them for the next study.

Pumpkin gel and spinach gel were prepared by the same preparation process as yam
gel to verify the applicability of the 4D deformed method. The selection of printing ink was
mainly based on rheological properties, moisture properties, and printing performance.
The formula selection of the yam gel will be described later. By the same formula selection
method, the contents of pumpkin powder and spinach powder in the pumpkin gel and
spinach gel were determined to be 33% and 36% (w/w), respectively.

2.3. Determination of Rheological Properties

A rotating rheometer (DHR-3, TA Instruments, New Castle, DE, USA) was used to
analyze the rheological properties of mixed gels with different yam powder contents,
referring to the experimental method provided by Yang et al. [23]. The diameter of the
experimental parallel plate was 40 mm, and the measurement gap and temperature were
1000 μm and 25 ◦C, respectively. Firstly, the storage modulus (G′) and loss modulus (G′′) of
the printing material were determined at angular frequencies ranging from 1 to 100 rad/s
by an oscillation test under constant 0.1% strain (within the linear viscoelastic region).
A flow scanning test was then carried out at shear rates ranging from 0.1 to 100 s−1 to
determine the apparent viscosity (η).

2.4. LF-NMR Analysis

A low-field nuclear magnetic resonance (LF-NMR) analyzer (MicroMR20-030V-I, Niu-
mag, Shanghai, China) was applied to analyze the moisture statuses and distributions of
the mixed gels with different yam powder contents by referring to the experimental method
described by Ezeanaka et al. [24]. Approximately 4.00 g of the material was wrapped using
plastic wrap and then placed into a nuclear magnetic tube (Ø30 × 200 mm), which was
placed into the instrument for detection. The experimental parameters were set as sampling
frequency (SW) = 100 KHz, scanning number (NS) = 4, echo time (TE) = 0.400 ms, echo
number (NECH) = 1000, and waiting time (TW) = 2500 ms. After the test, the transverse
relaxation time (T2) of the printing material was obtained by inverting the test results.
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2.5. Model Design and 3D Printing Process

A cone model (Ø30 mm × 40 mm) was built using Rhinocero 6.0 software (Robert
McNeel&Associates, Settle, WA, USA) to examine the printability of the mixed gels
with different yam powder contents. A bird model with two wings (40 mm base length,
15 mm base width, and 18 mm wing height) was designed for deformed testing as shown
in Figure 1A, with the model base thickness set at 4, 6, 8, and 10 mm, respectively.

Figure 1. Schematic diagrams of the model’s dimensions (A) and the method for determining the
bending angles (B) of the printed samples.

The 3D printing process was performed using a printer (Foodbot-Mf, Shiyin, Hangzhou,
China) at 25 ◦C. The printing material was first filled into the printing tube, which was
then inserted into the material barrel of the printer for printing. The printer and computer
were connected through a USB port, and the printer was controlled by the computer for
printing. The model data in STL format were transformed into machine codes using Simplify
3D software, and the X-Y-Z printing paths were automatically generated. Through the
preliminary tests, the printing parameters were optimized and set as follows: 1.2 mm layer
height and nozzle diameter, 22 mm/s printing speed, and 1.9 mm Z-value.

2.6. Microwave Heating and Determination of Temperature Distribution

The printed samples were placed into a microwave oven (M1-L213B, Midea Group
Co., Ltd., Foshan, China) with the microwave power set to low fire (70 W), medium fire
(350 W), and high fire (700 W). The microwave oven used in this study was a traditional
microwave oven, the output power of which was a constant value (700 W). The amount
of power was controlled by adjusting the on/off time of microwave emission at different
gear positions. According to the preliminary experimental results, the microwave heating
times were set as 0, 5, 10, 15, 30, 45, and 60 s, and the samples were immediately taken
out for weighing and determination after being heated for the set amount of time.

An infrared thermal imager (IRI-4010, Infrared Integrated Systems Ltd., Northampton,
UK) was used to measure the temperature distribution of the microwave-induced samples,
referring to the experimental method described by Tang et al. [25]. Only the tested sample
was controlled in the measurement background, the focal length was adjusted for measure-
ment, and photos were taken to record the infrared (IR) thermal map. IRISYS 4000 Series
Imager software was used to process the map.

2.7. Measurement of Bending Angle

Photographs were taken to record the images and shape change behaviors of the
samples at different heating times. To quantify the degree of shape change, AutoCAD
2019 software (Autodesk Inc., San Francisco, CA, USA) was purchased to measure the
bending angles of 3D-printed samples after microwave heating treatment by referring
to the experimental method of Liu et al. [26], as shown in Figure 1B. Both wings of each
printed model were measured.
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2.8. Determination of Dielectric Property

A vector network analyzer (E5062A, Agilent Technologies, Santa Clara, CA, USA) was
used to determine the dielectric properties of the printing materials by referring to the
experimental method provided by Guo et al. [19]. Firstly, the equipment was calibrated
by measuring the air and deionized water. The range of the frequency was set as 2.0 to
3.0 GHz, and the measuring probe contacted the printed samples for testing as far as
possible to avoid the existence of air between the measuring probe and the sample, in
order to ensure that the dielectric constant (ε′) and loss factor (ε′′) reached the accuracy of
the measurement.

2.9. Statistical Analysis

The experimental data were analyzed using SPSS 25.0 statistical software (IBM,
Chicago, IL, USA). Duncan’s test was used for significance analysis at 95% confidence
intervals, with p < 0.05 indicating obvious differences between the samples. Charts were
made using AutoCAD 2019 software and Origin 2018 software (OriginLab Corporation,
Northampton, MA, USA). All experiments were performed at least three times in parallel,
and the resulting values were represented as mean value ± standard deviation.

3. Results and Discussion

3.1. Rheological Properties of Printing Materials

The rheological properties of food materials have important effects on the printing
performance of 4D-printed samples and the post-processing abilities in the microwave-
induced process [27,28]. Figure 2 shows the rheological characteristics of mixed gels with
different yam powder contents. The G′ and G′′ values of all yam gels presented frequency
dependence and content dependence; the modulus values increased as the angular fre-
quency and the yam powder content increased. G′ was related to the mechanical strength of
the printed materials and their supporting performance after printing [29,30]. The increase
in G′ was conducive to the molding of the printed samples and the maintenance of the
structures before inducing the shape change [31,32].

The η and shear-thinning characteristics of the printing materials were obtained to
evaluate the extrusion properties of the materials during extruding 3D printing [31]. As
shown in Figure 2C, the η values of all printing materials reduced with the addition of the
shear rate, showing shear-thinning of the gel, which was propitious to the extrusion of
materials from the printing nozzle [28,33]. The shear-thinning property of yam gels was
possibly related to the structure and entanglement of polysaccharides’ molecular chains,
such as starch and gellan gum in the system and their intermolecular interaction [34]. At
lower shear rates, the molecule chains of the polysaccharides were entangled with each
other in an irregular manner to create a gel network structure [35]. When the shear rate
was increased, the internal network structure and the intermolecular forces were damaged
and weakened, which led to decreases in the flow resistance and the η value.

Furthermore, the increase in yam powder content induced an increase in the η value
of the material. The elevated yam powder content meant that more starch molecules
expanded and split to create a yam puree with higher viscosity in the gelatinization process,
and the gel structure of the material was more closely combined, which was also conducive
to the supporting ability and printing accuracy of the printed samples after deposition [27].
However, the increase in η put forward higher requirements for the extrusion characteristics
of the materials, and the larger the η was, the more difficult the extrusion of the material
became, which was also confirmed in the subsequent printing process.
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Figure 2. Storage modulus (A), loss modulus (B), apparent viscosity (C), LF-NMR profiles (D), and
printed results (E) of yam gels with different yam powder contents.

3.2. Moisture Characteristics of Printing Materials

LF-NMR spectroscopy revealed the moisture state and moisture distribution of the
mixed gels with different yam powder contents (Figure 2D), which correlated with the
rheological, mechanical, and printing characteristics of the materials [36]. Different peak
areas (A2) were obtained to represent the proportions of moisture in different states [37].
Three peaks—T21, T22, and T23—were found in LF-NMR spectroscopy of all of the yam
gels, corresponding to the peak areas of A21, A22, and A23, respectively (Table 1). In general,
the peak center of T21 was located within 1–10 ms, representing the water closely bound
with macromolecules in the gel matrix, with low degrees of freedom. T22 with a peak
center of 10–100 ms indicated semi-bound water, which had a certain fluidity. T23 with a
peak center of 100–1000 ms represented free water, which was move freely; and this type
of water showed easy migration and evaporation [32]. As shown in Figure 2D, with the
increase in yam powder content, the peak centers of all T2 peaks shifted to the left, while the
T22 peaks decreased significantly. The freedom of the water in the materials was reduced,
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and the difficulty of water migration and dehydration evaporation was increased, but the
supporting performances of the materials were improved. Table 1 shows the significant
effects of yam powder content on the T2 and A2 values of the mixed gel (p < 0.05). T2
was related to the freedom and fluidity of the water molecules. The higher the value of
T2, the higher the freedom and fluidity of the material [25]. The T21, T22, and T23 values
of the yam gel were reduced with the increase in yam powder content, meaning that the
freedom and fluidity of the water in the material decreased, which was consistent with
the left shift result of the T2 peak center. As the yam powder content increased, the A21
value gradually increased, while the A22 value gradually decreased, showing that part
of the water changed from semi-bound to bound. This meant that the water, starch, and
gellan gum in the system were combined more closely, and the mechanical strength of the
material was enhanced along with the increase in yam powder content [35]. These results
were identical to the rheological analysis results of the mixed gels, which were conducive
to the printing molding and shape maintenance before the induced shape change of the
printed models.

Table 1. LF-NMR analysis of different yam gels.

T21 (ms) T22 (ms) T23 (ms) A21 (%) A22 (%) A23 (%)

25% 7.58 ± 0.56 a 48.30 ± 0.00 a 138.07 ± 21.29 a 10.79 ± 1.63 e 95.90 ± 1.19 a 0.32 ± 0.03 d

30% 8.25 ± 0.66 a 47.46 ± 1.21 a 143.23 ± 14.46 a 12.21 ± 1.16 d 88.97 ± 1.63 ab 0.24 ± 0.03 d

35% 6.91 ± 1.54 a 43.19 ± 0.77 b 102.64± 13.74 b 13.92 ± 1.05 c 87.47 ± 1.17 b 0.95 ± 0.07 b

40% 4.87 ± 0.46 b 35.70 ± 0.71 c 89.93 ± 5.56 bc 16.00 ± 0.21 b 83.05 ± 0.26 c 0.50 ± 0.07 c

45% 4.60 ± 0.03 b 36.43 ± 0.00 c 74.83 ± 9.92 c 19.18 ± 0.08 a 79.19 ± 0.05 d 1.23 ± 0.14 a

Different letters in the same column indicate significant differences between values (p < 0.05).

3.3. Printing Performance of Materials

Four-dimensional food printing technology has put forward higher requirements
for the printability and printing precision of materials [38]. To further evaluate the 3D
printability of different yam gels, a cone structure was printed for analysis. Figure 2E
shows the effects of different yam powder contents on the printing results of the mixed
gels. The cone model could be successfully printed with the mixed gels containing 30–40%
yam powder content, and the height of the model was close to the designed height of
40 mm. However, with the reduction in yam powder content, the printing accuracy of the
yam gel decreased, as did the supporting performance and stability. The model printed by
the mixed gel with 30% content of yam powder showed obvious retraction at the bottom,
because the reduction of yam powder content reduced the G′, G′′, η, and the proportion
of bound water in the system, which weakened the mechanical strength and enhanced
the fluidity of the gel. Therefore, due to the weak self-supporting performance, the mixed
gel with low yam powder content was unable to support its structure after printing, and
was prone to collapse to a certain extent. The mixed gel with 25% yam powder content
lacked sufficient mechanical strength, making difficult to print. On the contrary, although
the mixed gel with 45% yam powder content had high G′ and G′′ values, its excessive η

also limited the extrusion characteristics of the material. The extrusion of the material was
difficult during 3D printing, and there was a serious line fracture phenomenon. The ideal
printing material should have the appropriate mechanical strength to improve the printing
precision and maintain the stability of the model structure, but at the same time, the η

and mechanical strength should not be too high to avoid encountering difficulty during
material extrusion [5]. According to the analysis results of the material properties and
printing characteristics, the mixed gel with 40% yam powder content was selected as the
best printing material in terms of the shape change of 4D-printed food.

171



Foods 2023, 12, 2158

3.4. Shape Change of the Stereoscopic Model Induced by Microwave

Through the active design of the 4D-printed model, a bionic model of a bird with two
wings was designed. The connection between the two wings formed a gully structure with
a certain angle, which was propitious to the aggregation of microwaves and the formation
of hot-spot regions [39]. Microwave heating can make the water molecules inside the food
evaporate by heating, resulting in a difference in the environmental pressure between
the inside and outside, causing the swelling of the material [40,41]. The gully structure
effectively aggregated microwaves and generated a local high temperature in this region, as
a hot-spot. The microwave induced the swelling phenomenon of the hot-spot region, which
pushed the wings of the bird model to bend outwards and achieve the ideal deformation
effect of “spreading of wings” [15]. Figure 3A shows the shape change behaviors of the
printed samples at 700 W of microwave power. After microwave heating treatment, the
shape of the sample changed and the wings of the model opened outwards. With the
extension of the microwave heating time, the shape change degree of the printed structure
increased. The two wings of the bird model opened outwards and bent, lowering in height
and exhibiting the expected “spreading of wings” behavior. However, when the microwave
heating time exceeded 45 s, yellow lines began to appear at the gully part of the printed
sample, showing unexpected results. This was caused by the non-uniformity of microwave
heating [42].

Figure 3. Shape change photographs (A) and IR thermal maps (B) of the printed samples at 700 W of
microwave power (temperature distribution between 20 ◦C and 80 ◦C).

The IR thermal maps of the printed samples at 700 W of microwave power are shown
in Figure 3B. Because of the uneven distribution of the microwaves, they first concentrated
in the gully region between the wings of the designed model. The heat of the gully part
was greater than that of the other parts, inducing local swelling and pushing the wings to
spread out [42]. This result agreed with the expected model design and hot-spot setting.
Guo et al. [15] achieved the shape change effect of “flowering” by using the printing method
of local swelling induced through non-uniform microwaves. Moreover, with the extension
of the microwave heating time, the area range of the hot-spot rose in temperature, inducing
a more obvious swelling phenomenon and resulting in a greater shape change. However,
when the microwave heating time reached 45 s, the hot-spot area spread to the head area of
the bird model, which caused the head gully region to overheat and led to the appearance
of yellow lines.

3.5. Effect of Microwave Power on Shape Change

Figure 4 shows the influence of microwave power on the deformation behaviors of
the printed structures, which were deformed at different angles under different microwave
power levels and microwave heating times. To quantify the shape change behavior, the
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bending angle was used to represent the degree of shape change (Figure 4C). Due to the ink-
swelling effect of food materials, the diameters of the material lines deposited in the printed
samples were greater than those in the design models, making the initial bending angles of
the printed structures negative [43]. During 0–30 s of microwave heating time, the bending
angles of the samples increased as the microwave power and heating time increased,
demonstrating power dependence and time dependence. When the heating time reached
30 s and the microwave power was 70, 350, or 700 W, the bending angles of the model
wings reached 59.14◦, 63.56◦, and 71.64◦, respectively. When the microwave heating time
reached 45 s, the printed models demonstrated unexpected and uncontrollable deformation
behavior. This was due to the large amount of materials deposited in the bottom of the
model, which concentrated the microwaves and swelled during the microwave treatment.
When the microwave heating time was 45 s or 60 s, excessive swelling occurred in the
bottom of the models and affected the bending change of the upper wings, as shown in
Figure 4A.

Figure 4. Shape change photographs in front view (A) and lateral view (B) of the printed samples, and
the changes in the bending angle (C) and dehydration rate (D) at different microwave power levels.
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The microwave heating process is also a drying and dehydration process [4]. Figure 4D
shows the influences of microwave power and microwave heating time on the dehydration
rates of the printed food. The dehydration rates of the printed food raised with the
increase in microwave heating time, in a time-dependent manner. The linear fitting of the
dehydration rate–microwave heating time curves at 70, 350, and 700 W of microwave power
showed strong correlations with the fitting values (R2) of 0.994, 0.999, and 0.989, respectively.
Microwave heating mainly caused high-frequency reciprocating motion or oscillation of the
polar substances in the materials through the electromagnetic field, as well as the rotation
of dipoles (such as water molecules). The polar molecules or dipoles then showed mutual
friction or collision, thus consuming electric energy, transforming into heat energy, and
causing water to evaporate [16,44]. With the extension of heating time, water molecules
absorbed more microwave energy, which caused increases in friction heat and temperature,
thus increasing the dehydration rates. Microwave power also showed an obvious influence
on the dehydration rates of the printed food (p < 0.05), and the dehydration rates of the
printed samples were raised with the increase in microwave power. With 45 s of microwave
heating time, the maximum dehydration rates of the printed samples at 70, 350, and 700 W
of microwave power were 33.44%, 37.41%, and 46.40%, respectively.

3.6. Effect of Model Structure on Shape Change

The pictures depicting the shape changes of the printed structures with different
model base thicknesses under 700 W of microwave power are shown in Figure 5A–C,
which display the influence of the model base thickness on the deformed angle of the
printed sample. During 0–30 s of microwave heating time, the bending angles of the
printed structures showed an increasing trend with time evolution. Within 0–15 s, the
bending angles of the printed structures rose as the model base thickness rose. The increase
in the base thickness provided the model base with a larger volume, which then absorbed
more microwave energy to induce a greater swelling phenomenon during microwave
heating and to further increase the degree of shape change [15].

However, when the microwave heating time was 15 s or 30 s, there was no distinct
difference in the deformed angles of the printed samples with base thicknesses of 4, 6, and
8 mm (p > 0.05), while the bending angle of the sample with a base thickness of 10 mm
was significantly larger than that of other samples, showing a greater deformed degree. As
shown in Figure 5B, when the microwave heating time reached 30 s or 45 s, the material
deposited between the two wings part of the printed sample with a thickness of 10 mm
showed visible fractures, which was related to the overheating temperature in the gully
region. At this time, the bending angle of the wing part of the printed sample without
traction from the model base was not only affected by the driving force produced by the
swelling of the gully part, but also caused to collapse downward by the gravity effect of
the wing part itself, showing a greater bending angle. Moreover, the bending angles of the
printed structures with different base thicknesses increased or decreased at 45 s, at which
time the bending angle of the printed structure was positively correlated with the base
thickness. The maximum angles of the models with 4, 6, 8, and 10 mm of base thickness
were 74.85◦, 71.64◦, 70.58◦, and 106.42◦ within 45 s of microwave heating time. As the base
thickness was raised from 4 mm to 10 mm, the deformed angle increased by 1.42 times.

Figure 5D shows the influence of model base thickness on the dehydration rate of
the printed samples. The dehydration rates of the printed food were positively correlated
with microwave heating time, and the R2 of the dehydration rate–microwave heating time
curves of the samples with thicknesses of 4, 6, 8, and 10 mm were 0.991, 0.994, 0.998, and
0.999, respectively. The base thicknesses (6, 8, and 10 mm) also had a certain influence
on the dehydration rates of the printed food samples, which reduced with the increase
in the base thickness. This was because microwave heating was volumetric, and the
microwaves directly entered the interiors of the substances and interacted with each other.
The temperature gradients of the material subjected to microwave were high on the inside
and low on the outside [17]. The volume of the printed model with a larger base thickness
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was greater, and the discharge rate of the internal water vapor was slowed down by the
material. The exception was that in the early stage of microwave heating (0–10 s), the
printed sample with a thickness of 4 mm showed a low dehydration rate due to its weak
microwave absorption ability. After 10 s, the dehydration rate of the printed sample was
accelerated, and yellow lines appeared at 30 s, which was the earliest compared with the
other samples (Figure 5).

Figure 5. Shape change photographs in front view (A) and lateral view (B) of the printed samples,
and the changes in bending angle (C) and dehydration rate (D) with different model structures.
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3.7. Shape Change Behavior of Other Vegetable Gels

Figure 6A shows the shape change behaviors of the printed samples prepared with
pumpkin gel and spinach gel at 700 W of microwave power. Under the action of the
microwave, the wings of the bird models opened outwards along with time evolution and
the “spreading of wings” behavior of the bird model was simulated, which verified the
feasibility and applicability of the microwave-induced shape change method of the 4D
stereoscopic model. The bending angle of the printed model rose over time. Compared
with the deformed behavior of the sample printed with yam gel, shown in Figure 3, the
magnitude of the deformed efficiency of different vegetable gels was pumpkin gel > yam
gel > spinach gel. The times to reach the maximum controllable and ideal bending angles
of the samples printed with pumpkin gel, yam gel, and spinach gel were 15 s, 30 s, and
30 s, respectively, and the corresponding maximum bending angles were 76.17◦, 71.64◦,
and 41.47◦, respectively. This was related to the dielectric properties of the vegetable gels.

Figure 6. Shape change photographs (A) and dielectric properties (B) of different vegetable materials.
Different letters indicate significant differences between values (p < 0.05).

In the process of microwave heating, the difference in materials directly affect the
microwave heating efficiency, which can be essentially determined by the dielectric prop-
erty of the food materials. The dielectric property is the response of bound charges in
the molecules to the applied electromagnetic field [45]. The dielectric properties ε′ and
ε′′ determined the interactions between the electromagnetic field and the materials, rep-
resenting the capacity of the materials to store electromagnetic energy and convert it into
thermal energy, respectively [16]. The dielectric properties of the three vegetable gels are
shown in Figure 6B. The ε′ values, from high to low, were arranged in the following order:
pumpkin gel (61.33) > yam gel (57.67) > spinach gel (40.33). The ε′′ values, from high to
low, were in the order of yam gel (38.33) > pumpkin gel (33.67) > spinach gel (22.67). The
differences in the dielectric properties of the materials were mainly related to the type of
materials and their material characteristics (bulk density, water content, etc.) [45]. As a
kind of polar molecule, water molecules moved under the action of the microwaves and
produced a friction effect, which increased the internal energy of the materials and achieved
the effect of rapid heating [14]. The ε′′ indicates the capacity of the food material to absorb
microwaves, and the greater the ε′′ value, the faster the heating rate [35]. Compared with
spinach gel, the yam and pumpkin gels exhibited stronger dielectric properties and higher
microwave absorption properties, corresponding to higher microwave heating efficiency
and 4D change efficiency. The results demonstrated that the deformed efficiency of the
4D-printed samples under microwave induction can be predicted by studying the dielectric
properties of the materials.
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4. Conclusions

The yam powder content affected the printing effect of the mixed gel by influencing
its material characteristics. The increase in yam powder content optimized the rheological
and moisture characteristics of the materials, but also increased the difficulty of extrusion
while improving the printing accuracy. Gel mixed with 40% yam powder content was
used as 4D printing ink. A bird model with two wings was designed, and the shape
change behavior and IR thermal map of the printed models demonstrated the success of
the method, inducing a shape change by forming local hot-spots at the pre-designed gully
regions. Increasing the microwave power and heating time increased the bending angles
and dehydration rates of the printed samples, and improve the degree and speed of the
shape change. However, when the microwave heating time exceeded 45 s, the hot-spot area
expanded greatly, causing unexpected yellow lines and affecting the deformed behavior
of the printed sample. The model’s base thickness also had an obvious influence on the
deformed degrees and dehydration rates of the printed samples. Moreover, the microwave-
induced 4D shape change method was also applicable to other vegetable-based gels, and
the dielectric properties of the materials affected the microwave heating effect, which could
be used to predict the efficiency of the 4D change. In this study, rapid and controllable
shape changes of printed food within 30 s were achieved through microwave induction so
as to enrich the application scenarios of 4D-printed food.
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Abstract: This study investigated the effects of different drying methods on the drying characteristics,
three-dimensional (3D) appearance, color, total polysaccharide content (TPC), antioxidant activity,
and microstructure of Pleurotus eryngii slices. The drying methods included hot air drying (HAD),
infrared drying (ID), and microwave drying (MD). The results showed that the drying method
and conditions significantly influenced the drying time, with MD having a significant advantage in
reducing the drying time. The 3D appearance of P. eryngii slices was evaluated based on shrinkage and
roughness as quantitative indexes, and the best appearance was obtained by hot air drying at 55 and
65 ◦C. HAD and ID at lower drying temperatures obtained better color, TPC, and antioxidant activity,
but MD significantly damaged the color and nutritional quality of P. eryngii. The microstructure
of dried P. eryngii slices was observed using scanning electron microscopy, and the results showed
that drying methods and conditions had an obvious effect on the microstructure of P. eryngii slices.
Scattered mycelia were clearly observed in P. eryngii samples dried by HAD and ID at lower drying
temperatures, while high drying temperatures led to the cross-linking and aggregation of mycelia.
This study offers scientific and technical support for choosing appropriate drying methods to achieve
a desirable appearance and quality of dried P. eryngii.

Keywords: three-dimensional appearance; drying methods; quality; microstructure; Pleurotus eryngii

1. Introduction

Pleurotus eryngii, also known as the king oyster mushroom, is called xingbaogu in
China. As a member of the Pleurotus species, it is a valuable edible fungus that is rich
in bioactive compounds, such as polysaccharides, proteins, and free amino acids. It
also possesses numerous physiological functionalities, such as antimicrobial, antioxidant,
hypolipidemic, hypoglycemic, and immune regulatory activities [1]. However, one of
the challenges associated with using P. eryngii is its high moisture content, which can
reach up to 90% on a wet basis. This makes fresh P. eryngii sensitive to bacterial growth
and shortens its shelf life if not stored properly [2]. Therefore, there is an urgent need to
implement processing techniques for P. eryngii in order to increase its shelf life and enhance
its value-added potential throughout the industrial chain.

Drying is one of the most common processing methods for edible fungi [3,4]. The
objective of drying is to reduce the moisture content, eliminate microorganisms, increase the
soluble solids content, inhibit enzyme activity, extend the storage period, and enhance the
value of commodities [5,6]. The most widely used drying method is hot air drying (HAD)
due to its low cost, easy operation, and simple control [7,8]. In comparison, infrared drying
(ID) can significantly shorten drying time and improve product quality, but its effectiveness
can be influenced by infrared wavelengths, food surface porosity, and composition [9].
Although microwave drying (MD) is a fast and effective alternative technique, it has some
drawbacks, such as a high initial cost, uneven heating, limited microwave penetration, and
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quality loss [10]. Appropriate drying methods and conditions can minimize nutrient and
color degradation during the drying process of P. eryngii, reduce energy consumption, and
ensure product quality.

The appearance of fruits and vegetables changes visibly during the drying process
due to their porous tissue structure, resulting in shrinkage, curling, roughness, and col-
lapse. With the advancement of computer vision (CV) technology, researchers use it to
measure and analyze the changes in the appearance dimensions of materials during drying.
Onwude et al. investigated the shrinkage of sweet potatoes using a combined digital
and backscattering imaging system and found that shrinkage was affected by the product
thickness, drying temperature, and drying time [11]. Pei et al. applied a camera to obtain
the surface area and shrinkage of ginger slices, important quality parameters [12]. Li et al.
observed the phenomenon of surface wrinkling of shiitake mushrooms during the drying
process and obtained the ratio of the wrinkled surface area by region segmentation [13].
However, a single camera can only capture data on the projected area of the sample’s
surface and cannot effectively measure changes in material thickness. To address this issue,
Sampson et al. constructed a top and side dual-view computer vision system to measure
the volume of apple slices [14]. Nonetheless, even with multiple cameras, the data obtained
are still based on the analysis of two-dimensional (2D) projected images.

To obtain the three-dimensional (3D) appearance and shape changes of materials
during the drying process, Cai et al. used the Kinect sensor to acquire depth and color
images of potato slices and calculated the shrinkage and curling degree of the slices [15].
However, the accuracy limitations of the Kinect sensor [16] restrict its ability to distin-
guish changes within a range of 2 mm in practical applications. Bai et al. employed a
binocular snapshot sensor to obtain point cloud images with a measurement accuracy of
0.035 mm [17]. They also calculated the shrinkage and height standard deviation (HSD) to
evaluate the three-dimensional (3D) deformation, such as surface curl and flatness, of apple
slices. Regarding edible fungi, particularly P. eryngii, the measurement and quantifiable
representation indices for their 3D appearance changes are still limited in research.

This study aimed to investigate the effects of different drying methods and conditions
on the drying characteristics, 3D appearance, physicochemical properties, and microstruc-
ture of dried P. eryngii slices. Furthermore, the study provides quantitative indexes for the
analysis and evaluation of 3D appearance and offers technical support for selecting suitable
drying methods for P. eryngii.

2. Materials and Methods

2.1. Samples and Chemicals

Fresh P. eryngii samples were purchased from a supermarket near Jiangsu University
in Zhenjiang City, with an average wet basis moisture content of about 90.0 ± 1.0%. All
the samples were stored in a refrigerator at 4 ± 1 ◦C and 90% relative humidity prior
to the experiments. The analytical grade 2,2-diphenyl-1-picrylhydrazyl (DPPH), ethanol,
concentrated sulfuric acid, phenol, and anhydrous glucose were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Drying Experiments

Fresh P. eryngii samples were cut into circular slices approximately 5 mm in thickness
with a diameter of 4.5 cm. The weight of raw samples was kept at 50.0 ± 0.5 g for all
runs. The safe moisture content was set at 10% wet basis, according to the GB7096-2014
“National Food Safety Standard for Edible Fungi and Their Products”. The P. eryngii
samples were periodically taken from the drying chamber for weighing and 3D point cloud
collection until the samples reached the final moisture content during drying. All the
drying experiments were conducted in triplicate.

Hot air drying (HAD): P. eryngii slices were dried under different temperatures of 55,
65, 75, and 85 ◦C. The air velocity was 3 m/s, and the relative humidity was 20%. The
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samples were laid flat on trays in a hot air dryer, which was self-developed by Jiangsu
University [18].

Infrared drying (ID): Samples were dried under different temperatures of 60, 65, 75,
and 85 ◦C. The infrared equipment was a Hauswirt electric infrared oven (I7, Hauswirt,
China). No airflow was used in the infrared oven, and the distance between the samples
and the infrared source was approximately 15 cm.

Microwave drying (MD): Drying experiments were carried out in a domestic digital
microwave oven (P70d2otl, Galanz, China), with a maximum power output capacity of
700 W at 2450 MHz. The microwave oven has a capability to operate at four different
microwave output powers (119, 157, 196, and 280 W), with a measurement accuracy of
±10 W. Processing time and microwave output power were adjusted using the digital
control on the microwave oven. The P. eryngii slices were placed in a single layer on a
rotating glass plate in the oven to ensure uniform heating.

2.3. Drying Characteristics

The initial moisture content of P. eryngii slices was measured using a quick moisture
analyzer (DHS-16, Lichen instrument technology Co., Ltd., Shanghai, China). The moisture
ratio was calculated using Equations (1) and (2) [19,20];

MR =
Mt − Me

M0 − Me
(1)

where M0 is the initial dry basis moisture content; Mt is the dry basis moisture content at
the drying time; MR is the moisture ratio; Me is the equilibrium moisture content. As in
the equilibrium moisture content, Me is much smaller than Mt and M0, it can generally be
ignored [21]. Therefore, the calculation of MR can be simplified as

MR =
Mt

M0
(2)

2.4. Point Cloud Data Acquisition

A 3D point cloud acquisition platform developed by our research group [17,18] was
used in this study. The platform uses a binocular snapshot Gocator3210 sensor (LMI,
Canada) with a detection accuracy of 0.035 mm. Before data collection, the datum plane
was calibrated, and then point cloud images of the P. eryngii slices were successively
captured during the drying process.

2.5. Three-Dimensional Appearance Evaluation Index

The 3D point cloud processing software Cloud Compare was used to process the ac-
quired images, including background removal, point cloud filtering, surface reconstruction,
and surface smoothing [19]. After the point cloud processing, the images were subjected to
feature extraction, and two quantitative indexes (shrinkage and roughness) were selected
to evaluate the 3D appearance of the P. eryngii slices during drying.

2.5.1. Shrinkage

The surface model was composed of tens of thousands of triangles. First, the distance
between two points was calculated using Euclid’s formula to obtain the three side lengths
of each triangle. For example, the distance between the point p1 (x1, y1, z1) and p2 (x2, y2,
z2) can be calculated using Equation (3). Then, the area of each triangle was calculated
using Helen’s formula, as shown in Equation (4), and the sum of the area of all triangles
was calculated, which was the surface area. The shrinkage of the P. eryngii slices during
drying can be calculated by the change in surface area at different drying time points using
Equation (5). The specific formulas are as follows:

dp1 p2 =

√
(x1 − x2)

2 + (y1 − y2)
2 + (z1 − z2)

2 (3)
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SABC =
√

p(p − dAB)(p − dAC)(p − dBC) (4)

Shrinkage =
S0 − St

S0
(5)

where dp1p2 is the distance between the two points of p1 and p2, SABC is the area of the
triangle ABC, and p is half of the perimeter of the triangle ABC. S0 is the surface area of the
sample before drying, and St is the surface area of the sample during drying.

2.5.2. Roughness

During the drying process, the surface of the material becomes convex and uneven, so
roughness was selected to evaluate the smoothness of the material surface. The principle
of calculation is as follows: for each point in the point cloud data, the radius of the input
parameter R is used to find the adjacent points in this range and fit the least-squares plane.
The distance d of the point to the least-squares plane is calculated as the roughness. If the
least-squares plane cannot be fitted to a point in the point cloud data, the roughness of the
point is defined as null. According to the experimental results, the best input radius was
set to 2 mm.

2.6. Color Measurement

The color of the dried samples was measured using a colorimeter (SC-10, Shen-
zhen 3nh Technology Co., Ltd., Shenzhen, China). The color coordinates included L*
(lightness, 0~100), a* (redness, −60~60), and b* (yellowness, −60~60). Fresh P. eryngii
slices were used as the control, and the total color difference (ΔE) was calculated accord-
ing to Equation (6) [22]. The color parameters of each sample were measured 9 times
and averaged:

ΔE =
√
(L∗ − L∗

0)
2 + (a∗ − a∗0)

2 + (b∗ − b∗0)
2 (6)

where L∗
0, a∗0, b∗0 are the color parameters of fresh P. eryngii slices, and L*, a*, b* are the color

parameters of dried P. eryngii slices.

2.7. Determination of Total Polysaccharide Content (TPC)

To determine the crude polysaccharide content, we followed the NY/T 1676-2008
method for determining the crude polysaccharide content in edible fungi. The total polysac-
charide content of the extraction was measured using the phenol–sulfuric acid method, as
described by Su et al. [23] and Zhu et al. [24]. The crude polysaccharides from P. eryngii
slices were extracted using ultrasonic-assisted extraction (YM-040S, Fangao Microelectron-
ics Co., Ltd., Shenzhen, China). The results were measured using dry mass, and all units
were expressed as mg/g. Each experiment was repeated three times.

2.8. Determination of DPPH Radical Scavenging Activity

The sample was homogenized with 1:40 (w/v) ethanol to obtain the extract, which was
used for scavenging DPPH free radical activity. After filtering, the mixture was centrifuged
(4000 rpm, 10 min), and then the supernatant was collected. The following measurements
were conducted following the method described by Liu et al. [25]. A suitable volume of
the P. eryngii slices extract was mixed with 2 mL of DPPH ethanol solution and placed in
the dark at 37 ◦C for 30 min. The absorbance of the reaction solution was measured at
517 nm, and a blank control was established using ethanol instead of the sample solution
in the DPPH ethanol mixture. The DPPH radical scavenging activity of P. eryngii slices was
calculated using Equation (7) as described by Bechlin et al. [26]. Each group of samples
was repeated three times.

DPPH radical scavenging activity = (1 − A
A0

)× 100% (7)
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where A is the absorbance value of dried samples, and A0 is the absorbance value of
the control.

2.9. Microstructure Analysis

Scanning electron microscopy (S-3400N, Hitachi Co., Ltd., Tokyo, Japan), at an accel-
erating voltage of 15 kV vacuum, was used to examine the microstructure of the dried
P. eryngii slices. Each sample was cut into blocks with a cross-section of 5 mm × 5 mm, and
microstructure images of 200× and 1000× were obtained after sample preparation and
gold spraying.

2.10. Statistical Analysis

All experiments were conducted in triplicate, and data were presented in the form
of mean ± standard deviation values. The experimental data of the drying process were
analyzed using origin 2018 and Cloud Compare software. The results were evaluated using
one-way analysis of variance (ANOVA) followed by Duncan’s new multiple range test
(SPSS 25.0 software). Differences were considered significant at p < 0.05.

3. Results and Discussions

3.1. Drying Curves

Figure 1 shows the moisture ratio (MR) curves versus drying time of P. eryngii slices
under different drying conditions. From Figure 1a, it can be seen that the time required to
reduce the moisture from the initial moisture content to the desired moisture content was
approximately 220, 180, 140, and 160 min, respectively, for hot air temperatures of 55, 65,
75, and 85 ◦C. It is worth noting that the drying time of P. eryngii slices at 85 ◦C is about
20 min longer than that at 75 ◦C. This could be attributed to the high drying temperature
accelerating the drying of the surface, causing surface hardening, which hindered the
transfer of moisture inside the samples [27]. Demirel and Turhan also reported that the
effective moisture diffusivity of banana slices at 70 ◦C was lower than at 60 ◦C due to starch
gelatinization and surface hardening [28].

From Figure 1b, it can be observed that the drying time of P. eryngii slices dried by ID
was approximately 280, 260, 210, and 140 min at drying temperatures of 60, 65, 75, and
85 ◦C, respectively. The drying time decreased by 50% with the ID temperature increasing
from 60 to 85 ◦C. Several studies have shown that ID can reduce the drying time compared
to HAD. For example, Cao et al. [29] reported that the drying time of ID was reduced by
38.27%, 34.62%, and 30.56% compared to HAD under the corresponding temperatures of 60,
70, and 80 ◦C, respectively. However, the results of this study showed the opposite. Nowak
et al. reported that the drying time of ID was dependent on emitter–sample distance, air
velocity, air temperature, and infrared radiation intensity [30,31]. The difference in results
from Cao et al. could be due to the absence of airflow in the ID equipment and the relatively
long distance from irradiation.

For microwave drying (Figure 1c), the drying time was about 56, 36, 20, and 12 min
for 119, 157, 196, and 280 W, respectively. It is evident that MW resulted in a considerable
reduction in drying time compared to HAD and ID. Albanese et al. also reported that using
MW for apricots reduced the drying time by more than 25% when compared to HAD [32].
Therefore, MW has significant advantages in reducing the drying time of P. eryngii slices.
However, the appearance and quality characteristics of the product under different drying
methods still require further investigation.
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Figure 1. Drying curves of P. eryngii slices under different drying conditions. (a) Hot air drying,
(b) infrared drying, (c) microwave drying.

3.2. Three-Dimensional Appearance Characterization

The time-varying appearance images of a P. eryngii slice at 75 ◦C under HAD are
displayed in Figure 2I. In each column, the three images from top to bottom represent
a color physical image, a height-distributed image, and a 3D reconstructed image. The
height distribution of the P. eryngii slice in Figure 2 is depicted using pseudo-color images,
where the color from blue to red indicates that the height value of the pixels on the material
changed from small to large. The 3D reconstructed images, created by the greedy projection
algorithm, accurately reproduce the 3D appearance changes of the P. eryngii slice during
drying [33]. According to the height-distributed images, the thickness of the P. eryngii slices
was relatively uniform at the beginning of drying, and the only morphological change was
a decrease in thickness. After 30 min of drying, the central part of the sample began to thin
and develop a concave shape. After 120 min, the edges of the sample curled significantly,
and the surface became rough with an increase in shrinkage.

