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Editorial on the Research Topic

Physical-chemical interactions and composition-structure-property

modifications during processing: Food quality, nutrition, and health

Recent years have witnessed the role of industrial food processing in driving

the creation and transformation of a modernized and facilitated lifestyle by

providing efficient food supply chains and sustainable diets (1–3), particularly

for those effective, eco-friendly and energy-saving pretreatment or manufacturing

technologies. Different food unit operations aim at assuring physicochemical stability

and microbiological and nutrition safety, and simultaneously obtaining desired

modifications in the composition and structure of food matrices, accompanied

by positive health implications (4). Therefore, the correlation between extrinsic

processing factors and composition-structure-properties response has been one

of major focuses of food science research, largely relying on food matrices

and the applied technique types (5, 6). In this regard, thermal conditions

receive the most attention considering their generalization and high applicability.

For current food industries, multiple processing techniques, process optimization

strategies, and the exploitation of new food sources have been largely developed.

Resultantly, the presence of new-type physicochemical interaction behavior and

phenomenon among minor/major components and composition-structure-property

relation modifications exerted by emerging processing methods or patterns or in

new combination patterns require more elaborate characterization, analysis, and

summarization over the response of quality, nutritional and health properties
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of final products, in order to achieve the tailored production

of nutritional and health foods (7, 8). Particularly, healthier

food can be obtained via suitable food re-formulation and

microstructure designing (9), relying on the accumulation of

knowledge about the correlation between food structure, the

gastrointestinal fate of nutrients and satiety response.

The current Research Topic aims at highlighting the

progress and roles of processes-induced physicochemical

modifications and interaction behavior of different intrinsic

food components, particularly at molecular levels, in regulating

the changes of quality, storability, nutrition and health

characteristics of food products. In this collection, a total of

13 papers have been published, related to the development

of analysis, evaluation and characterization techniques for the

complicated network of chemical and compositional differences,

machine imaging, introduction and summarization of the newly

developed processing techniques and the effects, as well as the

processing and nutrition attributes of food materials with new

origins (Jia, Chu et al., Hong et al., Ma et al.).

Novel characterization techniques and methodologies

applied to monitor compositional variations or differences

during processing are expected in this Research Topic. Li et al.

summarized advanced lipidomics applied to muscle origin

differentiation and meat processing, with the aspects of quality

traceability, processing requirement, and health concerns

involved. Cai et al. reported a two-tube hexaplex polymerase

chain reaction technique used for molecular authentication

whichmay occur in commercial meat processing. Another mini-

review performed by Xiao, Wang et al. reported the application

of a machine vision system for food quality monitoring during

processing. Effects of novel processing techniques and varied

combination patterns on the chemical modifications during

processing are also reported in this collection, as observed in

the cases of plasma-activated water (Yan et al.), hydrodynamic

cavitation (Sun et al.), and photolysis (Xiao, Xuan et al.).

These cases suggested that the major food physicochemical

attributes during processing and transportation can be modified

significantly, depending on many process parameters, as

exemplified by the correlation between food safety properties

and rotary motion conditions (e.g., vibration, noise, and

temperature rise) of food transport pumps (Jia, Li, et al.).

In conclusion, it can be inferred from these papers of this

collection that scientific and technical challenges during food

processing have been overcome to a large degree, with both

novel processing techniques and detection/characterization

strategies developed. However, there are some research aspects

that should be highlighted in future related work, as exemplified

by the following items: (i) metabolic and omic characterization

of bio-processing foods; (ii) interaction patterns between

food components as affected by processing parameters, as

well as its effects on nutritional properties (e.g., digestibility,

bioaccessibility, bioavailability, etc.); (iii) comparison of

chemical modifications of food components (e.g., protein,

lipid, carbohydrates, phytochemicals, etc.) between traditional

thermal processing and emerging nonthermal processing

processes or the combined patterns.
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Understanding the Structure,
Thermal, Pasting, and Rheological
Properties of Potato and Pea
Starches Affected by Annealing
Using Plasma-Activated Water

Yizhe Yan 1*, Baixiang Peng 1, Bin Niu 2, Xiaolong Ji 1, Yuan He 1 and Miaomiao Shi 1*

1Henan Key Laboratory of Cold Chain Food Quality and Safety Control, College of Food and Bioengineering, Zhengzhou
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In this research, annealing (ANN) using plasma-activated water (PAW) was first employed

to modify potato and pea starches. Compared with the conventional ANN using distilled

water (DW), the granular morphology of two starches was not significantly affected by

PAW-ANN. The results of X-ray diffraction (XRD) and Fourier transform infrared (FTIR)

spectroscopy showed that PAW-ANN could reduce the long and short-range ordered

structure of potato starch while improving the long and short-range ordered structure

of pea starch. Differential scanning calorimetry (DSC) analysis indicated that PAW-ANN

lowered the gelatinization enthalpy of potato starch and increased the gelatinization

enthalpy of pea starch. The analysis of viscosity and dynamic rheological characteristics

illustrated that PAW-ANN reduced the peak viscosity and improved the gel strength

of starch pastes. PAW-ANN represents a novel modification method for modifying

the structure, reducing the viscosity, improving the gel strength of starch, and is very

promising for applying in starch-based hydrogels and food additives.

Keywords: plasma-activated water, annealing, structure, physicochemical properties, potato starch, pea starch

INTRODUCTION

Starch is a significant carbohydrate source for most organisms, which has been widely applied
in the food industry, such as papermaking, adhesives and biodegradable plastics, sweeteners,
pasta products, and some fermented products (1). Native starch has the limitations of poor
hydration performance, low thermal stability, low shear resistance, and high retrogradation rate,
while modified starch performs well in terms of compatibility and has a low retrogradation
rate, pasty gelation tendency, and gel shrinkage (2). Therefore, modified starch is preferred in
the food industry instead of native starch. The modification of starch usually has the following
three methods, namely, physical, chemical, and enzyme modification (3). Among them, physical
modification is relatively safe and low-cost, and can greatly reduce waste generation (4).

Annealing (ANN) is usually to treat starch for a period of time at a high moisture content (more
than 40%, w/w) and a low temperature (below 60◦C). As a green modification method, ANN has
received extensive attention because it only involves water and heat (5). It can usually change the
internal structure and physicochemical properties of starch while not damaging the integrity of
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granules, which makes starch easier to be processed and
employed in certain specific circumstances. For example, it
has been studied that annealed starch was more suitable for
application in yogurt, sauce, and low-digestible foods than native
starch (6).

Plasma-activated water (PAW) from plasma treatment of
distilled water (DW) has the advantages of uniform function,
green and environmental protection. PAWwill generate an acidic
environment and generate active substances, such as hydrogen
peroxide, nitric acid, and peroxynitrite, which will cause changes
in the pH, redox potential, and conductivity. Recently, PAW
has been widely used in food and agriculture yields, such as
promoting plant growth, preservation of seafood, and broad-
spectrum sterilization (7). However, PAW was rarely applied in
the starch modification. According to our preliminary studies,
PAW alone had no significant influence on the structure and
properties of the starch. Therefore, a combination of PAW and
other modified technologies could be an effective strategy. Based
on this assumption, we have recently explored the combination
of PAW and heat-moisture treatment (HMT) on the structure
and properties of maize starches (8). PAW-HMT provided an
innovative strategy to regulate the structure and digestibility of
starch. However, PAW-HMT effect remained limited compared
with the conventional HMT (DW-HMT). Therefore, the
development of new PAW combined modifications (such as
PAW-ANN and PAW-ultrasound) is desired.

In this research, PAW was first employed during ANN to
modify potato and pea starches. After being modified with PAW-
ANN, the changes of structure and properties of potato and pea
starches were investigated. It is worth mentioning that this green
modification method is only involved in plasma, water, and heat.
This research will not only propose a new way of starch ANN
treatment, but also further expand the application of PAW in
starch modification.

MATERIALS AND METHODS

Materials
Native potato starch (13.2% moisture and 21.6% amylose) was
obtained from Qinghai Weston Potato Industry Group Co., Ltd.
(Xining, China). Native pea starch (11.3% moisture and 30.8%
amylose) was obtained from Henan Enmiao Food Co., Ltd.
(Zhengzhou, China). A hydrogen peroxide quantitative kit was
obtained from Shanghai Sangon Biotech Co., Ltd. (Shanghai,
China). Nitrite and nitrate determination kits were obtained
from Beyotime Biotechnology Institute (Nantong, China). Other
reagents used in this experiment were of analytical grade.