The appearance images of the dried P. eryngii slices under different drying methods are
shown in Figure 2II. It was found that the appearance of the P. eryngii slices had significant
curling, shrinkage, and browning after the drying process. Moreover, the appearance
of the dried P. eryngii slices varied greatly under different methods and conditions. The
appearance of microwave-dried P. eryngii slices changed most seriously, with the color and
shape differing greatly from the initial state.
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Figure 2(IIa–IId) shows the appearance of P. eryngii slices under HAD at 55, 65, 75, and
85 ◦C. The figure illustrates that at lower temperatures (55 ◦C and 65 ◦C), P. eryngii slices
dried by HAD had a relatively flat appearance. However, when the drying temperature was
increased, the surface of P. eryngii slices underwent significant browning, severe curling,
and shrinkage. In addition, brown spots and bumps also appeared on the surface of the
samples. The appearance of P. eryngii slices under ID at 60, 65, 75, and 85 ◦C is shown in
Figure 2(IIe–IIh). The images show that as the drying temperature increased, the samples
with ID did not shrink uniformly from all directions towards the center but rather sank
downwards in the middle and curled upwards around the edges. Due to uneven heating
during MD, some parts of the P. eryngii slices were burnt, resulting in pits or bumps in
the middle, along with a burning smell (Figure 2(IIi–IIl)). Additionally, the appearance
of the samples shrank significantly after microwave drying, and the surface exhibited
obvious browning. To address the challenge of controlling material temperatures during
the later stages of MD, a common practice involves utilizing microwave predrying as a
fast initial step, followed by traditional hot air convection drying. This combined method
is effective in achieving a balanced drying rate while maintaining product quality [34].
The corresponding 3D reconstructions and height distribution images vividly show the
appearance and color changes of P. eryngii slices under different drying methods.

Figure 2. Cont.
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Figure 2. (I) Time-varying appearance images of one P. eryngii slice during drying. (Ia–If) represent
P. eryngii slices dried at 75 ◦C, 20% RH, 3 m/s for 0, 30, 60, 90, 120, 140 min under hot air drying,
respectively. The three images from top to bottom in each column represent color physical images,
height-distributed images, and 3D reconstructed images. (II) Three-dimensional appearance images
of dried P. eryngii slices under different drying methods. (IIa–IId) Hot air drying at 55, 65, 75, and
85 ◦C. (IIe–IIh) Infrared drying at 60, 65, 75, and 85 ◦C. (IIi–IIl) Microwaves drying at 119, 157,
196, 280 W. The three images from top to bottom in each column represent color physical images,
height-distributed images, and 3D reconstructed images of P. eryngii slices.

188



Foods 2023, 12, 1999

3.3. Shrinkage

Figure 3 depicts the shrinkage curves of P. eryngii under different drying conditions.
The curves indicate that the shrinkage of P. eryngii slices occurs mainly during the early
drying stage and gradually slows down in the later drying stage. Previous research
showed that shrinkage at the initial stage of drying is approximately equal to the volume
of moisture lost. In the middle and late stages, as the “skeleton” becomes fixed, the
shrinkage slows down [35]. Figure 3a shows that the shrinkage of P. eryngii samples
dried by HAD were 0.3625, 0.3718, 0.5372, and 0.7647 at drying temperatures of 55, 65,
75, and 85 ◦C, respectively. As the drying temperature increased, the shrinkage rate of
P. eryngii significantly increased, indicating that high temperatures exacerbate the shrinkage
of dried samples. This phenomenon was caused by accelerated water removal under high
temperatures, which led to more stress in the matrix of the food material. Wang et al.
observed that the HAD process on jujube slices caused serious volume shrinkage due to
the high temperatures involved [36]. Udomkun et al. also found that an increase in drying
temperature from 50 to 80 ◦C led to an increase in papaya shrinkage at the same final
moisture content [37].

 

Figure 3. Shrinkage of P. eryngii slices during drying under different drying conditions, such as
(a) hot air drying, (b) infrared drying, and (c) microwave drying, (d) the shrinkage of P. eryngii at the
end point of drying.

As shown in Figure 3b, the shrinkage of ID P. eryngii samples was 0.6122, 0.6264, 0.6024,
and 0.6767 at drying temperatures of 60, 65, 75, and 85 ◦C, respectively. The shrinkage
rate increased with increasing drying time. Shrinkage at 75 ◦C was significantly lower
(p < 0.05) than that at 60 and 65 ◦C. This may be because the higher temperatures during
case hardening hindered further shrinkage. It is worth noting that, compared to HAD dried
samples, the shrinkage of ID samples was more obvious. Kaveh et al. also found that green
beans dried by infrared drying had greater shrinkage than those dried by hot air drying [38].
The shrinkage of P. eryngii samples dried by MD ranged from 0.6712 to 0.7760. Compared to
the other two drying methods, the shrinkage of P. eryngii by MD was more severe. This may
be due to the fact that microwaves can directly heat the interior of the sample, which may
increase its internal temperature and produce water vapor, providing an additional driving
force for water migration, thus increasing the drying rate and accelerating shrinkage [39].
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Rokhbin and Azadbakht found that any rise in microwave power (from 90 to 900 W) led to
an intensification of orange slice shrinkage [40]. However, in this experiment, the shrinkage
rate did not increase continuously with the increase in microwave power. According to
the report by Mahiuddin et al., tissue structure is an important factor affecting contraction
behavior [41], so the difference between the obtained data and previous studies might be
due to the difference in the tissue structure of different plant species.

3.4. Roughness

The effects of drying conditions on the roughness of P. eryngii are shown in Figure 4. It
is evident that the surface roughness increases with the extension of drying time. Moreover,
the roughness of dried P. eryngii also increases with an increase in the HAD tempera-
ture from 55 ◦C to 85 ◦C (Figure 4a). This phenomenon can be attributed to the uneven
distribution of moisture and the surface stress formed by the heat effect, resulting in
an uneven appearance. Furthermore, polysaccharides tend to depolymerize into small
molecules of polysaccharides or monosaccharides under higher temperatures, increasing
their hygroscopicity and leading to mycelium aggregation, which can cause an uneven
surface texture.

 

Figure 4. Roughness of P. eryngii slices during drying under different drying conditions, such as
(a) hot air drying, (b) infrared drying, and (c) microwave drying, (d) the roughness of P. eryngii at the
end point of drying.

During infrared drying, the roughness of P. eryngii increased gradually over the drying
time, showing a similar trend as that of hot air drying. However, the roughness of P. eryngii
dried by ID was noticeably higher than that of samples dried by HAD. Yang et al. noted that
the uneven distribution of water diffusion, as well as the collapse of the cellular structure
on the surface, ultimately resulted in uneven structures, which may be attributed to the
limited depth of infrared radiation [42].

After microwave drying, the roughness values of P. eryngii slices at the end point of
drying ranged from 0.0782 to 0.0947. The roughness of samples dried by MD was lower
than that of samples dried by ID, but higher than those dried at 75 ◦C and 85 ◦C using
HAD. Considering all three drying methods and conditions, the roughness of P. eryngii
was lowest when dried with low-temperature HAD, resulting in the smoothest surface of
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the dried samples. It was reported that the larger difference between the vapor pressure of
water on the surface of the mushrooms and the bulk air partial pressure of water vapor
resulted in a larger driving force for drying, leading to more rapid dehydration, which
promoted wrinkling [13]. Under low-temperature drying conditions, the driving force for
the drying of P. eryngii is relatively weak. This facilitates the release of stress caused by the
uneven distribution of moisture on the surface of the material, thereby reducing wrinkling
and shrinkage on its surface.

3.5. Color

Color is one of the most important sensory attributes of edible mushrooms, as it
influences the customer’s perception and purchasing power. The color values of fresh and
dried P. eryngii slices using different drying methods are presented in Table 1. The L* values
of dried samples were significantly (p < 0.05) lower, while the values of a* and b* were
significantly higher (p < 0.05) than the values of the fresh P. eryngii slices. Similar results
were also reported in shiitake mushrooms [43]. It is generally believed that the observer
can detect the color difference clearly when the ΔE is greater than 5 [44]. The ΔE of the
dried P. eryngii slices obtained by different drying methods were higher than 24, indicating
that the drying process significantly changed the color of P. eryngii slices.

Table 1. Physicochemical properties of P. eryngii slices under different drying conditions.

Drying
Condition

L* a* b* ΔE TPC
(mg/g)

DPPH Radical
Scavenging
Activity (%)

Fresh —— 85.62 ± 0.33 a 3.95 ± 0.19 h 12.85 ± 0.39 f —— 48.37 ± 0.75 a 68.87 ± 1.03 a

HAD

55 ◦C 76.15 ± 4.87 b 15.63 ± 0.72 f 31.74 ± 2.27 c 24.40 ± 1.15 g 30.70 ± 0.32 b,c 43.91 ± 2.04 b,c

65 ◦C 71.46 ± 5.86 c,d 14.68 ± 0.66 g 28.54 ± 2.04 d 24.71 ± 2.23 g 30.88 ± 0.15 b 40.30 ± 2.08 d

75 ◦C 66.21 ± 4.53 e,f 16.20 ± 0.59 f 31.74 ± 1.52 c 29.99 ± 2.76 f 30.57 ± 0.08 b,c 32.80 ± 0.15 e

85 ◦C 50.19 ± 1.81 h 21.83 ± 0.80 b,c 38.34 ± 2.00 b 47.25 ± 0.31 c 30.50 ± 0.1 b,c 32.69 ± 0.65 e

ID

60 ◦C 68.89 ± 1.97 d,e 16.18 ± 0.29 f 32.01 ± 0.66 c 28.29 ± 0.95 f 30.55 ± 0.13 b,c 42.24 ± 0.70 d

65 ◦C 66.08 ± 1.22 e,f 16.06 ± 0.52 f 31.16 ± 1.07 c 29.40 ± 1.51 f 30.63 ± 0.20 b,c 43.87 ± 0.71 b,c

75 ◦C 74.18 ± 3.09 b,c 16.05 ± 0.22 f 32..30 ± 0.63 c 25.77 ± 1.21 g 30.32 ± 0.3 b,c 45.21 ± 0.75 b

85 ◦C 63.92 ± 1.09 f 19.97 ± 0.53 e 38.46 ± 1.41 b 37.20 ± 1.68 e 30.00 ± 0.94 b,c,d 46.55 ± 0.24 b

MD

119 W 57.26 ± 2.90 g 22.73 ± 0.52 a,b 42.42 ± 0.95 a 45.13 ± 1.93 d 29.90 ± 0.92 b,c,d 40.25 ± 3.11 c

157 W 37.87 ± 2.65 i 20.61 ± 2.15 d,e 25.69 ± 3.65 e 52.41 ± 1.04 a 29.95 ± 0.90 b,c,d 39.20 ± 2.30 d

196 W 47.09 ± 4.23 h 23.22 ± 1.37 a 36.58 ± 4.27 b 49.56 ± 1.14 b 29.32 ± 0.07 c,d 32.29 ± 1.95 e

280 W 40.77 ± 3.63 i 21.39 ± 1.23 c,d 28.97 ± 3.29 d 50.94 ± 2.32 a,b 28.82 ± 0.50 d 25.89 ± 0.90 f

Note: The data are presented as the mean ± standard deviation for three replicates. Different letters (a, b, c, d, e, f,
g, h, and i) in the same column for each parameter indicate significant differences.

By observing Figure 2(II) and Table 1, it can be seen that the color of the sample is better
at lower drying temperatures. This can be explained by the fact that enzymatic browning
reactions and nonenzymatic browning reactions were significantly attenuated at lower
temperatures [42]. Gouzi et al. [45] found that the polyphenol oxidase (PPO) activities of
the mushroom Agaricus bisporus were still retained by approximately 15% at 60 ◦C after
30 min of heat treatment. Although the drying temperature is higher than the temperature
of PPO enzyme inactivation, the internal temperature of the material is usually less than the
drying temperature in most of the drying time due to the effect of moisture evaporation and
heat absorption [46]. It was also reported that both nonenzymatic browning and enzymatic
browning take place during the drying process of button mushrooms, but the effect of
enzymatic browning is more significant [47]. MD-dried samples presented significantly
lower L* values than the HAD and ID samples. Meanwhile, MD also particularly influenced
the a* and b* values, resulting in the highest value of ΔE (50.94). This might be due to the
phenomenon of coke spot caused by the excessive heating of materials in the MD process.
Therefore, using color as the evaluation index, it can be concluded that the HAD and ID
methods produce acceptable dried P. eryngii, whereas the MD method is not recommended.
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3.6. TPC

The TPC of fresh and dried P. eryngii slices under different conditions is listed in Table 1.
The TPC of all dried samples was lower than that of the fresh samples (48.37 ± 0.75 mg/g).
This can be attributed to the thermal decomposition of polysaccharides and the Maillard
reaction during heat treatment. By comparing the TPC of dried P. eryngii slices under three
drying methods, it was found that the retention of total polysaccharides by HAD and ID
had little difference. However, MD-dried P. eryngii slices had the lowest retention rate of
total polysaccharides. This result may be due to the limited availability of water at the final
stages of the MD process, which can cause the temperature of the material to easily rise to a
level that accelerates the degradation of polysaccharides [48,49]. The TPC of P. eryngii slices
decreased with increasing microwave power, and the lowest TPC was 28.82 ± 0.50 mg/g.

3.7. DPPH Radical Scavenging Activity

The values of DPPH radical scavenging activity of P. eryngii slices under different
drying methods and conditions are shown in Table 1. According to the DPPH assay, the
antioxidant activity of the fresh sample was significantly stronger than that of the dried
samples (p < 0.05). Similarly, Gasecka et al. found that DPPH scavenging activity in fresh
samples was significantly higher than that in dried samples [50]. Normally, the antioxidant
activity of plant materials depends on their content of bioactive components. Drying is a
thermal process that results in a decrease in the content of heat-sensitive substances with
antioxidant activity.

For the HAD and MD processes, the DPPH radical scavenging activity of P. eryngii
significantly decreased with increasing drying temperatures and microwave power. Differ-
ent from the above two drying methods, the DPPH radical scavenging activity of P. eryngii
slices dried by ID increased with the increase in drying temperature. Infrared drying at
85 ◦C obtained the highest antioxidant activity (46.55%), while microwave drying at 280 W
showed the lowest antioxidant activity (25.89%). In contrast to our study, Ren et al. found
that the antioxidant activity of Coprinus comatus dried by microwave drying was superior
to that of hot air and infrared drying [51]. This difference in results may be attributed to the
significantly higher microwave power used in Ren et al.’s study, which was set at 700 W,
compared to the range of drying conditions used in our study. This high microwave power
setting may have greatly reduced the drying time, thereby preserving more antioxidant
compounds in the dried samples. The discrepancy in microwave power used in the two
studies may have led to the difference in the antioxidant activity observed in the dried
mushroom products.

Overall, the differences in the DPPH radical scavenging activity of dried samples
under different drying methods and conditions may be due to the effects of these factors
on the preservation of antioxidants in the samples. The retention of the antioxidants in
the dried samples depends on both the processing temperature and drying time. Higher
drying temperatures may not help to preserve the antioxidant compounds, but high
temperatures can significantly shorten the drying time, thus reducing the exposure time
of materials to oxygen and thermal effects. Wu et al. also discovered that reducing the
drying time improved the DPPH radical scavenging activity of the dried samples [52]. The
antioxidant activity of dried samples is determined by the combination of drying methods
and conditions; therefore, selecting the appropriate drying methods and conditions is
crucial for improving the antioxidant activity of dried products.

3.8. Microstructure

The microstructures of dried P. eryngii slices under different drying conditions (Figure 5)
were observed using SEM. The images showed that the drying methods and conditions had
an obvious effect on the tissue structure of P. eryngii slices. When the samples were dried
by HAD at 65 ◦C (Figure 5a,b) and ID at 65 ◦C (Figure 5e,f), their loose porous structure
was clearly visible, and the individual mycelium could be easily distinguished. When
the samples were dried by microwave (Figure 5i–l), hot air at 85 ◦C (Figure 5c,d), and
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infrared at 85 ◦C (Figure 5g,h), the mycelium was completely gathered and cross-linked.
This could be due to the depolymerization of mycelium cell wall polysaccharides under
high temperatures, which could damage the structure of mycelium. Additionally, the
Maillard reaction may also cause the loss of polysaccharides and the cross-link reaction
with proteins [51,53]. By matching Figure 5 with the appearance images in Figure 2, it can
be concluded that the appearance changes of P. eryngii were related to the microstructure.

 

Figure 5. Microstructure of dried P. eryngii slices under different drying conditions at different
magnifications. (a,b) Hot air drying at 65 ◦C; (c,d) hot air drying at 85 ◦C; (e,f) infrared drying
at 65 ◦C; (g,h) infrared drying at 85 ◦C; (i,j) microwave drying at 157 W; (k,l) microwave drying
at 280 W.
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4. Conclusions

The effects of different drying methods and conditions on the drying characteristics,
3D appearance, physicochemical properties, and microstructure of P. eryngii slices were
investigated. The drying method and conditions significantly influenced the drying time of
P. eryngii, and microwave drying had a significant advantage in reducing drying time. The
results showed that the shrinkage and roughness of P. eryngii slices gradually increased
during drying, which was significantly related to the drying method and conditions. The
best appearance of P. eryngii was obtained by hot air drying at 55 and 65 ◦C. The color, total
polysaccharide content, antioxidant activity, and microstructure of dried P. eryngii slices
were also analyzed. HAD and ID at lower drying temperatures achieved better product
quality, but MD significantly damaged the color and nutritional quality of P. eryngii, so
MD cannot be recommended. The microstructures of dried P. eryngii slices were observed
using SEM. The observation of microstructures is helpful to understand the appearance
and quality changes of P. eryngii during drying.
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Abstract: This study combined an artificial neural network (ANN) with a genetic algorithm (GA)
to obtain the model and optimal process parameters of drying-assisted walnut breaking. Walnuts
were dried at different IR temperatures (40 ◦C, 45 ◦C, 50 ◦C, and 55 ◦C) and air velocities (1, 2, 3,
and 4 m/s) to different moisture contents (10%, 15%, 20%, and 25%) by using air-impingement
technology. Subsequently, the dried walnuts were broken in different loading directions (sutural,
longitudinal, and vertical). The drying time (DT), specific energy consumption (SEC), high kernel rate
(HR), whole kernel rate (WR), and shell-breaking rate (SR) were determined as response variables.
An ANN optimized by a GA was applied to simulate the influence of IR temperature, air velocity,
moisture content, and loading direction on the five response variables, from which the objective
functions of DT, SEC, HR, WR, and SR were developed. A GA was applied for the simultaneous
maximization of HR, WR, and SR and minimization of DT and SEC to determine the optimized
process parameters. The ANN model had a satisfactory prediction ability, with the coefficients of
determination of 0.996, 0.998, 0.990, 0.991, and 0.993 for DT, SEC, HR, WR, and SR, respectively. The
optimized process parameters were found to be 54.9 ◦C of IR temperature, 3.66 m/s of air velocity,
10.9% of moisture content, and vertical loading direction. The model combining an ANN and a GA
was proven to be an effective method for predicting and optimizing the process parameters of walnut
breaking. The predicted values under optimized process parameters fitted the experimental data
well, with a low relative error value of 2.51–3.96%. This study can help improve the quality of walnut
breaking, processing efficiency, and energy conservation. The ANN modeling and GA multiobjective
optimization method developed in this study provide references for the process optimization of
walnut and other similar commodities.

Keywords: walnut; shell breaking; drying; artificial neural network; genetic algorithm; multi-
objective optimization

1. Introduction

Walnut is the second largest nut in the world and has high edible and medicinal value.
Breaking the shell to take the kernel is the premise of deep walnut processing. The shell is
hard, and the gap between the shell and the kernel is small, leading to difficulty in breaking
the shell to procure the kernel. Therefore, new walnut breaking processes must be explored.

The moisture content of walnuts has a considerable effect on their shell breaking
characteristics [1]. At present, the research on the walnut drying process focuses on the
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drying kinetics and physicochemical qualities of walnuts [2–5], but few studies have linked
the drying process with walnut breaking. In addition, adopting the proper loading direction
can also improve the processing efficiency and quality of walnut breaking [6]. If drying is
used as a pretreatment to assist in walnut breaking, a new walnut breaking process can
be obtained through the selection of an appropriate loading direction. In addition, drying
technology can ensure the food security of walnuts by reducing their moisture content [7].

Air-impingement technology ejects pressurized hot air through a nozzle and removes
water through the impact and heating of hot air on a material. It is characterized by a high
drying rate and high heat transfer coefficient. The application of this technology in walnut
drying can increase the drying rate and reduce energy consumption.

The primary goal of walnut breaking is shell breaking and protecting the kernel. The
shell-breaking rate is used to evaluate the difficulty of shell breaking, and it is the ratio of
the number of cracked walnuts to the total number of walnuts in walnut breaking. High
kernel rate is the ratio of the weight of the walnut kernel that is not completely crushed
to the total weight of the walnut kernel. Whole kernel rate is the ratio of the weight of
the whole walnut kernel to the total weight of the walnut kernel. High kernel and whole
kernel rates are used to evaluate the integrity of the walnut kernel. At a drying temperature
of 43 ◦C, walnut drying in an industrial hot air dryer requires a long drying time (more
than 24 h) and consumes a large amount of energy (1284.6 MJ for natural gas and 85.1 MJ
for electricity consumption per ton of dried walnuts) [8]. Therefore, the drying time and
energy consumption must be minimised whilst ensuring the quality of walnut breaking.
The optimization of the walnut breaking process depends on several parameters, including
the shell-breaking rate (SR), high kernel rate (HR), whole kernel rate (WR), drying time
(DT) and specific energy consumption (SEC).

The relationship between the process parameters of drying-assisted walnut breaking
(including air velocity, temperature, moisture content, and loading direction) and the
process evaluation index is highly nonlinear. Researchers have developed mathematical
models to describe nonlinear models, such as theoretical, semitheoretical and empirical
models. However, these models can accurately predict experimental data only under
highly specific conditions, and no general equations are available to describe complete
models [9]. Artificial intelligence technologies can model nonlinear systems where the
relationships between variables are unknown [10]. An artificial neural network (ANN)
is a kind of artificial intelligence technology that can simulate the behaviour of highly
nonlinear systems dynamically [11]. ANNs have been successfully applied to the modeling
and prediction of engineering problems, especially in areas where mathematical modeling
methods fail [12]. ANN models have also been used in the moisture content prediction of
pumpkin slice drying [13], prediction of the moisture ratio and color parameters of ginkgo
biloba seed drying [14], prediction of the energy and exergy of mushroom slice drying [15]
and moisture content prediction of carrot drying [16]. However, no study has examined its
application in walnut drying and breaking. The model formula of an ANN is expressed
by weights and thresholds. The essence of the ANN training process is the optimization
of weights and thresholds. The initial weights and thresholds of the ANN are generated
randomly. When the initial weights and thresholds are unreasonable, the convergence
speed of the neural network is slow, and the training result is a local optimal value rather
than a global optimal value. The genetic algorithm (GA) first preliminarily optimizes the
initial weights and thresholds of the ANN, and then the neural network uses the optimized
weights and thresholds for training to accelerate the convergence speed of the network and
obtain the global optimal value.

The optimization of the walnut breaking process is multiobjective optimization (MOO),
which is a method of finding the optimal target within the range of constraints based on the
model. A GA is an optimization technique used to obtain the optimal value of a complex
objective function by simulating biological evolutionary processes. Winiczenko, R applies
a GA to the MOO during the apple cube drying process [17]. Raj, GVSB. used a GA to
optimize the microwave vacuum drying process of dragon fruit slices [18]. MOO problems
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involve multiple objective functions, and these functions restrict one another. Therefore,
obtaining a global optimal solution is difficult. Usually, MOO problems tend to obtain a
set of optimal solutions called Pareto optimal solutions. A Pareto optimal solution is not
dominated by other solutions in the solution space, and the improvement of one of the
objectives requires the sacrifice of others [17]. The set of Pareto optimal solutions is called
the Pareto front. The major goal of MOO is to find the Pareto front [19]. Obtaining the
global optimal solution in the Pareto front in accordance with the specific optimization
purpose is easy [20].

ANN modeling can be combined with GA MOO, which provides objective functions
for MOO, and the genetic algorithm finds the optimal solution under the given constraint.
This model is an effective method for predicting and optimizing any complex process
parameters [21]. It has been applied in other fields [22,23].

In this study, drying was used as a pretreatment for walnut breaking for the first time,
and the quality of walnut breaking and energy efficiency were utilised to evaluate the shell
breaking process. An ANN and GA were applied to the modeling and optimization of the
walnut breaking process for the first time. The objectives of this study are to: (1) analyse the
effects of IR temperature (T), air velocity (V), moisture content (MC) and loading direction
(D) on DT, SEC, HR, WR and SR; (2) develop an ANN nonlinear model with T, V, MC, and
D as input variables, and DT, SEC, HR, WR, and SR as output variables; and (3) optimize
the process parameters of drying-assisted walnut breaking by using a GA and minimize
DT and SEC whilst improving the quality of walnut breaking. This study will provides an
optimal process for drying-assisted walnut breaking.

2. Materials and Methods

2.1. Materials

Walnuts (cultivar Xinjiang Wen-185) of uniform size produced in Aksu, Xinjiang were
selected and stored in a freezer (temperature: 5 ◦C) for use. The average weight, diameter,
initial moisture content, and thickness of the walnuts were 16.52 ± 0.2 g, 36.43 ± 0.1 mm,
30.12 ± 0.65%, and 1.1 ± 0.1 mm, respectively.

2.2. Processing Equipment

Drying experiments were conducted using an air-impingement technology (Taizhou
Senttech Infrared Technology Co., Ltd., Taizhou, China; temperature accuracy of ±0.1 ◦C,
and power range of 0–2 kW). A principal diagram of the technology is shown in Figure 1.
The air velocity at the nozzle was measured using an anemometer (AT816, SMART SENSOR,
Thincol, Guangzhou, China; accuracy of ±0.1 m/s). Prior to the experiment, the technology
was run for 30 min to stabilize the equipment. The walnut drying characteristics were
used to predict when the walnuts reached the target moisture content. An electronic
balance (BSM-5200.2, Shanghai Zhuojing Electronic Technology Co., Ltd., Shanghai, China;
accuracy of 0.01 g) was adopted to weigh the walnuts and judge whether the walnuts
reached the target moisture content. Drying was stopped when the walnuts reached the
target moisture content, and continued otherwise. The drying experiments were performed
at IR temperatures of 40 ◦C, 45 ◦C, 50 ◦C, and 55 ◦C; air velocities of 1, 2, 3, and 4 m/s, and
moisture contents of 10%, 15%, 20%, and 25%. The dried walnuts were broken in three
loading directions: sutural, longitudinal, and vertical.
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Figure 1. The principal diagram of the air-impingement technology. (1) air velocity adjustment knob;
(2) Temperature transducer; (3) temperature control touch panel; (4) centrifugal fan; (5) wet discharge
valve; (6) drying outer chamber; (7) drying inner chamber; (8) infrared heating tube; (9) weephole;
(10) air nozzle; (11) air outlet; (12) drying tray; (13) door.

2.3. Drying Experiments

The drying process parameters included IR temperature, air velocity and moisture
content. IR temperature refers to the temperature of the hot air ejected from the nozzle, and
air velocity refers to the velocity of the hot air ejected from the nozzle. The inner diameter
of the nozzle was 10 mm, and the number of nozzles was 18. The distribution of the nozzles
is shown in Figure 1. Moisture content refers to the moisture content (dry basis) of the
walnut at the end of drying.

The IR temperature range was set to be 40–55 ◦C to ensure drying efficiency and
product quality [5]. The maximum air velocity of the equipment was 4 m/s. To sufficiently
study the influence of air velocity on walnut breaking, the range of air velocity was set to
1–4 m/s. To prevent production reduction caused by walnuts with a moisture content below
the safe storage moisture content of 8%, the minimum moisture content of the walnuts was
set to 10%. The range of moisture content was 10–25% [1]. The drying experiments were
conducted at IR temperatures of 40 ◦C, 45 ◦C, 50 ◦C, and 55 ◦C; air velocities of 1, 2, 3, and
4 m/s, and moisture contents of 10%, 15%, 20%, and 25%. The dried walnuts were broken
in three loading directions: sutural, longitudinal and vertical. A total of 192 experimental
groups (4 × 4 × 4 × 3) were established.

2.4. Loading Direction(L)

Breaking experiments were performed using a DF-9000 dynamic and static universal
material testing machine, and the loading rate was set to 10 mm/min. The walnuts’ loading
direction is shown in Figure 2.
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Figure 2. Walnuts’ loading direction.

2.5. High Kernel Rate (HR), Whole Kernel Rate (WR) and Shell-Breaking Rate (SR)

The integrity of walnut kernels was evaluated with the high kernel and whole kernel
rates. The walnut kernels were divided into Classes A, B, C, and D according to their
integrity. Whole walnut kernels belonged to Class A, half walnut kernels belonged to Class
B, quarter walnut kernels were classified as Class C and the rest of the crushed walnut
kernels belonged to Class D.

High kernel rate was calculated using Equation (1), and whole kernel rate was calcu-
lated with Equation (2).

HR =
MA + MB + MC

MA + MB + MC + MD
× 100% (1)

WR =
MA

MA + MB + MC + MD
× 100% (2)

The difficulty of shell breaking was evaluated by the shell-breaking rate (SR). SR is the
ratio of the number of walnuts that are cracked by more than 3/4 to the total number of
walnuts in the experiment. SR was calculated with Equation (3).

SR =
L
N

× 100% (3)

where L is the number of walnuts that are cracked by more than 3/4; N is the total number
of walnuts, MA is the weight of Class A walnut kernels, MB is the weight of class B walnut
kernels; MC is the weight of Class C walnut kernels and MD is the weight of Class D walnut
kernels.

2.6. Drying Time and Specific Energy Consumption

The walnuts were dried in a hot-air dryer at 105 ◦C for 24 h to measure the dry weight,
Wd [24]. The moisture content of the walnuts at time T was calculated by Equation (4) [25].
The time required for the walnuts to dry to the target moisture content was the drying time.

Mt =
WT − Wd

Wd
× 100% (4)

The energy required to dry 1 kg of walnuts was defined as the specific energy con-
sumption, which was calculated with Equation (5).

SEC =
E

mwalnut
(5)
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where E is the electrical energy consumed during drying and mwalnut is the total walnut
mass during drying.

2.7. Shell Kernel Clearance (SKC)

Shell kernel clearance refers to the distance between the walnut shell and the walnut
kernel, and it was calculated using Equation (6) [26].

SKC =
A + B + C − a − b − c − 6d

6
(6)

where A is the maximum longitudinal dimension of the inner wall of the walnut shell (mm),
B is the maximum vertical dimension of the inner wall of the walnut shell, (mm), C is the
maximum sutural dimension of the inner wall of the walnut shell (mm), a is the maximum
longitudinal dimension of the walnut kernel (mm), b is the maximum vertical dimension of
walnut kernel, (mm), c is the maximum sutural dimension of the walnut kernel (mm) and d
is the thickness of the walnut shell (mm).

2.8. Walnut Shell Hardness

Hardness is one of the important factors that affect walnut breaking. A DF-9000
dynamic and static universal material testing machine was used for the walnut breaking
experiment, and the loading rate was set to 10 mm/min. Hardness H was calculated using
Equation (7) [27].

H =
Fr

Dr
(7)

where Fr is the maximum breaking force and Dr is the deformation when the maximum
breaking force is reached. Dr can be obtained from the DF-9000 dynamic and static universal
material testing machine.

2.9. Artificial Neural Network (ANN) Model

Back propagation ANN (BP-ANN) is a feed-forward network-trained model in accor-
dance with the error-back propagation algorithm, and it is one of the most widely used
ANN models. The model of the process of drying-assisted walnut breaking was established
using BP-ANN. The topology of the ANN model consisted of three layers (input layer,
hidden layer and output layer) and two transfer functions between the three layers, as
shown in Figure 3. The input layer had four factors: IR temperature (T), air velocity (V),
moisture content (MC), and loading direction (D). The output layer had five factors: drying
time (DT), specific energy consumption (SEC), high kernel rate (HR), whole kernel rate
(WR), and shell-breaking rate (SR). The range of the number of neurons in the hidden
layer was determined with the Equations (8)–(11). The optimal number of neurons in the
hidden layer was obtained by trial and error. Nonlinear transfer functions, including tansig
sigmoidal and logsig sigmoidal functions, were used in the input and hidden layers, and a
linear transfer function (Pureline) was employed in the hidden layers and output layers.
The topology of neural networks influences two of the most important evaluation criteria
of neural network training: generalization and training time [28]. Improper topology of the
neural network causes many redundancies, which makes the neural network fall into local
optimization and considerably prolongs the training time [29]. Therefore, determining the
optimal neural network topology is important.
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Figure 3. Topology of ANN model.

The range of the number of neurons in the hidden layer was determined using the
following equations [30]:

j < n − 1 (8)

j <
√

m + n + a (9)

j = log2 n (10)

j = 2n + 1 (11)

where j is the number of neurons in the hidden layer, n is the number of factors in the input
layer, m is the number of factors in the output layer and a is a constant between 0 and 10.

The union of Equations (8)–(11) was determined as the range of the number of neurons
in the hidden layer to ensure that the optimal number of neurons in the hidden layer could
be achieved. Generally, the number of neurons in the hidden layer should be more than
one; then, the range is as follows: 1 < j < 13. To obtain the variation in neural network
performance beyond the range, the range of the number of neurons in the hidden layer was
determined as 1 < j ≤ 13 in this study.

The coefficient of determination (R2) and root mean square error (RMSE) were cal-
culated to determine the optimal number of neurons in the hidden layer and the transfer
function in the input and hidden layers by using Equations (12) and (13), respectively [31,32].

RMSE =

√√√√√ N
∑

i=1

(
yact,i − ypre,i

)2

N
(12)

where yact,i is the actual value and ypre,i is the predicted value of the sample. In general, the
smaller the RMSE value is, the higher the model accuracy is.

R2 = 1 −

N
∑

i=0
(yi − ŷi)

2

N
∑

i=0
(yi − yi)

2
(13)
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where yi is the actual value of the sample, ŷ is the predicted value of the sample, y is the
average of the actual values, and N is the number of test samples. The larger the R2 value
is, the better the predictive ability of the model is.

After determining the optimal topology structure of the neural network, the neural
network was trained. A total of 192 groups of experimental data (4 × 4 × 4 × 3) were
established. One group consisted of four input variables and five output variables. To
ensure the effectiveness of neural network training and the accuracy of the test data, 80%
of the experimental data (154 groups) were randomly selected as training data, and 20%
(38 groups) were adopted as test data [33]. The algorithm flow of the neural network is
shown in the Figure 4.

Figure 4. Flow of ANN algorithm.

The weights and thresholds of the neural network were obtained after the training
was completed, and the neural network model was established. The neural network model
had four parts: the input variables were normalized; the weight, threshold, and transfer
function of the hidden layer were inputted into Equations (15) and (16) to obtain the output
of the hidden layer; the weight, threshold, and transfer function of the output layer were
inputted into Equation (17) to obtain the output of the output layer and the output of the
output layer was reversely normalized to obtain the output variables.

The input variables were normalized, and the normalized range was (−1, 1).

xg
i =

2(xi − xi,min)

xi,max − xi,min
− 1 (14)

where xg
i (i = 1, 2, 3, 4) is the normalized input variable, xi is the input variable; x1 is T, x2 is

V, x3 is MC, x4 is D, xi,min is the minimum of the training data for the input variable xi and
xi,max is the maximum of the training data for input variable xi.

The output in the hidden layer is:

hj = log sig(∑ wh
ijx

g
i + bh

j ) (15)

log sig(x) =
1

1 + exp(−x)
(16)

where hj (j = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12) refers to the outputs of each neuron in the
hidden layer, wh

ij is the weight between the input layer and the hidden layer, and bh
j is
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the threshold in the hidden layer. The values of weights wh
ij and threshold bh

j are used in
Equation (15).

The output in the output layer is:

yg
k = purelin(∑ wo

jkhj + bo
k) = ∑ wo

jkhj + bo
k (17)

where yg
k (k = 1, 2, 3, 4, and 5) refers to the outputs of each neuron in the output layer, wo

jk is
the weight between the hidden layer and the output layer, and bo

k is the threshold in the
output layer. The values of weights wo

jk and threshold bo
k are used in Equation (17).

Reverse normalization of the output in the layer output was implemented as follows:

DT =
(y1,max − y1,min)(y

g
1 + 1)

2
+ y1,min (18)

SEC =
(y2,max − y2,min)(y

g
2 + 1)

2
+ y2,min (19)

HR =
(y3,max − y3,min)(y

g
3 + 1)

2
+ y3,min (20)

WR =
(y4,max − y4,min)(y

g
4 + 1)

2
+ y4,min (21)

SR =
(y5,max − y5,min)(y

g
5 + 1)

2
+ y5,min (22)

where yk,min is the minimum of the training data for output variable yk and yk,max is the
maximum of the training data for the output variable yk.

2.10. Optimization of Artificial Neural Network Using Genetic Algorithm

The neural network is sensitive to the initial weights and thresholds. Therefore, the
training results are greatly affected by the initial weights and thresholds, and they easily
fall into the local minimum [34]. GA is a global optimization method based on the principle
of biological evolution, namely, survival of the fittest [35]. By optimizing the initial weights
and thresholds, GA can move the neural network training process from the local optimal
domain to the global optimal domain [36]. Therefore, for the walnut breaking process
model, the initial weights and thresholds of the ANN can be optimized by the GA first,
followed by ANN training with the optimized initial weights and thresholds, resulting in
global optimal weights and thresholds. The parameters of the GA are shown in Table 1.

Table 1. Parameters of genetic algorithm.

Population Type Double Vector

variable range (−3, 3)
Population size 200

Number of generations 1000
Crossover rate 90%
Mutation rate 10%

The GA assisted by ANN modeling was divided Into three parts. First, by analyzing
R2 and RMSE, the optimal topology of the neural network was selected, and then the
structure of the initial weights and thresholds was obtained. Second, the weights and
thresholds of the neural network were adopted as the optimization object, the error of
the neural network model was used as the fitness function, and the initial weights and
thresholds were optimized using the GA. Lastly, the optimized weights and thresholds
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were used for neural network training, and the global optimal weights and thresholds were
obtained. The algorithm flow is shown in Figure 5.

Figure 5. Flow of GA-ANN algorithm.

2.11. Multiobjective Optimization

The MOO of the walnut breaking process was applied to reduce the energy consump-
tion and drying time while improving the quality of walnut breaking. The optimization
goal was to minimize DT and SEC and maximize HR, WR, and SR. The upper and lower
limits of the input variables were the upper and lower limits of the experimental conditions
in the walnut breaking experiment, respectively, as shown in Equation (23). In terms of the
loading direction, 1 was the sutural direction, 2 was the Longitudinal direction, and 3 was
the Vertical direction.

Five objective functions and four constraints were entered in MATLAB, and the
GAMULTIOBJ function was used to obtain the Pareto optimal solution. The parameters of
the GAMULTIOBJ function are listed in Table 2.

objectives =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Min DT(T, V, MC, D)

Min SEC(T, V, MC, D)

Max HR(T, V, MC, D)

Max WR(T, V, MC, D)

Max SR(T, V, MC, D)

40 ≤ T ≤ 55 ◦C

1 ≤ V ≤ 4m·x−1

10 ≤ MC ≤ 25%

D = (1, 2, 3)

(23)
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Table 2. The parameters of GAMULTIOBJ function.

Population Type Double Vector

Pareto front population fraction 0.3
Population size 120

Number of generations 1000
Crossover rate 90%
Mutation rate 10%

2.12. Statistical Analysis

The experimental data were processed with Microsoft Excel 2019, and drawing was
performed with Origin 2019b. ANN modeling and GA MOO were implemented in MAT-
LAB R2021a.

3. Results and Discussion

3.1. Drying Time and Specific Energy Consumption

The effect of IR temperature on DT and SEC under a constant air velocity of 3 m/s
and moisture content of 15% is shown in Figure 6a. DT was greatly influenced (p < 0.01)
by the IR temperature. DT decreased with increasing IR temperature due to increments in
heat and moisture transfer rates and thermal radiation intensity [37]. With increasing IR
temperature, DT decreased considerably, but SEC did not decrease rapidly. The increase in
IR temperature led to an increase in equipment power, and thus increased the equipment’s
energy consumption [38]. Figure 6b shows the effect of air velocity on DT and SEC under a
constant IR temperature of 50 ◦C and moisture content of 15%. DT decreased considerably
with increasing air velocity due to the accelerated discharge of water vapor from the drying
chamber caused by an increase in the heat convection rate [39]. SEC decreased considerably
with increased air velocity. First, the increase in air velocity reduced the drying time,
which refers to the time for the equipment to operate. Second, fan power consumed a
small portion of the total power of the equipment, and the increase in air velocity did not
greatly improve the total power of the equipment. Thus, the energy consumption did not
increase much. As shown in Figure 6c, DT and SEC decreased greatly with increasing
moisture content under an IR temperature of 50 ◦C and air velocity of 3 m/s. Notably, the
DT and SEC of the sample with 15% moisture content decreased by 45.11% and 47.79%,
respectively, compared with that of the sample with 10% moisture content. This result
was obtained because the drying rate decreased substantially at the last stage of drying,
resulting in a large increase in drying time [40]. The energy consumption of equipment
was directly related to the length of drying time, so SEC decreased rapidly with increasing
moisture content [20]. Among the three drying parameters, moisture content had the
greatest influence on drying time and SEC. Thus, increasing the moisture content is the
best approach for minimizing drying time and SEC, provided that the quality of walnut
breaking is not reduced.

207



Foods 2023, 12, 1897

Figure 6. Effects of T, V and MC on DT and SEC. (a) Air velocity was 3 m/s and moisture content was
15%. (b) IR temperature was 50 ◦C and moisture content was 15%. (c) IR temperature was 50 ◦C and
air velocity was 3 m/s. Note: different letters of columns of same color indicate significant differences
between the mean values (p < 0.01).

3.2. High Kernel Rate and Whole Kernel Rate

As shown in Figure 7a, at a constant air velocity of 3 m/s, moisture content of 15% and
longitudinal loading direction, IR temperature had no notable influence on the high kernel
and whole kernel rates. No remarkable difference in shell kernel clearance was observed
among the four groups. The effect of air velocity on the high kernel rate was not substantial
at a constant IR temperature of 50 ◦C, moisture content of 15% and in the longitudinal
loading direction, as shown in Figure 7b. With the increase in air velocity, the whole kernel
rates of Groups 3 and 4 decreased compared with those of Groups 1 and 2. The whole
kernel rate is related to shell kernel clearance, and it can only be guaranteed when the
deformation of shell breaking is smaller than the shell kernel clearance [26]. Therefore,
the decrease in whole kernel rate may be due to the decrease in shell kernel clearance.
Figure 7c shows that the high kernel rate and whole kernel rate decreased significantly with
an increase in the moisture content from 10% to 25% at a fixed IR temperature of 50 ◦C, an
air velocity of 3 m/s, and longitudinal loading direction. Wang Jiannan et al. had the same
finding [1]. As presented in Figure 7d, under a constant IR temperature of 50 ◦C, air velocity
of 3 m/s and moisture content of 15%, the high kernel and whole kernel rates of sutural
direction were the highest, followed by those of the longitudinal and vertical directions in
turn. Under the same drying conditions, the shell kernel clearance of the three groups was
almost undifferentiated. “Shell kernel clearance” refers to overall shell kernel clearance
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and is the mean value of shell kernel clearance in three directions of the walnut. However,
the shell kernel clearance in different directions obviously differed, which resulted in a
great difference in the high kernel and the whole kernel rates of different loading directions.
In conclusion, moisture content had the greatest influence on the high kernel and whole
kernel rates, and reducing the moisture content helped improve the high kernel and whole
kernel rates. However, this result is contradictory to the minimization of drying time and
SEC. The optimization of the walnut breaking process needs to achieve balance between
energy efficiency and quality of walnut breaking.

Figure 7. Effects of T, V, MC and DT on HR and WR. (a) Air velocity was 3 m/s, moisture content was
15% and loading direction was Longitudinal. (b) IR temperature was 50 ◦C, moisture content was
15% and loading direction was Longitudinal. (c) IR temperature was 50 ◦C, air velocity was 3 m/s
and loading direction was Longitudinal. (d) IR temperature was 50 ◦C, air velocity was 3 m/s and
moisture content was 15%. Note: different letters of columns of the same color indicate significant
differences between the mean values (p < 0.01).

3.3. Shell-Breaking Rate

Figure 8a shows the effects of different IR temperatures on the shell-breaking rate when
the air velocity, moisture content and loading direction were 3 m/s, 15%, and longitudinal,
respectively. The shell-breaking rate and hardness of Groups 3 and 4 increased compared
with those of Groups 1 and 2 when the IR temperature continued to increase to 55 ◦C.
The water loss rate of the walnut shells increased with the increasing IR temperature,
which accelerated the change in porosity and rapidly increased the density of walnut shells,
leading to an increase in walnut shell hardness [41]. With high walnut shell hardness, high
breaking force would need be exerted under the same deformation, and walnut shells are
more likely to be broken. Feizollah Shahbazi also believed that the shell-breaking rate
was related to the hardness of walnut shell [42]. As shown in Figure 8b, at a constant IR
temperature of 50 ◦C, moisture content of 15%, and longitudinal loading direction, air
velocity had no notable influence on the shell-breaking rate. No remarkable difference in
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the hardness was observed among the four groups of experiments. As shown in Figure 8c,
at a constant IR temperature of 50 ◦C, air velocity of 3 m/s, and longitudinal loading
direction, the shell-breaking rate decreased significantly with increasing moisture content.
The increase in walnut moisture content reduced the walnut shell hardness, indicating
a small shell-breaking force was required to achieve the same deformation. Feizollah
Shahbazi found that the decrease in the shell-breaking rate is due to the softening of
walnuts at higher moisture contents [42]. At the same time, as the moisture content of
walnuts decreases, the hygrothermal stress in the drying process causes the shell to produce
microcracks and other damage, and the shell becomes prone to fracture and breakage [43].
Figure 8d show that the shell-breaking rate was the highest in the vertical direction when
the IR temperature was fixed at 50 ◦C, the air velocity was 3 m/s, and the moisture content
was 15%. The thickness and structure of the walnut shells in different directions varied,
resulting in different shell-breaking rates in different loading directions. Liu Kui et al. also
found that walnuts are likely to be broken in the vertical direction [44]. In conclusion, the
influence law of moisture content on the shell-breaking rate is similar to that of the high
kernel and whole kernel rates. In addition, the shell-breaking rate can be optimized by
selecting an appropriate IR temperature and loading direction.

Figure 8. Effects of T, V, MC and DT on SR. (a) Air velocity was 3 m/s, moisture content was 15% and
loading direction was Longitudinal. (b) IR temperature was 50 ◦C, moisture content was 15% and
loading direction was Longitudinal. (c) IR temperature was 50 ◦C, air velocity was 3 m/s and loading
direction was Longitudinal. (d) IR temperature was 50 ◦C, air velocity was 3 m/s and moisture
content was 15%. Note: different letters of columns of the same color indicate significant differences
between the mean values (p < 0.01).
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3.4. Construction of Artificial Neural Network Model

The construction of the ANN model proceeded through three steps. The first step
was to determine the optimal topology of the ANN. The second step was to optimize the
initial weight and threshold of the ANN by using a GA. In the third step, the ANN used
the optimized weights and thresholds for network training.

To obtain the optimal topology of the neural network, the transfer function (‘transig’
sigmoidal or ‘logsig’ sigmoidal) between the input layer and the hidden layer and the
number of neurons in the hidden layer (2–13) needed to be determined. Nonoptimized
weights and thresholds for network training can cause a large deviation in R2 and RMSE
under the same topology structure. Therefore, the results of the same topology structure
were adopted as the mean value of 10 simulations. The simulation results of different ANN
topologies is shown in Table 3.

Table 3. Simulation results of different ANN topologies (shaded group is the optimal topology; bold
font indicates the optimal solution).

Group
Transfer Function

of the Hidden
Layer

Number of
Neurons in the
Hidden Layer

DT SEC HR WR SR

R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE

1

Tansig

2 0.6101 87 0.9170 0.7809 0.7262 3.6053 0.8348 2.4655 0.7695 3.4578
2 3 0.7330 70 0.9430 0.6930 0.8490 2.7626 0.9029 1.9311 0.8680 2.9473
3 4 0.8053 62 0.9290 0.5373 0.8953 2.2088 0.9284 1.6161 0.9034 2.6510
4 5 0.8455 50 0.9113 0.5288 0.9198 2.2477 0.9377 1.5535 0.9231 2.5961
5 6 0.8688 42 0.9172 0.4820 0.9331 2.0987 0.9411 1.3893 0.9231 2.8564
6 7 0.8858 38 0.9234 0.4868 0.9430 1.9751 0.9474 1.3514 0.9245 2.5263
7 8 0.8965 36 0.9204 0.4876 0.9509 1.9454 0.9522 1.3170 0.9246 2.6684
8 9 0.9030 37 0.9261 0.4557 0.9561 1.8920 0.9560 1.2482 0.9214 2.3708
9 10 0.9113 36 0.9256 0.4839 0.9589 1.9481 0.9556 1.3308 0.9207 2.4248

10 11 0.9176 34 0.9276 0.4794 0.9619 1.7221 0.9570 1.1531 0.9158 2.3483
11 12 0.9207 37 0.9296 0.4642 0.9633 1.7937 0.9573 1.2995 0.898 2.4721
12 13 0.9018 38 0.9248 0.4782 0.9610 1.8238 0.9568 1.3210 0.9103 2.5131

13

Logsig

2 0.8142 68 0.9584 0.8237 0.8740 4.2739 0.8135 3.1225 0.8150 4.1104
14 3 0.8468 58 0.9197 0.8994 0.8915 3.0264 0.8413 2.4166 0.8564 3.9061
15 4 0.8762 48 0.9328 0.5449 0.9127 2.4617 0.8734 1.9124 0.8643 3.3415
16 5 0.9010 44 0.9385 0.5140 0.9338 2.1232 0.8980 1.6816 0.8876 3.0413
17 6 0.9170 43 0.9478 0.4458 0.9457 2.0833 0.9198 1.6132 0.9120 3.0922
18 7 0.9271 36 0.9539 0.4363 0.9600 1.8385 0.9384 1.4448 0.9320 2.9298
19 8 0.9338 38 0.9582 0.3943 0.9620 2.0749 0.9411 1.4663 0.9359 2.8583
20 9 0.9363 36 0.9620 0.3795 0.9682 1.6762 0.9519 1.2627 0.9409 2.6781
21 10 0.9412 30 0.9650 0.4118 0.9720 1.7408 0.9604 1.3396 0.9468 2.7705
22 11 0.9459 34 0.9665 0.3551 0.9760 1.6523 0.9651 1.2436 0.9490 2.7766
23 12 0.9500 33 0.9682 0.3631 0.9786 1.6521 0.9695 1.1869 0.9555 2.5246
24 13 0.9432 35 0.9641 0.3728 0.9731 1.7239 0.9543 1.2165 0.9461 2.6987

Types of activation functions Tansig(x) = 2
1+exp(−2x) logsig(x) = 1

1+exp(−x)

The highest R2 values of DT, SEC, HR, WR, and SR were achieved in Group 23 (‘logsig’
sigmoidal + 12 neurons). The minimum RMSEs of DT, SEC, HR, WR, and SR were achieved
in Groups 21, 22, 23, 10 and 10, respectively. The subminimum RMSEs of DT, SEC and WR
appeared in the Group 23, with a deviation of 10%, 2.25% and 2.93% from the minimum
RMSE, respectively. The RMSE of SR in Group 23 differed by 7.51% from the minimum
RMSE of SR. In summary, the topology of Group 23 (‘logsig’ sigmoidal + 12 neurons) was
the optimal topology.

The results showed that different topologies had a great influence on R2 and RMSE.
The ‘logsig’ sigmoidal function between the input layer and hidden layer was much better
than the ‘transig’ sigmoidal function. The larger the number of neurons in the hidden
layer was, the better the prediction ability of the model was. However, having too many
neurons can lead to overfitting, resulting in reduced model accuracy. Therefore, the number
of neurons in the hidden layer was set as 12 based on the optimal topology and GA to
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optimize the initial weights and thresholds of the neural network. The parameters of the
GA are shown in Table 1.

The neural network was trained with the optimized weights and thresholds. A
comparison of the results of the BP neural network model and the GA neural network
model (GA-ANN) is shown in Table 4.

Table 4. Comparison results between BP model and GA-ANN model.

Algorithm
DT SEC HR WR SR

R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE

BP 0.950 33 0.968 0.363 0.979 1.652 0.970 1.187 0.956 2.525
GA-ANN 0.996 22.176 0.998 0.279 0.990 1.471 0.991 0.926 0.993 1.250
Error (%) 32.8 23.14 10.96 21.99 50.5

In the GA-ANN model, the R2 values of DT, SEC, HR, WR and SR were all above 0.990;
RMSE decreased by 32.8%, 23.14%, 10.96%, 21.99%, and 50.5% compared with the BP model,
respectively. The GA-ANN model had a remarkable optimization effect, indicating that the
GA-ANN model removed the local optimal value and obtained the global optimal value.

The experimental data and predicted values of the GA-ANN model are shown in
Figure 9. The GA-ANN model demonstrated a sufficient prediction ability and can be
further applied to the MOO of the process of drying-assisted walnut breaking.

Figure 9. Cont.
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Figure 9. Experimental data and predicted values of the GA-ANN model: (a) drying time; (b) specific
energy consumption; (c) high kernel rate; (d) whole kernel rate, and (e) shell-breaking rate.

3.5. Multi-Objective Optimization

The Pareto optimal set, which included 30 optimal solutions, was obtained using the
GAMULTIOBJ function, as shown in Table 5. The selection of specific optimal solutions
depended on the primary purpose of the process. For example, Group 1 was selected
as the optimal process for the highest HR of 89%. Group 3 was a slightly worse process
because HR and SR decreased by 0.2% and 3.6%, respectively, and DT increased by 12.9%.
Moreover, it had a similar SEC of 16.78 MJ/kg relative to Group 1, but WR increased by
0.6%. In addition, the lowest DT of 87.3 min (90.9% lower than that of Group 1) and the
lowest SEC of 0.81 MJ/kg (95.2% lower than that of Group 1) were obtained in Group
30. Under this processing condition, HR was 46.1% (48.2% lower than that of Group 1),
WR was 22.4% (56% lower than that of Group 1) and the SR was 61.8% (33.4% lower than
that of Group 1). Given that the primary purpose of MOO was to ensure the quality of
walnut breaking, Group 30 was not be selected as the optimal solution. Group 7 had
the highest SR of 99.8% (7.5% higher than that of Group 1), HR of 81.7% that of (8.2%
lower than that of Group 1), and WR of 43.7% (14.1% lower than that of Group 1). DT
decreased by 39.0%, and SEC decreased by 23.3%, relative to Group 1. The reason was
that Group 7 adopted the highest possible values of IR temperature and air velocity to
reduce the drying time and energy consumption. In addition, the drying rate of walnuts
at the last stage of drying was extremely low. Group 7 slightly increased the moisture
content, which considerably reduced the drying time and energy consumption. Group 7
reduced the drying time and energy consumption as much as possible without notably
reducing the quality of walnut breaking. In conclusion, Group 7’s parameters (T = 54.9,
V = 3.66, MC = 10.9, vertical loading direction) were selected as the optimal parameters for
the process of drying-assisted walnut breaking.

Verification experiments were conducted under the optimal parameters to verify the
optimization results. As shown in Table 6, the errors between the predicted values and
the experimental data were 3.56%, 3.88%, 2.51%, 3.32%, and 3.96% for DT, SEC, HR, WR,
and SR, respectively, indicating good accuracy. The ANN model optimized by the GA
could accurately predict the process parameters of drying-assisted walnut breaking, and
the MOO results of the GA were effective.
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Table 5. Pareto optimal set (shaded groups are the optimum sets in the Pareto front).

Pareto ID T (◦C) V (m/s) MC D DT (min) SEC (MJ/kg) HR WR SR

1 51.5 1.04 10.0 2 958.4 16.77 89.0 50.9 92.8
2 53.3 1.20 10.1 2 888.5 16.49 88.9 50.4 93.6
3 47.0 1.01 10.0 2 1082.2 16.78 88.8 51.2 89.5
4 44.7 1.50 11.1 2 974.0 14.77 86.2 48.4 86.8
5 52.5 3.59 23.2 2 137.9 1.84 48.8 24.9 68.2
6 43.1 1.02 10.0 2 1193.4 16.78 88.7 51.2 85.3
7 54.9 3.66 10.9 3 585.1 12.86 81.7 43.7 99.8
8 54.9 3.98 20.3 3 181.4 2.78 58.6 32.1 84.8
9 54.7 3.97 21.3 2 157.2 2.33 54.1 28.8 75.7

10 49.6 1.01 10.0 2 1012.0 16.79 88.9 51.0 91.6
11 53.4 3.83 17.4 2 264.8 4.70 69.2 38.3 85.3
12 54.7 3.85 23.9 2 109.6 1.29 47.8 23.8 66.1
13 54.2 3.25 25.0 3 103.9 1.08 56.8 29.3 69.3
14 52.5 2.27 16.0 2 407.9 7.45 75.9 41.6 87.3
15 54.9 3.13 17.0 2 299.7 5.65 72.3 39.5 87.0
16 50.6 2.16 10.2 2 847.7 15.48 87.5 49.1 92.9
17 47.7 1.97 12.8 2 696.3 11.68 82.5 45.4 88.3
18 54.9 3.82 24.2 2 102.8 1.15 47.3 23.3 64.6
19 52.5 2.92 12.9 2 535.3 10.54 82.1 44.9 91.9
20 43.6 1.39 14.2 2 729.8 10.64 80.2 44.0 82.1
21 49.8 3.38 12.4 2 573.7 10.85 82.0 44.6 91.3
22 43.6 1.02 10.1 2 1169.3 16.65 88.6 51.0 85.8
23 47.3 1.75 10.9 2 901.0 14.80 86.4 48.5 89.7
24 50.4 3.71 17.2 2 299.8 5.11 69.5 38.4 84.0
25 52.9 3.65 20.4 3 200.6 3.06 58.6 32.2 83.5
26 52.5 2.74 16.6 2 353.5 6.39 73.3 40.3 86.3
27 52.7 2.03 15.7 2 436.6 8.03 77.2 42.3 87.9
28 55.0 3.98 23.3 2 116.8 1.45 48.7 24.7 68.5
29 54.9 3.93 23.0 2 123.3 1.60 49.4 25.2 69.6
30 55.0 3.99 25.0 2 87.3 0.81 46.1 22.4 61.8

Table 6. Prediction and validation results of five response variables under the optimal parameters.

Results
Operating Conditions Response Variables

T (◦C) V (m/s) MC D DT (min) SEC (MJ/kg) HR WR SR

Prediction 54.9 3.66 10.9 3 585.1 12.86 81.7 43.7 99.8

validation 54.9 3.66 10.9 3 565 12.38 83.8 45.2 96

Error (%) 3.56 3.88 2.51 3.32 3.96

4. Conclusions

A process of drying-assisted walnut breaking was developed in this study. An ANN
model optimized by a GA (GA-ANN) was established to simulate the effects of input
variables (T, V, MC, and D) on output variables (DT, SEC, HR, WR, and SR). The GA-ANN
model demonstrated sufficient prediction ability, with coefficients of determination of 0.996,
0.998, 0.990, 0.991, and 0.993 for DT, SEC, HR, WR, and SR, respectively. RMSE decreased
by 32.8%, 23.14%, 10.96%, 21.99%, and 50.5% compared with those in the ANN model.
On the basis of the GA-ANN model, the GA was applied to MOO of the walnut breaking
process with the aim of minimizing DT and SEC and maximizing HR, WR and SR. The
optimal process parameters were determined to be T = 54.9, V = 3.66, MC = 10.9, and
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vertical loading direction, which led to DT = 585.1 min, SEC = 12.86 MJ/kg, HR = 81.7%,
WR = 43.7%, and SR = 99.8%. The model that combines ANN and GA was proven to be
effective in predicting and optimizing the process parameters of walnut breaking. The
predicted values under the optimized process parameters fitted the experimental data well,
with low relative error values of 3.56%, 3.88%, 2.51%, 3.32%, and 3.96% for DT, SEC, HR,
WR, and SR, respectively. The process of drying-assisted walnut breaking considerably
improved the quality of walnut breaking and reduced the energy consumption and drying
time. The ANN modeling and the method of GA MOO developed in this study could be
applied to other similar commodities.
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Abstract: In this study, we constructed a calculation model to determine the internal temperature field
distribution in a medium-sized refrigeration truck with the dimensions of 4.1 m × 2.2 m × 2.2 m.
Wind speed, air temperature, and carcass temperature were designated as the initial conditions.
The k-ε model of computational fluid dynamics was used to simulate different wind speeds and
ventilation duct settings on the carriage. Additionally, under specific boundary conditions, the speed
of the air outlet, the types of ventilation ducts, and the carcass loads were all varied to determine the
uniformity of the temperature field. The results showed that, when the air outlet speed was 5 m/s,
the temperature field in the refrigerated truck was relatively more uniform. The simulated results
were in good agreement with the measured results. The average absolute error was 0.35 ◦C, and the
average relative error was 9.23%.

Keywords: refrigerated truck; computational fluid dynamics; carcass traceability; temperature field

1. Introduction

Temperature is a key factor affecting the rapid propagation of microorganisms. If the
temperature of a food storage area is not correct, then food spoilage will increase [1–3].
Refrigerated trucks are an important means of land transportation. During transportation,
the internal temperature field within a refrigerated truck is affected by the external environ-
ment, internal structures, and the stacking methods used [4,5]. Many scholars have used
computational fluid dynamics (CFD) to study refrigerated trucks, and the results of their
work have helped to overcome the shortcomings of traditional theoretical analysis and
enable simpler, more effective computation [6,7]. Scholars have also conducted numerical
simulations of transport-compartment temperature fields based on airflow velocity, stack-
ing patterns, and airflow organization [8]. Several temperature and humidity sensors in a
refrigerated truck are usually managed at certain periods to simulate the corresponding
temperature and humidity curves [4,9,10]. The analysis of turbulent flow with complex
heat transfer in a refrigerated body was conducted by Kayansayan et al. [11]. Their study
investigated the impact of the shape factors of the body by examining two types of cold
air outlets, three types of aspect ratios, and the Reynolds number of the wind speed. The
study concluded that the optimum cold-air speed value could be determined depending
on the shape of the refrigerated body. However, to develop accurate modeling, experimen-
tal work should accompany these methods. Margeirsson et al. [12] developed a 3D heat
transfer model that predicted changes in product temperature for supercooled cod fillets
packaged in loaded EPS boxes. The model was validated by comparing with experimental
results but was found to be slightly different from the actual results. In another study,
Hoang [13] presented a refrigerated vehicle heat transfer model based on computational
fluid dynamics (CFD) to predict the temperature of cargo. The CFD modeling considered
various phenomena, such as the respiration heat of the product and infiltration of outside
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air due to the opening of the door. The results obtained reflect the influence of the thermal
characteristics of the refrigerator compartment on the airflow structure, but they cannot
truly reflect the convection heat transfer in the transport environment [14,15]. In the present
study, 36 temperature and humidity nodes were installed in a passenger compartment to
establish a wireless environmental detection system for refrigerated trucks and record the
truck temperature in real time. The internal temperature field of the refrigerated truck was
numerically simulated using Fluent 17 with the k-ε turbulence model. The distribution of
the temperature field inside the truck was calculated under different wind speeds and ven-
tilation modes. Finally, a temperature-based assessment model was ultimately developed,
which could monitor the quality variations of pig carcasses during their transportation via
refrigerated trucks [16].

2. Materials and Methods

2.1. Test Materials

In this work, we studied the temperature field of pig carcasses in a middle-refrigerated
truck, because this type of truck is suitable for medium- and short-distance cold-chain
transportation in big cities due to its low cost and widespread use. The middle-refrigerated
truck had external dimensions of 4.3 m × 2.4 m × 2.4 m (length × width × height), an
internal clearance of 4.1 m × 2.2 m × 2.2 m, a body thickness of 105 mm, and a covering
made of Fiberglass reinforced plastic (FRP) with a thickness of 2.5 mm. The “sandwich”
structure was a 100 mm polyurethane foam board with double doors at the back of the
cabin, and the air outlet was placed directly in front of the carriage.

A refrigerated truck is not always fully loaded. Hence, it was necessary to compare
the standard temperature fields with the same volume of pig carcass areas, to produce a
credible evaluation model. The volumes of the standard temperature fields were equal.
The carcass-volume ratio refers to the proportion between the volume of the carcass area
being evaluated within the refrigerated compartment and the volume of the maximum
allowable cargo area. An upper limit to the actual cargo volume of the refrigerated truck
was specified and the carriage was not filled entirely, to ensure that airflow circulated in
the interior part of the refrigerated truck. Figure 1 presents a schematic illustration of a
large pig carcass area in a carriage with a standard temperature field. The selected area of
the standard temperature field was used as the reference area, and the entire pig carcass
area was reduced to a voided cube (Figure 1b). A constant distance between the pig carcass
area and the inner wall of the carriage was assumed, and the height of the pig carcass area
was unchanged. The distance from the top plate was termed h1 and the distance from the
bottom plate was termed h2.

x1 = x2 = y1 = y2 (1)

Vx = (x0 − x1 − Δx2)× (y0 − y1 − y2)× (h0 − h1 − h2) (2)

 
(a) (b) 

Figure 1. Structure of a middle-refrigerated truck and area occupied by pig carcasses. (a) An empty
compartment. (b) A compartment with pig carcasses.

If x1, x2, y1, and y2 are 0, then

Vx = V0 = x0y0h0 (3)
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η =
Vx

V0
(4)

These formulas express the maximum volume of the standard temperature field,
where η is the standard temperature field volume ratio. The length, width, and height (h0)
of the compartment were all taken into consideration.

2.2. Test Conditions

The main unit (Testo 480) of a multi-functional environmental tester (Detu Instrument
International Trading Co., Ltd., Shanghai, China) was used for the study. The probe
parameters were as follows:

Flexible wind-speed probe with a range of 0–20 m/s and a measurement accuracy of
±0.03 m/s;
Surface-temperature probe with a range from −60 ◦C to 300 ◦C and a measuring accuracy
of ±0.5 ◦C;
Immersion-type PT100 temperature probe with a measuring range of −100 ◦C to 400 ◦C
and a measuring accuracy of ±0.15 ◦C; and an air-humidity probe with a range of 0–100%
RH and a measurement accuracy of ±1.8% RH.

An Internet-of-Things temperature and humidity node (Nanjing Huiming Instrument
Co., Ltd., Nanjing, China) was used with the following parameters:

Humidity measurement range of 0–100% RH;
Humidity accuracy of ±1.8% RH with humidity resolution of ±0.05% RH;
Temperature measurement range from −40 ◦C to 123.8 ◦C;
Temperature accuracy of ±0.3 ◦C and temperature resolution of ±0.01 ◦C.

2.3. Test Methods

Many factors affect the temperature fields of refrigerated compartments. The main
considerations in this study were the external temperature, the refrigerated vehicle ventila-
tion mode, and the temperature of the air outlet in the compartment. These three factors,
taken together, completely determine the standard temperature fields. Before each test,
the temperature and humidity nodes were calibrated with a high-precision temperature
and humidity sensor to ensure testing accuracy and consequently reduce testing error.
In addition, the refrigerator truck was turned on for pre-cooling. During the test, the
humidity node acquisition interval was set to 30 s, and the starting temperature of the
vehicle compartment was determined. Wind speed has a transient instability value, so a
wind-speed probe was affixed to the cold air outlet. The average wind speed under the
maximum cooling capacity was used as the initial value. Before and after the testing, nine
temperature and humidity nodes were arranged, at specific positions of 0.5, 2.0, and 4.0 m
from the outlet location. Each test chain comprised four nodes suspended at a distance
from the top of the carriage (i.e., 0.5, 1.0, 1.5, and 2.0 m). A temperature and humidity
node was arranged on the outer wall of the carriage to measure outdoor temperature. The
gateway, router, and GPRS transmission module were all located in the cab.

3. Models and Assumptions

3.1. Model Assumptions

To facilitate subsequent calculations, the following points were assumed for the model:

1. The air in the compartment is a transparent radiation medium according to Boussi-
nesq’s hypothesis.

The gas in the truck is a Newtonian fluid, and the pig carcass is considered to be a
porous medium.

The effect of temperature changes on the physical parameters of air and swine fever
can be ignored.
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Any influence of pipes, rails, and wires in the refrigerated truck on the airflow can
be ignored.

The walls of the truck body are insulated and the truck body is fully sealed, so that
there is no leakage phenomenon.

The effects of moisture loss and latent heat of evaporation on the body temperatures
of pig carcasses can be ignored.

The issue of heat dissipation in pig carcasses is not considered.

3.2. Basic Equations

In fluid heat transfer analysis, researchers often regard the mass conservation equation,
momentum conservation equation, and energy conservation equation as the basic control
equations [17]. The three basic equations of CFD can be referred to simply as follows:

mass conservation equation:

∂ρ

∂t
+

∂

∂xi
(ρui) = Sm (5)

conservation of momentum:

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
=

∂p
∂xi

+
∂τij

∂xj
+ ρgi + Fi (6)

energy conservation theorem:

∂

∂t
(ρE) +∇ ·

(→
v (ρE + ρ)

)
= ∇ ·

(
ke f f∇T − ∑

j
hj

→
J j + τe f f · →v

)
+ Sh (7)

subsequently,

τij =

[
μ

(
∂ui
∂xj

+
∂uj

∂xi

)]
− 2

3
μ

∂ul
∂xl

δij (8)

E = h +
p
ρ
+

v2

2
(9)

h = ∑
j

Yjhj (10)

hj =
∫ T

Tre f

cp,jdt (11)

τe f f = μe f f (
∂uj

∂xi
+

∂ui
∂xj

)− 2
3

μe f f
∂ui
∂xi

δij (12)

where

Sm—source item;
keff—effective thermal conductivity;
E—total energy;
τij—stress tensor;
Yj—mass fraction of component;
Tref—298.15 K;
τeff—partial stress equations;
x—flow field direction;
t—time;
ρ—fluid density;
μ—velocity vector;
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p—static pressure;
h—height;
S—fluid quality;
J—fluid heat;
T—force;
F—surface force.

3.3. Thermal Conduction and Heat Convection

When the refrigerated truck is running on the road, the heat transfer of its compartment
enclosure structure continues to change [18]. At the same time, the goods in the refrigerated
truck are coupled to the heat transfer. Convection, conduction, and radiation all affect
the temperature field, and the entire refrigerated truck is in a state of dynamic thermal
equilibrium. The heat conduction equation of the inner and outer walls of the compartment
can be expressed as follows:

qc =
to − ti

δi
λi

+ δm
λm

+ δo
λo

(13)

where

t0—temperature of the outer wall of the refrigerated compartment;
ti—temperature of the wall surface of the refrigerated compartment;
δi—thickness of the FRP outside the refrigerator compartment;
δm—thickness of the polyurethane insulation board;
δ0—thickness of the FRP in the refrigerated compartments;
λi —λ0—thermal conductivity of the FRP of the refrigerated truck;
λm—thermal conductivity of polyurethane.

To investigate the refrigerated compartments during movement, we dynamically
calculated the heat flow on the surfaces of the refrigerated trucks. The external heat flow
mainly comes from solar radiant heat and the convection heat transfer between the inner
and outer walls of the cabin. Because fresh pig carcasses are the object of this study, there is
no respiratory heat in the animal tissue. The average heat flux is defined as the amount
of heat that flows into the interior of a compartment per unit of time, per unit area of the
wall that separates the compartment from the outside environment. Internal and external
convection heat transfer must also be considered in addition to vehicle body heat transfer.
The average heat flux density qh of the refrigerated truck compartment wall can thus be
expressed as:

qh =
to − ti

1
ho

+ δm
λm

+ 1
hi

(14)

where

ho—convection heat transfer coefficient of the outer wall of the refrigerated compart-
ment and
hi—convection heat transfer coefficient of the inner wall of the refrigerated compartment.

The other parameters are the same as those in Equation (13). When the outer wall of
the refrigerated truck is considered, the total heat transfer is, therefore:

Qc = qc × A0 (15)

where

A0—total area of the outer wall of the refrigerated compartment.

During transportation, the thermal load of the external thermal environment (i.e., heat
transfer through the wall) accounts for more than 80% of the total heat load in the refrig-
erated truck. If the external temperature of the compartment is higher than the internal
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temperature, the heat-insulation layer of the compartment can only achieve a small amount
of heat insulation. Within the unit area, when the difference between internal and external
temperature increases, the heat from the external wall to the interior of the refrigerated
compartment initially increases. Then, the evaporator inside the compartment fan spreads
this heat to all parts of the compartment to form an unstable temperature field. Finally, the
heat that enters the compartment exits through the truck’s cooling system. By using such
means, a low-temperature environment can be maintained inside the compartment.

3.4. Temperature Field Uniformity Index

Refrigerated trucks in operation are not always fully loaded, and different cargoes
may require different stacking methods. Therefore, the temperature field where a cargo is
located should not be compared with the standard temperature field of the entire truck,
but with the same volume as the stacking area [4]. The standard temperature field of the
refrigerated truck is called the measured area, which is equal to the volume of this same
area. In this study, the ratio of the cargo area volume to the maximum allowable cargo
area volume is called the refrigerated truck volume. To ensure that airflow circulates in
the interior, the actual capacity of the refrigerated truck is given an upper limit (i.e., it
cannot fill the entire carriage). In other words, the maximum allowable cargo volume
of the refrigerated truck is the same as the maximum reference volume of the standard
temperature field.

μ0 = ∑n=4
i=1 ∝i η

i−1 (μ0 =∝0 + ∝1 η+ ∝2 η2+ ∝3 η3) (16)

σ0 =
n=4

∑
i=1

βiη
i−1 (σ0 = β0 + β1η+ β2η

2 + β3η
3) (17)

R0 =
n=4

∑
i=1

γηi−1 (R0 = γ0 + γ1η+ γ2η
2 + γ3η

3) (18)

η =
Vx

V0
(19)

μ1 =
n

∑
i=1

ti
/

n (20)

σ1 =

√
∑n

i=1(ti − μ)2/n
/

μ (21)

R1 = Max(t)− min(t) (22)

ψ1 = (μ− t0)/(μ0 − t0) (23)

ψ2 = σ/
σ0

(24)

ψ3 = R/
R0

(25)

ξ = ψ1 +ψ2 +ψ3 (26)

where

μ0—average temperature of the standard temperature field;
ρ0—temperature non-uniform coefficient of the standard temperature field;
R0—temperature of the standard temperature field;
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μ1—average temperature of the temperature field to be measured;
ρ1—temperature non-uniform coefficient of the temperature field to be measured;
R1—temperature of the temperature field to be measured;
η—volumetric rate of the actual cargo carried with the standard temperature field in the
refrigerated truck;
αi—coefficient of the average temperature equation of the standard temperature field;
βi—coefficient of the temperature non-uniform coefficient equation of the standard temper-
ature field;
γi—coefficient of the temperature extreme equation of the standard temperature field;
t0—outlet temperature;
ψ1—average deviation from the temperature difference ratio;
ψ2—temperature non-uniform coefficient ratio;
ψ3—temperature range ratio;
ξ—temperature field uniformity index.

The basic indicators (Formulas 16–18) used to evaluate the temperature field in the
refrigerated truck are the average temperature of the temperature field, the temperature non-
uniform coefficient, and the temperature range. The average deviation (Formulas 23–25)
can be used to compare the temperature field with the standard temperature field and reveal
any advantages or disadvantages. Formula 26 expresses the comprehensive inhomogeneity
coefficient in the refrigerator truck.

3.5. Boundary Conditions

1. The bottom of the box is set as the adiabatic boundary condition;
2. The air outlet adopts the speed boundary conditions;
3. The returning-air inlets on both sides of the box are simplified using free-flow bound-

ary conditions;
4. The relevant physical parameters and initial boundary conditions used in the calcula-

tion model are shown in Table 1.

Table 1. Physical parameters and initial boundary conditions.

Parameter Initial Value Unit Instructions

Density of FRP 2100 kg/m3 Merchant
Thickness of FRP 0.0025 m Merchant

Density of polyurethane foam plate 40 kg/m3 FRT properties
Thickness of polyurethane foam plate 0.1 m FRT properties

Specific heat capacity of polyurethane foam plate 871 J/kg·K FRT properties
Thermal conductivity of polyurethane foam plate 0.020 W/m·k FRT properties

Space size of simulation 4.1 × 2.2 × 2.2 m3 Clearance size
Vent speed 1–7 m/s Control

Vent temperature 0 ◦C Constant
Initial temperature in the body of the box 20 ◦C Multipoint

External temperature 35 ◦C Temperature
Air density 1.293 kg/m3 Air properties

Air-specific heat capacity 1006.43 J/kg·K Air properties
Air thermal conductivity 0.0242 W/m·k Air properties

Air kinetic viscosity 1.7894 × 10−5 kg/m·s Air properties

3.6. Simulation Conditions

The simulation was performed on a DELL R720 PC. The hardware parameters are
as follows:

Xeon 6 core E5-2630 × 2 2.6 GHz; 6 × 16 G 1333 MHz; 3 × 300 G 3.5 15 K; RAID5;
PERC H310; single 750 W; and a silent fan.

The k-ε model is used for calculations. The discrete solver based on pressure has
a first-order upwind scheme for momentum, energy, turbulent kinetic energy, diffusion
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rate, and a SIMPLE algorithm for pressure–velocity coupling. The equations for turbulent
kinetic energy transport are derived entirely, while the equations for dissipation rate are
obtained through a combination of physical reasoning and mathematical simulations based
on similar primitive equations. The model assumes that the flow is completely turbulent
and that molecular viscosity can be ignored [19].

The turbulent kinetic energy k and dissipation rate ε in the standard k-ε model [20]
are calculated as follows:

ρ
Dk
Dt

=
∂

∂xi
[(μ +

μt

σk
)

∂k
∂xi

] + Gk + Gb − ρε − YM (27)

ρ
Dε

Dt
=

∂

∂xi

[(
μ +

μt

σk

)
∂ε

∂xi

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
(28)

where

Gk—turbulent kinetic energy due to the average velocity gradient;
Gb—a parameter used to generate turbulent kinetic energy due to buoyancy effects;
YM—effect of turbulent pulsation expansion on total dissipation rate;
μt—turbulent viscosity coefficient;
Dt—total derivative of time;
Dε—the turbulent Prandtl numbers of ε;
Dk—the turbulent Prandtl numbers of k;
C—constant.