Preparation and Characterization of PAW
The PAW was obtained by treating 100ml of distilled
water through plasma processing equipment (Easton Geake
Automation Equipment Co., Ltd., Shenzhen, China) for 120 s.
The power was 750W and the working gas was compressed
air (0.18 MPa) (8). The pH/oxidation-reduction potential (ORP)
meter and conductivity meter (INESA Scientific Instrument
Co., Ltd., Shanghai, China) were, respectively, employed for
measuring the pH, ORP, and conductivity of the PAW.

Additionally, the content of H2O2, NO2−, and NO3− were
determined by corresponding assay kits. Notably, PAW was
suggested to be further used within 12 h.

ANN of Potato and Pea Starches With PAW
or DW
After drying at 45◦C, the moisture content of potato and pea
starches (30 g, dry basis) is about 5%. Then, the moisture content
of them was adjusted to 60% using DW or PAW, respectively.
The starch samples were put into the reactor with sufficient
stirring and then heated in an air oven at 50◦C for 12 h. Finally,
modified starches were obtained through washing, drying, and
sieving and marked as DW-Potato, DW-Pea, PAW-Potato, and
PAW-Pea, respectively.

Scanning Electron Microscopy
Morphology of native andmodified starch granules was observed
using a scanning electron microscope (JSM-6490LV, JEOL,
Japan). A small amount of dry-based samples were adhered to
the double-sided conductive adhesive and coated with gold in the
ion sputtering device (Polaron Sputter Coat System, Model 5001,
UK) for 120 s (8). The imaging acceleration voltage of Scanning
electron microscopy (SEM) was 20 kV. A micrograph of
representative particles was chosen and taken at a magnification
of×1,000.

Polarization Light Microscopy
A suspension of starch samples (1%, w/w) was obtained by using
a solvent of glycerol and water (1:1, v/v) and observed under
polarized light microscopy (PLM) (BX53M, Olympus Co., Ltd.,
Japan). The images were observed and taken at ×200 for all
starch samples.

X-Ray Diffraction
Before analysis of X-ray diffraction (XRD), starch samples
needed balancing water over a saturated NaCl solution at room
temperature for 1 week (9). Starch samples were analyzed by
using an X-ray diffractometer (D8 Advance, Bruker, Karlsruhe,
Germany). The detailed test conditions and relative crystallinity
(RC) calculation of the starch samples were based on our previous
study (8).

Fourier Transform Infrared Spectroscopy
Fourier transform infrared (FTIR) spectra of starch samples were
determined by using an FTIR spectrometer (Vertex 70, Bruker,
Karlsruhe, Germany). Before the test, potassium bromide should
be dried at 105◦C for 6 h. A certain amount of samples and
potassium bromide (mass ratio: 1:100) were taken in an agate
mortar, mixed, and grinded for about 2min. The ground mixed
samples were placed in a tableing mold and compressed with
a tableting machine, where the pressure was maintained within
the range of 10 MPa for about 1min and then taken out for
testing. Test conditions: scanning wave number 4,000–400 cm−1,
resolution 4 cm−1, scanning time 64 s. The spectra were analyzed
by OMNIC8.2 (Version 8.2, Thermo Nicolet Inc., Madison, WI,
USA). The absorbance ratio at 1,047/1,022 cm−1 (R1047/1022) can
be obtained by deconvolution with a peak width of 38 cm−1
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TABLE 1 | Physicochemical properties and content of active substances of distilled water (DW) and plasma-activated water (PAW).

Water pH Conductivity (µS/cm) ORP (mV) H2O2 (µmol/L) NO−

2 (µmol/L) NO−

3 (µmol/L)

DW 6.40 ± 0.05a 4.55 ± 0.48b 247.00 ± 2.65b ND ND ND

PAW 2.72 ± 0.01b 764.67 ± 1.53a 569.67 ± 1.53a 131.32 ± 0.91 1,905.22 ± 0.75 2,075.17 ± 2.69

Values are means ± SD; means with the same letters in a column for the same starch do not differ significantly (p > 0.05). ND, Not detected.

and enhancement factor of 19 and employed to characterize the
short-range ordered structure of starch molecules (8).

Differential Scanning Calorimetry
Thermal properties of native and modified starches were
obtained by using a differential scanning calorimeter (Q20, TA
Instruments Inc., Newcastle, DE, USA). The starch (3mg, dry
basis) and distilled water were added with a microliter syringe
to a total weight of 12mg into an aluminum pan. The samples
were equilibrated at room temperature for 12 h. Subsequently,
the sample pans were gradually scanned from 30 to 120◦C at a
heating rate of 10◦C/min (8).

Rapid Viscosity Analyzer
Pasting characteristics of the starch samples were obtained by
using a rapid viscosity analyzer (RVA4500, Perten Instruments,
Hägersten, Sweden). Starch samples were suspended in distilled
water to make a total weight of 28.0 g (8% dry starch, w/w)
and then analyzed using RVA Standard Procedure 1 profile. The
samples were equilibrated at 50◦C for 1min, heated to 95◦C
within 222 s, held at 95◦C for 150 s, cooled back to 50◦C for 228 s,
and then equilibrated at 50◦C for 2min. During this process, the
paddle speed was kept at 960 rpm for the first 10 s, and then kept
at 160 rpm. The pasting curves and parameters were obtained by
RVA system software.

Dynamic Rheological Properties
The dynamic rheological properties of starch pastes from the
RVA experiment were analyzed by using a rheometer (Discovery
HR-1, TA Instruments Inc., Newcastle, DE, USA). Sample pastes
were transferred to the rheometer plate (40mm diameter and
1,000µm gap) and equilibrated for 5min at 25◦C. The strain was

set at 1% and the frequency was taken at 0.1–20Hz. G
′

, G
′′

, and

tan δ (G
′′

/G′) of samples were recorded.

Statistical Analysis
All experimental data were recorded as the means ± SDs.
ANOVA followed by post-hoc Duncan’s multiple range tests
(p < 0.05) was conducted to determine the significant differences
between mean values using the SPSS 26.0 Statistical Software
Program (SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION

Characterization of PAW
After 2min of plasma treatment, the pH of PAW dropped rapidly
from 6.4 to 2.72, the conductivity value increased from 4.55
to 764.67 µS/cm, and the ORP value increased from 247 to
569.67mV (Table 1). The measured conductivity value can be

used to detect whether there were active ions in the water, and
the ORP can be used to reflect the macroscopic oxidation–
reduction performance of all substances in the aqueous solution,
depending on the concentration and strength of the oxidant
in the solution. During the plasma discharge process, a large
number of active chemical substances, such as reactive hydroxyl
radicals, singlet oxygen, superoxide, ozone, and active molecule
nitrogen species, were generated. These substances interacted
with water molecules to further generate H+, H2O2, NO, NO

2−,
NO3−, ONOO−, and so on, which led to the changes in the
pH value, conductivity value, and ORP value of the aqueous
solution (10). In addition, after plasma treatment, the content
of H2O2, NO

2−, and NO3− was increased from zero to 131.32,
1,905.22, and 2,075.17 µmol/L, respectively (Table 1), which
further verified the above fact.

Granular Morphology
Scanning Electron Microscopy
The SEM micrographs of native and modified starch samples
are displayed in Figure 1. Native potato starch granules were
oval or spherical, with various sizes and smooth surfaces. The
potato starch granules treated with DW-ANN and PAW-ANN
had obvious dents and cracks. Native pea starch granules were
slender, kidney-shaped, of different sizes, and had many folds
(11). After DW-ANN and PAW-ANN, the shape of most pea
starch granules did not change significantly, but the surface folds
of the granules were deepened, and a few granules appeared with
dents and cracks. However, PAW-ANN did not give significantly
different results from DW-ANN for two starches.

Polarized Light Microscopy
The PLM micrographs of native and modified starch samples
are displayed in Figure 2. Native starch granules showed
a characteristic birefringence pattern (Maltese cross). The
strength of birefringence was related to the overall size, relative
crystallinity, and crystallite orientation of the crystal grains (12).
The polarized cross of native potato starch was complete and
obvious. In contrast, the polarized cross of modified potato starch
became fuzzy and the shape of the particles became irregular
with cracks, which were similar to the observation by SEM. The
difference in the polarized cross between native and modified
pea starches was not obviously observed. Notably, there was no
significant difference between PAW-ANN and DW-ANN for the
two starches.

Crystalline Structure
X-ray diffractograms of starch samples are displayed in Figure 3.
Potato starch showed the characteristic diffraction peaks at 2θ =
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FIGURE 1 | Scanning electron microscopy (SEM) images of native and modified starches.

5.6, 17.1, 22.2, and 24.1 degrees, which was classified to the B-
type structure (13). According toTable 2, the relative crystallinity
(RC) of ANN-modified potato starch (DW-Potato and PAW-
Potato) was lower compared with native potato starch. This

might be because the double helix molecules of the B-type crystal
structure were more sparsely arranged in space, forming a spiral
cavity center (14), so ANN was more likely to destroy its crystal
structure. This can be confirmed from the observations of the
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FIGURE 2 | Polarized light microscopy (PLM) images of native and modified starches.

SEM and PLM of DW-Potato and PAW-Potato. In addition,
the RC of PAW-Potato was lower than that of DW-Potato,
which may be attributed to the acidic content of PAW. ANN

could increase the sensitivity of potato starch to acid hydrolysis,
resulting in its crystal structure being more easily hydrolyzed
(15). The characteristic diffraction peaks of pea starch were
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FIGURE 3 | X-ray diffraction (XRD) patterns of native and modified starches. (A) Native, distilled water-annealing (DW-ANN) treated, and plasma-activated

water-annealing (PAW-ANN) treated potato starch. (B) Native, DW-ANN treated, and PAW-ANN treated pea starch.

mainly shown at 2θ = 5.6, 15.1, 17.2, and 23.1◦, which belonged
to the diffraction of C-type starch (16). It can be concluded
from Table 2 that the crystallinity of ANN-modified pea starch
(DW-Pea and PAW-Pea) was higher than that of native pea

starch. This might be because ANN made the initially weak or
imperfect crystallites of pea starch gradually disappeared, while
the remaining crystallites became more perfect due to melting
and recrystallization (17). In addition, the RC of PAW-Pea was
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TABLE 2 | Long-range, short-range ordered structure, and thermal properties of native and modified starches.

Samples RC (%) R1047/1022 To (◦C) Tp (◦C) Tc (◦C) 1H (J/g)

Potato 25.16 ± 0.35a 0.905 ± 0.003a 57.34 ± 0.24c 61.59 ± 0.23b 72.10 ± 0.67b 12.27 ± 0.43a

DW-Potato 22.13 ± 0.21b 0.862 ± 0.025a 62.32 ± 0.18a 66.32 ± 0.17a 74.33 ± 0.72a 9.39 ± 0.18b

PAW-Potato 15.20 ± 0.41c 0.783 ± 0.057b 61.86 ± 0.16b 66.04 ± 0.11a 73.32 ± 0.38a 7.31 ± 0.20c

Pea 25.40 ± 0.26c 0.877 ± 0.018b 57.92 ± 0.04b 65.07 ± 0.06b 75.58 ± 0.06b 6.69 ± 0.20c

DW-Pea 30.53 ± 0.31b 0.905 ± 0.011ab 66.97 ± 0.01a 69.74 ± 0.02a 76.25 ± 0.12b 8.50 ± 0.23b

PAW-Pea 34.93 ± 0.25a 0.934 ± 0.001a 66.92 ± 0.05a 69.76 ± 0.03a 78.42 ± 0.44a 9.66 ± 0.11a

Values are means ± SD; means with the same letters in a column for the same starch do not differ significantly (p > 0.05).

higher than that of DW-Pea, indicating that PAW can improve
the RC of pea starch during ANN. This may be due to more
hydrolysis of the amorphous area by the acidic components of
PAW, resulting in a better orientation of the hydrolyzed starch
crystallites (18).

Short-Range Ordered Structure
The spectra of all starches showed similar trends, indicating that
no new functional groups were formed (Figure 4). Studies have
shown that the IR bands at 1,047 and 1,022 cm−1 were related
to the ordered structure and amorphous structure of starch,
respectively (19). The absorbance ratio of them (R1047/1022)
can indicate the relative content of the short-range ordered
structure of starch. R1047/1022 of native and modified starches
followed the order: Potato > DW-Potato > PAW-Potato; Pea
< DW-Pea < PAW-Pea (Table 2). For potato starch, R1047/1022

decreased successively because ANN caused starch granules
to form granular pores, ruptures, and cracks, resulting in
damage to the internal ordered structure. The presence of
PAW further aggravated the destruction process. For pea starch,
R1047/1022 increased sequentially, which might be due to the
high moisture content and moderate heat energy existing in the
ANN process that could produce more effective double helix
stacking (6). Moreover, the acidic components of PAW could
affect amorphous regions of starch and generate more short-
chain amylose to form a new double helices structure. The result
of R1047/1022 was in agreement with the result of XRD.

Thermal Properties
The differential scanning calorimetry (DSC) curves of native
and modified starches are shown in Figure 5. Table 2 presented
the gelatinization transition temperatures (To, Tp, and Tc) and
gelatinization enthalpy (1H). ANN resulted in a significant
increase in the gelatinization temperatures of starch because
ANN enhanced the interaction between amylose and amylose
or amylopectin (20), inhibiting granule swelling and delaying
gelatinization. However, the gelatinization temperatures of
starches treated by DW-ANN and PAW-ANN were not
significantly different. For potato starch, DW-ANN reduced the
1H, and PAW-ANN can reduce the 1H more, from 12.27
to 7.31 J/g. The decrease of the 1H after ANN indicated
the dissociation of unstable double helices in some starch
granules (21), and the addition of PAW made this change more
dramatic. For pea starch, DW-ANN increased the 1H, and

PAW-ANN can increase the 1H more, from 6.69 to 9.66 J/g.
The increase of the 1H after ANN indicated more increase
of effective double helix stacking in pea starch granules (22).
After PAW-ANN, the increase of 1H was due to the formation
of new double helices, which was caused by the hydrolysis of
amorphous regions (23). The 1H result was in line with XRD
and FTIR results.

Pasting Properties
The pasting characteristics curves of native andmodified starches
are presented in Figure 6. The viscosity change of starch
granules under heating and shearing was attributed to the
tightly deformed granule arrangement, the friction between the
expanded granules, and the content of leached amylose and
amylopectin (24). After ANN, the peak viscosity of both potato
and pea starches decreased, and the peak viscosity of modified
potato starch decreased more. This might be associated with
a significant increase in the interaction between amylose and
amylose or amylopectin, inhibiting granule swelling, which was
concluded from the increase of the gelatinization temperatures
of starch (25). Moreover, compared with DW-ANN, PAW-
ANN resulted in a lower peak viscosity. The decrease of
viscosity could be because the starch chains were largely affected
by acid hydrolysis, which generated fragmentation of starch
chains (26).

Dynamic Rheological Properties
The dynamic rheological properties of native and modified
starch pastes are displayed in Figure 7. G′ and G′′ are used to
represent the elasticity and viscosity of starch gels, respectively
(27). Tan δ was the ratio of G′′ and G′, which represents
the viscoelastic properties of the starch gels (28). It can be
illustrated from the Figures 7A–D that the G′ and G′′ of all
starch pastes increased with increasing sweeping frequency and
G′ was larger than G′′ (tan δ < 1), revealing that starch pastes
were a typical weak gel structure and more elastic (29). After
ANN, all modified starches showed higher G′ and G′′, which
explained that the gel strength of starch was enhanced. This
may be because, during ANN, the rearrangement of amylose
units formed on the surface of starch granules through larger
pores and cracks increased the gel strength of starch (30). This
can be demonstrated from the tan δ (Figures 7E,F). The starch
pastes after ANN had a smaller tan δ, indicating that the solid
properties of the modified starch pastes were enhanced with
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FIGURE 4 | Fourier transform infrared (FTIR) spectra of native and modified starches. (A) Native, DW-ANN treated, and PAW-ANN treated potato starch. (B) Native,

DW-ANN treated, and PAW-ANN treated pea starch.
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FIGURE 5 | Thermal properties of native and modified starches. (A) Native, DW-ANN treated, and PAW-ANN treated potato starch. (B) Native, DW-ANN treated, and

PAW-ANN treated pea starch.

the higher gel strength. In addition, pea starch had lower tan δ

than potato starch. Notably, compared with DW-ANN, PAW-
ANN resulted in larger G′ and G′′, and smaller tan δ, which
indicated that the starch treated by PAW-ANN had higher gel

strength than that treated by DW-ANN. Therefore, PAW-ANN
modified starches had the highest gel strength and will be a
potential gelling agent for soft candies, ice cream, and meat
foods production.
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FIGURE 6 | Pasting curves of native and modified starches. (A) Native, DW-ANN treated, and PAW-ANN treated potato starch. (B) Native, DW-ANN treated, and

PAW-ANN treated pea starch.