μt = ρCμ
k2

ε
(29)

In Fluent software, C1ε = 1.44, C1ε = 1.92, Cμ = 0.09, σk = 1.0, and σε = 1.3. These
default values are determined experimentally in basic turbulent flows, including commonly
encountered shear flows, such as boundary layers, mixed layers, and jets, and attenuated
isotropic mesh turbulence [21,22].

4. Results and Analysis

4.1. Flow Field Status Judgment

The laminar and turbulent flow states are based on the Reynolds number, which is
determined in Equation (30). When the fluid sweeps the plate, the critical Reynolds number
is 5 × 105. If the actual Reynolds number is less than the critical Reynolds number [23],
then the flow state is laminar. If the actual Reynolds number is greater than the critical
Reynolds number, then the flow state is turbulent.

Re =
σVL
μ

(30)

where

Re—Reynolds number;
ρ—air density;
V—airflow velocity at the outlet (m/s);
L—flow distance of the airflow (m);
μ—kinematic viscosity of the air (m2/s).

The air density at 0 ◦C is 1.293 kg/m3, the air kinematic viscosity is 13.28 × 10−6 m2/s [24],
and the flow distance of the airstream is 1.5 m. Using Formula (31), the critical velocity in the
empty truck is, therefore, calculated to be 0.125 m/s, as follows:

V =
Re × μ

σ× L
=

50, 000 × 13.28 × 10−6

1.293 × 4.1
= 0.125 (31)
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The flow field along the four walls has a direct impact on the temperature field inside
the truck. The turbulent airflow near the front, rear, left, or right walls can lead to an
uneven temperature field near the inner wall of the cabin. On the other hand, laminar
airflow near the walls can create a stable laminar boundary layer near the inner wall surface,
resulting in an improved steady-state effect of the mainstream flow field. Figure 2 illustrates
this phenomenon.

Figure 2. The standard temperature contour in a refrigerated truck with low-speed air supply.

4.2. Influence of Wind Speed on Temperature Field

The simulated operating conditions are as follows: external temperature 35.0 ◦C; truck
speed 20.8 m/s (at approximately 75.0 km/h); outlet velocity 1.0 m/s; and temperature
0 ◦C. The result becomes stable and steady after 12 min of iterative calculation. From the
central axis (z = 1.1 m) to the end of the refrigerated truck, the air outlet velocity gradually
declines from 1 m/s to 0.1 m/s, and the temperature rises from 2 ◦C to 10 ◦C. As shown
in Figure 3, the average temperature is high, and most of the areas are red. When the
wind speed is gradually increased to 3 m/s, the average temperature tends to fall, and
only half of the area is red. When wind speed rises to 5 m/s, the overall temperature
becomes uniform (i.e., the blue region dominates), and the average temperature is close
to the outlet temperature. An increase in wind speed to 7 m/s can further improve the
homogeneity of the temperature inside the compartment. However, it is worth noting that
high-wind velocity can cause carcasses to become darker and drier, ultimately resulting
in a lower commodity value. Due to the potential negative impact of high-wind speeds
on carcass quality, a wind speed of 5 m/s may be considered the optimal choice, even
though higher wind speeds can result in a more uniform temperature distribution within
the refrigerated truck.

4.3. Effect of Ventilation Ducts on Temperature Field

Three air-supply ducts are installed on the top of the refrigerated truck joining with
the air outlet. The main air-supply duct leads directly to the rear of the truck. The
secondary air-supply duct leads to the middle part of the carriage. This design optimizes
the airflow direction of the air supply, in order to improve the temperature uniformity
of the refrigerated truck. When v = 1 m/s, the main area of the original truck appears
mostly in red, which means that the high-temperature zone dominates. When the upper
ventilation duct is added, the cold air is directly delivered to the middle and tail, and the
efficiency of the air-conditioning system appears to improve. The simulated result appears
in light red. For the second working condition, 16 U-shaped air ducts are installed on the
floor of the refrigerated truck directly; these are called lower ventilation ducts. Under this
condition, the turbulent flow at the floor is enhanced and the bottom temperature zone
becomes greener. The third working condition involves the simultaneous operation of the
upper and lower ventilation ducts. Under this condition, the temperature field becomes
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uniform over the same simulation time, and the average temperature approximates the
target temperature more ideally, which is shown in Figure 4.

(a) (b) 

(c) (d) 

Figure 3. Temperature contours with different wind speeds (t = 0.1 h, z = 1.1 m): (a) wind speed
(v = 1 m/s); (b) wind speed (v = 3 m/s); (c) wind speed (v = 5 m/s); and (d) wind speed (v = 7 m/s).

(a) (b) 

(c) (d) 

Figure 4. Temperature contours with different ventilation ducts: (a) original refrigerated truck
(v = 1 m/s, h = 0.1); (b) with added upper duct (v = 1 m/s, h = 0.1); (c) with added lower duct
(v = 1 m/s, h = 0.1); and (d) with added upper and lower ducts (v = 1 m/s, h = 0.1).
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4.4. Evaluation of Temperature Field Uniformity

In this study, we numerically simulated four kinds of operating conditions: an original
refrigerated truck; a truck with an upper duct; a truck with a lower duct; and a truck
with upper and lower ducts. An evaluation model of a standard temperature field in a
middle-refrigerated truck loaded with carcasses was established using experimental and
simulated data. According to Equation (4), the volumetric rate of the experimental carriage
could be calculated as follows:

η =
Vx

V0
=

3.5 × 2.0 × 2.0
4.1 × 2.2 × 2.2

= 0.706 (32)

η—Volume ratio of refrigerated vehicle load;
Vx—Volume of pig carcasses loaded in a refrigerated truck;
V0—headroom volume of refrigerated truck.

The relevant data were reviewed and the following variables were obtained: the
coefficient α is the average temperature equation of the standard temperature field; the
coefficient β is the coefficient of non-uniformity coefficient; and the coefficient γ is the
temperature range difference equation. Based on the results obtained from Equations (16)
to (18), the inconsistent coefficients of the measured temperature field (Equation (20)),
average temperature (Equation (21)), and temperature difference (Equation (22)) were
calculated. The other required values were derived by using the average temperature ratio,
the non-uniform coefficient ratio, and the temperature range ratio of Equations (23)–(25).
As shown in Table 2, a smaller numerical value indicates a closer approximation to the
ideal standard temperature field for the truck.

Table 2. Evaluation index of the temperature field to be measured.

Pattern
Average Deviation

from the Temperature
Difference Ratio (ψ1)

Inhomogeneity
Coefficient Ratio (ψ2)

Maximum Difference
Ratio (ψ3)

Temperature Field
Uniformity Index (ξ)

Original state 1.74 7.49 0.89 10.12
Upper ventilation ducts 1.54 6.44 0.76 8.74
Lower ventilation ducts 1.69 5.38 0.54 7.61

Upper and lower
ventilation ducts 1.38 4.39 0.36 6.13

4.5. Test Verification

Figure 5 shows a comparison of the simulation results with real-world data, as mea-
sured using 36 temperature sensors. It can be seen that the simulated temperature values
are consistent with the experimental values, with an average absolute error of 0.35 ◦C
and an average relative error of 9.23%. For the truck in the original state, the average
absolute error is 0.27 ◦C and the average relative error is 11.98%. For the truck with an
upper ventilation duct, the average absolute error is 0.20 ◦C and the average relative error is
6.18%. For the truck with a lower ventilation duct, the average absolute error is 0.56 ◦C and
the average relative error is 11.98%. For the truck with both upper and lower ventilation
ducts, the average absolute error is 0.45 ◦C and the average relative error is 8.25%.
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Figure 5. Experimental and simulated temperature values for different operating conditions.
Exp(Original): data measured on the original unmodified refrigerated truck; Exp(Lower): data
measured on a refrigerated truck added lower ventilation ducts; Sim(Original): the simulated values
on the original unmodified refrigerated truck; Sim(Lower): the simulated values on a refrigerated
truck added lower ventilation ducts; Exp(Up): data measured on a refrigerated truck added up
ventilation ducts; Exp(Up and Lower): data measured on a refrigerated truck added both up and
lower ventilation ducts; Sim(Up): the simulated values on the refrigerated truck added up ventilation
ducts; Sim(Up and Lower): the simulated values on the refrigerated truck added both up and lower
ventilation ducts.

5. Conclusions

For this study, a typical middle-refrigerated truck was used, with a clearance of
4.1 m × 2.2 m × 2.2 m. Firstly, using experimental and simulated data, we established an
evaluation model for a standard temperature field in a middle-refrigerated truck loaded
with pig carcasses. We found that the greater the air-supply speed, the shorter the average
temperature stabilization time. Secondly, we established a temperature field evaluation
system for refrigerated trucks loaded with pig carcasses. To evaluate the performance of
the refrigerated truck’s temperature field, parameters such as the average temperature,
temperature range, and non-uniform coefficient were considered. By assigning appro-
priate weight coefficients to these parameters, the average deviation temperature ratio,
temperature non-uniform coefficient ratio, and temperature range ratio were combined to
produce a uniformity index for the temperature field inside the refrigerated truck. Finally,
we studied how the use of upper and/or lower ventilation ducts affected the temperature
field in the compartment of the refrigerated truck. The study found that incorporating
three upper ventilation ducts and sixteen lower ventilation ducts led to an improvement in
the uniformity of the temperature field inside the refrigerated truck. The results showed
that the condition with 16 lower ventilation ducts was more effective, possibly because it
allowed for a sufficient airflow return path in a middle-refrigerated truck that was almost
fully loaded with pig carcasses.
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Abstract: Additives can influence the processability and quality of three-dimensional (3D)-printed
foods. Herein, the effects of apple polyphenols on the antioxidant activity and structure of 3D-
printed processed cheese were investigated. The antioxidant activities of processed cheese samples
with different contents of apple polyphenols (0%, 0.4%, 0.8%, 1.2%, or 1.6%) were evaluated us-
ing 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 2,2-di(4-tert-octylphenyl)-1-
picrylhydrazyl (DPPH) assays. In addition, the rheological properties and structural characteristics
of the processed cheeses were investigated using rheometry, Fourier transform infrared spectroscopy,
and fluorescence spectroscopy. Then, the final printed products were analyzed for comparative
molding effects and dimensional characteristics. it was found that apple polyphenols can significantly
improve the antioxidant activity of processed cheese. When the amount of apple polyphenols added
was 0.8%, the 3D shaping effect was optimal with a porosity rate of 4.1%. Apple polyphenols can be
used as a good antioxidant additive, and the moderate addition of apple polyphenols can effectively
improve the antioxidant and structural stability of 3D-printed processed cheese.

Keywords: apple polyphenols; three-dimensional printing; processed cheese; antioxidant activity;
structural stability

1. Introduction

Three-dimensional (3D)-printed food, which can be digitally designed, has an im-
portant role in the field of food processing and production [1]. The increasing demand
for functional foods has greatly contributed to new 3D printing applications in the food
industry [2]. Hot-extrusion printing, which is currently the most widely used 3D printing
technology in the food sector, has good compatibility with traditional food materials [3].
Compared with traditional food manufacturing processes, 3D printing technology can
meet the demand for personalized customized functional food by preparing food ink with
functional active ingredients or additives added to the raw materials [4].

Cheese, as a nutritious dairy product, can be roughly divided into two categories:
natural cheese and processed cheese. Processed cheese is a homogeneous and easy-to-
store dairy product made by heating and stirring different natural cheeses with added
emulsifying salts and other dairy or non-dairy ingredients [5]. Compared with natural
cheese, processed cheese is easier to store, more delicious, and can effectively improve the
functional and structural characteristics of raw milk cheese by adding food additives [6].
With the continuous growth of cheese consumption in China and in response to the demand
for healthy functional food from consumers, the combination of processed cheese and 3D
printing technology can provide new ideas for expanding new and high-value functional
processed cheese products.
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Polyphenols are secondary metabolites of plants and have advantages such as antioxi-
dant and antibacterial properties, which can endow food with good functional character-
istics [7]. Among them, apple polyphenols are a common polyphenolic compound with
strong antioxidant properties. Studies have shown that the antioxidant properties of apple
polyphenols can effectively improve the function of the liver and intestines and prevent
liver and digestive system diseases. For example, Huang et al. [8] added apple polyphenols
to pig feed, which activated the Nrf2/Keap1 signaling pathway, improved the antioxidant
capacity of the pig intestine, and effectively improved the mechanical and immune barriers
of the intestine. This can provide effective references for the development of high-value
functional 3D-printed processed cheese.

Related research reports that apple polyphenols can also form complex gels with
protein macromolecules, but their structure may be affected by apple polyphenols, thereby
affecting the properties and functions of the gel [9]. For example, Zhou et al. [10] found
that apple polyphenols have a significant impact on the gel properties of whey protein
isolate, and moderate addition of apple polyphenols can effectively improve its structural
characteristics. It is worth noting that the gel properties of food are also an important
factor affecting the 3D printing process. Therefore, while fully utilizing the antioxidant
advantages of apple polyphenols, it is also necessary to further understand the influence of
apple polyphenols on the gel structure of food and its application value.

Based on 3D printing technology and using Anjia cream cheese as the main raw
material, this experiment intends to use apple polyphenols to improve processed cheese
and develop high-antioxidant 3D-printed processed cheese, exploring the effects of apple
polyphenols on the antioxidant and structural stability of 3D-printed processed cheese, and
providing effective references for the production and application of functional 3D-printed
processed cheese.

2. Materials and Methods

2.1. Reagents

Apple polyphenols (75% purity; food grade) were obtained from Shanghai Yuanye
Biological Co., Ltd. Anjia cream cheese (15% protein, 57% fat, 1% carbohydrate, and 14%
sodium; food grade) was obtained from Shanghai Ever Natural Trading Co., Ltd. (Shanghai,
China), TG (food grade) was obtained from Hefei Bomei Biotechnology Co., Ltd. (Hefei,
China), Emulsifying salts (sodium polyphosphate and sodium pyrophosphate; food grade)
were obtained from Zhejiang Noyi Biotechnology Co., Ltd. (Haining, China), Phosphate
buffer solution (PBS) was obtained from Fly Clean Biotechnology Co., Ltd. (Shanghai,
China), Ethanol and KBr were obtained from Shanghai Lingfeng Chemical Reagent Co.,
Ltd. (Shanghai, China), 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and
2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) were obtained from Sangon Biotech
Co., Ltd. (Shanghai, China).

2.2. Sample Preparation

Anjia cream cheese (50 g) was mixed with 1.5% emulsifying salts (sodium pyrophos-
phate and sodium polyphosphate, 1:1, v/v) and 25% distilled water in a constant tem-
perature water bath at 80 ◦C for 20 min. The mixture was placed under a high-speed
homogenizer and homogenized intermittently at 6500 rpm for 2 min until uniform and
non-grainy in appearance. After cooling to room temperature, 0.4% TG was added and
then different amounts of apple polyphenols were added (0%, 0.4%, 0.8%, 1.2%, or 1.6%).
The mixture was placed in a constant temperature water bath at 55 ◦C for 30 min, sterilized
at 85 ◦C for 30 min, cooled, refrigerated at 4 ◦C for 24 h, and then used for 3D printing and
sample analysis.
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2.3. Determination of Antioxidant Activity
2.3.1. Preparation of Sample Solution

pH 7.4, 10 mmol/L phosphate buffer solution was prepared and used as a solvent to
prepare 1 mg/mL of processed cheese stock solution. This was refrigerated at 4 ◦C and
used as the sample solution for subsequent determination of antioxidant capacity.

2.3.2. 2,2-Di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) Assay

First, a 0.06 mmol/L DPPH solution was prepared. A blank was prepared by mixing
4 mL of the DPPH solution with 0.2 mL of ethanol. The initial absorbance of the blank (A0)
was measured at 515 nm. The test solution was prepared by mixing 4 mL of the DPPH
solution with 0.2 mL of sample. After incubating at room temperature and protecting
from light for 1 h, the absorbance of the test solution (Ap) was measured at 515 nm. A
control solution was prepared by mixing 4 mL of ethanol with 0.2 mL of sample, and the
absorbance of this solution (Ac) was measured at 515 nm [11]. Parallel experiments were
performed three times. The DPPH free radical scavenging rate was calculated as follows:

DPPH free radical scavenging rate (%) = (A0 − Ap − Ac)/A0 × 100% (1)

2.3.3. 2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulfonic Acid) (ABTS) Assay

A 7 mmol/L ABTS free radical solution and a 2.45 mmol/L potassium persulfate
solution were prepared and mixed in equal volumes. The mixture was placed in the dark
for 12 h and then diluted with anhydrous ethanol to obtain an ABTS working solution with
an absorbance of 0.70 ± 0.02 at 732 nm. A 1.0 mL sample solution of processed cheese with
different apple polyphenol contents of 1.0 mg/mL was mixed with 3.9 mL of the ABTS
working solution and reacted for 6 min at room temperature. Anhydrous ethanol was used
as a blank instead of the sample solution, and the absorbance of the reaction sample was
measured at 734 nm [11]. Parallel experiments were performed three times. The ABTS free
radical scavenging rate was calculated as follows:

ABTS free radical scavenging rate (%) = (1 − A1/A0) × 100 (2)

where A1 is the absorbance value of the processed cheese sample after reacting with ABTS,
and A0 is the absorbance value of anhydrous ethanol instead of the sample solution after
reacting with ABTS.

2.4. Determination of Rheological Characteristics

Rheological characterization was performed according to the method of Huang et al. [12]
with slight modifications. The dynamic rheological properties were evaluated using a
rheometer (DHR-2, TA Instruments, New Castle, DE, USA) to determine the effect of
different apple polyphenol contents on the rheological characteristics of the cheese samples.
A 40 mm diameter plate was used with a gap of 1 mm. The samples were placed on
the platform for 1 min to warm up to 25 ◦C and then subjected to dynamic frequency
scanning at angular frequencies of 0.1–100 rad/s. In addition, to evaluate the printability
of the processed cheese samples, apparent viscosity profiles were collected. The apparent
viscosity was recorded as the shear rate was scanned in the range of 0.1–100 s−1 at 25 ◦C.

2.5. Determination of Structural Properties
2.5.1. Fourier Transform Infrared (FT-IR) Spectroscopy

Processed cheese samples with different amounts of apple polyphenols were placed in
a freezer at −80 ◦C for 24 h. After freeze-drying, the processed cheese samples were ground
into powder and mixed with KBr (1:100, v/v). FT-IR spectra were recorded at room tempera-
ture using an FT-IR spectrometer (V70 IR Spectrometer, Bruker, Mannheim, Germany) [13].
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2.5.2. Endogenous Tryptophan Fluorescence

The fluorescence spectra of the processed cheese samples with different apple polyphe-
nol contents were measured using a fluorescence spectrometer (F4500, Hitachi, Tokyo,
Japan) according to the method of Geng et al. [14]. The samples were diluted to 0.1 mg/mL
using 0.5 mol/L phosphate buffer solution (PBS) and then placed in a cuvette. Fluorescence
spectra were recorded in the range of 280–400 nm using an excitation wavelength of 295 nm,
an excitation spacing of 5 nm, an emission spacing of 5 nm, and a data acquisition rate of
500 nm/min.

2.5.3. Scanning Electron Microscopy

A scanning electron microscope (SU1510, Hitachi, Japan) was used to observe the
microstructure of the processed cheese samples with different apple polyphenol contents.
The samples were freeze-dried at −80 ◦C for 24 h, fixed on a copper plate, and then sprayed
with gold. Scanning electron micrographs were obtained at a magnification of 1000× and
an accelerating voltage of 15 kV [15].

2.6. Measurement of 3D Printing Molding Effects

To evaluate the 3D printing and molding performance of the processed cheese samples,
a food 3D printer (FOODBOT-S2, Hangzhou Shiyin Technology Co., Ltd., Hangzhou, China)
was used and a geometric model of a horse was selected from the food 3D printer gallery.
The model volume was (48 mm × 28 mm × 3 mm). The 3D printer parameters were as
follows: nozzle diameter, 0.8 mm; nozzle temperature, 25 ◦C; fill rate, 10%; and print rate,
standard. The size features of the printed product were measured using Vernier calipers,
and the porosity of samples was determined using Image J software. Parallel experiments
were performed three times [16].

2.7. Color Analysis

The L*, a*, and b* values of the finished product were measured using a spectropho-
tometer to analyze its color. The L* value represents brightness, with higher values indi-
cating a whiter sample; the a* value represents the red-green degree, with higher values
indicating a more red sample; the b* value represents the yellow-blue degree, with higher
values indicating a deeper yellow color in the sample [16].

2.8. Sensory Evaluation

According to the method of Lao et al. [17], sensory evaluation was conducted on cheese
samples with apple polyphenols added. Sensory evaluation indicators were divided into:
color (0–3 points), appearance (0–3 points), flavor (0–4 points), and a total of 10 points. If
the cumulative score exceeds 7 points, the overall acceptability of the product is considered
high, and the average score of all people is used as the final score of the product.

2.9. Statistical Analysis

The statistical analysis was performed using SPSS software (version 26.0, IBMCorp.,
Armonk, NY, USA). The data were collated and plotted using Origin 9.1. software.

3. Results and Discussion

3.1. DPPH and ABTS Free Radical Scavenging Rates

The antioxidant activities of the processed cheese samples with added apple polyphe-
nols were evaluated by both DPPH and ABTS methods. As shown in Figure 1, the DPPH
free radical scavenging rate increased gradually with the addition of apple polyphenols.
The DPPH free radical scavenging rate was positively correlated to the polyphenol content,
and the highest scavenging rate of 71.9% was achieved at an apple polyphenol content
of 1.6%. When the content of apple polyphenols is greater than 0.4%, the DHHP free
radical scavenging rate is above 70%. Thus, apple polyphenols can effectively improve the
antioxidant activity of processed cheese. The free radical scavenging activity of polyphe-
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nols is attributable to their free phenolic hydroxyl groups, which have a strong ability to
provide protons that can reduce highly oxidative free radicals and terminate free radical
chain reactions [18].

Figure 1. Effect of apple polyphenol addition on the free radical scavenging rates (%) of 2,2-di(4-
tert-octylphenyl)-1-picrylhydrazyl (DPPH) and 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) in processed cheese. Different letters in the figure indicate significant differences between
values (p < 0.05).

The ABTS free radical scavenging rates of the processed cheese samples were also
positively correlated to the amount of added apple polyphenols (Figure 1). The differences
in the radical scavenging rates of ABTS and DPPH are due to differences in solubility. As
ABTS is water-soluble, it is more suitable for the determination of water-soluble substances,
whereas DPPH is soluble in alcohols and is thus more suitable for the determination of
alcohol-soluble substances [19]. The highest ABTS free radical scavenging rate of 76.8% was
achieved at an apple polyphenol content of 1.6%. When the content of apple polyphenols
is greater than 0.4%, the ABTS free radical scavenging rate is above 60%. These results
confirm that the addition of apple polyphenols can effectively improve the antioxidant
activity of processed cheese.

3.2. Rheological Analysis

The rheological characteristics of the processed cheese samples with added apple
polyphenols were investigated. As shown in Figure 2A, the apparent viscosity of all the pro-
cessed cheese samples gradually decreased with increasing shear rate. Thus, irrespective
of the apple polyphenol content, the processed cheese samples exhibited shear thinning,
which indicates that the gelation properties are suitable for food 3D printing [20]. This
behavior is due to the main phenolic substances in apple polyphenols, including chloro-
genic acid and proanthocyanidins, which bind to proteins through hydrogen bonding and
hydrophobic interactions to form aggregates [21]. As the content of apple polyphenols
increased, the apparent viscosity gradually decreased, which may be due to the interactions
between polyphenols and proteins reducing the viscosity of the processed cheese gel system.
Notably, the viscosity of a material has an important influence on its 3D printing properties.

Figure 2B shows the energy storage modulus (G′), which is indicative of the elasticity
of the protein gel network structure, whereas Figure 2C shows the loss modulus (G′′, also
known as the viscosity modulus), which provides a measure of gel viscosity [22]. As shown
in Figure 2B, when the apple polyphenol content increases from 0% to 1.6%, the G′ values
of the processed cheese samples first increased and then decreased as the apple polyphenol
content increased, with the maximum value observed at an apple polyphenol content of
0.8%. Thus, within a certain content range, the addition of apple polyphenols promoted
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the formation of a protein gel network structure and improved the elasticity of processed
cheese, but excess polyphenols caused the elasticity of the protein gel system to decrease.
As shown in Figure 2C, the G′′ values of the processed cheese samples tended to decrease as
the apple polyphenol content increased. However, when the apple polyphenol content was
0.8%, 1.2%, and 1.6%, the G′ values were always greater than the G′′ values, indicating that
apple polyphenols promote the formation of a cross-linked protein structure that provides
enhanced elasticity.

 

 
 

Figure 2. (A) Effect of added apple polyphenols on the apparent viscosity curves of processed cheese;
(B,C) Effect of added apple polyphenols on the dynamic rheological properties of processed cheese:
(B) storage modulus (G′) and (C) loss modulus (G′′).

3.3. Structural Analysis
3.3.1. Scanning Electron Microscopy

The addition of apple polyphenols significantly affected the microstructure of pro-
cessed cheese (Figure 3). The gel network structure of processed cheese without added
apple polyphenols was loose with obvious surface folds and cavities (Figure 3A). With the
addition of apple polyphenols, the protein network structure gradually became tighter.
Compared with the sample without apple polyphenols (Figure 3A), the samples with
added apple polyphenols had flatter and denser structures with some protein cross-linking
(Figure 3B–E). Previous studies on protein–polyphenol interactions found that the presence
of apple polyphenols enhances the tight binding of protein gels [23], suggesting that the
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added polyphenols act as a protein cross-linker and thus promote the formation of a cheese
gel structure with enhanced mechanical strength.

   

  

 

Figure 3. Scanning electron micrographs of processed cheese samples with (A) 0.0%, (B) 0.4%,
(C) 0.8%, (D) 1.2%, and (E) 1.6% apple polyphenols.

3.3.2. FT-IR Spectroscopy

The effect of apple polyphenol addition on the structural characteristics of processed
cheese was further investigated using FT-IR spectroscopy. As shown in Figure 4A, the FT-IR
spectra did not change significantly after the addition of apple polyphenols, indicating
that no new functional groups were generated and that the polyphenols were bound to the
proteins through non-covalent bonds. The intensities of various characteristic peaks varied
depending on the apple polyphenol content, possibly due to changes in the secondary
structure of the protein [24]. One of the most useful spectral bands for the analysis of
protein secondary structure and conformation is the amide I band (1600–1700 cm−1) due
to its sensitivity to hydrogen bonding patterns and dipole–dipole interactions [25,26].
Peaks corresponding to various secondary structures, including β-folds (1611–1640 cm−1),
random curls (1642–1650 cm−1), α-helices (1654–1662 cm−1), and β-turns (1665–1693 cm−1),
are located within the spectral range of the amide I band. Therefore, to clarify the effect
of apple polyphenols on the secondary structure of processed cheese proteins, PeakFit
software was used to calculate the relative percentages of various secondary structures
based on the integrated areas of their peaks.

The changes in the gelation properties and strength of the processed cheese samples
were related to the changes in the relative content of each protein secondary structure.
A higher α-helix content results in a more rigid and tight protein structure, whereas a
higher β-fold content results in a more ordered and stable protein structure [27]. As shown
in Figure 4B, at apple polyphenol contents of 0.4% and 0.8%, the random curl content
decreased, but the α-helix and β-fold contents increased to some extent, indicating a
protective effect on the protein gel structure [28], which is consistent with the scanning
electron microscopy results (Figure 3A–E). Upon further increasing the apple polyphenol
content (>0.8%), the α-helix content gradually decreased, which may be due to excess
polyphenols hindering the formation of hydrogen bonds in the protein gel network while
promoting protein unfolding and the conversion of α-helices to β-turns [29]. Therefore, the
addition of an appropriate amount of apple polyphenols to processed cheese could lead to
improved structural stability.
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Figure 4. (A) Fourier transform infrared (FT-IR) spectra of processed cheese samples with added
apple polyphenols; (B) Effect of apple polyphenol addition on the protein secondary structure of
processed cheese.

3.3.3. Fluorescence Spectroscopy

Endogenous tryptophan fluorescence is often used to reveal protein conformation.
When a protein is in a folded state, tryptophan residues are present in hydrophobic struc-
tures within the protein, resulting in relatively high fluorescence intensity. In contrast, when
a protein is partially or completely unfolded, the tryptophan residues are more exposed to
the protein surface, resulting in decreased fluorescence intensity [30]. As shown in Figure 5,
the fluorescence of the proteins in the processed cheese samples group was gradually
quenched as the amount of added apple polyphenols increased. This behavior indicates
that apple polyphenols induce protein unfolding in processed cheese, thus exposing more
tryptophan residues and reducing the fluorescence intensity, which is consistent with FT-IR
spectroscopy results.

 
Figure 5. Effect of apple polyphenol addition on the fluorescence spectra of processed cheese. Labels
1 to 5 indicate apple polyphenol content of 0% to 1.6%.
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3.4. D Printing Performance and Colour Analysis

To assess the 3D printing performance of the processed cheese samples with added
apple polyphenols, 3D printing was carried out using a horse model. As shown in Table 1,
after the addition of apple polyphenols, the best 3D printing effect was achieved at an apple
polyphenol content of 0.8%, in which the porosity was 4.1%. In this case, the sample was
well extruded. This sample exhibited closely stacked layers, no obvious collapse, a smooth
surface, and good deformation resistance with no obvious deviations from the blank group
sample. At higher apple polyphenol contents (1.2% and 1.6%), the effect of polyphenols
on the protein gel network of processed cheese could lead to a decrease in the viscosity
of the material, resulting in a poor forming effect and a rougher shape; in these cases, the
porosity was 10.6% and11.1%, respectively. These samples showed gaps, indicating that the
ductility was poor when the filaments were extruded, and broken lines appeared, causing
the upper layers to be affected by the lower layers, which is consistent with the rheological
properties of the samples.

Table 1. Size characteristics and molding effects of 3D-printed processed cheese with different apple
polyphenol content.

Addition (%) Image Length (mm) Width (mm) Height (mm) Porosity (%)

0.0

 

48.13 ± 0.01 c 27.96 ± 0.05 b 2.95 ± 0.01 a 4.16 ± 0.06 b

0.4

 

48.22 ± 0.03 a 28.33 ± 0.21 b 2.95 ± 0.02 a 4.23 ± 0.08 b

0.8

 

48.12 ± 0.02 c 27.93 ± 0.06 b 2.95 ± 0.03 a 4.1 ± 0.10 b

1.2

 

48.15 ± 0.05 b 29.67 ± 0.13 a 2.92 ± 0.03 a 10.6 ± 0.46 a

1.6

 

48.17 ± 0.08 b 30.33 ± 0.58 a 2.93 ± 0.02 a 11.1 ± 0.77 a

Different letters in the same line indicate significant differences between values (p < 0.05).

The effect of apple polyphenols on the color of the 3D-printed processed cheese
samples is shown in Table 2. The addition of apple polyphenols had a significant effect
on the sample color (p < 0.05). Specifically, apple polyphenol addition resulted in lower
L* and b* values but higher a* values, indicating that the samples became less bright,
darker, and more yellow in color, and these changes were positively correlated to the
polyphenol content.
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Table 2. Color analysis of 3D-printed processed cheese with different apple polyphenol content.

Addition (%) L* a* b*

0.0 84.69 ± 0.03 a −1.12 ± 0.01 e 9.56 ± 0.01 b

0.4 62.03 ± 0.02 b −0.08 ± 0.02 d 12.89 ± 0.01 a

0.8 55.03 ± 0.01 c 0.21 ± 0.01 c 8.71 ± 0.01 d

1.2 52.02 ± 0.01 d 0.51 ± 0.01 b 8.52 ± 0.02 e

1.6 50.81 ± 0.01 e 1.35 ± 0.01 a 8.84 ± 0.00 c

Different letters in the same line indicate significant differences between values (p < 0.05). The L* value is the
brightness, the a* value is the redness and greenness, and the b* value is the yellowness and blueness.

3.5. Sensory Evaluation

Figure 6 shows the effect of different contents of apple polyphenols on the sensory
quality of 3D-printed processed cheese products. According to the product’s color score,
the appearance score of the product with 1.6% apple polyphenol content is the lowest,
while the color score of the product with 0.4% apple polyphenol content is the highest,
which is consistent with the results of the color analysis. According to the appearance score,
the product with 0.8% apple polyphenol content has the highest appearance score, while
the product with 1.6% apple polyphenol content has the lowest appearance score, which is
consistent with the results of the size characteristics analysis. According to the flavor score,
the product with 0.8% apple polyphenol content has the highest flavor score, but there is
no significant difference in flavor compared to the product with 0.4% apple polyphenol
content. The product with 1.6% apple polyphenol content has the lowest flavor score; this
is because the excessive addition of apple polyphenols will present a certain bitterness. The
overall scores of the products with 0.4% and 0.8% apple polyphenol contents exceeded the
critical value of consumer acceptance (7 points). However, because the appearance and
flavor scores of the product with 0.8% apple polyphenol content are higher than those of
the product with 0.4% apple polyphenol content, the product with 0.8% apple polyphenol
content has a higher consumer acceptance.

Figure 6. Effect of different apple polyphenol contents on the sensory evaluation of 3D-printed
processed cheese samples. Different letters in the figure indicate significant differences between
values (p < 0.05).

4. Conclusions

This study applied apple polyphenols to the 3D printing of processed cheese, and
explored the effects of different apple polyphenol addition amounts on the antioxidant and
structural stability of 3D-printed processed cheese. The addition of apple polyphenols can
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effectively improve the antioxidant capacity of 3D-printed processed cheese. When the
content of apple polyphenols is greater than 0.4%, the ABTS free radical scavenging rate is
above 60%, and the DHHP free radical scavenging rate is above 70%. At the same time,
polyphenol molecules change the secondary structure of the protein in processed cheese
by binding to it, and excessive addition of apple polyphenols will cause the viscosity of
the processed cheese to continue to decrease and the gel properties to deteriorate, affecting
the printing effect of the product. When the amount of added apple polyphenols is 0.8%,
the 3D printing effect is optimal with a porosity rate of 4.1%. Overall, when the content of
apple polyphenols is 0.8%, the resulting processed cheese can have both good antioxidant
capacity and structural stability for 3D printing. This provides a new way for personalized
antioxidant functional food.

Author Contributions: Methodology, Y.D.; investigation, C.S.; data curation, G.Z.; formal analysis,
K.C.; writing—original draft preparation, Y.D. and K.C.; writing—review and editing, G.Z. and C.S.;
funding acquisition, C.S. and G.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Major Science and Technology Projects of Zhejiang Province
(2020C02041), Zhejiang Province New Products Manufacture Projects (2022D60SA3B12123), Research
on a new technology for personalised reconstituted cheese (2022GG27), and the Chick Eagle project
of the Marketing Bureau (CY2022345).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing in
not applicable to this article.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Enfield, R.; Pandya, J.; Lu, J.; McClements, D.; Kinchla, A. The Future of 3D Food Printing: Opportunities for Space Applications.
Crit. Rev. Food Sci. Nutr. 2022, 20, 7299. [CrossRef] [PubMed]

2. Liu, Z.; Bhandari, B.; Zhang, M. Incorporation of probiotics (Bifidobacterium animalis subsp. Lactis) into 3D printed mashed
potatoes: Effects of variables on the viability. Food Res. Int. 2020, 128, 108795. [CrossRef]

3. An, Y.; Guo, C.; Zhang, M.; Zhong, Z. Investigation on characteristics of 3D printing using Nostoc sphaeroides biomass. J. Sci. Food
Agric. 2019, 99, 639–646. [CrossRef] [PubMed]

4. Wang, L.; Zhang, M.; Bhandari, B.; Yang, C. Investigation on fish surimi gel as promising food material for 3D printing. J. Food
Eng. 2018, 220, 101–108. [CrossRef]

5. Johnson, M.E.; Kapoor, R.; McMahon, D.J.; McCoy, D.R.; Narasimmon, R.G. Reduction of Sodium and Fat Levels in Natural and
Processed Cheeses: Scientific and Technological Aspects. Compr. Rev. Food Sci. Food Saf. 2009, 8, 252–268. [CrossRef]

6. Talbot-Walsh, G.; Kannar, D.; Selomulya, C. A review on technological parameters and recent advances in the fortification of
processed cheese. Trends Food Sci. Tech. 2018, 81, 193–202. [CrossRef]

7. Lu, Y.; Du, Y.; Qin, X.; Wu, H.; Huang, Y.; Cheng, Y. Comprehensive evaluation of effective polyphenols in apple leaves and their
combinatory antioxidant and neuroprotective activities. Ind. Crops Prod. 2019, 129, 242–252. [CrossRef]

8. Huang, T.; Che, Q.; Chen, X.; Chen, D.; Yu, B.; He, J.; Chen, H.; Yan, H.; Zheng, P.; Luo, Y. Apple Polyphenols Improve Intestinal
Antioxidant Capacity and Barrier Function by Activating the Nrf2/Keap1 Signaling Pathway in a Pig Model. J. Agric. Food Chem.
2022, 70, 7576–7585. [CrossRef]

9. Li, H.; Pan, Y.; Lan, Y.; Yang, Z.; Rao, J.; Chen, B. Molecular interaction mechanism and structure–activity relationships of
protein–polyphenol complexes revealed by side-directed spin labeling-electron paramagnetic resonance (SDSL-EPR) spectroscopy.
Food Chem. 2023, 402, 134354. [CrossRef]

10. Zhou, Q.; Zhang, H.; Zhao, Y.; Zhao, M.; Wang, S. Effect of apple polyphenols on the gel properties of whey protein isolate. Food
Hydrocol. 2019, 90, 433–440. [CrossRef]

11. Gülçin, I.; Huyut, Z.; Elmastas, M.; Aboul-Enein, H.Y. Radical scavenging and antioxidant activity of tannic acid. Arab. J. Chem.
2010, 3, 43–53. [CrossRef]

12. Huang, Q.; Huang, X.; Liu, L.; Wang, G.; Song, H.; Geng, F.; Luo, P. Effect of nano eggshell calcium on the structure, physic-
ochemical, and gel properties of threadfin bream (Nemipterus virgatus) actomyosin. LWT Food Sci. Technol. 2021, 150, 112047.
[CrossRef]

13. Mandalari, G.; Tomaino, A.; Arcoraci, T.; Martorana, M.; Turco, V.; Cacciola, F.; Rich, G.T.; Bisignano, C.; Saija, A.; Dugo, P.; et al.
Characterization of polyphenols, lipids and dietary fibre from almond skins (Amygdalus communis L.). J. Food Compos. Anal. 2010,
23, 166–174. [CrossRef]

243



Foods 2023, 12, 1731

14. Geng, F.; Xie, Y.; Wang, Y.; Wang, J. Depolymerization of chicken egg yolk granules induced by high-intensity ultrasound. Food
Chem. 2021, 354, 129580. [CrossRef]

15. Wang, J.; Liu, X.; Li, S.; Ye, H.; Luo, W.; Huang, Q.; Geng, F. Ovomucin may be the key protein involved in the early formation of
egg-white thermal gel. Food Chem. 2022, 366, 130596. [CrossRef]

16. Yang, F.; Zhang, M.; Liu, Y. Effect of Post-Treatment Microwave Vacuum Drying on the Quality of 3D-Printed Mango Juice Gel.
Dry Technol. 2019, 37, 1757–1765. [CrossRef]

17. Lao, Y.; Zhang, M.; Devahastin, S.; Ye, Y. Effect of Combined Infrared Freeze Drying and Microwave Vacuum Drying on Quality
of Kale Yoghurt Melts. Drying Technol. 2020, 38, 621–633. [CrossRef]
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Abstract: The anaesthetic effect of vanillin on crucian carp was investigated using different concentra-
tions of vanillin, with a nonvanillin control. The effective concentration range of vanillin anaesthesia
was determined from the behavioural characteristics of crucian carp during the anaesthesia onset
and recovery phases. Physiological and biochemical indices, and the electronic nose response to the
fish muscle, were measured over the range of effectiveanaestheticc concentrations. An increased
concentration of vanillin shortened the time taken to achieve deep anaesthesia but increased the
recovery time. The levels of white blood cells, red blood cells, haemoglobinn, platelets, alanine
aminotransferase, alkaline phosphatase, lactate dehydrogenase, phosphorus, potassium, magnesium,
total protein, and serum albumin were lower than the control in the vanillin treatment group. Triglyc-
erides and total cholesterol were not significantly affected. Histology showed no effect of vanillin
on the liver, except at 1.00 g/L vanillin. Vanillin resulted in a nondose-responsive effect on the gill
tissue, increasing the width and spacing of the gill lamellae. E-Nose analysis of the carp-muscle
flavour volatiles was able to distinguish between different vanillin treatment concentrations. GC-IMS
identified 40 flavour compounds, including 8 aldehydes, 11 alcohols, 10 ketones, 2 esters, and 1 furan.
Vanillin had aanaestheticic effect on crucian carp and these findings provide a theoretical basis for
improving the transport and experimental manipulation of crucian carp.