CONCLUSION

In summary, PAW-ANN as a completely novel starch

modification method, had an obvious effect on the structure,

thermal, pasting, and rheological properties of potato and

pea starches. The impact of PAW-ANN on the granular
morphology of two starches was not significantly different
from the conventional DW-ANN. Compared with DW-ANN,
PAW-ANN increased long and short-range ordered structure,
and gelatinization enthalpy of pea starch while decreasing these
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FIGURE 7 | Dynamic rheological curves of native and modified starches. (A) Storage modulus (G′) of native, DW-ANN treated, and PAW-ANN treated potato starch.

(B) Storage modulus (G′) of native, DW-ANN treated, and PAW-ANN treated pea starch. (C) Loss modulus (G′′ ) of native, DW-ANN treated, and PAW-ANN treated

potato starch. (D) Loss modulus (G′′) of native, DW-ANN treated, and PAW-ANN treated pea starch. (E) loss tangent (tan δ) of native, DW-ANN treated, and

PAW-ANN treated potato starch. (F) Loss tangent (tan δ) of native, DW-ANN treated, and PAW-ANN treated pea starch.

Frontiers in Nutrition | www.frontiersin.org 11 February 2022 | Volume 9 | Article 84266218

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Yan et al. Annealing Using Plasma-Activated Water

indicators of potato starch. In addition, PAW-ANN resulted in
the lowest peak viscosity and the highest gel strength of the paste
for two starches. Although, the exact mechanism was not clear,
an acidic component in PAW might be an important factor for
starch modification according to previous studies and above
experimental results. This research showed that PAW-ANN
provided innovative insights and novel technologies for the
production of new modified starches applied to starch-based
hydrogels and food additives.
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Bioaffinity ultrafiltration combined with LC-Orbitrap-MS/MS was applied for the first time

to achieve rapid screening and identification of tyrosinase inhibitory peptides (TYIPs) from

grass carp scale gelatin hydrolysates. The binding mode of TYIPs with tyrosinase was

investigated by molecular docking technology. The whitening effect of TYIPs was further

studied by evaluating the tyrosinase activity and melanin content in mouse B16F10 cells.

Four new TYIPs were screened from hydrolysates, among which DLGFLARGF showed

the strongest tyrosinase inhibition with an IC50 value of 3.09mM. Molecular docking

showed that hydrogen bonds were the main driving force in the interaction between the

peptide DLGFLARGF and tyrosinase. The addition of DLGFLARGF significantly inhibited

the tyrosinase activity and melanin production of B16F10 melanoma cells. These results

suggest that DLGFLARGF is a promising skin whitening agent for the treatment of

potential pigment-related diseases.

Keywords: grass carp scale gelatin, tyrosinase inhibitory peptides, bioaffinity ultrafiltration, LC-Orbitrap-MS/MS,

whitening

INTRODUCTION

Gelatin has a rich sources and is widely used in the food and medicine industries (1–5). The
hydrolysis product of gelatin is collagen peptide, which is a mixture of peptides. After separation
and purification, specific bioactive peptides could be obtained that have a wide range of significant
functional activities. At present, the functional activities of collagen peptides such as antioxidant
activity (6), angiotensin-converting enzyme inhibition activity (7), anti-tumor activity (8), and
antibacterial activity (9) have been studied. Recent studies have shown that many active peptides
contain some hydrophobic amino acids, uncharged polar amino acids, aromatic amino acids, etc.,
which have the ability to inhibit the production of melanin (10, 11).

The production of melanin is regulated by enzymes such as tyrosinase, tyrosinase-binding
protein-1 (dopa pigment isomerase), and tyrosinase-binding protein-2 (melanin precursor oxidase)
(12). Tyrosinase (EC1.14.18.1) is a multifunctional enzyme with three histidine (His) residues and
two Cu ions in the active center, which is widely found in fungi, plants and animals. Tyrosinase
oxidizes tyrosine to produce dopamine and then continues to oxidize dopamine to produce
dopamine quinone. Dopamine quinone is a very active molecule that can generate a polymer
complex or brownish pigment when it reacts with amino acids or proteins, finally producing
melanin (13). Substances with tyrosinase inhibition activity are commonly found in whitening
foods. At present, tyrosinase inhibitors widely used in foods have been reported, including arbutin,
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kojic acid, oxidative resveratrol, etc. (14). However, studies have
shown that these substances show limiting effects and certain side
effects, including the lack of good permeability, high toxicity and
poor stability (15). Scientists have recently become interested in
the tyrosinase inhibitory activity of extracts from natural sources,
due to the benefits of mild functional activity, simple absorption,
and excellent skin compatibility (16–18). Active polypeptide is
composed of 2–20 amino acids, which has the above advantages
that could provide the possibility for its application in foods (19).

The conventional procedures for screening active peptides
from complex protein hydrolysates include the preparation
of hydrolysates, bioassay-guided separation, purification
and peptide sequence identification. In general, traditional
methods require multi-step extraction and separation
with organic solvents, resulting in low efficiency, serious
environmental pollution, time-consuming and laborious
(20, 21). The combination of bioaffinity ultrafiltration and
liquid chromatography-mass spectrometry based on the
interaction between small molecule ligands and enzyme
active sites is an effective approach for a powerful approach
for identifying biologically active compounds from complex
mixtures (22). It has been widely used to screen and identify
a variety of biologically active compounds from natural
extracts and traditional Chinese medicine (23). Qin et al. (24)
established a bioaffinity ultrafiltration-high performance liquid
chromatography-electrospray ionization-time of flight-mass
spectrometry (BAUF-HPLC-ESI-TOF/MS) method to identify
potential new bioactive substances. This method has been
demonstrated to be a quick way to obtain high-purity, high-
activity bioactive substances. However, there is no report about
screening tyrosinase inhibitor peptides by this method.

In this paper, a rapid screening and identification method
for the tyrosinase inhibitory peptides (TYIPs) in the hydrolysis
of fish scale (by-products during freshwater fish production)
gelatin was established for the first time based on ultrafiltration
and Nano-LC-Orbitrap-MS/MS. Then, molecular docking was
used to determine the interaction of the identified peptide with
tyrosinase in order to investigate the biological activity and
mechanism. Finally, the effect of peptides on B16F10’s ability to
produce melanin was further studied.

MATERIALS AND METHODS

Materials
Grass carp scale gelatin was obtained from the laboratory.
Alcalase (≥200,000 units/g) was purchased from Solarbio
Chemical Co. (Shanghai, China). Mushroom tyrosinase (6,680
U/mg) and 3,4-dihydroxyphenylalanine (L-DOPA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
murine melanoma B16F10 cells (CL0039) were acquired from
Fenghui Biological Technology Co., Ltd. (Hunan, China). All the
other reagents were analytical grade.

Preparation of TYIPs From Fish Scale
Gelatin
The grass carp scale gelatin was prepared according to the
method of Sha et al. (25). According to previous experiments,

the optimal enzymatic hydrolysis conditions for preparing TYIPs
were: substrate concentration of 125 mg/ml, alcalase dosage of
1%, pH 9.0, enzymatic hydrolysis temperature of 60◦C, and
enzymatic hydrolysis time of 2 h.