Keywords: vanillin; crucian carp; anesthetic effect; physiological and biochemical indices; pathology;
volatile components

1. Introduction

Freshwater fish are popular with consumers for their high-protein and low-fat contents,
and there is increasing consumer demand for high-quality fish. During the production and
transportation of fish, trauma and stress often occur, affecting their quality and survival
rate. Fish anaesthetics are widely used, as they have a sedative effect during transport, and
effectively reduce fish mortality. Commonly used fish anaesthetics in China are ethyl m-
amino benzoate (MS-222), eugenol, and 2-phenoxyethanol, however, all three anaesthetics
have undesirable side effects. MS-222 solution is weakly acidic, resulting in the plasma-
cortisol content increasing after the fish recover from deep anaesthesia; exposure to direct
sunlight may produce toxicity to fish when using MS-222 [1]. Eugenol is volatile and
its effect diminishes during anaesthesia [2,3]; 2-Phenoxyethanol is hazardous to fishery
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workers, causing neurological syndromes after prolonged exposure, has a severe, long-
lasting residual effect, and remains active for three days after the fish recover [4]. Therefore,
there is a need for research into safer anaesthetics for fishery use, such as those of a plant
origin, which have antimicrobial and antioxidant activities, and carry a low risk to human
health [5,6]. Plant extracts, such as alfalfa essential oil [7], thyme essential oil [8], and
menthol [9] all have anaesthetic effects on fish.

Vanillin is the common name for 3-methoxy-4-hydroxybenzaldehyde, which is ex-
tracted from the seeds of orchids of the genus Vanilla [10]. Annual consumption of vanillin
in China is 2000–2500 t, with consumption increasing every year [11]. Vanillin has biological
activities, such as antibacterial, anti-inflammatory, and sedative. Vanillin improved the
resistance of papaya to invasion by pathogenic bacteria, thereby improving fruit qual-
ity and improved resistance to papaya postharvest rot; vanillin can be used as a safe,
nontoxic inducer and preservative to inhibit the growth of rot pathogens [12]. Vanillin
encapsulated in nanofiber membranes extended the shelf life of turbot fillets at 4 ◦C [13].
Inhalation of vanillin by mice had no effect on activity and cognitive function, though
inhalation of essential oils containing vanillin produced effective sedation [14]. Vanillin
alleviated rotational behavioural symptoms, reduced dopamine neuron damage, inhibited
microglial activation in a rat model, and had a therapeutic effect in an animal model of
lipopolysaccharide-induced Parkinson’s disease [15]. The antimicrobial activity of vanillin
reduced the heat resistance of E. coli [16]. Vanillin has human health-promoting and medic-
inal properties and is also an important raw material for the synthesis of many drugs.
Vanillin has been reported to reduce infarct volume after hypoxic-ischaemic brain injury, by
reducing blood–brain barrier damage and oxidative damage [17]. Vanillin has neuroprotec-
tive effects by regulating the expression of inflammatory cytokines in mice with transient
middle cerebral artery occlusion, demonstrating that vanillin can inhibit the TLR4/NF-κB
signalling pathway by an anti-inflammatory mechanism [18]. Vanillin improved survival
and reduced oxidative stress in rats suffering from sepsis [19]. In this study, the anaesthetic
effect of vanillin was tested on crucian carp and the resulting changes in physiological and
biochemical parameters, pathology and volatile aroma compounds were investigated.

2. Materials and Methods

2.1. Materials and Reagents

Live crucian carp (Carassius auratus) from the Jinan seafood market (Jinan, China);
fish were selected for good health and active movement. The fish were maintained in a
temperature-controlled circulating water filtration system (dissolved oxygen ≥ 7 mg/L,
pH 7–8), at the National Agricultural Products Modern Logistics Engineering Technol-
ogy Research Center. Vanillin (purity ≥ 99%), was from Sinopharm Chemical Reagents
(Shanghai, China). Potassium (K+), sodium (Na+), glucose (GLU), total protein (TP),
albumin (ALB), total cholesterol (CHO), and triglyceride (TG) assay kits were all from
Shandong Boke Biological Industries (Jinan, China). Xylene and neutral resin were from
National Group Chemical Reagents (Shanghai, China). Hematoxylin and eosin (H&E) stain-
ing solution, differentiation solution, and blue return solution were from Wuhan Xavier
Biotechnology (Wuhan, China). Ethylene glycol ethyl ether acetate was from Shanghai
Macklin Biochemical Technology (Shanghai, China).

2.2. Experimental Methods
2.2.1. Determination of Effective Concentration of Vanillin for Anaesthesia of Crucian Carp

The effective concentration for this determination was defined as the onset of anaes-
thesia within 3 min and awakening within 5 min [20]. Six treatment concentrations (0.25,
0.50, 0.75, 1.00, 1.25, and 1.50 g/L) were used and 60 carp were randomly selected in total
for the treatment and control groups. When the fish entered the anaesthesia phase (A3),
the corresponding time was recorded as anaesthesia onset, then the fish were immediately
transferred to fresh water for recovery and the time was recorded as the onset of recovery
phase 3 (R3).
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2.2.2. Determination of Behavioural Characteristics during the Recovery Phases of
Anaesthesia, at the Optimal Vanillin Concentration

When the anaesthetic concentration is low, the fish cannot enter anaesthesia quickly;
when the anaesthetic concentration is high, the fish enter anaesthesia too quickly and the
behavioural characteristics of the anaesthesia are difficult to distinguish. To observe stable
and distinct anaesthetic staging characteristics, an appropriate anaesthetic concentration is
required. Based on the results from Section 2.2.1, the behavioural characteristics of the carp
during anaesthesia were observed in a 1.00 g/L vanillin solution. The anaesthesia (A0–A4)
and recovery (R1–R4) periods were classified according to the criteria of Mirghaed et al. [21]
and correlated with the behavioural characteristics of the different periods.

2.2.3. Effect of Vanillin Concentration on Blood and Serum Parameters of Crucian Carp

Three crucian carp were randomly placed in treatment (different vanillin concentra-
tions) and control tanks, then each fish was tested for anaesthesia (each fish was tested
only once). The fish were kept in a state of complete anaesthesia for 10 min, and then
blood samples (5 mL) were drawn with a syringe from the tail vein. Part of the sample
was mixed with an anticoagulant and used for the determination of the physiological
parameters, red blood cells (RBC), white blood cells (WBC), haemoglobin (HGB), and
platelets (PLT); the other part was centrifuged at 4 ◦C for 20 min and 4000 rpm. Then, the
supernatant was stored at −80 ◦C until needed for the determination of serum alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH), inorganic phosphate (Pi), magnesium (Mg2+), potassium
(K+), sodium (Na+), glucose (GLU), total protein (TP), albumin (ALB), cholesterol (CHO),
and triglycerides (TG).

2.2.4. H&E Staining and Histological Examination of Liver and Gill Tissues

The carp were put under complete anaesthesia with different concentrations of vanillin,
maintained for 10 min and then gently removed and placed on a dissecting table to remove
the liver and gill parts for H&E staining. All samples were cut into 5–6 μm thick slices.
Then H&E was stained for microscopic observation. Dehydration and transparency were
performed in ethanol and xylene, and then cover slipped. The stained sections were
observed and photographed using a light microscope (Nikon, DS-Fi2) and spliced into a
complete image using ImageJ software.

2.2.5. E-nose Analysis

The carp were put under complete anaesthesia with different concentrations of vanillin,
maintained for 10 min, and then gently removed and placed on a dissecting table to remove
the muscle for the electronic nose test. The E-Nose (FOX4000, Alpha MOS, Toulouse, France)
sampling was performed as described previously [22], with some modifications. Muscle
tissue (5.0 g) was homogenized, then sealed into 10 mL sample vials and analyzed each
sample 4 times. The samples were analyzed as follows: carrier gas velocity, 150 mL/min;
headspace generation temperature, 40 ◦C; injection volume, 2 mL; injection speed, 2 mL/s;
headspace generation time, 600 s; data acquisition time, 120 s; delay time, 400 s. Radar
charts and linear discriminant analysis (LDA) were used to analyse the data and remove
outliers. The response characteristics of each E-Nose sensor are shown in Table 1.

2.2.6. Gas Chromatography-Ion Mobility Spectrometry (GC-IMS) Analysis of Flavour
Volatile Compounds

The carp were put under complete anaesthesia with different concentrations of vanillin,
maintained for 10 min and then gently removed and placed on a dissecting table to extract
muscle parts for GC-IMS studies. The analysis was performed with a FlavourSpec flavour
analyser (G.A.S., Dortmund, Germany). The control software has built-in NIST and IMS
databases, which were used for analyte identification. A 4.0 g sample was placed in a
20.0 mL headspace vial and incubated for 15 min at 60 ◦C. Headspace sampling conditions
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were as follows: headspace temperature, 60 ◦C; incubation time, 15 min; heating mode,
oscillation; headspace injection needle temperature, 85 ◦C; injection volume, 500 μL; non-
split mode; carrier gas, N2 (purity ≥ 99.999%); and wash time 0.50 min. Chromatography
conditions were as follows: column temperature, 60 ◦C; run time, 15 min; carrier gas, N2
(≥99.999%); flow rate: initially 5.0 mL/min, held for 10 min, and then linearly increased to
150 mL/min over 5 min. Detection conditions were as follows: drift tube length, 5 cm linear
voltage in the tube, 400 V/cm; drift tube temperature, 40 ◦C; drift gas, N2, (≥99.999%); flow
rate, 150 mL/min; and IMS detector temperature, 45 ◦C.

Table 1. Response characteristics of E-Nose sensors.

Serial Number Sensor Name Sensor Response Characteristics

1 LY2/LG chlorine, fluorine, nitrogen oxides, sulfides
2 LY2/G ammonia, amine compounds, carbon oxides
3 LY2/AA ethanol, acetone, ammonia
4 LY2/GH ammonia, amine compounds
5 LY2/gCTL hydrogen sulfide
6 LY2/gCT propane, butane
7 T30/1 polar compounds, hydrogen chloride
8 P10/1 nonpolar; hydrocarbons, ammonia, chlorine
9 P10/2 nonpolar; methane, ethane
10 P40/1 fluorine, chlorine
11 T70/2 toluene, xylene, carbon monoxide
12 PA/2 ethanol, ammonia, amine compounds
13 P30/1 hydrocarbons, ammonia, ethanol
14 P40/2 chlorine, hydrogen sulfide, hydrogen fluoride
15 P30/2 hydrogen sulfide, ketones
16 T40/2 chlorine
17 T40/1 fluorine
18 TA/2 ethanol

2.2.7. Statistical Analysis

SPSS 26.0 (SPSS Inc., Chicago, IL, USA) was used for data analysis. Data are expressed
as the mean ± standard deviation, according to an analysis of variance (ANOVA) and
Duncan’s multiple-range test (p < 0.05). The figures were plotted using OriginPro 2021
(OriginLab, Northampton, MA, USA). GC-IMS data were collected and analyzed from
different perspectives using the Laboratory Analytical Viewer (LAV) software and three
plug-ins (Reporter, Gallery Plot, Dynamic PCA) as well as the GC-IMS Library Search
qualitative software.

3. Results

3.1. Determination of the Effective Vanillin Anaesthesia Concentration Range for Crucian Carp

As the concentration of vanillin increased, the time taken to achieve deep anaesthesia
(stage A5; anaesthesia time) decreased and the time for complete recovery increased (Table 2,
Figure 1); the anaesthesia time with 0.25 g/L vanillin was markedly longer than at other
concentrations. The average anaesthesia time at 1.50 g/L was 50% of that at 0.50 g/L,
whereas the average recovery time was 281% of that at 0.50 g/L. The recovery rate of
carp was 100% at all six vanillin concentrations, indicating that, within the concentration
range of 0.50–1.50 g/L, the vanillin bath was safe for the fish. As the vanillin concentration
increased, the anaesthesia time decreased, in a dose-responsive, though nonlinear manner
(Table 2). Taking market application as the starting point, the short average anaesthesia
time is the focus of market demand, and it can be seen that the anaesthesia efficiency is
higher when the test concentration is 0.50 g/L~1.50 g/L.

248



Foods 2023, 12, 1614

Table 2. Effect of different vanillin concentrations on the time taken to achieve anaesthesia and time
taken for complete recovery for crucian carp.

Vanillin Concen-
tration/(g/L)

Test the Number
of Fish/Tail

Length/cm Body Mass/g
Anaesthesia

Time/min
Recovery
Time/min

Recovery
Rate/100%

0.25 10 16.1 ± 0.35 271.7 ± 37.86 33.00 ± 8.54 2.58 ± 0.13 100
0.50 10 16.3 ± 0.95 273.3 ± 79.11 2.48 ± 0.03 2.13 ± 0.12 100
0.75 10 16.6 ± 0.96 291.6 ± 68.07 1.64 ± 0.35 2.21 ± 0.22 100
1.00 10 15.8 ± 0.41 263.4 ± 70.71 1.42 ± 0.52 2.46 ± 0.07 100
1.25 10 16.6 ± 0.80 288.3 ± 25.65 1.36 ± 0.13 2.48 ± 0.02 100
1.50 10 17.8 ± 0.72 310.1 ± 13.22 1.24 ± 0.09 4.59 ± 0.27 100

  

Figure 1. Appearance of crucian carp at the five stages of anaesthesia.

Behavioural Characteristics of Crucian Carp during the Five Stages of Anaesthesia Onset
and the Four Stages of Recovery

The timing and behavioural characteristics at each stage of anaesthesia (A0–A4) and
recovery (R1–R4) of crucian carp were determined using 1.00 g/L vanillin (Table 3). When a
fish stopped swimming, completely lost the ability to respond, and the operculum opened
weakly and slowly, it was defined as being at the A3 stage of the anaesthesia period, and
when the fish body was balanced and responsive, and the operculum opened normally, it
was defined as being at the R3 stage of recovery.
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Table 3. Behavioural characteristics of crucian carp during the successive stages of anaesthesia
and recovery.

Stages Behavioural Characteristics Minute

A0 stress period A stress response occurs, swimming is accelerated, and operculum
opening and closing are accelerated 0.40 ± 0.06

A1 sedation period
The response to external stimuli is weakened, the ability to swim is

weakened, the body is slightly out of balance, and the breathing
rate is further increased

0.75 ± 0.12

A2 Mild anaesthesia phase
The body rolls on its side, the ability to respond to external stimuli
continues to weaken, swimming slowly, and the rate of operculum

opening and closing decreases
1.09 ± 0.15

A3 anaesthesia period The body of the fish is out of balance, ventral face up, stationary,
and the operculum opening is reduced but continuous 2.60 ± 0.13

A4 deep anaesthesia period The body of the fish is stationary, and the operculum opens and
closes extremely slowly and irregularly 4.45 ± 0.42

R1 recovery stage 1 The ventral side of the fish is stationary and breathing begins to
slowly resume continuously 1.44 ± 0.12

R2 recovery stage 2
The fish can swim slowly laterally, but the sense of direction is not

clear, and the frequency of operculum opening is close to that
before anaesthesia

1.91 ± 0.10

R3 recovery stage 3
The fish body was completely restored to its preanaesthesia state,
and the operculum and upper and lower jaw opening frequency

returned to normal
3.61 ± 0.18

R4 recovery stage 4 The operculum opens and closes normally, fully returns to normal
swimming, and responds rapidly to stimuli 4.78 ± 0.27

3.2. Effect of Vanillin Concentration on Blood and Serum Parameters of Crucian Carp
3.2.1. Effect of Vanillin Concentration on the Blood Composition Index of Crucian Carp

The control WBC count was 809.76 ± 21.51 × 109/L; the vanillin treatment WBC
count initially markedly decreased, then slightly increased, with the increased vanillin
concentration (Figure 2A). The control RBC count was 0.17 ± 0.10 × 1012/L and markedly
decreased at all vanillin treatment concentrations, with a minimum of 0.75 g/L (Figure 2B).
The control HGB content was 95.11 ± 4.59 g/L and moderately decreased, then slightly
increased, with increased vanillin treatment concentration (Figure 2C). The control blood
PLT content was 27.22 ± 4.63 × 109/L and markedly decreased at all vanillin treatment
concentrations; the PLT content was not significantly different between the five vanillin
concentrations (Figure 2D).

3.2.2. Effect of Vanillin Concentration on Blood Serum Enzymes in Crucian Carp

The control serum ALT concentration was 97.73 ± 58.18 U/L; the vanillin treatment
ALT concentration initially markedly decreased, then slightly, though not significantly,
increased, with increased vanillin concentration, except for a marked increase at 1.50 g/L
vanillin, to 111.77 ± 21.97 U/L (Figure 3A). The control serum AST concentration was
440.4 ± 177.39 U/L; the vanillin treatment AST concentration markedly increased, though
remained relatively constant, at all vanillin treatment concentrations (Figure 3B). The control
serum ALP concentration was 26.67 ± 12.66 U/L; the vanillin treatment ALT concentration
initially markedly decreased, then gradually increased, with the increased vanillin con-
centration (Figure 3C). The control serum LDH concentration was 2560.02 ± 7.23 U/L and
moderately decreased at all vanillin treatment concentrations, with a minimum of 1.00 g/L
(Figure 3D).
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Figure 2. Effect of vanillin concentration on the blood composition of crucian carp: (A) white blood
cells (WBC); (B) red blood cells (RBC); (C) haemoglobin (HGB); and (D) platelets (PLT). Different
letters above the columns indicate a significant difference (p < 0.05); the same letter indicates no
significant difference (p > 0.05).

Figure 3. Effect of vanillin concentration on serum enzyme concentrations in crucian carp: (A) alanine
aminotransferase (ALT); (B) aspartate aminotransferase (AST); (C) alkaline phosphatase (ALP); and
(D) lactate dehydrogenase (LDH). Different letters above the columns indicate a significant difference
(p < 0.05); the same letter indicates no significant difference (p > 0.05).

251



Foods 2023, 12, 1614

3.2.3. Effect of Vanillin Concentration on the Blood Serum Ion Concentrations of
Crucian Carp

The PO4
3− concentration gradually decreased from the control value with the in-

creased vanillin concentration, with a minimum of 1.25 g/L, and a significant increase at
1.50 g/L (Figure 4A). The K+ concentration markedly decreased from the control value with
increased vanillin concentration, with a minimum of 1.00 g/L, and a significant increase at
1.50 g/L (Figure 4B). The Mg2+ concentration gradually decreased from the control value
with increased vanillin concentration, with a minimum of 1.25 g/L, and a slight increase of
1.50 g/L (Figure 4C). The Na+ concentration significantly increased from the control value
at all vanillin treatment concentrations, with a gradual increase with increased vanillin
concentration to a maximum of 1.25 g/L, and a small decrease at 1.50 g/L (Figure 4D).

Figure 4. Effect of vanillin concentration on the blood serum ion content of crucian carp:
(A) phosphate (PO4

3−); (B) potassium (K−); (C) magnesium (Mg2+); and (D) sodium (Na+). Differ-
ent letters above the columns indicate a significant difference (p < 0.05); the same letter indicates no
significant difference (p > 0.05).

3.2.4. Effect of Vanillin Concentration on the Blood Serum Concentrations of Organic
Components in Crucian Carp

The control TP concentration of 76.33 ± 6.79 g/L decreased gradually with increasing
vanillin treatment concentration to a minimum of 1.00 g/L vanillin, then gradually in-
creased; the variation in ALB content was very similar to that of the TP content (Figure 5A).
The CHO concentration of the vanillin treatments was slightly higher than the control
(Figure 5B). The GLU concentration varied widely with increased vanillin concentration,
increasing markedly at 0.50 g/L with a further increase at 0.75 g/L, followed by a marked
decrease to a minimum at 1.25 g/L, and then a small increase at 1.50 g/L (Figure 5C). The
control TG concentration slightly increased at 0.50 g/L vanillin, then slightly decreased
with increasing vanillin concentration (Figure 5D).

252



Foods 2023, 12, 1614

Figure 5. Effect of vanillin concentration on the blood serum concentrations of organic components in
crucian carp: (A) total protein (TP) and albumin (ALB); (B) cholesterol (CHO); (C) glucose (GLU); and
(D) triglycerides (TG). Different letters above the columns indicate a significant difference (p < 0.05);
the same letter indicates no significant difference (p > 0.05).

3.3. Histopathological Examination

Liver tissue sections (Figure 6) showed that the hepatocytes in the control and treat-
ment groups were evenly arranged, intact and clear, except at 1 g/L vanillin, and vacuola-
tion in the treatment groups was more marked than in the control. At 1.50 g/L vanillin, the
accumulation of hepatocyte nuclei was greater than in the control, though their integrity
was better.

 

Figure 6. H&E-stained crucian carp liver tissue sections of (a) control group; (b–f) vanillin treat-
ments at 0.50, 0.75, 1.00, 1.25, and 1.50 mg/L, respectively. Note: VS: vacuoles; HC: Hepatocytes;
HN: Hepatocyte nucleus; BV: blood vessels.
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Gill tissue sections (Figure 7) showed that the control gill lamellae (GL) were flattened,
vesicular, elongated, and arranged in a comb-like pattern, they consisted of a single layer of
epithelial cells, capillaries, and columnar support cells. The epithelial cells were flattened
with spindle-shaped nuclei, and the columnar support cells had large, round nuclei and
were attached to the basement membrane. The filaments and lamellae contained small
numbers of chlorine-secreting cells. Compared to the control, the filaments and lamellae
were swollen at 1.50 g/L vanillin; there was a proliferation of flattened and columnar cells in
the vascular walls of the filaments, an increase in chlorine-secreting cells, curling and fusion
of the lamellae, and detachment of the supragillar cells. Microstructural measurements
showed a slight swelling of the chlorine-secreting cells at all treatment concentrations,
which was not significantly different from the control, except at 1.00 g/L, at which the
width and spacing of the gill lamellae increased significantly.

 

Figure 7. H&E-stained crucian carp gill tissue sections of (a) control group; (b–f) vanillin treatments
at 0.50, 0.75, 1.00, 1.25, and 1.50 mg/L, respectively. Note: BC: blood corpuscle; CC: chlorine cells;
GL: gill lamellae; PC: column cells; PVC: flat epithelial cells.

3.4. Effect of Vanillin Concentration on the Volatile Flavour Compound Profile of Carp Muscle,
Determined by E-Nose Analysis
3.4.1. Radar Fingerprinting of the E-Nose Sensor Responses to Carp-Muscle
Flavour Volatiles

The muscle aroma of the anaesthetized crucian carp was analyzed at different vanillin
treatment concentrations. The 18 sensors of the FOX4000 E-Nose are sensitive to different
chemical classes of volatile compounds and the ratio of relative conductivity G/G0 is
proportional to the concentration of the corresponding compound class. When G/G0 > 1,
the volatile concentration is detectable and when G/G0 ≤ 1 the volatile concentration is
below the detection limit [23]. There was a wide variation in sensor response (Figure 8),
with six sensors giving no response and those of T30/1, P10/1, PA/2, and P30/1 being rela-
tively strong. However, the differences between the control and the six vanillin treatment
concentrations were very small. It appears that vanillin treatment has a negligible effect on
fish flavour, which is highly desirable from a commercial viewpoint.

3.4.2. Linear Discriminant Analysis (LDA) of E-Nose Data

LDA is a statistical method that uses samples of known categories to establish a
discriminant model and discriminate samples of unknown categories [24]. The E-Nose
data were subjected to an LDA dimension reduction analysis (Figure 9). The contributions
of LDA1 and LDA2 were 77.29% and 19.69%, respectively, and the combined contribution
was 96.98%. LDA can distinguish the treatment and control samples, though there was no
dose response to the vanillin treatment.

254



Foods 2023, 12, 1614

Figure 8. Effect of vanillin concentration on the radar fingerprint of E−Nose responses to carp-muscle
flavour volatiles. Note: A, B, C, CK, D, and E represent vanillin concentrations of 0.50, 0.75, 1.00, 0
(control), 1.25, and 1.50 g/L, respectively.

Figure 9. LDA of E−Nose response to crucian carp muscle at different vanillin treatment concentra-
tions. Note: A, B, C, CK, D, and E represent vanillin concentrations of 0.50, 0.75, 1.00, 0 (control), 1.25,
and 1.50 g/L, respectively.

3.5. GC-IMS Analysis of Aroma Volatiles from Crucian Carp Muscle at Different Vanillin
Treatment Concentrations

The GC-IMS 3D spectra of carp-muscle flavour volatiles resulting from different
vanillin treatment concentrations (Figure 10) are not easily distinguished by the eye.
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Figure 10. GC-IMS 3D spectra of crucian carp muscle after anaesthesia. From left to right: 0, 0.50,
0.75, 1.00, 1.25, and 1.50 g/L vanillin.

The 2D top-view GC-IMS plots (Figure 11A,B) allow visual comparison of the volatile
flavour profiles of carp muscle resulting from different vanillin treatment concentrations
and significant differences between samples are visible.

The GC retention time and IMS migration time of the volatile flavour compounds
from carp muscle after treatment, with different concentrations of vanillin, were compared
with the GC-IMS database on crucian carp muscle volatiles. The library search identi-
fied 40 flavour compounds (Figure 12, Table 4), including eight aldehydes, 11 alcohols,
10 ketones, two esters, and one furan.

(A) 

Figure 11. Cont.
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(B) 

Figure 11. GC-IMS two-dimensional spectra of flavour volatiles resulting from different vanillin
treatment concentrations on crucian carp muscle. Note: (A): top view; (B): difference plot. From left
to right: 0, 0.50, 0.75, 1.00, 1.25, and 1.50 g/L vanillin.

Figure 12. The 2D GC-IMS chromatogram of volatile organic compounds in crucian carp muscle,
after treatment with vanillin. The numbers correspond to the identities in Table 4.
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Table 4. Volatile organic compounds were identified from crucian carp muscle, after treatment
with vanillin.

Category
Characteristic
Peak Number

Name of the
Compound

CAS#
Retention

Index
Retention
Time/min

Migration
Time/min

Description of the
Incense

Aldehydes

1 Nonanal C124196 1107.9 512.244 1.47608
grease, cucumber

and sweet
orange flavours

5 (E,E)-2,4-heptadienal C4313035 1012.9 368.968 1.19232 aroma of grass
and chicken

8 5-methylfurfural C620020 974.9 328.377 1.47055 cocoa, almonds
11 Octanal C124130 989.8 342.276 1.41258 fat, soap

15 (E)-2-hexenal C6728263 844.7 233.629 1.5202 fruity, green and
vegetable

16 (E)-hept-2-enal C18829555 955.1 310.888 1.25698 aroma of grass
and oil

22 Hexanal-D C66251 788.4 204.748 1.56613 grassy flavour
39 Hexanal-M C66251 787.5 204.354 1.26096 grassy flavour

Alcohols

2 1-octen-3-ol- M C3391864 982.7 335.632 1.15976 mushroom, lavender,
rose and hay aromas

3 1-octen-3-ol-D C3391864 982.2 335.107 1.60295 mushroom, lavender,
rose and hay aromas

10 n-Hexanol-D C111273 865.2 245.133 1.64596 herbal flavour
12 n-Hexanol-M C111273 867 246.147 1.32588 herbal flavour
13 3-Methyl-1-pentanol C589355 852.3 237.822 1.31307 fermented taste
21 ethanol C64175 421.1 99.501 1.13351 alcohol

28 2-methylbutan-1-ol C137326 714.7 171.67 1.23403 aromatic with wine
and ether

31 2,3-Butanediol C513859 788.4 204.748 1.36608 fermented taste
32 pent-1-en-3-ol C616251 684.2 159.959 0.94764 fruity aroma
36 1-Pentanol,2-methyl C105306 845.8 234.228 1.29357 fermented taste
38 (E)-2-hexen-1-ol C928950 851.7 237.511 1.50757 grassy, fruity

Ketones

9 3-Octanone C106683 987.9 340.428 1.71197 fruity aroma

14 2-nonanone C821556 1094.4 488.937 1.40882 fruity, sweet and
green notes

17 3-hydroxybutan-2-one C513860 717.3 172.744 1.33455 aromatic smell

20 2,3-butanedione C431038 580.2 132.579 1.17293 Fermented aroma,
sweet aroma

24 3-Pentanone C96220 693.3 163.079 1.36017 sweet scent
25 2-Butanone C78933 576.6 131.72 1.24487 aromatic smell

34 2,3-pentanedione C600146 697 164.522 1.22074
Caramel aroma,
diluted with a
creamy smell

35 2-heptanone C110430 890.4 260.017 1.26204 fruity aroma
37 2-Hexanone C591786 779 200.268 1.50009 spicy smell

40 3-Penten-2-one,
4-methyl C141797 790.2 205.63 1.45009 sweet scent

Esters
18 ethyl acetate C141786 610.7 140.096 1.34145 pineapple flavour
19 methyl acetate C79209 548.8 125.276 1.19757 pineapple flavour

Furans 6 2-pentyl furan C3777693 993.6 345.924 1.25402 fruity, grassy

Note: M indicates monomer and D indicates dimer.

To analyze differences in aroma profiles resulting from different vanillin treatment
concentrations, a flavour profile fingerprint was generated from the triplicate analyses
of the control and vanillin treatment samples (Figure 13). Some compounds, such as
3-hydroxy-2-butanone, 2,3-butanedione, 2,3-pentanedione, 2,3-butanediol, ethanol, and
2-methylbutanol were present in similar amounts in all samples. Some other compounds
varied in content greatly between different samples, such as hexanal, E-2-hexenal, methyl ac-
etate, 2-heptanone, 3-octanone, 4-methyl-3-penten-2-one, 2-pentylfuran, and 5-methylfuran,
which were higher in A or D and lower in C, E, and F. The difference in muscle volatile
flavour substances between group A and group D was not significant, indicating that
vanillin with a mass concentration of 1 g/L had little effect on the muscle flavour of the
crucian carp.
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Figure 13. Fingerprint of volatile flavour compounds detected in crucian carp muscle after treatment
with different concentrations of vanillin. Note: A-control; B-0.50 g/L; C-0.75 g/L; D-1.00 g/L;
E-1.25 g/L; and F-1.50 g/L.

4. Discussion and Conclusions

Vanillin had an anaesthetic effect on crucian carp when added to the water in which
the fish were present. With an increasing vanillin concentration, the time taken to achieve
deep anaesthesia decreased in an exponential, dose-responsive manner and the recovery
time of the fish, when removed to vanillin-free water, increased. All the test fish recovered
completely and there was no evidence of adverse effects. This is consistent with reports on
the anaesthetic effect of eugenol on juvenile yellow-spotted basketfish (Siganus oramin) [25],
magnolia essential oil on spotted seabass (Lateolabrax maculatus) [26], and carbon dioxide
on juvenile oval pompano trevally (Trachinotus ovatus) [27].

Blood physiological indices in fish are good indicators of their metabolic state, nu-
tritional status, and health. White blood cells (WBC) are an essential part of the immune
system [28]; red blood cells (RBC) deliver oxygen to body tissues [29]; platelets (PLT) are
mainly involved in blood clotting, though they also have immunomodulatory effects; and
haemoglobin HGB is the oxygen-binding protein in RBCs [30]. Liang et al. [31] analysed
the anaesthetic effect of clove oil on the blood indexes of tilapia; the content of WBC, RBC,
HGB, and PLT increased after anaesthesia. In this study, vanillin-induced anaesthesia
moderately reduced the contents of WBC and HGB, though more than halved the contents
of RBC and PLT.

Blood serum indices in fish are also good indicators of their metabolic state, nutritional
status, health, and of cell membrane integrity [32]. Alanine and aspartate aminotransferases
(ALT and AST) are important mitochondrial enzymes and are abundant in hepatocytes [33].
Under normal conditions, only small amounts of aminotransferases are released into the
blood from hepatocytes and, therefore, serum aminotransferase activity is low. Elevated
serum levels of ALT and AST are indicators of liver damage. Alkaline phosphatase (ALP)
is involved in metabolism and the immune system [34]. Lactate dehydrogenase (LDH) is
abundant in cardiac muscle cells and increased activity is an indicator of damage to the
cardiomyocytes [35]. In this study, the ALT activity of carp anaesthetized with vanillin
was reduced, whereas the AST activity markedly increased, indicating that there may have
been some liver damage in the fish, which is consistent with the effect of anaesthesia with
Buddleja lindleyana on serum AST in crucian carp [36]. The LDH activity was moderately
reduced, suggesting that anaesthesia reduced myocardium damage, consistent with the
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response of MS-222 anaesthesia on bream (Parabramis pekinensis) [37]. The ALP activity of
crucian carp anaesthetized by the various concentrations of vanillin solution was lower
than that of the control group, indicating that the vanillin aqueous solution contained
components that inhibited ALP activity, indicating that vanillin had less effect on ALP in
crucian carp.

Inorganic ions such as PO4
3−, Mg2+, K+, and Na+ in serum are important for maintain-

ing osmolality, acid-base balance, and overall homeostasis in fish, and their content changes
after environmental stress [38]. Elevated serum PO4

3− and Mg2+ levels in fish can indicate
kidney damage [39]. In this study, the levels of PO4

3− and Mg2+ in anaesthetized crucian
carp were reduced, indicating that vanillin did not cause kidney damage. The increase
in serum Na+ and the decrease in serum K+ suggest increased permeability of the gill
epithelium, which allows leakage of Na+ and ingress of K+. In this study, with the increase
in the vanillin mass concentration, the Na+ content of each concentration of the anaesthesia
group increased compared with the control group, and the K+ content decreased compared
with the control group, and it was speculated that the higher concentrations of vanillin
caused increased gill tissue cell deformation. This is consistent with the anaesthesia of
tilapia with MS-222, which decreased serum K+ in a dose-responsive manner, whereas the
Na+ concentration remained relatively stable [40].

Glucose in the bloodstream supplies energy for various vital activities in fish [41]
and its concentration is regulated by insulin and epinephrine and fluctuates in response
to environmental factors [42]. In this study, the treatment group’s blood glucose levels
were higher than the control in different proportions, possibly due to less dissolved oxygen
in the water, which lowered the metabolic rate and/or because of the reduced physical
activity of the anaesthetized fish. The increases in GLU concentration after anaesthesia
may result from a need for increased energy associated with the stress response, which is
met by increased glycogenolysis. At higher vanillin concentrations, there was an irregular
decrease in blood glucose, consistent with more rapid anaesthesia, which is consistent
with a previous report on electroanesthetized pearl gentian grouper [43]. In contrast,
blood glucose concentrations decreased after CO2 anaesthesia of the grouper [44]. Serum
albumin (ALB) is the most abundant serum protein and acts as a transporter for insoluble
fatty acids [45]. The ALB concentration was slightly decreased by vanillin treatment.
Cholesterol (CHO) is an important component of the cell membrane and is transported in
the bloodstream by lipoproteins in fish [46]. Triglycerides, cholesterol, and total protein
levels are affected by protein catabolism and hepatic glycogenolysis. In this study, except
for triglycerides, the TP and ALB contents of the crucian carp after anaesthesia were lower
than those in the control group, indicating that the protein breakdown and liver glycogen
decomposition of crucian carp decreased after anaesthesia.

Fishery anaesthetics are a class of substances that inhibit the sensory centres of the
fish brain to varying degrees, causing the fish to lose the ability for reflex action. The
mechanism of action is to first inhibit the brain cortex (tactile loss phase), then act on the
basal ganglia and cerebellum (excitation phase), and finally on the spinal cord (anaesthesia
phase) [47]. An appropriate dose of anaesthetic reduces oxygen consumption and ammonia
excretion, inhibits excessive stress in the fish, and effectively reduces injury, or mortality
during handling. The liver is an important glandular and digestive-metabolic organ in fish
and is involved in bile secretion, metabolism, detoxification, and defence [48]. The gills
are the main respiratory organ of fish and excrete metabolic wastes, such as ammonia and
nitrogen [49]. Anaesthesia, with 40 mg/L MS-222 for 24 h, may cause some damage to the
liver tissue of the Larimichthys crocea [50]; eugenol anaesthesia of the carp (Cyprinus carpio)
did not result in detectable liver or kidney damage [51]; deep anaesthesia of rainbow trout
with Coriandrum sativum essential oil did not result in gill or liver damage [52]. In this study,
vanillin caused no detectable pathological effects on the liver. All concentrations of vanillin,
except for 1.00 g/L, had some effect on the gill tissue, increasing the width and spacing of
the gill lamellae. Further research will be needed to determine whether this is harmful to
the fish and the mechanism of any harm.
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The electronic nose (E-Nose) is an array of gas sensors that mimics the human olfactory
system and characterizes the aroma of a sample, which has low cost, ease of operation, and
high accuracy [53]. E-Nose analysis of carp muscle after vanillin treatment indicated that
the most abundant flavour volatiles are alcohols, amines, and hydrocarbons. Linear dis-
criminant analysis separated the control and the different vanillin concentration treatments,
though there was no clear dose response in the separation, indicating that, although the
E-Nose could discriminate the control and treatment samples, there was little difference in
the flavour profiles between the different vanillin treatment concentrations. The response
of different concentrations of vanillin to the muscle of crucian carp. Gas-phase ion mobility
spectrometry (GC-IMS) combines gas chromatography and ion mobility spectrometry [54]
and has the advantages of the high resolution of ion mobility spectrometry and the high
sensitivity of gas chromatography, resulting in richer chemical information than GC-mass
spectroscopy [55]. In this study, the GC-IMS was used to analyze differences in carp-muscle
flavour profile after anaesthesia with different vanillin concentrations. A total of 40 flavour
compounds were identified, including eight aldehydes, 11 alcohols, 10 ketones, two es-
ters, and one furan. Of these, 3-hydroxy-2-butanone, 2,3-butanedione, 2,3-pentanedione,
2,3-butanediol, ethanol, and 2-methylbutanol were present in all samples with similar
signal intensities, suggesting that these compounds are the main contributors to the overall
flavour of crucian carp muscle tissue after anaesthesia. Moreover, the difference between
the control group and the vanillin concentration of 1 g/L on muscle volatile flavour sub-
stances was not significant, indicating that vanillin with a mass concentration of 1 g/L had
little effect on the muscle flavour of crucian carp.