Analysis of the Tyrosinase Inhibitory
Activity
The determination of the tyrosinase inhibitory activity was made
according to Uysal et al. (26). Sample solutions (50 µl) with the
appropriate concentration were reacted with 50 µl of 200mM
pH 6.8 phosphate buffer saline (PBS) solution and 50 µl of
tyrosinase at room temperature for 15 mins. Then, 50 µl of
2.5mM L-DOPA was added, and allowed to react at 30◦C for
10min. The absorbance (As) at 475 nm was finally measured
with a microplate reader (Synergy H1, BioTek Co., Ltd., USA).
Taking the reaction system without enzyme and sample as a
blank. Kojic acid (2 mg/ml) used as the positive control, and
the rate of tyrosinase inhibition could be calculated using the
following equation:

Tyrosinase inhibition rate/% =
(Ac − Ab)− (As − Ab)

(Ac − Ab)
× 100%

(1)

where, As is the absorbance of the sample after reaction; Ac is
the absorbance of the reaction system with distilled water instead
of the sample; Ab is the absorbance of the reaction system with
distilled water instead of tyrosinase.

Analysis of the Amino Acid Composition
The amino acid composition was determined based on the
report of Chen et al. (27) with appropriate modifications. The
samples were hydrolyzed with 6M HCl at 110◦C for 24 h prior
to composition analysis with a High-Speed Amino Acid Analyzer
Model L-8900 (Hitachi Co., Japan).

Analysis of Molecular Weight Distribution
The molecular weight (MW) distribution was determined using
an Agilent 1260 Infinity HPLC system (Agilent Technologies,
Inc., Santa Clara, CA, USA) equipped with a waters XBridge
Protein BEH 125Å SEC (3.5µm, 7.8 × 300mm) (28).
Hydrolysates were eluted with water (0.1% FA) and acetonitrile
(60:40, V/V) at a flow rate of 0.4 ml/min. The injection volume
was 10 µl. The detection wavelength was 220 nm (28). The
MW of peptides was calculated based on the calibration curve
constructed with cytochrome C (12,384 Da), aprotinin (6,511.51
Da), bacitracin (1,422.69 Da), L-oxidized glutathione (612.63 Da)
and hydroxyproline (131.13 Da).

Rapid Screening of TYIPs
Bioaffinity Ultrafiltration

The screening method was slightly modified based on the
previous report (22). The inhibitory activity of tyrosinase was
evaluated at 1–6 mg/ml to obtain the best binding concentration.

4ml of hydrolysis product (5 mg/ml) and 2ml of
mushroom tyrosinase (10 U/ml) were incubated for 1 h
at 37◦C. Inactivated mushroom tyrosinase (heated in a
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boiling water bath for 10 mins) was also prepared as a
blank group. The detailed method is shown in Figure 2A.
Filtrates, including peptides binding active tyrosinase (PAT)
and peptides binding inactive tyrosinase (PIT), were collected
and freeze-dried for tyrosinase inhibition evaluation and
peptide identification.

Peptide Identification

The amino acid sequence of the components obtained in
2.6.1 was determined by Nano-LC-ESI-Q-Orbitrap-MS/MS.
Peptides were separated on an AcclaimR PepMap RSLC (50µm
×150mm, C18, 2µm, 100 Å) column at a flow rate of
220 nl/min. Mobile phase A and B was consisted of 0.1%
formic acid aqueous solution and 0.1% acetonitrile solution,
respectively. Gradient elution conditions were as follows: 0–
2min, 4–12% B; 2–25min, 12–22% B; 25–32min, 22–32% B; 32–
37min, 32–75% B; 37–40min, 75% B (isoelution). The positive
ion scanning mode was adopted, and the mass spectrometry
data were collected using Xcalibur 2.2 SP1 software, with a
mass range of 250–1,250 m/z and a resolution of 70,000. The
top 20 peptides were selected for fragmentation according to
the signal strength of the first mass spectrometry, and the
fragmentation mode was HCD with an energy of 27%. The
parent ion map was analyzed by Xcalibur software and De
Novo was sequenced using PEAKS Studio 7.0 software to
obtain the amino acid sequence of peptides. The peptides
identified in this paper met the requirements of false discovery
rate (FDR) ≤ 5% and average local confidence score (ALC)
≥ 95%.

Molecular Docking and Peptides Synthesis
The X-ray crystal structure of Agaricus bisporus tyrosinase
(2Y9W) was downloaded from the Protein Data Bank (https://
www.rcsb.org/structure/2Y9W) (29), and three-dimensional
(3D) structure of TYIPs segment were obtained by ChemBio
3D Ultra 14.0. Based on the 3D crystal structure of tyrosinase,
the computer-aided technology was used to analyze the action
mode and site of peptide segment with tyrosinase, and to
clarify the action mechanism. The specific docking process
was as follows: first, the AutoDock tool is used to remove
water molecules from tyrosinase and add Gasteiger charges and
hydrogen atoms to tyrosinase molecules. Then, the AutoDock
tool was used again to dock ligand small molecules (peptides)
with tyrosinase. The docking process and calculation were
carried out according to default parameters. The coordinates
of the docking center of the peptide with tyrosinase were
(64, 70, 116). Results were obtained based on the lowest
free energy.

Cell Culture
B16F10 cells were kept in Dulbecco’s modified eagle medium
supplemented with 10% heat-inactivated fetal bovine serum, and
cells were cultured at 37◦C in an atmosphere with 5% CO2. These
cells were then used for cell viability, tyrosinase inhibition and
melanin content determination.

Determination of the Cell Viabilities of
B16F10 Melanoma Cells
The previously described cell counting kit-8 (CCK-8) assay
was used to assess cell viability (30). The cells were incubated
in a 96-well plate with 5×104 cells per well in a 5% humid
CO2 atmosphere at 37◦C for 24 h. DLGFLARGF was added
to the cells at concentrations of 0, 0.1, 0.2, 0.4, 0.8 and 1.6
mg/ml, while 0.75 mg/ml of kojic acid was used as a positive
control. The cells were re-incubated for 24 h under the same
conditions. The cells were then treated with the CCK-8 reagent
and incubated at 37◦C for 1 h. Cell viability is calculated by
reading the absorbance value at 450 nm. The calculation formula
is shown below.

Cell viability/% =
(As − Ab)

(Ac − Ab)
× 100% (2)

where, As is the absorbance of experimental wells (medium
containing cells, CCK-8, sample to be tested); Ac is the
absorbance of control well (medium containing cells,
CCK-8, no sample to be tested); Ab is the absorbance
of blank wells (medium without cells and samples to be
tested, CCK-8).

Determination of Tyrosinase Activity in
B16F10
The tyrosinase inhibition was determined according to the
method of Ullah et al. (31). B16F10 cells were seeded into 96-
well plates at a rate of 5 × 104 cells per well and incubated
at 37◦C in a humid atmosphere of 5% CO2 for 24 h. The cells
were then treated with kojic acid (0.75 mg/ml) and DLGFLARGF
(0, 0.1, 0.2, 0.4, 0.8 and 1.6 mg/ml), and re-incubated for
24 h under the same conditions. The cells were then washed
with PBS buffer, lysed with lysate buffer [100 µl containing
50mM PBS, 0.1mM phenylmethanesulfonyl fluoride (5 µl)
and Triton X-100 (5 µl)], and frozen at −80◦C for 30min.
The cell lysate was then centrifuged at 12,000 rpm at 4◦C for
30min and transferred to a 96-well plate with a total volume
of 100 µl (80 µl lysate supernatant and 20 µl 10mM L-
DOPA) and incubated for 30min at 37◦C. The absorbance was
measured at 450 nm using an enzyme-linked immunosorbent
assay (ELISA) reader.

Determination of Melanin Content in
B16F10
After cultivated according to the instructions above, the cells were
digested with 0.25% trypsin when reached to 80–90% confluence
to make a single cell suspension. Fresh culture medium was
used to adjust the cell concentration to 1×106 cells/ml, 2ml of
which was inoculated in a 6-well culture plate for incubation
overnight.When the cells adhered, the supernatant was discarded
and the cells were rinsed with PBS once. 2ml fresh culture
medium was added again for incubation under CO2 for 48 h.
The supernatant was discarded after the incubation, and the
adhered cells were rinsed with PBS and then dispersed with
trypsin. The dispersed cells were collected and centrifuged at
1,500 r/min for 10min. The precipitation was added with
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1ml NaOH (1 mol/L) containing 10% dimethyl sulfoxide for
1 h water bath at 80◦C before being transferred to a 96-well
culture plate. Measured the optical density value of each well

TABLE 1 | Amino acid composition of fish scale gelatin hydrolysate.