In conclusion, the effective concentration range of vanillin to anaesthetize crucian carp
is 0.50–1.50 g/L, which resulted in relatively small changes to blood biochemistry, and no
detectable liver damage, though minor, nonlethal damage to the gills. Future research on
the anaesthetic effect of vanillin should include an examination of molecular toxicology
and protein metabolism. GC-IMS proved very useful for the identification of carp-muscle
flavour volatiles, however, the GC-IMS database is not yet complete for fish muscle flavour
compounds, so more information on these compounds will be needed.
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Abstract: The synergistic impact of hydrogen-rich water (HRW, 394 ppb) and slightly acidic elec-
trolyzed water (SAEW, pH of 6.25 ± 0.19) on the antioxidant metabolism of fresh-cut kiwifruit during
storage was investigated (temperature: (3 ± 1) ◦C, humidity: 80%–85%). Compared with control
group, H+S treatment increased the contents of active oxygen-scavenging enzymes (SOD, CAT, POD,
and APX) and inhibited the increase of O2

•− and H2O2 contents during the storage of fresh-cut
kiwifruit. Meanwhile, H+S treatment could reduce the activities of the cell wall-degrading enzymes
PG, PME, PL, Cx, and β-Gal, inhibit the formation of soluble pectin, delay the degradation rate of
propectin, cellulose, and pseudocellulose, and maintain higher fruit hardness and chewability. The
results showed that H+S treatment could enhance free radical scavenging ability and reduce the cell
wall metabolism of fresh-cut kiwifruit, maintaining the good texture found in fresh-cut fruit.

Keywords: HRW; SAEW; fresh-cut; kiwifruit; antioxidant metabolism

1. Introduction

Kiwifruit (Actinidia chinensis) is not only rich in vitamin C but also contains nutrients
needed by the human body, such as dietary fiber, potassium, vitamin E, and folic acid,
as well as antioxidants, phytonutrients, and a variety of biologically active ingredients
that offer great benefits to health. The vitamin C content in kiwifruit is higher than that
in other fruits; one study found that the vitamin C content in Sunshine Golden kiwifruit
was almost three times that found in oranges and strawberries [1], which can improve
the bioavailability of micronutrient iron. Kiwifruit has a higher antioxidant capacity than
apples, grapefruit, and pears, and regular consumption of kiwifruit can help reduce the
risk of cardiovascular disease. Compared with whole fruits, fresh-cut fruits and vegetables
are more favored by consumers because of their convenience, freshness, and lack of waste.
However, it is easy to cause cutting damage to kiwifruit in the process of fresh cutting, such
as tissue softening, browning, and loss of nutrients, seriously shortening its shelf life [2,3].
In addition, due to the high water content, juice leakage from fresh-cut kiwifruit would
stimulate microbial growth, which may lead to foodborne hazards, seriously hindering the
successful development of the industry.

Hydrogen-rich water (HRW) has received increasing attention in the field of fresh food
processing and preservation. In animals, H2 plays a beneficial role in many physiological
and pathological processes, including antioxidant activity and anti-apoptotic protection. In
plants, H2 can be used as a bioactive gas molecule that promotes seed germination. Chen
et al. [4] treated paddy and mung bean with HRW and found that low HRW concentrations
could improve the seed germination rate, while high HRW concentrations inhibited germi-
nation [4]. The HRW concentrations required for affecting the germination rate of different
kinds of seeds are different. H2 is also considered to be an anti-stress molecule that is
capable of alleviating various abiotic stresses by regulating the antioxidant defense system.
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For example, Guan et al. [5] found that HRW treatment could improve the germination rate
of black barley at lower temperatures (10–15 ◦C), improve the bioactive ingredients content
in black barley germination (including free vanillic acid, conjugate coumaric acid, sinapic
acid, and vanillic acid), and enhance the in vitro antioxidant activity [5]. In recent years, the
application of H2 in fruit and vegetable preservation has attracted widespread attention due
to its strong antioxidant activity and permeability. Chen et al. [6] explored the theory that
25% of HRW pretreatment could effectively inhibit the rot of Eusculus eusculus, maintain
high hardness, improve the activity of antioxidant enzymes, and maintain freshness [6].
High permeability and residue-free properties make H2 popular; more importantly, H2
is a non-toxic gas compared to NO and H2S and does not react with most compounds at
room temperature.

Electrolytic water (EW) can be divided into strongly acidic electrolytic water (AEW,
pH 2.4–2.9, ACC 31–201 mg/L) and slightly acidic electrolyzed water (SAEW, pH 5.1–6.6,
ACC 11–31 mg/L) according to the differences in pH and effective chlorine concentration
(ACC) [7]. In recent years, compared with AEW, SAEW has attracted much attention
due to its strong antibacterial activity and lack of adverse effects on human health and
the environment [8,9]. Today, SAEW is used as a disinfectant for food safety and in
preservation [10]. The effective form of the chlorine compounds in SAEW is hypochlorous
acid (HClO), which has strong bacteriostatic activity. Issa-Zacharia et al. [11] confirmed
that the bacteriostatic activity of SAEW is mainly caused by the potential oxidative damage
of HClO to biomolecules [12]. Compared with acid preservatives, SAEW could reduce the
environmental damage and corrosive effects of the food industry [13].

Due to the extremely unstable chemical properties of SAEW, exposure to air and
light may affect the ability of SAEW to kill microorganisms, seriously affecting its timeli-
ness [14,15]. However, when SAEW is combined with other technologies, this may have
additional influences on the bactericidal effect. At present, the stability and feasibility of
SAEW when combined with ascorbic acid [16] and plasma water [17] have been reported.
There are many studies on the application of SAEW in aquatic products, most of which
focus on the reduction of pathogenic microorganisms, but there are few studies on the effect
of SAEW treatment on the storage quality of fresh-cut fruits. Therefore, in this paper, the
effects of HRW and SAEW on reactive oxygen species (ROS) metabolism and the cell-wall
stability of fresh-cut kiwifruit were studied, and the mechanism of HRW and SAEW in
fresh-cut kiwifruit preservation was discussed, providing a theoretical basis for maintaining
fresh-cut kiwifruit preservation quality.

2. Materials and Methods

2.1. Preparation of SAEW and HRW

SAEW (pH 6.25, ACC 30 mg/L) was obtained by electrolysis of a 10% hydrochloric acid
solution prepared using aqueous electrolysis equipment, with the parameters controlled
using pH measurement equipment (PHS-3C, SH Leici, Shanghai, China) and an effective
chlorine detector (RC-3F, KRK Kasahara, Kuki, Japan). HRW with an H2 concentration of
394 ppb was obtained via electrolysis in a hydrogen-rich water cup.

2.2. Materials and Processing

Kiwifruits were purchased from Qingdao Haofeng Food Group Co., Ltd. (Jiaozhou,
China); they were selected for their uniform size, greenness, and freedom from diseases and
pests. The whole fruits were washed, dried, and peeled, then cut into 6–8 mm slices (about
10–15 g) with a stainless-steel knife. All the slices were randomly divided into 4 groups,
each group being 1000 g, and were treated as follows: (1) soaking in sterile distilled water
for 5 min (CK); (2) soaking in SAEW for 5 min (SAEW); (3) soaking in HRW for 5 min
(HRW); (4) soaking for 5 min in SAEW and HRW, mixed at 1:1 (H+S). After the above four
groups of treatment, the processed fresh-cut kiwifruit slices were taken out, placed on the
shelf to remove moisture, then stored in a 17.5 × 13.5 × 7.5 cm crisper, under the conditions
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of 4 ± 1 ◦C storage. After 0 d, 2 d, 4 d, 6 d, 8 d, and 10 d of storage, slices from each group
were randomly sampled to determine the indexes.

2.3. Quantification of ROS Antioxidant Metabolism
2.3.1. Determination of O2

•− and H2O2 Contents

The determination of H2O2 content was modified according to Cheng et al. [18]. The
pre-cooled acetone was added to the 2 g sample, then ground and centrifuged to obtain
the supernatant. First, 1 mL of supernatant, 0.1 mL of TiCl4 solution (10%), and 0.2 mL
of concentrated ammonia water were shaken several times, centrifuged, and then left
to precipitate. Then, 3 mL of 2 mol/L concentrated H2SO4 was added to dissolve the
precipitation, and the supernatant was obtained via centrifugation. By measuring the
absorbance value of the supernatant at a wavelength of 412 nm, the content of H2O2 in the
sample was calculated; the results are expressed in μmol/g.

2.3.2. Determination of SOD, CAT, POD, APX Activities

A superoxide dismutase (SOD) assay kit, catalase (CAT) assay kit, peroxidase (POD)
assay kit, and ascorbate peroxidase (APX) assay kit were obtained from the Nanjing
Jiancheng Institute of Biological Engineering, China, for measuring enzyme activity.

2.4. Cell Wall Antioxidant Metabolism
2.4.1. Texture Analysis

A cylindrical (P/75) probe with a diameter of 75 mm was used for the texture analysis
(TPA) (TAXT2i, Stable Micro Systems Ltd., London, UK) in accordance with the procedure
followed by Cheng et al. [18]. The test conditions were as follows: the pre-speed was
5.0 mm/s, the test speed was 2.0 mm/s, the post-speed was 1.0 mm/s, the penetration
distance was 3 mm, the interval between the two cycles was 5 s, and the trigger force was
1.0 N.

2.4.2. Determination of Pectin, Cellulose, and Hemicellulose Contents

The carbazole colorimetric method was adopted, in accordance with the study by
Lohani et al. [19], slightly modified for the determination of pectin; the results were
expressed in mg/g. The content of hemicellulose in the fruit cell wall was determined by
the anthrone colorimetric method, and the result was in mg/g. The content of cellulose in
the fruit cell wall was determined by a weighing method, and the result was expressed as
a percentage.

2.4.3. Determination of Activity of Cell Wall-Degrading Enzymes (PG, PME, PL, Cx, and
β-Gal)

For the enzyme solution preparation, 12 mL of buffer solution was added to 5 g of
sample, ground, and homogenized at 4 ◦C, then centrifuged at 12,000× g at 4 ◦C for 30 min,
and, finally, the supernatant was retained.

PG activity and Cx activity were determined by the DNS colorimetric method; the
result was expressed as mg/(g·h). PME activity was determined via NaOH titration, and
the results were expressed as μg/(g·min).

PL activity determination: After 2 mL of 0.5% pectin solution was heated at 40 ◦C for
5 min, 0.5 mL of enzyme extract was added and held at 40 ◦C for 10 min. The mixture of
0.5 mL and 4.5 mL 0.01 mol/L of HCl was mixed and shaken. The absorbance value of the
mixture was measured at 235 nm, then the result was expressed as OD235/(g·min).

β-Gal activity determination: 1.5 mL of 1% salicin solution and 0.5 mL of enzyme
extract were shaken several times and then thoroughly mixed. After the mixture was fully
reacted at 37 ◦C, 1.5 mL of DNS was quickly incorporated into the sample mixture and
then it was boiled in a water bath for 5 min. After that, the cuvette was rinsed with cold
water to achieve rapid cooling; the mixture absorbance was measured at 540 nm and the
outcome was expressed as μg/(g·min).
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2.5. Statistics

A one-way analysis of variance (ANOVA) was performed on the experimental data.
Median and normal deviations were reported. The differences between means were tested
using Duncan’s new multiple range test, with a confidence level of 95%. SPSS 20 (CoStat,
Version 6.451, CoHort Software, Pacific Grove, CA, USA) was utilized in the calculation of
all statistics. All experiments were performed in triplicate unless otherwise specified.

3. Results

3.1. Changes in the O2
•− and H2O2 Contents of Fresh-Cut Kiwifruit by Different Treatments

The influence of different treatments on the O2
•− content of fresh-cut kiwifruit during

storage is shown in Figure 1A. The O2
•− content of fresh-cut kiwifruit in each treatment

group tended to increase as the storage period was extended. The O2
•− content of samples

processed with HRW, SAEW, and H+S were lower than CK, and the O2
•− content of fresh-

cut kiwifruit treated with H+S was lower than that of HRW and SAEW alone. On the 8th
day, the O2

•− content of fresh-cut kiwifruit treated with HRW, SAEW, and H+S was 92.7%,
95.4%, and 86.0% of CK, respectively. This showed that all three treatments could inhibit
the increase in the O2

•− content of fresh-cut kiwi fruit, and the H+S treatment had the most
significant effect (p < 0.05).

Figure 1. Changes in superoxide anion content (A) and H2O2 content (B) in fresh-cut kiwifruit after
different treatments, during storage.

The consequences of the different disposal methods on the H2O2 content of fresh-cut
kiwifruit during storage is shown in Figure 1B. It can be seen that the H2O2 content of
fresh-cut kiwifruit continued rising with storage time in each treatment group. On the
8th day of storage, the H2O2 content of fresh-cut kiwifruit treated with HRW, SAEW, and
H+S were 85.1%, 89.5%, and 77.9% of CK, respectively. This result showed that the H+S
treatment could significantly inhibit the increase in H2O2 content (p < 0.05) and reduce its
damage to fresh-cut fruit.

3.2. Changes in SOD, CAT, POD, and APX Activities after Different Treatments

The impact of various treatments on the SOD activity of fresh-cut kiwifruit during
storage is shown in Figure 2A. Throughout the storage period, the SOD activity of the
samples in each treatment group reached a peak value on day 2 and then gradually
decreased. The SOD activity of fresh-cut kiwifruit treated with HRW, SAEW, and H+S was
significantly higher (p < 0.05) than that of CK during storage. The SOD activity of samples
treated with H+S was higher than that of samples treated with HRW and SAEW, except
for the 6th day. The SOD activity of fruits treated with HRW, SAEW, and H+S was 1.24,
1.18, and 1.30 times higher than that of CK, respectively, after storage for the 8th day. The
above analysis showed that the H+S treatment can effectively improve the SOD activity
and delay the decay of fresh-cut kiwifruit.
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Figure 2. SOD activity (A), CAT activity (B), POD activity (C), and the APX activity (D) of fresh-cut
kiwifruit after different treatments during storage.

The change in the CAT activity of fresh-cut kiwifruit during storage is shown in
Figure 2B. During storage, the CAT activity of the sample in each group gradually increased
in the early stages and began to decline gradually after reaching the maximum value on
the 6th day. During the storage, the CAT activity of the CK group of fresh-cut kiwifruit
was always lower than that of other treatment groups, and the HRW, SAEW, and H+S
treatments significantly increased the CAT activity of fresh-cut kiwifruit (p < 0.05). On the
6th day, the CAT activity of the samples treated with HRW, SAEW, and H+S was 45.98 U/g,
44.21 U/g, and 47.87 U/g, respectively, which was significantly higher than that of the CK
group (p < 0.05). It indicates that the CAT activity of fresh-cut kiwifruit was effectively
improved after HRW, SEW, and H+S treatment, and the H+S treatment was the best.

As shown in Figure 2C, throughout the storage process, the POD activity of fresh-cut
kiwifruit in each group increased rapidly in the early storage period and reached a peak
on the 6th day. Throughout the storage process, the POD activity of the samples in the CK
group was significantly less than those in the other treated groups (p < 0.05). The POD
activity of fresh-cut kiwifruit treated with HRW, SAEW, and H+S showed no significant
difference during the first six days of storage (p > 0.05). From the 6th day, the effect of
H+S treatment on the POD activity of the sample was significantly higher than that of the
HRW and SAEW treatment groups (p < 0.05). On the 8th day of storage, the POD activity
of fresh-cut kiwifruit treated with HRW, SAEW, and H+S were 1.33 times, 1.25 times, and
1.63 times that of the CK group samples, respectively.

As seen in Figure 2D, the APX activity of fresh-cut kiwifruit first increased internally
and then decreased with storage time, reaching a peak value at day 6. During the storage,
except for the second day, the APX activity of samples treated with HRW, SAEW, and H+S
was significantly higher than that of the CK group sample (p < 0.05). Since then, the APX
activity of samples treated with H+S has been at a high level. Until the 6th day of storage,
the APX activity of samples treated with HRW, SAEW, and H+S was 1.33 times, 1.17 times,
and 1.42 times that of the CK group samples, respectively. The APX activity of fresh-cut
kiwifruit treated with H+S was significantly increased (p < 0.05), which is beneficial for
maintaining fruit quality.
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3.3. Changes in the Hardness, Elasticity, and Chewability

The firmness, elasticity, and chewiness of fresh-cut kiwifruits showed a declining trend
during storage (Table 1), which was due to fruit softening caused by tissue aging. It can be
seen from the table that the firmness and chewiness of the fruit decreased significantly after
8 days of storage, while the elasticity of all samples remained stable. The sample hardness
of the H+S treatment group was always at a higher level compared with other treatment
groups, and the fruit hardness of the H+S treatment group was 5.1 N, which was 2.2 times
that of the CK treatment group when it was stored for 8 days. The elasticity value remained
stable during storage and fluctuated slightly between the different treatment groups, but
there was no significant difference. The chewiness value reflected the anti-masticatory
property of the fruit. The results showed that the masticatory property of the fruit in the CK
group decreased significantly during storage. The SAEW, HRW, and H+S treatments could
significantly delay (p < 0.05) the decline in the masticatory properties to varying degrees,
among which the H+S treatment had the best effect.

Table 1. Changes in the hardness, elasticity, and chewiness of fresh-cut kiwifruit during storage after
different treatments.

Storage
Time (d)

H+S HRW SAEW Control

Hardness (N)

0 9.21 ± 0.28 a 9.21 ± 0.28 a 9.21 ± 0.28 a 9.21 ± 0.28 a

2 8.21 ± 0.32 d 7.94 ± 0.25 c 7.02 ± 0.31 b 6.31 ± 0.15 a

4 7.72 ± 0.24 d 7.14 ± 0.15 c 6.20 ± 0.13 b 5.67 ± 0.15 a

6 6.91 ± 0.18 c 6.10 ± 0.47 b 4.54 ± 0.28 a 3.98 ± 0.10 a

8 5.12 ± 0.19 c 4.12 ± 0.32 b 2.65 ± 0.11 a 2.32 ± 0.12 a

10 3.89 ± 0.22 c 3.32 ± 0.16 b 2.33 ± 0.17 a

Elasticity

0 0.7 ± 0.03 a 0.7 ± 0.03 a 0.7 ± 0.03 a 0.7 ± 0.03 a

2 0.69 ± 0.07 a 0.65 ± 0.05 a 0.66 ± 0.03 a 0.66 ± 0.06 a

4 0.67 ± 0.01 a 0.66 ± 0.09 a 0.67 ± 0.02 a 0.66 ± 0.03 a

6 0.65 ± 0.07 a 0.64 ± 0.01 a 0.64 ± 0.04 a 0.62 ± 0.02 a

8 0.64 ± 0.03 a 0.62 ± 0.03 a 0.63 ± 0.02 a 0.61 ± 0.01 a

10

Chewiness
(N)

0 9.78 ± 0.55 a 9.78 ± 0.55 a 9.78 ± 0.55 a 9.78 ± 0.55 a

2 9.31 ± 0.56 c 8.99 ± 0.56 b 8.43 ± 0.38 a 8.12 ± 0.47 a

4 7.89 ± 0.47 c 7.46 ± 0.61 b 7.20 ± 0.31 b 6.21 ± 0.44 a

6 7.46 ± 0.39 d 6.99 ± 0.22 c 6.41 ± 0.34 b 5.89 ± 0.36 a

8 7.21 ± 0.33 c 6.45 ± 0.38 b 5.58 ± 0.51 a 5.21 ± 0.37 a

10 6.89 ± 0.24 b 5.69 ± 0.25 a 5.45 ± 0.22 a

a–d Different letters, marked on values of the same sampling time, indicate significant differences between
treatments (p < 0.05).

3.4. Changes in the Contents of Pectin, Soluble Pectin, Cellulose and Hemicellulose

The influence of the different processes on the content of pectin in fresh-cut kiwifruit is
shown in Figure 3A. During storage, the content of the pectin in the sample was gradually
reduced, due to the continuous decomposition. HRW, SAEW, and H+S treatments could
delay the decline in the pectin content of fresh-cut kiwifruit, to varying degrees. The pectin
content of the H+S treatment sample was always at a high level, and the pectin content of
fresh-cut kiwifruit after the H+S treatment was 1.33 mg/g after storage until the 8th day,
which figure was 2.46 times higher than that in the CK group.
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Figure 3. Pectin content (A), soluble pectin content (B), cellulose content (C), and hemicellulose
content (D) of fresh-cut kiwifruit, with different treatments during storage.

As indicated in Figure 3B, the changing trend of the soluble pectin content of fresh-cut
kiwifruit was opposite to that of the protopectin content, and the soluble pectin content
increased continuously during storage. Compared with the CK samples, HRW, SAEW,
and H+S treatments could significantly (p < 0.05) delay the increase in the soluble pectin
content in fresh-cut kiwifruit. Until the 8th day, the soluble pectin content in fresh-cut
kiwifruit treated with HRW, SAEW, and H+S were 65.4%, 88.5%, and 53.2% of the CK
samples, respectively. In all these ways, H+S treatment demonstrated the best effect, and
the pectin content in the fruit was only half that of the CK samples.

It can be seen from Figure 3C that the cellulose content of fresh-cut kiwifruit was
constantly decreasing during the storage period. At the early stage of storage, there was no
significant difference in the cellulose content of fruit among the treatments of each group
(p > 0.05). With the extension of storage time, the cellulose content of the sample under
the H+S treatment was at a higher level. By the 8th day of storage, the cellulose content of
fresh-cut kiwifruit under HRW, SAEW, and H+S treatments was 1.58 times, 1.48 times, and
1.70 times higher than that under CK treatment, respectively.

The hemicellulose content of fresh-cut kiwifruit decreased continuously during the
whole storage period (Figure 3D). HRW, SAEW, and H+S treatments can delay the decrease
in fruit hemicellulose to varying degrees, among which H+S treatment has the best effect.
On the 8th day after storage, the cellulose content of fresh-cut kiwifruit treated with
HRW, SAEW, and H+S was 1.59 times, 1.52 times, and 2.07 times higher than that of
CK, respectively.

3.5. Effects of Different Treatments on PG, PME, PL, and Cx and β-Gal Activity

Fresh-cut kiwifruit PG activity under different treatments is shown in Figure 4A. The
PG activity of the fruit first increased throughout the storage period and then decreased
with the increasing storage time. However, the PG activity of the sample in HRW, SAEW,
and H+S treatments was below that of the CK group throughout the storage period.
The PG activity of fresh-cut kiwifruit in the CK group reached its peak on the 6th day,
being 1.9 times, 1.64 times, and 2.22 times higher than that in the HRW, SAEW, and
H+S treatments, respectively. The H+S treatment samples reached a peak on the 8th day,
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which was 2 days later than in the CK group, which showed that H+S treatments could
significantly reduce the PG activity of fresh-cut kiwifruit (p < 0.05).

Figure 4. PG activity (A), PEM activity (B), PL activity (C), Cx activity (D), and β-Gal activity (E) of
fresh-cut kiwifruit given different treatments during storage.

It is evident from Figure 4B that the PME activity of fresh-cut kiwifruit first increased
and then decreased with increasing storage time. After 2 days of storage, the PME ac-
tivity of fruit treated with HRW, SAEW, and H+S were 17.53 μg/g·min, 18.23 μg/g·min,
and 17.17 μg/g min, respectively. No significant differences were found between them
(p > 0.05). The PME activity of fruit in the CK treatment reached its maximum value on
day 4, compared with other treatment groups, The H+S treatment significantly suppressed
the increase in PME activity (p < 0.05), and the fruit PME activity of the H+S treatment
group on day 4 was only 70.3% of that of the CK group. These results suggest that H+S
treatment could delay the degradation of pectin substances by reducing PME activity in
fresh-cut kiwifruit.

Figure 4C shows the effect of different treatments on the PL activity of fresh-cut
kiwifruit. The PL activity of the samples increased and then decreased as the storage time
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increased, and the PL activity of the samples treated with HRW, SAEW, and H+S was
lower than that of the samples treated with CK throughout the storage period. The PL
activity of the fruits in the CK group peaked on day 6, while that of the other three treated
samples peaked on day 8. The peak PL activity of fresh-cut kiwifruit treated with CK,
HRW, SAEW, and H+S was 7.03 OD235/g·min, 5.43 OD235/g·min, 5.88 OD235/g·min and
4.92 OD235/g·min, respectively.

The influence of different treatments on the Cx activity of fresh-cut kiwifruit is shown
in Figure 4D. During storage, the Cx activity of the fruit first increased and then decreased,
reaching its peak value on the 6th day. The Cx activity of the sample in the CK group was
significantly higher than that in other treatment groups (p < 0.05), which was 1.19 times,
1.09 times, and 1.45 times higher than that in the HRW, SAEW, and H+S treatment groups,
respectively, at the 6th day of storage.

Fresh-cut kiwifruit β-Gal activity first increased and then decreased with the prolon-
gation of storage time, as shown in Figure 4E. The sample β-Gal activity when treated with
HRW, SAEW, and H+S was lower than in the CK group, and in fruit treated with H+S, the
β-Gal activity was higher than that of the other two treatments during storage. Fresh-cut
kiwifruits in each group were stored until the 6th day, when β-Gal activity reached its peak,
and the fruit was treated with HRW and SAEW. H+S β-Gal activity was 77.2%, 90.66%, and
72.1% that of the CK group, respectively.

4. Discussion

The ripening and senescence of fruits and vegetables are closely related to ROS; the
production rate and clearance rate of ROS in organisms can reach a relative balance under
undamaged conditions. However, in the senescence of fruits and vegetables, the clearance
rate of free radicals could be lower than the production rate of free radicals in the body.
At this time, the balance would be broken, which leads to the accumulation of ROS in
fruit [9]. The main reason for the ripening and senescence of fruits and vegetables is
that an increase in ROS, especially the accumulation of O2

•− and H2O2, causes oxidative
damage to the biomolecules, such as lipid peroxidation, and will ultimately lead to cell
death [20]. This study found that the contents of O2

•− and H2O2 in fresh-cut kiwifruit
increased rapidly in the early stages of storage (Figure 1), which is related to the decreasing
function of the ROS scavenging system in the fruit. Compared with the CK group, HRW
and SAEW have a positive effect on ROS removal and should keep them at a low level; the
H+S treatment could reduce the content of O2

•− and H2O2 in fresh-cut kiwifruit to a large
extent, alleviating the oxidative stress of fruit.

Enhancing the activity of the ROS-scavenging enzymes (SOD, CAT, POD, and APX)
is a common mechanism for eliminating ROS in fruit cells. SOD plays an important role
in the ROS clearance of fruit and vegetable tissue, which is the first line of defense for
eliminating ROS. It catalyzes the disproportionate nature of O2

•− into H2O2 and molecular
oxygen, and it is the only enzyme for O2

•− scavenging [21]. The CAT, POD and APX
enzymes work together to decompose H2O2 into H2O and O2 in fruits and vegetables [22].
In this study, H+S treatment significantly improved the SOD, CAT, POD, and APX activities
of fresh-cut kiwifruit (Figure 2), indicating that the antioxidant activity was enhanced.
One of the functions of HRW is probably that H2 can easily penetrate the cell membrane,
thus increasing the antioxidant gene expression of the encoding SOD, CAT, POD, and
APX [23,24]. The effect of SAEW may be that the chloride in SAEW stimulates the oxidation
of fruit [25].

The firmness of the fruit decreases continuously during storage, which is closely
related to structural changes in the cell wall, mainly due to the hydrolysis of the pectin
polymer in the pulp cell wall. This softening of the fruit is caused by an increase in the
cell-wall metabolizing enzymes (PME, PG, PL, Cx, and β-Gal), resulting in the gradual
degradation of cell-wall material components [26,27]. The fresh-cut fruit’s firmness de-
creased continuously during storage; the H+S treatment group sample showed the highest
firmness and chewiness value (Table 1), while the elasticity value remained stable during
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storage. At the early stages of storage, fresh-cut kiwifruit had a high hardness, and its cell
wall was mainly composed of protopectin, hemicellulose, and cellulose. With the increase
in storage time, the fruit appeared post-ripening and softening, and the protopectin in
the fruit was continuously degraded (Figure 3), while the soluble pectin was constantly
increasing in this process. In addition, the content of cellulose and hemicellulose also
continued to decline, which is consistent with the research results of Langer et al. [28].

The main reason for the texture-softening of fruit is that the cell wall-degrading
enzyme acts on the cell wall, reducing the connectivity degree between cells, and resulting
in cell separation [29]. PG and PME are closely related to the decomposition of pectin in the
fruit cell wall. The acting substrate of PG is the polygalacturonic acid in the cell wall, which
is hydrolyzed into galacturonic acid or its oligomers. PME acts on the carboxyl group of
pectin molecules to convert it into polygalacturonic acid, which is used as the hydrolysis
substrate of PG. Peak PME activity appeared on day 4 for control samples and on day 6 for
the HRW, SAEW, and H+S treatment groups, while the peak PG activity appeared on day 6
for the control group and on day 8 for the other treatment groups, indicating that the peak
PME activity appeared earlier than PG, which is consistent with the results of previous
studies [30,31].

5. Conclusions

(1) Compared with the CK group, the H+S treatment significantly (p < 0.05) reduced
the content of free radicals (O2

•− and H2O2) in fresh-cut kiwifruit during storage,
increased the activities of the ROS scavenging enzymes, SOD, CAT, POD, and APX,
and improved the antioxidant capacity of fruit.

(2) During storage, the firmness and chewability of fresh-cut kiwifruit decreased contin-
uously, and the protopectin and cellulose were degraded. Compared with the CK
group, the H+S treatment significantly increased (p < 0.05) the content of protopectin,
cellulose, and hemicellulose in fresh-cut kiwifruit during storage, inhibited the in-
creased rate of soluble pectin, delayed the decomposition of cell-wall substances, and
maintained the integrity of the fruit cell wall.

(3) The decline in fruit firmness is related to the activity of cell wall-degrading enzymes.
The H+S treatment reduced the PG, PME, PL, Cx, and β-Gal enzyme activity, and
inhibited the degradation of pectin, cellulose, and hemicellulose, which are the main
components of the cell wall so that the softening of fresh-cut kiwifruit tissues was delayed.
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Abstract: With the changes of lifestyles and rapid growth of prepared food industry, prepared fried
rice that meets the consumption patterns of contemporary young people has become popular in China.
Although prepared fried rice is convenient and nutritious, it has the following concerns in the supply
chain: (1) susceptible to contamination by microorganisms; (2) rich in starch and prone to stall; and
(3) vegetables in the ingredients have the issues of water loss and discoloration, and meat substances
are vulnerable to oxidation and deterioration. As different ingredients are used in prepared fried rice,
their food processing and quality monitoring techniques are also different. This paper reviews the key
factors that cause changes in the quality of prepared fried rice, and the advantages and limitations of
technologies in the processing and monitoring processes. The processing technologies for prepared
fried rice include irradiation, high-voltage electric field, microwave, radio frequency, and ohmic
heating, while the quality monitoring technologies include Raman spectral imaging, near-infrared
spectral imaging, and low-field nuclear magnetic resonance technology. These technologies will serve
as the foundation for enhancing the quality and safety of prepared fried rice and are essential to the
further development of prepared fried rice in the emerging market.

Keywords: prepared fried rice; food processing; quality monitoring; food safety

1. Introduction

In recent years, especially after the COVID-19 pandemic, people’s lifestyles have been
changed tremendously, including the food consumption pattern. With the popularity of
simple household appliances such as refrigerators and microwave ovens, the markets
for prepared foods have grown significantly in North America, Europe, and China. In
the convenience food sector alone, revenues reached $562.2 billion in 2022, where China
contributed a significant proportion ($126.5 billion), and the convenience food industry
is predicted to expand at a rate of 6.21% annually [1]. Prepared fried rice is mainly made
from rice, which is stir-fried in cooking oil, seasoned with salt and other ingredients
(with pre-processed dishes or ingredients such as eggs, seafood, green beans, carrots,
sausages, etc.), and then sterilized and packaged for distribution. Consumers only need a
simply reheating process before eating. With a more balanced nutritional profile, prepared
fried rice caters to young customers who are busy and have no time to cook, and fits a
more efficient and healthier lifestyle. The emergence of smart kitchens and future food
manufacturing models have produced a new pattern of Chinese cuisine. In 2016, the
State Council of China published the opinions to broaden the supply channel of staple
food and create a high standardized and high-quality staple food brand [2]. It promoted
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industrial production of traditional Chinese staple foods and dishes. As a result, many
representatively prepared fried rice brands have emerged in China markets (Table 1).
Moreover, the cold chain logistics market of China has maintained an annual growth
rate of more than 11% from 2016. The improvement of cold-chain logistics level and the
development of food process technologies (including quick-freezing and preservation
technologies) provided technical supports for the long-distance supply of prepared fried
rice [3]. Due to different food ingredients in making prepared fried rice, appropriate
processing and preservation and quality monitoring techniques should be applied to ensure
food safety and quality [4]. Most companies currently choose −18 °C for low-temperature
preservation during transportation. Convenience and health, low carbon emissions are
the most critical development direction of prepared foods worldwide. Some companies
are already experimenting with 4 °C refrigerated preservation with a view to reducing
cold-chain transportation costs.

Prepared fried rice is a type of emerging food with Chinese characteristics (taste, flavor
etc.), and there are few reported pieces of research on it. Similar to Chinese fried rice,
Thailand has rice cracker snacks that require deep-frying [5], and Korea has the traditional
oil-puffed snack Yukwa [6,7]. Although there are representative brands of fried rice in Japan,
there is no classification of the types of fried rice. Most European and American consumers
are used to eating risotto. Research has mainly focused on the pathogenicity [8] and
growth kinetics [9,10] of harmful microorganisms in fried rice, with little discussion on the
potential applications of novel physical processing technologies and nondestructive testing
techniques on prepared fried rice. The processing of prepared fried rice is divided into the
treatment of raw materials before cooking; the way of flipping during cooking; and the
sterilization, packaging, retarding aging, and reheating after cooking. Uneven reheating can
affect the flavor and texture of prepared fried rice. Therefore, the post-cooking processing
technology is critical. Traditional heat treatment sterilization techniques (pasteurization:
temperature below 100 °C; high temperature sterilization: temperature higher than 100 °C;
ultra-high temperature instant sterilization: temperature at 135~150 °C) could destroy
the flavor substances and color of the prepared fried rice. Physical field technology and
anti-bacterial coating technology consume less energy and can retain the inherent nutrients
and freshness of raw materials, thus minimizing the deterioration of quality caused by
conventional sterilization processes. Moreover, physical field technologies have wide
applications in enzymatic reaction [11], fermentation [12], and retarding aging [13]. Their
advantages of no additives and continuous inhibition of harmful microbial growth and
reproduction are more readily accepted by consumers. Therefore, this paper focuses on the
potential sterilization technologies (irradiation, high-voltage electric field, microwave, radio
frequency, ohmic heating), and quality monitoring (Raman spectral imaging, near infrared
spectral imaging, and low-field nuclear magnetic resonance) technologies for prepared
fried rice (Figure 1). These technologies are crucial to ensure the quality and safety of
prepared fried rice and will provide guidance for further research and development for
this group of emerging food products.
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Figure 1. Schematic diagram of processing and quality testing technologies for prepared fried rice.

2. Potential Processing Technologies for Prepared Fried Rice

2.1. Sterilization Technologies

Unfavorable conditions during prepared fried-rice processing or storage can lead
to the growth of pathogenic bacteria and hazardous substances produced by microbial
metabolism [9]. As a raw material, rice can become contaminated during cultivation and
storage by dust, water, plants, insects, soil, fertilizers, and animal dung, carrying harmful
substances such as aflatoxin and Bacillus cereus [14]. There are potential biohazards associ-
ated with the use of contaminated rice for fried rice preparation. Moreover, the processing
methods, factory sanitary conditions, packaging methods, and storage environment also
affect the quality and safety of prepared fried rice [9]. Vibrio parahaemolyticus had a high
growth rate in egg fried rice at room temperature due to inadequate sterilization and cold
chain systems [15]. In prepared fried rice, microbial contamination mainly appeared on the
surface of fried rice. Heat-sensitive foods such as egg whites or prepared fried rice were
prone to contain Bacillus cereus, which is highly resistant to high temperatures and acidity
during cooking and may cause acute liver failure and encephalopathy if ingested [16].
Typically, rapid cooling is applied after the fried rice is cooked, but it is also the most
vulnerable period to microbial contamination. The correct refrigeration temperature was
used during storage to control the harmful microorganisms, but those with spores remained
alive [17]. Bacillus cereus may grow exponentially in fried rice when cooked in ham fried
rice, scrambled egg fried rice, and pea fried rice, which were slowly cooled and stored at
15 °C [18]. Diarrhea and vomiting in accidental eaters of fried rice in a Korean restaurant
were reported, due to the contamination of Bacillus cereus with a total colony count of
1.48–3.47 log CFU/g, presumably due to spoilage from improper storage [19]. In addition,
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eggs and eggshells were susceptible to Salmonella contamination, and Salmonella serovar
can cause severe gastrointestinal disease [20]. Some researchers have studied the growth
and hemolysin production mechanism of two strains of Vibrio alginolyticus and reported
their toxicity in fried rice to raise public awareness of the safety of fried rice [21]. The
examples shown above demonstrated a high possibility of microbiological contamination
in prepared fried rice. Prepared fried rice should be primarily inhibited from harmful
microorganisms such as Bacillus cereus, Vibrio parahaemolyticus, and aflatoxins produced by
Aspergillus flavus and Aspergillus parasiticus during processing. Ensuring fresh raw materials
and good sanitary environment during processing are critical to the safety and quality of
prepared fried rice. The following are some important methods that could be applied to
further improve the product safety and quality.

2.1.1. Irradiation

Irradiation is a non-thermal method that is frequently used to preserve food, where
food is subjected to a specific level of ionizing radiation generated by mechanical or natural
sources; and the DNA of microorganisms is destroyed, cell division is prevented, and the
cells stop activities, thus providing a sterilizing effect. Generally, electron beam, X-ray, and
γ-ray are used for food irradiation. Mechanical sources produce X-rays and electron beam,
which can be turned on and off. γ-rays are generated by radionuclides 60Co and 137Cs.
They have different effects on microorganisms, with penetration depths of about 8 cm,
20 cm, and 40 cm, respectively [1]. However, low consumer acceptance to irradiated food is
an issue for the rapid application of this technology, although the Joint Expert Committee
on Food Irradiation of the World Health Organization has demonstrated the safety of
food irradiation at doses below 10 kGy and that these sources are not radioactive to cause
safety hazards [22]. Moreover, appropriate irradiation doses are beneficial to preserve the
color and nutrition of the food. In an investigation into the shelf-life of ready-to-eat fried
diced chicken with chili, researchers found that 10 kGy γ-rays effectively killed pathogenic
bacteria, such as Salmonella, Escherichia coli, Bacillus spp., and Staphylococci, with no loss of
sensory quality and protein content [23]. Prepared fried rice usually contains rice, meat,
and green vegetables, such as green beans and cabbage. It is crucial to take into account
how the sterilization methods will affect the protein, fat, and starch in the fried rice and
reduce its impact on the flavor and quality of the rice and vegetables during the sterilization
process. Researchers found that irradiating brown rice with an intensity of 1 kGy γ-rays
dramatically reduced its microbial population (molds and yeasts) after two-month storage
without affecting the overall sensory tolerability. The irradiated samples became softer and
the members of the sensory evaluation panel considered that the cooked brown rice was
of better quality under 1 kGy irradiation [24]. Furthermore, a dose of 1 kGy γ-rays was
discovered to be adequate to significantly lower the level of Escherichia coli (ATCC# 25922)
in all mixed vegetables and increase the shelf life by up to 4 days [24].

Although irradiation benefits from a quick processing period and environmental
friendliness, it also has limitations. For electron beam, the energy and dose limit are 10 MeV
and 10 kGy. The maximum energy and dosage for X-rays are 5 MeV (US 7.5 MeV) and
10 kGy. The maximum energy and dosage for γ-rays is 5 MeV and 10 kGy [1]. High
doses (4.5 kGy) of electron beam irradiation intensity can oxidize lipids and vitamins in
foods [25]. Moreover, it has been shown that irradiation levels of up to 44 kGy are necessary
to inactivate microbial spores, but the current commonly used 10 kGy is far below this level.
Therefore, it is necessary to combine irradiation with other techniques to achieve effective
bactericidal effects [26]. For example, combining different doses of γ-irradiation with 4 °C
cold storage significantly reduced the number of toxic Bacillus cereus [27]. γ-irradiation
combined with active coating at 0.4 kGy had a synergistic inhibition effect on Escherichia
coli and Aspergillus niger [28]. Therefore, combining radiation with other techniques could
be an effective method in the preservation of prepared fried rice.
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2.1.2. High-Voltage Electric Field

High-voltage electric field sterilization technology is an effective, low energy-consuming,
and non-polluting method that can preserve food quality. The high-voltage electric field
is divided into high-voltage pulse electric field and high-voltage electrostatic field. High-
voltage pulsed electric fields apply a strong electric field to food within a relatively short
time. Compared to monopolar pulses, bipolar pulses have a greater impact on the porosity
of cell membranes [29], and increasing the number of pulses and pulse frequency can also
enhance the sterilization effect [30]. High-voltage pulsed electric field sterilization can be
carried out at room temperature. It causes damage to the bacterium’s enzymatic activity,
DNA, and protein structure, impairing its typical physiological function and resulting
in cellular breakage or death [31]. Prepared fried rice with ingredients including rice,
green beans, and carrots may have been infected with Staphylococcus aureus and Bacillus
licheniformis on the farm or during production. High-voltage pulsed electric fields have
significant lethal effects on common foodborne pathogens such as Staphylococcus aureus,
Salmonella typhimurium, Escherichia coli, and Listeria monocytogenes [32]. Fernandez-Diaz et al.
(2000) concluded that pasteurization at 55.6 °C for 6.2 min or 56.7 °C for 3.5 min may not
inactivate Salmonella spp. and Listeria monocytogenes [33]. While applying 26 kV/cm and
37 °C with 100 exponential decay pulses of 4 μs to continuously processed the liquid eggs,
the proteins do not coagulate and the flavor substances of the eggs are retained; however,
the harmful microorganisms decrease with the number and width of pulses increasing.
They can be combined with other techniques to obtain better bactericidal effects. When
high-voltage pulse electric field technology and cryoconcentration are used together, sub-
lethal microbes can be suppressed without causing heat damage to the food [34]. Similarly,
with the addition of nisin, a synergistic effect occurred and the bactericidal effects of the
pulsed electric field was more effective [33].

High-voltage electrostatic field equipment is relatively simpler and lower cost com-
pared with that of a high-voltage pulsed electric field (Figure 2). The electric field strength
is also lower. High-voltage electrostatic fields kill mold and bacteria on food surfaces by
causing small amounts of charged particles present in the air to constantly collide with
neutral molecules or atoms. High-voltage electrostatic fields also cause oxidative stress
and DNA sub-damage in bacteria, which have a sterilization effect on both solid and liquid
foods, reducing the number of chemical preservatives and preserving the nutrients of the
food [35]. Qi et al. (2021) studied the bactericidal effect of high-voltage electrostatic fields
on salmon, pork, and sausage, in which the lethality of Staphylococcus aureus reached 92.1–
99.8% [36]. These ingredients are often used in different types of prepared fried rice. Hsieh
et al. (2011) measured the sensory quality index of tilapia at an electric field intensity of 1
kV/cm, and the treated group was fresher compared with the untreated ones, where the
electric field intensity inhibited the protein denaturation of fish and significantly reduced
the number of microorganisms [37]. Ko et al. (2016) obtained the same conclusions. After
successive treatments with high voltage electrostatic fields at 3, 6, and 9 kV/cm for 8 days,
it maintained the protein content, solubility, and Ca2-ATPase activity [38]. Acinetobacter
johnsonii, which is commonly existed in the water and soil around fish culture, is also
present in fresh or spoiled processed foods and possibly in prepared fried rice with complex
ingredients. After 15 min of treatment with a 30 kV high-voltage electrostatic field, the
number of Acinetobacter johnsonii decreased, intracellular nucleic acids and proteins leaked,
conductivity and reactive oxygen species (ROS) content increased 16.88-fold [39]. The steril-
izing effect can be improved by combining high-pressure electrostatic field technology with
other technologies. For example, the combination of high-pressure electrostatic field and
controlled freezing point technique (temperature range from 0 °C to the freezing tempera-
ture of the organism) can successfully suppress microbial development and reproduction
and postpone the loss of food quality [38].
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Figure 2. A processing diagram of prepared fried rice under high-voltage electrostatic field, adapted
from [36], with permission from ELSEVIER, 2023.

The prepared fried rice needs to be reheated before consumption, i.e., the second
heating of the cooked food. Although reheating prepared fried rice is a common con-
sumer behavior, many restaurants are now introducing prepared fried rice to improve
the efficiency of meal delivery, and convenience stores are selling prepared fried rice and
providing reheating services. Therefore, new processing technology of reheating should be
taken into consideration for prepared fried rice. Reheating can cause changes in sensory
quality such as moisture, texture, color, starch pasting, digestibility, and other physical and
chemical properties of food. The current research on reheating technologies focuses on
the overcooked taste and the food quality after reheating. For prepared fried rice, moving
closer to the quality of restaurant fried rice after reheating has attracted more interest.
Traditional reheating, such as steaming, can maintain certain qualities of the food, but
has the disadvantage of taking a long time and adding moisture to the food. Recently,
microwave reheating and radio frequency reheating have become popular in reheating
processing.

2.1.3. Microwave

Microwave heating has both a sterilization and reheating effect on the food. Microwave-
assisted pasteurization is the process of pasteurization by using microwaves to act directly
on the material, using the movement of the food’s own polar molecules and conductive
ions, friction, to generate heat. Compared to traditional heating methods, microwave
heating is three to five times faster [40]. In addition, it reduces the loss of nutrients, flavor
substances, and texture deterioration during food heating [41]; reduces thermal degrada-
tion of heat-sensitive ingredients; improves food quality; and extends shelf life [42]. For
instance, Bacillus cereus was inoculated in fried rice and then heated in a frying pan at
high temperature (internal temperature of fried rice: 103.8–121.4 °C), medium temperature
(internal temperature of fried rice: 69.2°C), or microwave (internal temperature of fried rice:
86.3–90.6 °C) for 3 min, respectively; and the results showed that heating in microwave
oven was the most effective to control the Bacillus cereus cells and spores. With microwave
heating, the fried rice can be kept safe at 25 °C for 6 h, 35 °C for 3 h, and 45 °C for 2 h [43].
After microwave-assisted pasteurization, Montero et al. (2020) examined the physical,
chemical, sensory, and microbiological properties of fried egg rice. The treated product had
a shelf life of up to 6 weeks at 7 °C storage, where no sensory related microbial-induced
spoilage was detected; and the eggs had an acceptable firm texture, showing the great
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potential of microwave-assisted pasteurization for this group of food [44]. It is noteworthy
that 10% of American consumers store their food at a temperature of 7 °C most of the
time [42], indicating the practical application of this technology.

Microwave not only has a good sterilization effect, but also a reheating effect. When
microwave applies, the whole food will be heated up instantly and homogeneously. Re-
searchers have investigated the quality loss and flavor characteristics of food products
during microwave reheating. It was reported that meat products have little difference
in cooking loss during microwave reheating compared to other reheating methods such
as steaming, because of microwave’s high heating efficiency [45]. Microwave can also
well-retain active ingredients such as ascorbic acid in vegetables; and the loss of total
phenols, total anthocyanins, and chlorogenic acid is much lower than that of stir-frying
and deep-frying [46,47]. However, it is important to note that hot and cold spots caused by
uneven microwave heating and moisture loss can lead to bland sensory quality of foods
after microwave reheating. Geedipalli, Rakesh, and Datta (2007) placed 3.6 × 4.7 × 2.1 cm
potato cubes in the center of a turntable inside a 2459 Hz microwave oven and heated for 35
s by completing a rotational cycle every 10 s [48]. Figure 3 compared the effect of the same
oven with and without the turntable on the uniformity of potato temperature distribution.
The static-heated potatoes had concentrated high-temperature areas, while the potatoes
heated by the combined microwave rotary heating had more uniform temperature contours
on their surfaces and were heated more efficiently with low-quality loss. Moreover, the
electric field applied to the microwave cavity and temperature distribution can be influ-
enced by the food dielectric characteristics and microwave frequency [49–52]. Therefore,
choosing the appropriate microwave time and power is important to achieve the best results
for reheating prepared foods. Researchers compared the sensory score and temperature
distribution of lasagna with different combinations of frying time (5.5, 7, and 8.5 min) and
microwave reheating power (low, medium low, medium, medium high, and high power),
and determined that a frying time of 7.0 min and microwave power of medium-low power
(4.20 W/g) and 80 s reheating resulted in the best quality. Wang et al. (2018) studied the
uneven temperature distribution of convenience rice during microwave reheating and pro-
posed an intermittent reheating power and packaging container design method to improve
the microwave heating uniformity [53]. In addition, combining microwave and infrared
technology was considered more effective than the single microwave heating [54]. This is
because polar molecules and conductive ions inside the dish produced heat as a result of
microwave; and infrared tubes radiate heated the food from the external environment to
reduce the temperature difference between the interior and exterior, therefore inhibiting the
migration of polar molecules such as moisture and enhancing temperature uniformity [55].
Lasagna, a pre-made pasta, is similar to prepared fried rice. It is made in a similar process
and the ingredients are rich in starch, with a supplementary of oil, salt, and others; in
addition, both need to be kept refrigerated [56]. The way lasagna is reheated can also be
considered as a potential prepared fried rice reheating method. Comparing traditional
reheating methods (steam, baking) and new reheating methods (air fryer, microwave, and
combined infrared microwave), lasagna reheated by infrared combined with microwave
had better temperature uniformity than microwave alone and increased internal moisture
to 33.85%. This method also inhibited the outward migration of moisture, reduced the
hardness, and improved the sensory property [57].
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Figure 3. Microwave heating temperature distribution in a non-rotation (a) and rotation mode (b),
adapted from [48], with permission from ELSEVIER, 2023.

2.1.4. Radio Frequency

Radio frequency (RF) is a high-frequency alternating current electromagnetic wave
with frequencies between 300 kHz~300 MHz; and only 13.56 MHz, 27.12 MHz, and 40.68
MHz are used in industry [4]. RF treatment not only has a sterilizing effect on the individual
components of prepared fried rice, but also has the effect of reheating and regulating the
structure, digestibility, and physicochemical properties of rice starch [58].

In terms of the sterilization effect, RF penetrates the material interior and causes the
rhythmic migration of charged ions, converting electrical energy into heat, and rapidly
increasing the bulk temperature of the prepared fried rice. With a deep penetration rate
and high energy efficiency, it overcomes the defects of long traditional heating time and
excessive heating at the edges of packaged food [59]. The RF sterilization process is milder,
but the effect is similar with the conventional retorting method; in addition, its effect on the
quality deterioration of the product, such as nutrient content, texture, taste, and odor, is sig-
nificantly reduced. RF has a high potential to be applied for prepared fried rice processing.
It was observed that freshly cooked eggs were better preserved with a significantly longer
shelf life after RF sterilization, so the U.S. military used RF technology to improve the shelf
life of eggs to meet soldiers’ needs [60]. After the sterilization of Nostoc sphaeroides using 6
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kW, 27 MHz RF for 20 min, microbial counts were significantly reduced and the effect on
its color and flavor was significantly lower than that of conventional autoclaving [61]. In
addition, researchers have conducted extensive research on the sterilization effect of RF in
combination with other techniques on food products. It was found that the effects of ZnO
nanoparticles combined with RF heating on the sterilization of carrots and product quality
characteristics was superior to either ZnO nanoparticles or RF heating treatment alone and
increased the shelf life of prepared carrots up to 60 days [62].

For the research on the reheating effect of RF, most previous experiments only sterilized
or reheated one ingredient; and it is difficult to evaluate the effect on prepared fried rice,
as it has multiple ingredients. There are few studies using RF to examine the reheating
behavior of non-homogeneous food materials. Lan et al. (2020) performed RF reheating
of pizza, which is also a heterogeneous food. With selected RF parameters of 6 kW, 27.12
MHz, a maximum reheating temperature of 85 °C, and an electrode gap of 110 mm, a
good consistency of pizza bases, cheese, salami, and onions temperatures after 7.33 min
of reheating was obtained. The results suggested that heating non-homogeneous foods
with similar loss factors and dielectric constants may require higher RF heating rates and
that the uniformity of RF heating can be achieved by the moving or rotating of the raw
materials [63]. Wang et al. (2012) also reheated meat lasagna noodles, a kind of highly
heterogeneous food, with RF. When the beef, mozzarella cheese, noodles, and sauce were
properly distributed, they showed little difference in temperature and maintained good
product quality after the reheating process [64].

2.1.5. Ohmic Heating

Ohmic heating is also known as energized heating, where the food is acted as a
resistance unit and electrical energy is applied through two electrodes located on both sides
of the heating chamber in direct contact with the food material (Figure 4). When an electric
current is passed through a conductive material, the internal temperature of the material
increases due to the conversion of electrical energy into thermal energy by the Joule effect.
Although convective heat-transfer modes are still the most popular heating technologies
in the food industry, ohmic heating with its time and energy intensive advantages could
serve as a potential alternative to traditional methods in prepared fried rice [65]. Ohmic
heating is used in food industries for sterilization, thawing, extraction, and others [66],
which has benefits of a high rate of electric heat conversion, simple and easy-to-control
equipment, and no scaling, etc. [67]. It can save heating time by 48% and is more energy
efficient than steam heating. Additionally, unlike microwave heating, there is no need for
radiation isolation material during processing to protect the operator [68]. The effectiveness
of ohmic heating is directly impacted by the electrical conductivity of the food substance.
Electric field strength is proportional to the square of electrical conductivity; however, as
particle size rises, electrical conductivity decreases [69]. As shown by Benabderrahmane
and Pain (2000) and Icier and Ilicali (2005), conductivity decreases with increasing stacking
density [70,71]. After salting, the electrical conductivity of the food material increases [72].
The conductivity is also influenced by particle position and orientation, with the solid
phase heating up more quickly than the liquid phase under series settings and the opposite
being seen under parallel conditions [69]. The material state of the food, the contact area
between the electrodes and the food material, and the distance between these electrodes
also affect the heating rate.
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Figure 4. An ohmic food processing system, adapted from [65], with permission from ELSEVIER,
2023 (Gavahian et al., 2019).

Ohmic heating has a non-thermal effect (50–60 Hz) due to the presence of an electric
field. The cell membrane has a specific dielectric strength and the presence of an electric
field exceeding the electric field strength leads to changes in the cellular tissue structure.
The cell wall accumulates charge and forms pores, cell membrane permeability is enhanced,
and intracellular components diffuse, thus inactivating microorganisms [73]. Ohmic heat-
ing has a bactericidal effect on Bacillus licheniformis, Escherichia coli, Bacillus subtilis, and
Streptococcus thermophilus that may be present during the processing of prepared fried
rice [74]. It can even be used to inactivate heat-resistant bacterial spores, such as the most
heat-resistant Bacillus thermophilus spores [75]. However, Somavat et al. (2012) argued that
additional non-thermal effects can only be observed under specific treatment conditions
or in specific food samples [75]. If a stronger non-thermal effect in prepared fried rice
is required, its electrical conductivity should be increased, for example, by changing the
stacking density of the rice grains. The thermal effects frequently conceal the non-thermal
effects of ohmic heating that are used to inactivate foodborne bacteria. However, when
other methods are utilized in addition to ohmic heating, the non-thermal effect is more
pronounced and the pathogen inactivation rate rises dramatically. Combined treatments
of non-homogenized salsa (tomatoes, onions, small peppers, salt, black pepper powder,
lemon juice) with ohmic heating and parsley phenol had a synergistic bactericidal effect on
foodborne pathogens such as Escherichia coli O157:H7, Salmonella Typhimurium, and Listeria
monocytogenes. Compared to single ohmic heat sterilization, the combined treatment is less
destructive to the composition of the food and does not affect the color and quality of the
salsa [76]. Similarly, the combination of ohmic heating with citral or muscimol showed a
synergistic bactericidal effect against the above-mentioned food-borne microorganisms [77].
Because foodborne pathogens can survive for long periods in cold spots, De Alwis and
Fryer (1990) applied a mathematical modeling approach to simulate the ohmic heating
process to improve food safety [78]. Choi et al. (2020) also applied mathematical modeling
methods to accurately simulate the temperature distribution and inactivation of Escherichia
coli O157:H7, resulting in a 5-log reduction [79].

Normally, thermal processing affects the texture of food, causing water loss and
hardening. Ohmic heating reduces the damage to food quality. Compared to traditional
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steaming methods, ohmic heating consumes less energy and accelerated softening of white
rice, brown rice, and germinated brown rice. It also offers greater advantages by reducing
the loss of hardness by 50% after the pretreatment of foods containing starch [66]. These
characteristics of ohmic heating are extremely important in the reheating of prepared
fried rice. Combining ohmic heating with microwave and Near infrared radiation can
improve the uniformity of heating [80]. The combination of cold plasma, RF and ohmic
heating significantly reduces the processing time and the target temperature for ohmic
heating. By using combined heating, food quality degradation can also be minimized
and food safety improved. The elderly have special needs for food nutrient content, and
processing techniques should maximize the retention of the nutrients and flavor. Joe et al.
(2021) developed a combined ohmic and vacuum heating system to process elderly foods.
The effects of vacuum pressure intensity and action time on the physical and electrical
properties of foods with solid–liquid mixtures were discussed. It was found that the
combined technique shortened the heating time of foods and solved the problem of uneven
temperature distribution [81]. This provides an idea for the processing of prepared fried
rice. Prepared fried rice is a kind of heterogeneous food, in which the fat wraps around
the rice grains and auxiliary ingredients to slow down the aging of starch and reduce the
viscosity change of fried rice.

At present, ohmic heating technology is still in its infancy and has some challenges.
If electrode materials are not selected properly, ohmic heating may suffer from the elec-
trode corrosion of toxic chemicals and overheating of the foods. Ohmic heating requires
corrosion-resistant, non-polluting electrodes, and controlled heating speed to avoid local
overheating [82]. In addition, for non-homogeneous foods such as prepared fried rice, the
particle density affects the heating effect. The energization should be combined with other
techniques to avoid uneven currents due to different resistances of the components inside
the prepared fried rice. Since the electrical conductivity of the mixture of rice and water is
low, it has been suggested that salt can be added to the rice mixture to increase the electrical
conductivity [72]. It has also been suggested that soaking rice before making fried rice can
effectively increase the electrical conductivity of the mixture, thus making it possible to
steam rice with ohmic heating. It is noted that ohmic heating has been rarely reported in
foods containing fat and oil, and further research is needed.

3. Potential Quality and Safety Monitoring Technologies for Prepared Fried Rice

Most of the traditional techniques used to analyze harmful chemical components
and contaminants in food such as high-performance liquid chromatography (HPLC), gas
chromatography (GC), and HPLC or GC combined with mass spectrometry are expensive,
time-consuming, and invasive to the samples, requiring specialized technician operat-
ing [83]. Non-destructive, portable, and environmentally friendly Raman spectroscopy [84],
near-infrared spectroscopic imaging [85], and low-field nuclear magnetic resonance [86]
have been developed rapidly in recent years and have the potential for rapid and efficient
analysis in the field of food quality monitoring. In particular, the combination of chemomet-
ric methods for predicting food quality has received wide attention [87]. However, there
are few literature reviews on the quality monitoring techniques for prepared fried rice.

Prepared fried rice is rich in proteins and fats, which are highly susceptible to mi-
crobial attack and lead to food spoilage. Microorganisms convert nitrates to nitrites in
prepared fried rice with Chinese sausage. Fried rice grains are rich in carbohydrates; and
after cooking at high temperatures, free amino acids (asparagine) in the food react with
reducing sugars or other carboxyl compounds to produce acrylamide [88]. Both nitrites and
acrylamide are harmful to human health [89]. Food additives may also undergo transfor-
mation and produce toxins when interacting with other ingredients in the food or during
heat treatment and freezing. Prepared fried rice packaging materials in an oil and salt
environment may also migrate some plastic components into the food, creating potential
food safety problems [90]. Therefore, the use of fast and effective detection techniques can
reduce harmful substances in these food products.
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3.1. Raman Spectroscopy Imaging Technology

Raman spectroscopy is an analytical technique used in the study of molecular structure
to determine the vibration and rotation of molecules by examining the scattering spectra
of various frequencies of incident light. Raman spectroscopy imaging is a combination
of Raman spectroscopy and imaging methods that can simultaneously acquire structural
morphological data and distribution images of the prepared fried rice. Different hazardous
substances may have different spectral characteristics. After obtaining the Raman spectral
data of prepared fried rice, the data can be analyzed and interpreted by using professional
software. By comparing the spectral profiles of known hazardous substances, the presence
of hazardous substances in fried rice can be determined [82]. Prepared fried rice needs
to be stir-fried in oil and may contain about 500 μg kg−1 of acrylamide [91]. Insertion of
the aggregating agent into the metal nanoparticle aggregates to generate more hotspots,
which theoretically produces high SERS surface resonance to further enhance the Raman
signal [92]. Cheng et al. (2019), combining QuECHERS extraction and SERS, and Ye et al.
(2023), using AgNP substrate-assisted SERS technique with 0.5 M NaCl as the agglomer-
ating agent, both demonstrated that Raman spectroscopy can rapidly detect acrylamide
in fried foods; and the results are consistent with LC-MS/MS, which can be used as a
technical tool for on-site screening [92,93]. It is worth noting that the SERS technique has
limitations. The experimental conditions and control parameters need to be optimized
because of various samples with different surface structure and preparation. It is currently
only used in typical fried foods such as potato chips, needing to further expand the scope
of application. Raman spectroscopy techniques can also provide data on the spatial struc-
ture of proteins based on the backbone structure and side-chain microenvironment of the
protein polypeptide, as well as reliable identification and imaging of starch and gluten [94].
According to the different characteristic peaks corresponding to different structural infor-
mation, starch molecular structure, protein and fat composition, and additives content
were predicted by comparing the variations in the Raman spectra of the prepared fried
rice. This information is necessary to evaluate the prepared fried rice quality and safety as
well as to detect microorganisms on food surfaces [95]. This technique does not require the
complex pretreatment of the prepared fried rice; it is simple to operate and combines with
fingerprinting to simultaneously identify multiple molecules for effectively regulating the
safety of fried rice ingredients [96], such as rapid online monitoring or on-site detection of
pork ractopamine and clenbuterol hydrochloride residues using SERS with chemometric
methods [97], non-destructive detection of fungal spore counts and textural features of
corn [98], distinguishing of aflatoxin contaminated corn kernels [99], and classification
of the fake and real eggs (Figure 5) [100]. These are all raw materials of prepared fried
rice. In addition, Raman spectroscopy was used to detect mycotoxins, metal ions, and
drug residues in food products (Table 2) [101]. Although the direct application of Raman
spectroscopy detection technology on fried rice is not widely reported, its accuracy, rapidity,
and wide detection range have great potential for monitoring the quality of this group of
foods.
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Figure 5. Schematic diagram (a) and details (b) of Raman hyperspectral imaging system used for
measuring real and fake egg samples, adapted from [100], with permission from ELSEVIER, 2023
(Joshi et al., 2020).

Table 2. Application of Raman spectral imaging technology to the detection of harmful substances in
food, adapted from [101], with permission from ELSEVIER, 2023 (Sun et al., 2022).

Analytes
Excitation Laser and
Spectral Range

Results References

Microorganisms Viruses: influenza AH1N1 virus and
human adenovirus

785 nm
1100–1600 cm−1

LODH1N1 = 50 pfu/mL
LODHAdV = 50 pfu/mL [102]

Bacteria: Escherichia coli (E. coli
ATCC 25922 and K-12 strains) on
culture plate

633 nm
600–1800 cm−1

LOD = 6 × 104

CFU/mL
[103]

Fungi: Aspergillus flavus (AF36,
AF13) infect corn kernels

785 nm
103–2831 cm−1

All prediction accuracy
≥ 75.55% [103]

Mycotoxins AFB1 in peanut extracts 785 nm
400–1800 cm−1 LOD = 0.5μg/L [103]

Biotoxins Saxitoxin (STX) 785 nm
400–2000 cm−1 LOD = 1 × 10−7 M [104]

Pesticides Carbamate: thiram in apple juice 785 nm
500–1600 cm−1 LOD = 86.1μg/L [105]

Food authenticity Authenticating Australian grain-fed
and grass-fed beef products

785 nm
600–1900 cm−1

All discrimination
accuracy ≥ 83% [105]

Metal ions Hg2+ in natural ground and lake
water

785 nm
200–1800 cm−1 LOD = 0.1 nm [106]

Drug residues Tetracycline in water 532 nm
200–1800 cm−1 LOD = 10−9 m [106]

Malachite green in grass carp, bream
fish, and crucian fillets

633 nm
400–1800 cm−1 LOD = 0.5μg/L [107]

Clenbuterol in pork, chicken, and
sausage

785 nm
400–1600 cm−1 LOD = 0.05 ng/mL [108]

Several companies and institutions such as Thermo Fisher Scientific and HORIBA
Scientific have established Raman spectroscopy databases to compare unknown molecules
in food products. Dias, Jussiani, and Appoloni (2019) established a database using Raman
spectra of 78 major commercial pesticides. In the analysis of pesticides, they used a portable
delta nu Raman spectrometer with a laser wavelength of 785 nm and a resolution of 8 cm−1

to rapidly detect the pesticide species [109]. The establishment of the database provides a
reference for the detection of foods like prepared fried rice that are susceptible to pesticide
or microbial contamination.
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3.2. Near-Infrared Spectroscopy Imaging Technology

The electromagnetic spectrum in the near-infrared (NIR) range (780–2526 nm) is used
for spectral analysis. Most commercially available NIR spectrometers are focused on the
short-wavelength region of 750–1100 nm [110], while NIR spectral wavelengths in the
range of 1100 nm and 2400 nm are associated with branched starch and can be analyzed
for starch aging [111]. NIR causes the fried rice molecules to absorb some of the NIR
light and transition, reducing the intensity of the light due to different functional groups
containing different chemical bonds (O-H, C-H, N-H, S-H bonds, etc.) and hydrogen-
containing groups corresponding to different NIR absorption peaks. It is worth noting
that this technique is mainly used for macronutrient analysis, of which the content is
generally 0.1% higher than that of the sample weight. For prepared fried rice, NIR spectra
are not a simple superposition of the individual spectra of each component [101]. Using
chemometrics to extract the correct information from the NIR spectra allows qualitative
and quantitative detection of water, proteins, and lipids in the pre-made fried rice because
of their different structure and composition [112].

The quality of rice decreases with storage time, but it is difficult to quickly distinguish
aged rice from the fresh one. Using the advantages of nondestructive and rapid detec-
tion by NIR spectroscopy, Shi et al. (2023) combined partial least-squares-discriminant
analysis (PLS-DA), support vector machines (SVM), and classification regression trees
(CART) algorithms to distinguish the freshness of rice; and obtained that PLS-DA and
SVM have excellent classification ability and sensitivity [113]. This is similar to a design of
Lapchareonsuk and Sirisomboon (2015) and Onmankhong and Sirisomboon (2021), who
proposed to build mathematical models by NIR spectroscopy for quality control in the
rice industry [114,115]. Before shipping, prepared fried rice needs to be frozen to reduce
the moisture. To detect changes in the quality of pre-made fried rice after freezing, it is
usually necessary to measure ice crystal size, cell microstructure, and nutrient content,
which is complicated and time-consuming using conventional methods [116]. Since it is
technically non-destructive, inexpensive, and real-time, NIR spectroscopy detection has the
potential to be used by intelligent applications to quickly identify freezing parameters in
food goods and track the freezing process [117]. It is feasible to combine NIR imaging with
machine learning to predict the quality of frozen foods because the physical properties of
the material components are strongly correlated with the chemical composition and can
be reflected by NIR spectral images. This provides ideas for the intelligent monitoring of
quality changes in prepared fried rice and predicting shelf life. Jiang et al. (2023) demon-
strated the potential of combining NIR spectroscopy with BP-ANN modeling (Figure 6) for
the rapid non-destructive detection of frozen foods by modeling the relationship between
NIR spectra and quality indicators of frozen samples after thawing using PCR, PLSR,
SVR, and a back-propagation artificial neural network (BP-ANN) [118]. In another study,
researchers used NIR spectroscopy to determine the fat, moisture, and protein content of
frozen beef online during transportation; and this technique allows better control of the
production process, resulting in a uniform and consistent quality [119]. There is potential
to use this technology for the real-time monitoring of prepared fried rice during the frozen
storage. NIR spectroscopy enables the reliable assessment of protein and fat content, and
the detection of pH values of beef [120], TVBN, and pH in pork [121]; and moisture and pH
in chicken breast [122]. Peyvasteh et al. (2020) used NIR coupled with PCA to determine
the relative absorbance changes of oxidized myosin and myoglobin, fat, water, and collagen
in the visible spectrum of pork for the rapid evaluation of pork freshness [123]. These
ingredients are common sources of protein in prepared fried rice and directly affect its
quality.

291



Foods 2023, 12, 3052

Figure 6. Schematic diagrams of a back-propagation artificial neural network (BP-ANN), adapted
from [118], with permission from ELSEVIER, 2023 (Jiang et al., 2023).

Currently, the applications of NIR spectroscopy are mostly limited due to the insen-
sitivity of it to impurities. In addition, in dynamic online detection mode, the stability of
the instrument and the repeatability of the data are poor and the measurement accuracy is
susceptible to environmental factors such as temperature [124]. Therefore, the ability of
the models or software to process NIR data need to be further improved to increase the
prediction accuracy.

3.3. Low-Field Nuclear Magnetic Resonance Technology

Low-field nuclear magnetic resonance (LF-NMR) technology uses atomic nuclei with
fixed magnetic moments that exchange energy with alternating magnetic fields in the
presence of static and alternating magnetic fields [125]. It is an emerging technology in
the field of food quality testing, which is fast, efficient, and non-destructive. Materials
of prepared fried rice have different internal compositions and physical properties. The
quality classification can be achieved by transverse relaxation time T2 and signal intensity.
The peaks of LF-NMR spectra are T21, T22, and T23 from left to right, which represent
strongly bound water, weakly bound water, and free water in order; in addition, the
changes of the position and area of the characteristic peaks reflect the changes of moisture
state of the prepared fried rice after processing [126]. This technique has been used in the
determination of water content in fruits and vegetables, oil content in plant seeds [127],
and water and oil content in fried starches [128].

The quality of prepared fried rice is affected by the temperature fluctuations during
storage. High temperatures can damage the resistant starch as well as increase the water
absorption of the rice grains, resulting in increased volume, reduced cohesion and adhesion,
and floppier rice grains [129]. Prepared fried rice loses moisture content after freezing,
thawing, and reheating. After repeated freezing and thawing, the water-holding capacity
of food components in the fried rice were affected [130], which can be monitored by the
LF-NMR technique. For example, Li, et al. (2012) obtained LF-NMR parameters under
different conditions; and determined the color, shear, water retention, pH, and related
steaming indicators, concluding that LF-NMR and color measurements are good methods
to distinguish the water-holding capacity [131](Li et al., 2012). Ali et al. (2015) reported
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the analysis of the water state using LF-NMR and showed that after repeated freeze–thaw
cycles, lipid and protein oxidation increased with the increasing number of cycles and
affected the water-holding capacity [130]. Zhang, Zhang, and Mujumdar (2021) concluded
that ice crystals formed after freezing cause damage to the structure of muscle cells, leading
to the migration of water molecules. Water loss in chicken breast, beef and seafood, lipid
types on fermented sausage and myofibrillar protein gels can be sensitively detected by
LF-NMR technique [112]. Moreover, the integrity of proteins is revealed by the decrease in
the lateral relaxation time of their protons due to protein aggregation, which further leads
to the decrease in the lateral relaxation time of water protons. In addition to monitoring
the state and distribution of water, LF-NMR is also effective in the study of detecting the
quality of vegetables after water loss. Sun, Zhang, and Yang (2019) studied the trends
of NMR signals (A21, A22, A23, and total) of vegetables at different drying powers (200,
300, and 400 W) to obtain the characteristic variables, and used the BP-ANN model for
the nondestructive testing of the nutritional quality [132]. Similarly, Zhao et al. (2022)
established a method for the non-destructive detection of free-fatty-acid content in frying
oil samples based on LF-NMR and BP-ANN [133]. The water and oil contents of prepared
fried rice samples have now been examined in the laboratory by LF-NMR. The signals of oil
and water were clearly differentiated. The LF-NMR approach is more precise and quicker
than the Soxhlet method for the identification of oil-rich fried rice [128].

Interestingly, LF-NMR also played a role in the identification of adulteration in veg-
etable oils. LF-NMR detection revealed that the imaging difference between vegetable
oils and those with additions was the distinction in the transverse relaxation distribution
(T2 distribution) of the third peak (A) and the shift of the peak T2 value, which is likely
to be the characteristic peak of polymorphs produced during the frying process of the
oils. The A peak area grew linearly as a percentage of the total peak area as the addition
of other materials increased. Based on the change in peak area, a linear equation can be
established to discriminate adulterations [134]. In another investigation, LF-NMR detected
contamination with various hydrocolloids in prepared fried rice ingredients, and found
prominent hydrocolloid accumulation locations as well as typical T2 fitting curves [135].
Prepared fried rice, as a heterogeneous type of food, is prone to quality deterioration due
to uneven moisture after reheating and irregularities in the oil used by producers. The
quick, non-intrusive, and affordable LF-NMR approach offers a potent tool for the real-time
quality monitoring of various foods, including prepared fried rice.

4. Conclusions and Future Trends

Prepared fried rice is produced through a central kitchen, appropriately packaged to
maintain a sterile environment and stored and transported at −18 °C using rapid freezing
technologies. However, the use of metamorphic ingredients, low standard production
processes, high oil and salt content, and unsafe packaging materials lead to poor quality
of prepared fried rice. Compared with traditional processing technologies, irradiation
technology and high-voltage electric field technology have the potential to control the
microorganisms in prepared fried rice. Microwave, radio frequency and ohmic heating
have the potential to sterilize and reheat prepared fried rice. These processing technologies
consume less energy and are friendly to the environment. However, these technologies still
have limitations. Irradiation and high-voltage electric field sterilization technology require
high-capital investment. Microwave, RF, and ohmic heating normally need to be combined
with other techniques to improve the uniformity of heating. The processing technologies
will develop towards a greener, low-carbon, and environment-friendly direction.

Raman spectral imaging technology, NIR, and LF-NMR, as the new analytical proce-
dures for monitoring, have some advantages. They can non-destructively and efficiently
monitor the moisture, protein, and lipid content in food products; and detect quality
changes such as color and pH value. These technologies also improve the detection
efficiency of enterprises and law-enforcement officers. However, they also have some limi-
tations. The sensitivity of portable Raman detectors needs to be improved. The accuracy
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of NIR is readily affected by environmental factors such as temperature, which requires
correction or compensation to ensure the accuracy and reliability of the data. LF-NMR
requires a high-liquid fraction in the food sample to be able to generate a detection signal.
Factors such as the viscosity and temperature of the sample may also affect the accuracy.
For thicker or multilayer samples, these detection techniques may need to be combined
with other techniques to obtain accurate results. With the development of machine learning
and artificial intelligence, data processing and model building for Raman spectral imaging
technology, NIR, and LF-NMR will be available in the industry. This will significantly
improve the accuracy and efficiency in monitoring the quality of prepared fried rice and
ensure the safety and consistency of ingredients. The emergence of portable equipment
will make it easier to perform rapid testing and analysis of prepared fried rice in the field or
at sales terminals. In the future, the development of detecting technology will require the
improvement of appropriate software. This allows food researchers to operate equipment
and obtain experimental data more easily. Depending on the characteristics of the detection
technology, a comprehensive database for a wide range of food products will also need to
be established.

In addition, with the rapid development of prepared foods in the market, the relevant
laws and regulations should be in place. The raw material standards, processing flows,
and product standards (physical and chemical indicators, sensory quality, microbiological
indicators, etc.) should be established. Although there are few examples of direct appli-
cation of processing and testing techniques to prepared fried rice, there have been many
studies on the application to individual components of fried rice. In summary, the market
of prepared fried rice is expanding, and emerging processing and detection technologies
have great potential to be applied to prepared fried rice to ensure a high standard of food
quality and safety.
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Abstract: Nitrite is a common color and flavor enhancer in fermented meat products, but its sec-
ondary amines may transfer to the carcinogen N-nitrosamines. This review focuses on the sources,
degradation, limitations, and alteration techniques of nitrite. The transition among NO3

− and NO2
−,

NH4
+, and N2 constitutes the balance of nitrogen. Exogenous addition is the most common source of

nitrite in fermented meat products, but it can also be produced by contamination and endogenous
microbial synthesis. While nitrite is degraded by acids, enzymes, and other metabolites produced by
lactic acid bacteria (LAB), four nitrite reductase enzymes play a leading role. At a deeper level, nitrite
metabolism is primarily regulated by the genes found in these bacteria. By incorporating antioxidants,
chromogenic agents, bacteriostats, LAB, or non-thermal plasma sterilization, the amount of nitrite
supplied can be decreased, or even eliminated. Finally, the aim of producing low-nitrite fermented
meat products is expected to be achieved.

Keywords: nitrogen synthesis; nitrogen degradation; lactic acid bacteria; nitrite reductase; antioxi-
dant; nitrite degradation

1. Introduction

Fermented meat products were developed in response to a demand for meat storage.
During the fermentation process, a series of biochemical and physical changes caused by
microbial fermentation or enzymes provide the meat products with a unique flavor, color,
texture, and antioxidant properties, so as to improve the edible quality of the meat [1].
Subsequently, nitrite, comprising salty white or light yellow particles [2], which primarily
contain sodium or potassium nitrite, is commonly used in meat curing [3] as a color
protectant, antioxidant, and preservative, inhibiting the growth of spoilage and pathogenic
bacteria, such as Clostridium botulinum and Listeria monocytogenes [4]. In long-term studies,
nitrite was investigated as a mammalian vasodilator, which released a protective substance
that can save a mammal's life during hypoxia [5]. Nitrite has antibacterial, antioxidant,
color development, and flavor production properties, making it almost irreplaceable [3].
Therefore, nitrite is commonly utilized in the processing of meat products.

Regulation No.1333/2008, which applies to sausages, pig hoofs, and other products in
the European Union (EU), previously regulated the use of nitrite to a maximum dosage
of 150 mg/kg [6]. Excessive nitrite might pose a threat to food safety. Firstly, once nitrite
enters the body, it causes hypoxic poisoning by binding to hemoglobin in the blood.
Secondly, after ingestion of animal products, nitrite reacts with secondary amines to form
nitrosamine [7]. Increasing awareness of health care advances meant that people gradually
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realized the harm of excessive nitrite to the body, causing concerns regarding fermented
meat product ingredients such as nitrite, which has had a massive effect on cured meat
product sales. Therefore, preferences for the consumption of safe, low-salt, and low-fat meat
products without chemical additives have increased considerably [8]. Several investigations
have been undertaken to determine whether antioxidants, chromogenic compounds, and
bacteriostatic agents can substitute for nitrite in the curing process [9]. However, cured
meat products are complex products, in which each ingredient plays a special role, making
reformulation difficult. Challenges arise as a result of the reduction of salt and chemicals in
cured meat products, which alter their sensory qualities and might have an impact on the
microbial ecosystem, resulting in uncharacteristic and unsafe products [8].