Amino acid Content (g per 100g) Amino acid Content (g per 100g)

Asp 4.58 ± 0.16 Ile* 1.03 ± 0.02

Thr 2.00 ± 0.05 Leu* 2.60 ± 0.08

Ser 2.49 ± 0.05 Tyr 0.41 ± 0.05

Glu 7.82 ± 0.16 Phe* 1.53 ± 0.03

Gly 16.71 ± 0.03 Lys 2.83 ± 0.03

Ala* 5.58 ± 0.04 His 0.26 ± 0.01

Cys 0.05 ± 0.01 Arg 6.74 ± 0.01

Val* 1.83 ± 0.04 Pro* 9.43 ± 0.07

Met* 1.24 ± 0.07

*Hydrophobic amino acid.

at 405 nm with a microplate reader, and calculated the melanin
content (32).

Melanin content/% =
(As − Ab)

(Ac − Ab)
× 100% (3)

TABLE 2 | Molecular weight distribution of fish scale gelatin hydrolysate.

Component Molecular

weight

range (Da)

Retention

time (min)

Relative

content (%)

Peak

molecular

weight (Da)

I 9,217–4,642 14.05–15.64 9.75 4,974

II 4,642–3,358 15.64–16.39 8.80 4,044

III 3,358–1,992 16.39–17.60 17.05 2,560

IV 1,992–904 17.60–19.43 29.65 1,441

V 904–503 19.43–20.67 10.51 568

VI 503–180 20.67–23.17 16.12 452

FIGURE 1 | The size exclusion chromatogram of standards (A), molecular weight distribution curve of standards (B), and the size exclusion chromatogram of fish

scale gelatin hydrolysates, I, II, III, IV, V, VI represent the different components obtained (C).
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FIGURE 2 | Diagrams of biological affinity ultrafiltration—liquid mass spectrometry screening methods (A), the tyrosinase activity of hydrolysates (B), ultrafiltration

fractions (C), the total ion chromatography (TIC) of PAT (D), and PIT (E). Different lowercase letters represent significant differences between different

groups (p < 0.05).

where, As is the absorbance of experimental wells; Ac is the
absorbance of control well; Ab is the absorbance of blank wells.

Statistical Analysis
In each analysis, three parallel tests were performed. The results
were presented in the form of mean ± standard deviation (SD).
SPSS Statistics 20 software (IBM, Armonk, NY, USA) was used
to perform one-way analysis of variance (ANOVA, P < 0.05)
and Duncan’s multiple range test to analyze the differences
between samples.

RESULTS AND DISCUSSION

Amino Acid Composition and Molecular
Weight Distribution of Hydrolysates
The amino acid composition of hydrolysates was shown in
Table 1 and the total amount of amino acids was 67.12 g
in 100 g hydrolysates. Many amino acid residues in collagen
peptides are associated to tyrosinase inhibitory activity, according
to the structure-activity relationship investigation between the
peptide chain and melanin production inhibition (10, 33, 34).
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FIGURE 3 | The full MS scan spectrum (A) and the full MS/MS spectrum (B) of DLGFLARGF.

Val (V), Ala (A), Leu (L) and Ile (I) are four aliphatic
hydrophobic amino acids that can directly interact with enzymes
to inhibit the formation of dopaquinone, hence inhibiting
melanin production, and have an additive effect. As shown in
Table 1, the total amount of these four amino acids was 11.04
g/100 g hydrolysates, accounting for 16.45% of the total amino
acid content. Arg (R) residues enhance cell penetration and
facilitate the interaction between peptides and tyrosinase; Phe
(F) is similar in structure to Tyr (Y) (the natural substrate
of tyrosinase), which facilitates the binding of peptides and
enzymes (10). The contents of these two amino acids were 6.74
g/100 g and 1.53 g/100 g in hydrolysates, respectively. Cys (C),
Ser (S) and Thr (T) can form a complex with the enzymatic
reaction product (dopaquinone) to prevent the conversion of
dopaquinone into melanin, instead of inhibiting enzyme activity.
The total amount of these three amino acids was 4.54 g/100 g
in hydrolysates. Asp (D) and Glu (E) are negatively charged
amino acid residues, which are not conducive to binding to
tyrosinase. The total amount of these two amino acids was 12.40

g/100 g hydrolysates, accounting for 18.47% of the total amino
acid. From what has been discussed above, the content of amino
acids beneficial to inhibiting melanin was up to 35.44%. These
results suggested that hydrolysates may have strong tyrosinase
inhibitory activity.

The MW distribution reflects the hydrolysis degree of fish
scale gelatin (35). Peptides with different MW have different
tyrosinase inhibition abilities (36). As shown in Figure 1 and
Table 2, there were mainly six peaks (I-VI), indicating that the
hydrolysate contained six components, and the MW distribution
of components I, II, III, IV, V and VI were 9,217–4,642 Da,
4,642–3,358 Da, 3,358–1,992 Da, 1,992–904 Da, 904–503 Da
and 503–180 Da, respectively. The MW of the hydrolysates
were mainly concentrated in components III, IV, V and VI,
whose relative contents were 17.05, 29.65, 10.51, and 16.12%,
accounting for more than 73% of the total contents. In addition,
the MW of hydrolysates was mainly concentrated below 1,992
Da, accounting for 56.28% of proteolytic products. Alcalase is a
non-specific protease that can cleave many sites in a protein at
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TABLE 3 | Identification of peptides unique to PAT by LC–ESI–Q–Orbitrap–MS/MS.

No. Peptide RT (min) Length ALC (%) m/z Mass Local confidence (%)

1 PGPVGVKL 27.98 8 99 383.7446 765.4749 99 100 100 100 100 100 100 100

2 LDALNENK 20.2 8 99 458.7404 915.4661 100 100 100 99 98 99 98 100

3 VPGPM 25.62 5 98 500.2538 499.2465 99 99 100 99 98

4 GPVGSF 29.02 6 98 563.2829 562.2751 97 98 99 99 100 100

5 TGPLGL 34.4 6 98 557.3301 556.322 97 98 99 99 99 100

6 FDLGFLAR* 42.62 8 98 469.7591 937.5021 99 99 99 98 98 97 97 99

7 FSGM 24.61 4 97 441.1804 440.1729 96 96 100 99

8 WSVEF* 45.45 5 97 667.3090 666.3013 93 95 100 100 100

9 GEPGLLGM 42.87 8 97 773.3893 772.3789 89 95 97 98 99 100 99 100

10 GPPGLGQR 20.59 8 96 391.2201 780.4242 99 99 100 98 97 94 90 95

11 WQLTL* 47.88 5 96 660.3729 659.3643 97 94 99 96 95

12 EAPDPF 50.31 6 95 675.3026 674.2911 96 94 97 98 92 96

13 LVGPAGPTQR 21.96 10 95 498.2855 994.5560 100 100 100 100 99 99 91 86 85 93

14 DAPGLLRGF 35.7 9 95 473.2618 944.5079 79 88 100 100 100 99 97 95 99

15 DLGFLARGF* 45.92 9 95 498.2695 994.5236 81 82 99 100 100 99 98 99 99

16 GFTGM 28.03 5 95 512.2175 511.2101 90 92 98 99 97

The above refers to the molecular mass less than or equal to 1,000 Da. The proportion of amino acids that are marked with * means that the contribution of tyrosinase inhibition is

greater than or equal to 0.6.

FIGURE 4 | Tyrosinase inhibitory activity of synthetic peptides. Different

lowercase letters represent significant differences between different groups

(p < 0.05).

random and generate a higher number of low MW peptides (37),
which are attractive for higher biofunctional activity (38).