Recent research reviewed the role of nitrite in fermented meat products, and numerous
nitrite metabolic pathways have been documented and collated. The LAB in fermented
meat products are the key factors affecting nitrite metabolism, and the acids, enzymes,
and other compounds produced by LAB contribute to nitrite synthesis and degradation.
Consequently, this review summarizes research from the previous years, the majority of
which were published within the last five years, and discusses nitrite’s source, degradation
pathway, and conversion regulation from the four perspectives of nitrogen synthesis and
degradation, nitrite metabolism, nitrite safety, and methods and application of fermented
meat products. This review mainly describes the role of LAB in the degradation of nitrite in
fermented meat products to provide a theoretical foundation for future research into nitrite
and its applications.

2. Microorganisms Related to Nitrite Metabolism

Nitrite is one of the nitrogen cycle intermediates on Earth [10]. Nitrogen in nature
is mainly present as NH4

+, as the inert N2, the lowest oxidized state, and as NO3
−, the

highest oxidized state. The transition between NO3
− and NO2

−, NH4
+, and N2 in the

biogeochemical cycle constitutes the balance of nitrogen synthesis and degradation through
nitrate and denitrification bacteria (Figure 1).

Figure 1. Biochemical cycling of nitrogen.
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Nitrifying bacteria are a class of aerobic bacteria with two physiological subgroups,
Nitrobacter and Nitrosomonas. Nitrobacter (also known as nitrite-oxidizing bacteria), contain-
ing nitrite oxidase, oxidize nitrite to nitrate (reaction (1)) and reproduce for a generation in
18 h. Nitrosomonas (nitrite bacteria, also known as ammonia-oxidizing bacteria), oxidize
NH4

+ to nitrite (reaction (2)) and reproduce for a generation in 18 min [11]. The growth
and propagation rates of Nitrobacter are significantly lower than those of Nitrosomonas. The
conversion rate of ammonium nitrogen to nitroso nitrogen is significantly slower than that
of nitrate-nitrogen to nitrite-nitrogen, leading to the accumulation of nitrite-nitrogen.

2NO2
− + O2 → 2NO3

− + Energy (1)

2NH4
+ + 3O2 → 2NO2

− + 4H+ + 2H2O + Energy (2)

Denitrifying bacteria are a group of bacteria that reduce nitrate-nitrogen to N2 and
NH4

+. Mostly heterotrophic, facultative anaerobic bacteria, such as Bacillus stephensi and
Trichomonas aeruginosa, contain a variety of nitrite reductase (NiR) enzymes to degrade
nitrite. Copper-type nitrite reductases (CuNiRs) and cytochrome cd1 nitrite reductases
(cd1NiRs) convert NO3

− to N2 (reactions (3) and (4)) by denitrification, and polyheme c
nitrite reductases (ccNiRs) convert NO3

− to NH4
+ by amination. Denitrifying bacteria

maintain the nitrogenous nitrogen content at a steady low-concentration level and the
nitrogen cycle remains in dynamic equilibrium [12].

C6H12O6 + 12NO3
− → 6H2O + 6CO2 + 12NO2

− + Energy (3)

5CH3COOH + 8NO3
− → 6H2O + 10CO2 + 4N2 + 8OH− + Energy (4)

Bacteria with degradation effects mainly include Lactiplantibacillus plantarum, Levilacto-
bacillus brevis, Leumesenteroides, Pediococcus cerevisiae, Streptococcus faecalis, and others. Paik
et al. found that Lactiplantibacillus plantarum KGR5105, Levilactobacillus brevis KGR3111,
Latilactobacillus curvatus KGR2103, and Lactobacillus serans KGR4108 also produce NiR.
LAB showed significant degradation ability in fermented meat products under optimal
conditions [13].

Fermented meat products, which typically contain nitrite, a nitrogen-containing di-
etary additive, follow the same natural rhythm of nitrogen synthesis and breakdown. In
general, the pH of meat products ranges between 5.5 and 6.2, while the pH of dry fermented
sausage ranges between 4.5 and 5.5 [14], both of which are optimum conditions (pH 4.5–5.5)
that allow LAB to grow. However, N-nitrosamine formation may be more easily achieved
in dry fermented sausages as the pH of the product approaches the optimum pH (pH 3.5)
of the nitrosation reaction [14,15]. Nitrite is synthesized and degraded by bacteria in the
endogenous system of fermented meat products, completing the nitrite metabolism cycle
in these items [10].

3. The Role of Nitrite in Fermented Meat Products

3.1. Color Formation Effect

NO reacts with myoglobin (Fe2+) and methemoglobin (Fe3+) in fermented meat prod-
ucts to form cured pink, which serves as a coloring and antioxidant. Both free and heme-
bound iron is the principal pro-oxidant in meat products [16]. NO binds to myoglobin
(Fe2+) to form unstable NO-myoglobin, which is converted to a stable pink pigment, nitroso-
heme, upon heating and prevents iron-induced oxidation [17]. Myoglobin can also react
with nitrite and be oxidized to methemoglobin (Fe3+), which in turn reacts with NO to
form NO-methemoglobin, and reducing agents restore NO-methemoglobin to form NO-
myoglobin and finally form cured pink under heating [18]. Postmortem, active cytochrome
enzymes possess the ability to utilize oxygen, which is responsible for the red color on
the surface of meat caused by the presence of oxymyoglobin [19]. Similarly, nitric oxide
promotes the lipid peroxidation cycle due to its lipophilic nature by reacting with alkyl-,
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alkoxyl-, and peroxyl radicals [20]. Consequently, nitrite can inhibit both primary and
secondary oxidation.

3.2. Flavor Improvement

The exact mechanism of the effect of nitrite on flavor is still unclear, but the antioxidant
activity of nitrite is an important factor affecting its flavor, although other antioxidants
added to meat products cannot show the unique flavor of fermented meat products. Nitrite
will not directly produce a specific flavor substance in fermented meat products. However,
nitrite can inhibit lipid oxidation, which inhibits the production of aldehydes, such as
hexanal and pentanal, which masks the sulfur-containing compounds that make meat
products produce a pickled flavor [21]. On the other hand, nitrite can induce the formation
of Strecker aldehyde, which is formed via the degradation of amino acids by dicarbonyls
that are produced from the Maillard reaction, due to the pro-oxidant effect of nitrite, and is
related to food flavor [22].

3.3. Antioxidant Properties

Nitrite can also be used as an antioxidant by receiving oxygen from sensitive molecules
or producing active nitrogen. Villaverde et al. reported that the formation of carbon-based
compounds in fermented sausage increased with the increase in nitrite content [21]. Vossen
and De Smet studied the effect of sodium nitrite on protein oxidation in isolated myofibrillar
protein and porcine patties [23]. It was found that the TBARS value of sodium nitrite was
significantly lower than that of the control group (without sodium nitrite) but had no effect
on the content of carbon-based compounds as an indicator of protein oxidation. In addition,
when sodium nitrite and sodium ascorbate are used together, the yield of carbon-based
compounds will increase, but it will not increase when used alone, which is the result
of nitrite as an oxidant of ascorbate. Dehydroascorbate is produced by the oxidation of
ascorbate by nitrite, which is similar to the carbon group of reducing sugar. It produces
non-protein carbon-based compounds via non-enzymatic glycosylation [24].

3.4. Antimicrobial Effect

Nitrite is the substance of interest in microbial inhibition, but it is not the nitrite
itself that produces the inhibition, which is closely related to its ability to trigger the
formation of NO. In vitro, NO can directly react with microbial proteins that contain
an iron–sulfur enzyme cluster (Fe-S-NO) and form protein-bound dinitrosyl dithiolato
iron complexes [25]. Ferredoxin in Clostridium spp. is involved in ATP synthesis by
the microorganisms in this Fe-S broad group. Therefore, this Fe-S-NO mechanism is
considered to be the main factor inhibiting the growth of Clostridium spp. vegetative
cells, and it can also be observed in aerobic and facultative pathogens associated with
cured meat products [26]. The dinitric iron complex formed by NO binding to proteins is
present in prokaryotic and eukaryotic cells, and iron–sulfur proteins are the major source of
protein-bound dinitrosyl iron complexes formed in Escherichia coli cells under nitric oxide
stress [27]. At the same time, peroxynitrite, a highly oxidized and unstable compound, may
be involved in the inhibition mechanism of NO, and the formation of peroxynitrite is related
to the changes in the oxidation state of intermediate compounds during the reduction of
myoglobin and nitrate. Due to its oxidation and nitrification ability, it will damage proteins,
DNA, and lipids, and ultimately inhibit the growth of microorganisms [28].

4. Metabolic Pathways of Nitrite in Fermented Meat Products

Exogenous manufacture, contamination during processing, and endogenous microbial
synthesis are the main sources of nitrite in fermented meat products. In addition, a small
amount of nitrite is produced by contamination during rearing and endogenous microbial
production. Acids, enzymes, and non-acid and non-enzyme compounds in bacteria can
degrade nitrite in fermented meat products (Figure 2).
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Figure 2. Metabolic pathway of nitrite in fermented meat products.

4.1. Source of Nitrite in Fermented Meat Products
4.1.1. Exogenous Manufacture during Processing

The addition of nitrite to meat products during processing improves their appearance,
color, flavor, and safety. It is also the main source of nitrite in fermented meat products. In
meat products, nitrite serves four purposes. The first is the reaction of nitric oxide (NO) with
hemoglobin and myoglobin to form nitrohemoglobin and nitrosymyoglobin, which main-
tain the bright color of meat products [29]. Jarulertwattana found that 4 × 10−6 g/g nitrite
was suitable for curing chicken when used with ginger sauce, but more than 4 × 10−6 g/g
nitrite will cause pink defects in chicken legs [30]. Second, nitrite can inhibit the growth
of Clostridium botulinum and Staphylococcus aureus. The minimum concentration of nitrite
that inhibits the outgrowth of Clostridium botulinum is from 4 × 10−5 to 8 × 10−5 g/g [1].
Third, nitrite has an antioxidant effect and can suppress lipid peroxidation, lowering the
production of foul odors. Ji found that sodium nitrite can effectively inhibit lipid oxidation
at 1 × 10−4 g/g during the curing process of mutton [31]. Finally, nitrite can aid some
fermentation bacteria in the production of fermented flavor components in cured meat
products through metabolism or the hydrolysis of protease and lipase. [4,32].

Some vegetable extracts are added to fermented meat products as nitrite substitutes
because they contain a large amount of nitrite: celery, watercress, lettuce, spinach, and rape
(<2500 mg/100 g); Chinese cabbage, leek, and parsley (1000 to <2500 mg/100 g); radish
and cabbage (500 to <1000 mg/100 g); carrots, cucumbers, pumpkins, and broccoli (200 to
<500 mg/100 g); and potatoes, tomatoes, onions, eggplants, mushrooms, and asparagus
(<200 mg/100 g) [33,34]. Meat products cured with vegetable extracts showed similar
quality and sensory properties to nitrite-cured products [35]. Natural nitrite sources have
a higher consumer preference than synthetic nitrite because they contain a variety of an-
tioxidants and antibacterial compounds. Phenolic compounds in vegetable extracts may
hinder the conversion of nitrite into N-nitrosamines, making the probability of nitrosamines
production lower than that of synthetic nitrite. However, there is no relevant research to
prove its conversion relationship. Nevertheless, these plant extracts have many application
limitations. Firstly, only vegetables that contain enough nitrate can be used. Furthermore,
the taste and color of vegetables will also affect the sensory quality of fermented meat prod-
ucts. Furthermore, the transformation of nitrate to nitrite in plant extracts is uncontrollable,
and the content of nitrite finally transformed may not reach the desired level [36].
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4.1.2. Contamination during Rearing

During animal rearing, domestic animals will ingest nitrite in the environment. Ni-
trogen compounds are widely used as fertilizers in agriculture. Crops produce plant
chlorophyll in response to nitrogen fertilizer, which increases crop yield [37]. The use of
nitrogen fertilizer has risen substantially in recent years, particularly in Southeast Asia [38].
Despite having a positive and significant impact on global food production, nitrogen fertil-
izer has a significant negative impact on the larger ecosystem. Under natural conditions,
nitrifying microorganisms in the environment influence the nitrogen cycle of water, ensur-
ing that nitrogen metabolism remains balanced. However, a large amount of high-nitrogen
metabolites are added to aquaculture water, which outperforms the metabolism of natural
bacteria in the reservoir, alters the dynamic balance of the nitrogen cycle, causes nitrite to
deposit in the water, and eventually accumulates nitrite in animals [39].

Unintentionally added nitrate and nitrite in livestock products have been reported.
Iammarino et al. reported a maximum endogenous nitrate content of 30 mg/kg in horse
meat and beef, and up to 40 mg/kg in fresh pork meat [40]. Iacumin et al. also determined
that the thresholds for nitrite and nitrate concentrations in raw meat were less than 4 mg/kg
and 22 mg/kg, respectively, which are below the threshold; the authors believed that nitrite
and nitrate in raw meat were not intentionally added [41].

4.1.3. Endogenous Microbial Production

In addition to the nitrite accumulated by exogenous addition and contamination of
raw materials, a tiny quantity of nitrite is produced during meat product fermentation by
endogenous microbial action. In ammonia-oxidizing bacteria, monoamine oxidase converts
NH4

+ to hydroxylamines, which are then converted to nitrite by hydroxylamine oxidase
(reaction (2)). Denitrifying bacteria can also convert nitrate-nitrogen to N2 and NH4

+, with
nitrite as an intermediary product. Iacumin et al. investigated dry pickled ham from San
Daniele without adding nitrite for 14–19 months and found that nitrite in the ham was
present at less than 4 mg/kg [42]. When products have a long curing process, adding
nitrate instead of nitrite to meat products, the nitrate is reduced to nitrite by microbial
nitrate reductases [43].

4.2. The Degradation Pathway of Nitrite in Fermented Meat Products

LAB and denitrifying bacteria degrade nitrite in fermented meat products, mostly
through acid and enzyme degradation, while other non-acid and non-enzyme compounds
can also degrade nitrite. LAB can also limit the metabolism of nitrate reduction bacteria,
reducing the generation of nitrite, and inhibiting the growth of Escherichia coli, Klebsiella pneu-
moniae, Pseudomonas fluorescens, Pseudomonas alkalogenes, and other bacteria [44]. Some bac-
teria, such as Latilactobacillus sakei, Latilactobacillus curvatus, and Levilactobacillus brevis, have
a strong ability to reduce nitrite by inhibiting the formation of N-nitro-sodimethylamine
precursors [45]. Wu et al. used a co-culture of Lactiplantibacillus plantarum Shanghai brewing
1.08 and Zygosaccharomyces rouxii CGMCC 3791 to minimize nitrite and biogenic amine
concentrations and increase the flavor components in Chinese sauerkraut [46].

The degradation by LAB is separated into two stages according to Zeng et al. [47]. In
the early stage of fermentation, when the pH > 4.5, nitrite is mostly degraded enzymatically.
Second, because LAB create acid, the breakdown of nitrite in late fermentation is primarily
acid degradation after pH < 4.5.

In the curing process, LAB mostly focused in the processing step degrade nitrite rather
than store it. According to Huang, Limosilactobacillus fermentum RC4 and Lactiplantibacillus
plantarum B6 were added to cured meat. The content of nitrite was significantly reduced
(0.75 mg/kg) during processing, which was significantly lower than that of regular cured
meat (4.67 mg/kg); during 0–20 days of storage, the moisture content of bacon decreased
significantly, the pH increased continuously, but the content of nitrite did not change
significantly [48].
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According to reports, nitrite is degraded in the following percentages in meat products:
reactions with heme proteins (5–15%), non-heme proteins (20–30%), nitrous acid with free-
amino acids via the Van Slyke reaction to generate nitrogen gas (1–5%), sulfhydryl groups
(5–15%), lipids (1–5%), oxidation back to nitrate (1–10%), and free nitrite (5–20%) [49].

4.2.1. Acid Degradation

The acid degradation of nitrite demonstrates that nitrite serves as a colorant, antioxi-
dant, unique flavoring agent, oxidant, and bacteriostatic agent in fermented meat products.
Nitrite also can produce N-nitrosamines with a carcinogenic teratogenic effect.

Fermented meat products contain large amounts of H+ after microbial fermentation,
and nitrite and H+ are decomposed into NO and H2O (reactions (5)~(7)) [4].

NO2
− + H+ ↔ HNO2 (5)

2HNO2 ↔ N2O3 + H2O (6)

N2O3 ↔ NO + NO2 (7)

Nitrite (NO2
−) forms nitrite acid (HNO2) when it combines with hydrogen ions (H+).

Nitric acid then gradually decomposes into nitrous trioxide (N2O3) and water molecules
(H2O) (reactions (6) and (7)). N2O3 further dissociates into NO and NO2 (reaction (8)).
NO can further form N-nitrosamines with carcinogenic and teratogenic effects [3]. In the
endogenous environment, the intermediate between nitrite and NO, NO2, establishes a
dynamic balance.

4.2.2. Enzyme Degradation

Nitrite is degraded by NiR and reduced to NO or NH3. NiR, which is a critical
enzyme in the nitrogen cycle, catalyzes nitrite reduction and mainly comes from LAB and
denitrifying bacteria. The majority of NiRs are intracellular enzymes that are mostly found
in the periplasmic region or cell membrane, and some are free in the cytoplasm. Liu et al.
reported that NiR produced by Lacticaseibacillus rhamnosus LCR6013 might, via the nitrate
respiration pathway (NO2 → NO → N2O → N2), produce nitrous oxide (N2O) and degrade
nitrite [50].

Depending on the reactants and cofactors, NiRs can be classified into CuNiRs, cd1NiRs,
ccNiRs, and ferredoxin-dependent nitrite reductases (FdNiRs) [51]. The genotypes of NiR
mainly include nirK, nirS, nrf A, and nirB, etc., of which nirK and nirS are key genes in the
denitrification process, encoding a CuNiR and cd1NiR, respectively [52]. nrf A and nirB are
the key genes of nitrate ammonification, which reduce nitrite by transferring six electrons.
Genes nrf A and nrf H encode the double-subunit complex ccNiR protein composed of two
subunits, NrfA and NrfH, respectively.

CuNiRs are involved in the denitrification of nitrogen during metabolism. The reduc-
tion of NO2

− by CuNiRs can be divided into five steps: the combination of NO2
− with the

enzyme, the reduction reaction, dehydration of bound intermediate products, NO release,
and enzyme regeneration. NO2

− combines with the T2Cu center in the oxidized form to
replace a soluble molecule and forms a hydrogen bond between the Asp98 residue and an
oxygen atom of NO2

−. When the electron is transferred from T1Cu to T2Cu, the proton
of the hydrogen bond is transferred from the Asp98 residue to the oxygen atom of the
substrate to form an intermediate product O=N-O-H. The N-O bond of the oxygen atom is
then broken and the product NO is released into the active center [53].

Similar to ccNiRs, the NiRB large and NiRD small subunits are encoded by the
genes nirB and nirD, respectively, and are used to degrade nitrite by forming the NiRBD
complex [54]. NiRB encoded by the nirB gene, catalyzes NO2

− to NH4
+, and is a soluble

NADH-dependent NiR catalytic subunit-containing sirol heme. NiRB, under anaerobic
conditions, uses NADH as an electron donor to reduce nitrite in the cytoplasm, while
oxygen suppresses its activity [55]. Wang et al. used anaerobic chemostat culture technology,
in which NiRB-lacZ was used to report fusion steady-state gene expression, revealing the
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differential expression pattern of gene nir in E. coli [56]. It was found that NiRB is an
inducible enzyme, and its expression is induced by high nitrate and nitrite conditions.
The synthesis of nirB-encoded NiRB is high only when the content of NiRB exceeds the
consumption capacity of the cells.

Microorganisms can spontaneously regulate the content of nitrite in fermented meat
products, which is mainly related to the genes in the microorganisms. The exogenous
environment, the normal expression of genes, the deletion of gene fragments, and the
interaction between multiple genes will affect the regulation of nitrite metabolism in mi-
croorganisms [57]. Zeng et al. used proteomic and bioinformatic analyses to identify
31, 87, and 190 differentially expressed genes in the process of nitrite degradation in
Limosilactobacillus fermentum RC4, including adhE and lpdA which are involved in carbohy-
drate metabolism, cysK related to amino acid metabolism, nirB corresponding to nitrogen
metabolism, fabI and accD associated with lipid metabolism, and gsk involved in nucleotide
metabolism [47]. These genes are involved in the metabolism of Limosilactobacillus fermen-
tum RC4 during nitrite reduction. Chu et al. studied the effects of carbon sources (acetate
and glucose) on the endogenous denitrification and ammoniation of Candida [58]. After
adjusting the oxygen–phosphorus ratio, it was found that acetate (54.2%) had a higher
efficiency of converting nitric acid into nitrite (90.2%), whereas glucose (51.3%) made the
accumulation of nitrite more stable (85.3%). The total nitrogen removal efficiencies of
acetate (88.8%) and glucose (91.3%) were similar (87.8% and 89.8%). Iino et al. studied the
genes ro06366 and ro00862 of Rhodococcus rHA1 [59]. The single mutant with deletion of the
above gene showed growth retardation in the environment when using nitrate or nitrite
as the only nitrogen source. Iino allowed the double mutant to grow in the environment
with a nitrate and nitrite nitrogen source. It was found that nitrate and nitrite were not the
only nitrogen sources used and both ro06366 and ro00862 are involved in the regulation of
nitrite and nitrate. Khlebodarova et al. studied the process of nitrite utilization by NiR in
E. coli cells [60]. NO2

− is reduced to NH4
+ outside the cell via NrfA reductase, flows into

the cell through the NirC transporter, participates in the degradation of proteins and their
complexes, and is converted to NH3 through NirB reductase, and then flows out of the cell
through the NirC transporter.

4.2.3. Other Substances for Degradation

In addition to the aforementioned degradation pathways, several non-acid and non-
enzyme substances, such as flavonoids, polyphenols, and ascorbate, also have effects in
nitrite scavenging. Guo et al. measured the nitrite scavenging ability of flavonoids using the
diazotization-coupling reaction in vitro, and found that the nitrite scavenging activity was
closely related to phenolics (r2 = 0.990, p < 0.01) and flavonoids (r2 = 0.923, p < 0.05) [61].
Ben et al. found that polyphenols in sea buckthorn had a higher nitrite-degrading capacity
than other compounds, with a nitrite-degrading rate of 75.9% [62]. Skibsted found that
antioxidants such as ascorbate and polyphenols can induce the reduction of N2O3, promote
the production of NO, and destroy the balance between nitrite, NO, and NO2, ultimately
reducing the content of nitrite [20]. Feng et al. reported the effect of nitrite on protein
oxidation and nitrification of cooked sausage, in which the antioxidant effect of nitrite
on protein oxidation was manifested as a significantly reduced base content, higher free
amines, and lower surface hydrophobicity [63].

4.3. Factors Affecting Nitrite Degradation
4.3.1. Effects of the Food Matrix on the Degradation of Nitrite

Polysaccharides and inorganic salts in the food matrix mainly affect the degradation
of nitrite. The food matrix influences the activity of catalase in vitro of LAB and produces
hydrogen peroxide, altering the ability of autolysis in vitro of LAB and influencing the
activity of nitrate reductase in vitro [64]. Seo et al. studied the extracellular polysaccharides
produced by Lactiplantibacillus plantarum YML009 [65]. The nitrite clearance rate was
43.93%, which proved the extracellular polysaccharides have a strong ability to degrade
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nitrite, and the higher the sugar content, the higher the nitrite-free radical clearance rate.
Inorganic salt can reduce the water content of fermented meat products and inhibit the
growth of microorganisms. When excessive sodium chloride (NaCl) is used to pickle
fermented meat products, bacteria will dehydrate and die, and the nitrite degradation
effect will be significantly reduced. Delgado-Pando et al. evaluated bacon with different
salt contents and found that the color of bacon with a high salt content was redder than
that with a low salt content [66].

4.3.2. Effects of Fermentation Conditions on the Degradation of Nitrite

The lower the pH, the more appropriate the fermentation temperature, and the longer
the fermentation duration, which leads to less nitrite production. Kilic et al. investigated
the influence of pH on residual nitrite in cured meat products and discovered that lowering
the pH greatly reduced residual nitrite, whereas increasing the pH increased residual
nitrite [67]. Under an acidic environment, the microbial system in fermented meat products
is regulated spontaneously, and Lactobacillus acidophilic has competitive advantages to
inhibit other bacteria and possible pathogens [68]. Furthermore, the longer the fermentation
time is, the more dominant the LAB will be.

5. Safety of Nitrite in Food

5.1. Toxicity of Nitrite

NO is a crucial compound generated from nitrite, which combines with myoglobin
and methemoglobin, proteins in cells, and with amines to lower NO levels in the dynamic
balance, resulting in nitrite degradation. In meat fermentation, NO has coloring, antioxi-
dant, cured flavor, and antibacterial benefits; however, it can also be carcinogenic. At low
concentrations (nm), NO acts as a signaling molecule for intercellular communication in
neurons and the cardiovascular system [69]. At high concentrations (μM), NO can kill
pathogens and cancer cells [70].

Through a nucleophilic substitution reaction, NO can combine with non-protonated sec-
ondary amines to form N-nitrosamines, which are carcinogenic and teratogenic [3]. The most com-
mon volatile N-nitrosamines in meat products are N-nitrosodimethylamine, N-nitrosodiethylamine,
N-nitrosopiperidine, N-nitrosopyrrolidine, and N-nitrobenzylmorpholine. Among them, in terms
of oncogenicity and genotoxicity, N-nitrosodimethylamine and N-nitrosodiethylamine
are regarded as the most volatile N-nitrosamines [71]. The amount of N-nitrosamines
production mainly depends on the intake of nitrite and the processing conditions in meat
products, which also increases in concentration under conditions of pH 2.5~3.5, longer
storage time, and high-temperature and high-acid conditions [72]. The presence of amines
is one of the primary prerequisites for the creation of N-nitrosamines. There are not many
N-nitrosamines in raw meat since amino acids are only decarboxylated to produce amine.
Nevertheless, procedures including maturation, fermentation, and curing may increase
their synthesis of N-nitrosamines. It was discovered during processing that the quantity of
precursors was directly correlated with the amount of N-nitrosamines in meat products,
but even if precursors were present, low water activity and an unfavorable pH would
prevent the production of nitrosamines in meat products [73]. Additionally, several cooking
techniques that reach temperatures greater than 130 ◦C, such as frying or barbecuing, may
make it more likely that N-nitrosamines will occur [3]. To prevent nitrosation, chemicals
such as ascorbate and tocopherol are added during processing. The presence of sulfhydryl
compounds, some phenols, and tannins in meat products might also inhibit the formation
of N-nitrosamines [15].

5.2. Addition Limit of Nitrite in Fermented Meat Products in Different Countries

According to current knowledge, the use of nitrite mainly considers two risks—the
final formation of N-nitrosamines and the final growth of serious pathogens. Nitrite has
potential carcinogenicity in the human body, and its intake should be limited [7]. In
addition to the processing steps of curing meat products, consumers’ cooking methods
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with temperatures higher than 130 ◦C, such as frying or grilling meat products, will also
increase the possibility of N-nitrosamines formation [3]. By contrast, other studies have
shown that nitrite, as a vasodilator in mammals, is a life-saving medication that releases
a protective substance during hypoxic events [5]. The European Food Safety Authority
(EFSA) assessed the acceptable daily intake (ADI) in 2017, excluding infants under 3 months
of age, and determined that the ADI of nitrate is 3.7 mg/kg body weight (bw)/d and that
of nitrite is 0.07 mg/kg bw/d. Most countries’ management regulations allow for the use
of nitrite (Table 1).

Table 1. Application requirements of nitrite in different countries (only fermented meat products).

Country Institution Application Requirements of Nitrite Reference

America Code of Federal
Regulations The maximum permitted amount of nitrite use ≤ 200 mg/kg [74]

Japan Ministry of Health, Labor and Welfare of Japan The maximum residue ≤ 70 mg/kg [75]

Korea Ministry of Food and Drug Safety The maximum residue ≤ 70 mg/kg [76]

Europe European Commission The maximum residue ≤ 50 mg/kg [6]

China State Health and Family Planning Commission The maximum permitted amount ≤ 150 mg/kg
(The maximum residue of sodium nitrite ≤ 30 mg/kg) [77]

5.3. Clean Label Movement

In some countries, there are plant extracts such as pre-converted nitrites added to
fermented meat products, and these products are labeled “natural”, “organic”, and “un-
cured” [78], which may lead to confusion or even mislead consumers. In addition, the
vegetable extract’s precise chemical makeup need not be disclosed, which also encourages
some businesses to use it in place of some chemical additions [8]. On the other hand, the use
of plant extracts rich in nitrite does not avoid the production of N-nitrosamines because the
residual nitrite in the product probably reacts under high-temperature conditions and may
produce N-nitrosamines [79]. According to the Standing Committee on Plants, Animals,
Food, and Feed (ScoPAFF), the use of vegetable extracts with a high nitrite content is
regarded as an addition in the food processing process, and regulation N◦1333/2008 also
ensures the use of vegetable extracts in food processing [80]. Therefore, adding vegetable
extracts to fermented meat products as nitrite to label items green is a false tactic used
by food producers and operators [81]. Rivera et al. thought that the elimination of the
“uncured” labeling policy for meats processed with pre-converted nitrites from vegetable
sources would improve transparency for consumers [1].

6. Methods and Applications of Substituting Nitrite in Fermented Meat Products

Nitrite can inhibit the growth of bacteria due to its oxidation and nitrification ability.
The survival or multiplication of microorganisms under reduced or in the absence of nitrite
concentrations is increased substantially and represents a challenge for the meat industry to
guarantee the safety of fermented meat products. Commercially speaking, it may provide
value to draw customers if nitrite is not listed on the label of fermented meat products.

Researchers continue to find safe substitutes for nitrite, including plant substitutes,
microbial substitutes, and organic acid substitutes. However, at present, no substitute
can currently match the entire action of nitrite and completely replace it. Therefore, the
most successful option is to use low-dose nitrite in the curing process of meat products in
combination with other substances or technologies to provide anti-corrosion, bacteriostasis,
color, and taste, while also preserving the quality of meat products as much as possible.

Recently, many studies have been conducted on the inhibition nitrite synthesis (Table 2).
It is required to prevent the synthesis of nitrite in order to lower the level of nitrite in
fermented products, such as by adding antioxidants and LAB, and replacing the role of
nitrite with chromogenic agents and antibacterial agents.
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Table 2. Studies on reducing the nitrite content in fermented meat products.

Methods Products Effects Reference

Antioxidants substances

Sodium ascorbate
(500 ppm)

and
α-Tocopherol acetate

(10 ppm)

Fermented meat products

Reduced the content of nitrite,
prevented the conversion of nitrite to

nitrosamine, produced unique
flavors, and improved the sensory

quality.

[82]

Ascorbic acid (0.0075%)
and other curing additives Beef sausage Increased the antilisterial activity of

Enterococcus mundtii to 2 log cfu/g. [83]

Phenolic Fermented meat products
Phenolic compounds in bovine

essential oils had antioxidant and
antibacterial properties.

[84]

Lactic acid bacteria and its
enzymes

Limosilactobacillus
fermentum RC4 (1.06%)

and
Lactiplantibacillus

plantarum
B6 (0.53%)

No-nitrite-added cured
meat

Limosilactobacillus fermentum RC4 had
an effective nitrite degradation

ability and Lactiplantibacillus
plantarum B6 inhibited bacteria

(0.53%).

[48]

Enzymes Pickle Reduced nitrosamines. [44]

Chromogenic agent

Beetroot and berries
extracts Fermented dry sausages

Imparted the red color of nitrite-free
meat products to develop and

stabilize color.
[85]

Plasma-activated water Beef jerky Promoted the formation and fixation
of color. [86]

Chili red and lycopene Meat batters

Partially replaced nitrite from
150 mg/kg to 100 mg/kg, and

improved the texture characteristics
of the product.

[87]

Bacteriostat
Radish powder (0.5%)
and chitosan (0.25%)

Fermented cooked
sausages

Had good effects on physical,
chemical and microbial stability of

fermented cooked sausage.
[88]

Garlic essential oil
(125 mg/kg),

allyl isothiocyanate
(62.5 μL/kg),

and nisin (20 mg/kg)

Fresh sausages
Effectively reduced E. coli O157H7

and LAB, and maintained the
physical and chemical properties.

[89]

6.1. Antioxidant Substitutes

As an antioxidant, nitrite can largely influence flavor to prevent lipid oxidation and the
formation of undesirable lipid oxidation byproducts such as hexanal and 2,4-decadienal [21].
Its antioxidant substitutes can be divided into synthetic antioxidants and natural antioxi-
dants. Synthetic antioxidants include propyl gallate, tert butyl hydroquinone, and butyl
hydroxyanisole. Natural antioxidants include phytic acid, vitamin E mixed concentra-
tion, guaiac resin, flavonoids, amino acids, and others [90]. Some natural ingredients not
only have an antioxidant effect, but also have a potential inhibitory effect on controlling
microbiological hazards, such as cloves, essential oils of aromatic and medicinal plants,
plant extracts with high polyphenols concentration, acidified whey, honey, and other bee
products [34].

6.2. LAB and Its Enzymes

LAB are the ideal bacteria in food processing. The vast majority of LAB have a status
generally recognized as safe and they have good salt resistance. In addition, the European
Food Safety Authority has granted the status of qualified presumption of safety to many
LAB, included in the genera Carnobacterium, Lactococcus, Leuconostoc, Oenococcus, Pediococcus,
Streptococcus, and the former Lactobacillus genus, recently reclassified into twenty-five new
genera [91,92]. In the environment of pickled food, LAB can ferment food and increase
flavor, and also produce acetic acid, bacterial peptides, and hydrogen peroxide to inhibit
harmful bacteria [93,94]. LAB contain special enzymes that can reduce nitrosamine, and
the lactate can also reduce nitrite content [44]. When LAB and other substitutes are used
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at the same time, it is very important to select the most appropriate combination, so as to
produce favorable results and even synergy.

6.3. Chromogenic Agent Substitutes

Nitrite has a chromogenic effect in the pickling process. The natural pigments that
can replace nitrite include monascus red, nitrosohemoglobin pigment, chili red, beet red,
sorghum red, carboxyhemoglobin, and tomato red. The replacement synthetic pigments
include carmine, erythritol, sunset yellow, lemon yellow, and amaranth. Some plant
extracts, such as beetroot and berries extracts, can be used to impart the red color of nitrite-
free meat products to develop and stabilize color [85]. However, the color produced by
chromogenic agent substitutes is frequently different from that produced by traditional
meat products. Patarata et al. reduced the nitrite content of cured loins made from wine-
and water-based marinade, and studied the consumer’s evaluation of product color [95].
Consumers prefer nitrite-free products even though the color of fermented meat products
created with color additive alternatives is subpar if the label says “additive-free”.

6.4. Bacteriostat Substitutes

Nitrite can effectively prevent food spoilage and inhibit the growth of Clostridium
botulinum and other biological hazards, including Listeria monocytogenes, bacillus cereus, and
Staphylococcus aureus [96,97]. The antipathogenic properties of nitrite are mainly attributed
to three aspects. The first aspect is perturbing oxygen uptake and oxidative phospho-
rylation; the second is inhibiting critical enzymes, including aldolase, glyceraldehyde-3-
phosphate, and nitrogenases; and the third is forming bactericidal nitrite derivatives [98].
Substitute bacteriostatic agents for nitrite include organic acids, tea polyphenols, spice ex-
tract, and bacteriocin [99]. On the other hand, some physical methods of food preservation
can be mobilized to control microbial hazards, namely, the use of high isostatic pressures,
activated plasma, pulse-field UV light, and active packaging [100–102].

However, these bacteriostat substitutes show several limitations. Firstly, their ability
to inhibit microbial growth may be lower than nitrite. Secondly, some of these natural
antimicrobials and plasma-treated water have a selective effect on Gram-positive or Gram-
negative pathogens, vegetative cells, or spores. Thirdly, the components of some vegetable
extracts will greatly change the aroma and color of products, which affects their application
in the production and processing process [1].

6.5. Non-Thermal Plasma Sterilization

Some emerging food sterilization methods, such as non-thermal plasma sterilization,
can be used for the preparation of fermented meat products without nitrite [30]. The
interaction of plasma with water can result in the generation of nitrate and nitrite, as well
as reactive oxygen species. Reactive oxygen and nitrogen compounds react with cellular
macromolecules, such as proteins, lipids, enzymes, and DNA, to change the functional
features of biofilms, affecting normal physiological functions, and ultimately leading to
microbial cell death [96]. However, during non-thermal plasma sterilization, oxygen atoms
react with vibration-excited nitrogen molecules to produce nitric oxide (NO) (reaction (8)).

O + N2→NO + N (8)

When NO combines with plasma, it forms nitrogen oxide (NO2) and additional
nitrogen oxides (NO3, N2O, N2O3, and N2O5) [103]. Nitrogen oxides diffuse and dissolve
in liquids, where they react with water molecules to create nitrite, nitric acid, and nitrate
acid, followed by nitrite acid degradation [36].

After non-thermal plasma sterilization, Yong et al. marinated tenderloin in brine
without sodium nitrite and observed that the color was similar to that of sodium nitrite-
treated tenderloin, with an increased red a* and no significant difference in yellow b*
or brightness L* [104]. Lee et al. used plasma for 30 min to produce pork batter with
42.42 mg/kg of nitrite, with no significant differences in physicochemical or sensory
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performance when compared with pork batter prepared using sodium nitrite or celery
powder [105].

7. Summary

Nitrite is a multifunctional food additive that is widely used in the fermentation of
meat products. However, high levels of nitrite residues have become a significant con-
cern that impacts the safety of fermented meat products and restricts the growth of the
traditional fermented meat product industry. Exogenous addition, contamination during
processing, generation by endogenous microorganisms, and non-thermal plasma steril-
ization technology accumulate nitrite in fermented meat products, which is degraded by
acids, enzymes, and other non-acid and non-enzyme substances. Nitrite levels are primar-
ily affected by the matrix, fermentation conditions, and antioxidants in fermented meat
products. The content of nitrite in fermented meat products can be reduced by inhibiting
nitrite formation and substituting nitrite’s role in the fermentation process during meat
processing. Future researchers should consider the following points: (i) The association be-
tween nitrite in plant extracts and nitrosamines based on their phenolic compounds has to
be investigated using fermented meat products as the medium. (ii) More research is needed
to evaluate the sensory acceptability of nitrite substitute products to the reformulated cured
meat, taking into account consumer needs and concerns. (iii) Nitrite can be degraded by
a variety of non-acid and non-enzyme compounds. Its composition and content, as well
as the degradation effects of each component, and the synergistic degradation effects of
each component and acid, should be analyzed further. (iv) Only CuNiRs have ever been
explored in terms of their catalytic mechanism. Regarding the other three types of nitrite
reductase (cd1NiRs, ccNiRs, and FdNiRs), their catalytic mechanisms have not been fully
investigated. Excessive nitrite levels in cured meat products have become the principal
issue influencing fermented meat product production. Further understanding of the nitrite
metabolism in fermented meat products would support the appropriate application of
nitrite in meat products and the production of more high-quality, low-nitrite fermented
meat to meet consumer demand.
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