Enrichment and Identification of
Potential TYIPs
Appropriate concentration and ratio are required in order
to achieve a saturated state of binding. Figure 2B shows the
tyrosinase activity residual rate of hydrolysates with different
concentrations. Significant dose-dependence was observed in
the concentration range of 0–5.33 mg/ml, which indicated
that most of the active sites of tyrosinase can be bound
by peptides. However, the inhibitory effect per milligram

of inhibitor decreased as the hydrolysates concentration
increased. In order to retain an ideal tyrosinase inhibitory
activity, the concentration of hydrolysates was set at 5
mg/ml with tyrosinase inhibitory activity rate at 61.7%
for screening.

After bioaffinity ultrafiltration, tyrosinase inhibitions
of PAT and PIT were evaluated. The results are shown
in Figure 2C. The inhibition rate of tyrosinase on
PAT was 74.92%, while the corresponding inhibition
rates of PIT and hydrolysates were 51.37 and 62.58%,
respectively. This suggests that certain peptides in the
hydrolysates can specifically bind to the active site of
tyrosinase and can be enriched effectively by bioaffinity
ultrafiltration, resulting in a higher inhibition of PAT than PIT
and hydrolysates.

The peptide composition in PAT and PIT was identified
by Nano-LC-Q-Orbitrap-MS/MS to screen potential TYIPs.
The total ion chromatograms were shown in Figures 2D,E.
By matching the b and y series ions detected in the MS/MS
spectrum with that recorded in database (uniprot-taxonomy
Anabantaria 201912), the exact amino acid sequence of each
peptide can be drawn. For example, peptide 9 (Figure 3A)
has MS ion 498.26952+, b series of b2 (229.11832+),
b3 (286.13972+) and b4 (433.20822+), y1 (166.08632+),
y2 (223.10772+), y3 (379.20882+), y4 (450.24592+), y5
(563.33002+), y6 (710.39842+) and y7 (767.41992+), and
the sequence was identified as DLGFLARGF (Figure 3B). By
this method, 52 of the peptides identified in PAT were not
found in PIT. Inhibitors can bind specifically to the active
site of tyrosinase and be released by acetonitrile (39), which
confirmed the high selectivity of bioaffinity ultrafiltration.
Therefore, these specific peptides in PAT are considered as
potential TYIPs.
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FIGURE 5 | Predicted binding mode of DLGFLARGF and tyrosinase (A,B). Hydrogen bond formed by DLGFLARGF and amino acid residues of tyrosinase (C).

Hydrophobic interaction between DLGFLARGF and amino acid residues of tyrosinase (D). Electrostatic interaction between DLGFLARGF and amino acid residues of

tyrosinase (E).

Rapid Screening and Tyrosinase Inhibitory
Activity Verification
Studies have shown that peptides with lower MW tend to have
higher functional activity (38). Therefore, peptides with MW
≤ 1,000 Da were selected from the 52 peptides obtained, and
16 peptides (shown in Table 3) were obtained for subsequent
analysis. Section Amino Acid Composition and Molecular
Weight Distribution of Hydrolysates introduced some amino
acids that contribute to tyrosinase inhibition, such as Val, Ala,
Leu, Ile, Arg, Phe, Cys, Ser, and Thr. According to the screening
method from previous study (10), 16 peptides in Table 3 were
counted for their tyrosinase inhibitory contribution ratio of
amino acids, and 4 peptides (marked ∗ in Table 3) with a
contribution ratio of amino acids greater than or equal to
0.6 were obtained, they were discovered to be novel peptides
by searching the data on the website http://www.uwm.edu.pl/
biochemia/index.php/en/biopep. Therefore, the four peptides
were used for subsequent synthesis to verify the tyrosinase
inhibitory activity in vitro, the purity of the synthetic peptides was
more than 95%. The tyrosinase inhibition ability of the synthetic
peptide was shown in Figure 4. The peptide DLGFLARGF
showed the strongest tyrosinase inhibition ability, with an IC50

value of 3.09mM. The IC50 of peptides WQLTL, WSEVF and
FDLGFLAR were 3.86, 5.81, and 4.00mM, respectively, and
they all showed good tyrosinase inhibitory activity. Similar
peptides from natural sources have also been found in other
studies, such as Phe-Pro-Tyr (FPY) from defatted walnut (Juglans

regia L.) meal hydrolysate with an IC50 value of 3.22 ±

0.22mM (40), and RHAKF from Chinese quince seed protein
hydrolysate with IC50 value of 1.15 mg/ml (41). In order to
further explore the reasons for the difference in tyrosinase
inhibition of these four peptides, molecular docking analysis
was performed.

Molecular Docking
In recent years, as a computer simulation technology, molecular
docking has been widely used to study the possible interaction
mechanism between inhibitors and enzymes (42–44). In order
to show the binding mode of TYIPs with tyrosinase more
intuitively, the AutoDock tool was used, and the results are
shown in Figures 5, 6. Peptide DLGFLARGF bonded to the
D chain of tyrosinase and interacted with its surrounding
amino acid residues, nine hydrogen bonds were formed with
Glu 340, Arg 111, Gly 115, Arg 108, Ile 96, Ser 95, Gly 113,
Lys 5 and Glu 97 on the enzyme D chain (Figure 5C). In
addition, amino acid residues Try 62, Pro 338, Pro 349, Glu
112, and Arg 111 can form a hydrophobic pocket on the
enzyme D chain, which tightly surround and hold the peptide
DLGFLARGF through hydrophobic action (Figure 5D). At the
same time, electrostatic interaction also occurred between Glu
97, Glu 340, Glu 67, Asp 60 and the peptide DLGFLARGF on
the D-chain (as shown in Figure 5E). These results intuitively
indicated that hydrogen bonding was the main driving force
(as shown in Table 4) involved in the interaction between
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FIGURE 6 | 2D diagram showing interactions between TYIPs and tyrosinase amino acid residue.

peptide DLGFLARGF and tyrosinase. It can be inferred that
the peptide DLGFLARGF binds to the inactive center of
tyrosinase through hydrogen bonding, and indirectly inhibits the

binding of substrate to tyrosinase by changing the conformation
of the enzyme, thereby inhibiting the catalytic activity of
the enzyme.
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TABLE 4 | Docking results according to hydrophobic interaction, electrostatic

interaction and hydrogen bond for complex.

DLGFLARGF WQLTL WSEVF FDLGFLAR

Hydrogen

bonds

Glu 340, Arg

111, Gly 115,

Arg 108, Ile

96, Ser 95, Gly

113, Lys 5, Glu

97

Asp 42, Lys

147, Ile 40

Asp 42, Ile

40, Trp 53

Ala 149, Asp

51, Thr 45,

Lys 147

Electrostatic

interaction

Glu 97, Glu

340, Glu 67,

Asp 60

Asp 42 Asp 42 No

Hydrophobic

interaction

Tyr 62, Pro

338, Pro 349

Ile 121, Ile 39,

Pro 46, Ala

50, Trp 53,

Phe 41

Trp 53, Phe

41, Pro 46,

Ala 50, Ile 39

Phe 148, Trp

53, Phe 41

In Figure 6 and Table 4, it could be seen that driving
forces in the peptides WQLTL, WSEVF, and FDLGFLAR were
less than DLGFLARGF, which also led to lower tyrosinase
inhibitory activity of these peptides. Moreover, molecular
docking can also be used to screen enzyme inhibitors based
on binding energy changes (45, 46). The three peptides have
different binding energies with WQLTL = −8.3 kcal/mol,
WSEVF = −9.2 kcal/mol, FDLGFLAR = −6.4 kcal/mol,
which was not completely consistent with the trend of
tyrosinase inhibition ability in Figure 4. This may be because
the most stable conformation was selected based on the
lowest binding energy, but the peptide conformation in
the reaction system may not be the most stable (47). On
the other hand, it may also be due to the longer-chain
of FDLGFLAR closer to the center of the hydrophobic
cavity and the more hydrophobic interactions of WQLTL
than WSEVF.

The Effect of DLGFLARGF on B16F10
Melanoma Cells
The CCK-8 method was used to determine the potential
cytotoxicity of different concentrations of DLGFLARGF
compared with kojic acid (0.75 mg/ml). Figure 7A shows
the effect of DLGFLARGF and kojic acid on the viability of
B16F10 cells. With the increase of DLGFLARGF concentration,
the cell survival rate gradually decreased. But within the
tested concentration range (0–1.6 mg/ml), no obvious
cytotoxicity was obtained (viability > 50%). Therefore, the
concentrations of 0, 0.1, 0.2, 0.4, 0.8, and 1.6 mg/ml were
selected to study the inhibitory effect of DLGFLARGF on
melanin synthesis.

To further evaluate the tyrosinase inhibition of DLGFLARGF,
B16F10 melanoma cells were treated with different
concentrations of DLGFLARGF and kojic acid (0.75 mg/ml). The
result is shown in Figure 7B. With the increase of DLGFLARGF
concentration, tyrosinase activity gradually decreased, indicating
gradually increased tyrosinase inhibitory ability. The inhibition
rate was 23.19% for 1.6 mg/ml of DLGFLARGF, which was very

close to that of kojic acid with 28.34% inhibition rate under
0.75 mg/ml. According to the previous results, the peptide
DLGFLARGF was found to reduce tyrosinase activity by binding
to the amino acid residue sites on the D chain of tyrosinase
upon entry into the cells, but kojic acid in published study
was proved to be docked to the catalytic site of mushroom
tyrosinase and thus had a stronger tyrosinase inhibitory
activity (48).

The content of melanin can directly determines the degree
of skin whiteness. At present, the recognized process of
melanin formation is roughly that tyrosine is oxidized to
dopa under the action of tyrosinase, and then dopa is
oxidized to dopa-quinone, which finally forms eumelanin
through a series of reactions. Tyrosinase is the key enzyme
for melanin formation (49). As shown in Figure 7C, the
melanin content gradually decreased as the concentration of
DLGFLARGF increased and showed a concentration-dependent
relationship, indicating that DLGFLARGF can effectively inhibit
the production of melanin. In terms of the inhibitory effects
on melanin production, the melanin content was reduced
by 55.4% in the cells treated with kojic acid (0.75 mg/ml),
while DLGFLARGF reduced by 38.3% at 1.6 mg/ml. Kojic
acid had been proved to be better than DLGFLARGF in
inhibiting tyrosinase activity. On the other hand, the synthesis
of melanin involves various factors besides tyrosinase, and kojic
acid could also regulate transcription of tyrosinase pathway
genes and bleach produced melanin (50). Moreover, collagen
peptide has mild functional activity, easy absorption and high
skin compatibility, while kojic acid lacks good permeability
in application, and show high toxicity and low activity
stability (51).

CONCLUSIONS

In this work, the alcalase hydrolysate of grass carp fish
scale gelatin was discovered to have promising tyrosinase
inhibitory activity. The tyrosinase inhibition rate of fish scale
gelatin treated with alcalase was 61.7% (at 5 mg/ml). The
MW distribution of the hydrolysate was mainly below 3,358
Da (73.33%), and the content of amino acids that inhibit
melanin was up to 35.44%. A rapid screening method of
TYIPs based on bioaffinity ultrafiltration combined with LC-
Orbitrap-MS/MS was established. 52 peptides were identified
from PAT, among which 4 new peptides were screened. The
peptide DLGFLARGF showed excellent tyrosinase inhibitory
activity with an IC50 value of 3.09mM. Hydrogen bonds were
the predominant driving force in the interaction between peptide
DLGFLARGF and tyrosinase according to molecular docking. In
addition, when the concentration of DLGFLARGF reached 1.6
mg/ml, the melanin content and tyrosinase activity decreased
to 61.7% and 76.81% of the control group, respectively. The
above results indicate that bioaffinity ultrafiltration combined
with LC-Orbitrap-MS/MS is an effective method for high-
throughput screening of TYIPs. Moreover, DLGFLARGF can
be widely used as a tyrosinase inhibitor in the whitening foods
and pharmaceuticals.
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FIGURE 7 | The effect of DLGFLARGF on B16F10 melanoma cells cytotoxicity (A), tyrosinase activity (B), and melanin content (C). Kojic acid (0.75 mg/ml) was used

as a positive control. The results are expressed as a percentage of the control, and the value is the mean ± SD of three independent experiments. According to

Duncan’s test, different letters indicate that the statistical difference between the two groups is p < 0.05.
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Frequent meat frauds have aroused significant social attention. The aim of this study
is to construct a two-tube hexaplex polymerase chain reaction (PCR) method offering
accurate molecular authentication of twelve meat species in actual adulteration event.
Deoxyribonucleic acid (DNA) sequencing demonstrates that designed primers can
specifically amplify target species from genomic DNA mixture of six species in each
tube reaction, which showed 100% accuracy of horse (148 bp), pigeon (218 bp), camel
(283 bp), rabbit (370 bp), ostrich (536 bp), and beef (610 bp) as well as turkey (124 bp),
dog (149 bp), chicken (196 bp), duck (277 bp), cat (380 bp), and goose (468 bp).
A species-specific primer pair produced the target band in the presence of target
genomic DNA but not non-target species. Through multiplex PCR assays with serial
concentration of the DNA mixture of six species in each PCR reaction, the detection
limit (LOD) of the two-tube hexaplex PCR assay reached up to 0.05–0.1 ng. Using
genomic DNA isolated from both boiled and microwave-cooked meat as templates,
PCR amplification generated expected PCR products. These findings demonstrate that
the proposed method is specific, sensitive and reproducible, and is adequate for food
inspection. Most importantly, this method was successfully applied to detect meat
frauds in commercial meat products. Therefore, this method is of great importance with
a good application foreground.

Keywords: molecular authentication, hexaplex PCR, meat adulteration, species-specific primer, commercial
foodstuffs

INTRODUCTION

Meat products contribute essential nutrients to human such as proteins, fatty acids, trace elements,
and vitamins, especially for the richest protein source (1). Based on the growing demand for animal
protein-based foods, meat frauds such as counterfeiting and mislabeling have become a severe
global issue (2–4). Over the last two decades, events of meat adulteration have occurred globally
because of pursuit of extra economic benefits (2).The notorious horsemeat scandal in the European
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Union in 2013 is a high-profile food fraud incident, which has
shaken consumer trust in food industries throughout the globe
(5). Besides, meat adulteration not only breaks market rules but
also violates ethical norms and religious laws. As known, pork
has strictly restricted consumption in Islam and Judaism, and
beef is prohibited in Hindus (6, 7). In addition, meat fraud
risks food safety and even threatens public health because of
metabolic disorders, allergies, or infectious diseases. As reported,
forbidden ingredients such as fox and mouse are occasionally
mixed into edible meat products (3, 8). Nevertheless, allergic
reactions can be triggered by some meat species especially for
sensitized patients (9). Hence, authentication of meat products
is necessary to protect consumers from meat fraud and ensure
public health in dietary practices.

A reliable, sensitive, and low-cost analytical technique is
of great importance to ensure food quality and protect
consumers from being deceived. Techniques have been greatly
improved recently due because of progress in molecular
biology. Deoxyribonucleic acid (DNA) molecules are present
in cells and possess excellent stability under high temperature
and pressure and chemical processing, suggesting that DNA-
based analytical methods are reliable for detection of meat
frauds. Polymerase chain reaction (PCR) techniques such
as species-specific PCR, multiplex PCR, PCR-RFLP, real-time
PCR, random amplified polymorphic DNA (RAPD), and DNA
barcoding have evolved as preferred methods for meat fraud
detection (2, 10, 11). Recently, both multiplex and real-
time PCR techniques have been widely applied for meat
fraud detection (12). Real-time PCR provides more detailed
information regarding the identification and quantification of
meat species (13). However, the matrix may interfere with
the amplification process, such that accurate quantification
could only be achieved in the presence of a proper reference
material (13), indicating that it is difficult to quantify meat
fractions in real-world foodstuffs. In addition, real-time PCR
assays depend on suitable equipment and trained professionals.
In contrast, multiplex PCR is a particularly desirable method,
which can efficiently authenticate more species and visually
observed through simple agarose gel analysis, suggesting
that multiplex PCR assays can be easily implemented with
minimum effort but much gain to verify the identification
of meat species.

Mitochondrial DNA (mtDNA) harboring multiple copies
in all cells possess intraspecies conservation and interspecies
polymorphism, so mitochondrial genes are preferred targets
for meat fraud detection. Here, using mtDNA genes including
NADH dehydrogenase subunits 5 and 6, 12S and 16S rRNAs,
cytochrome c oxidase subunits I and II, D-loop, and cytochrome
b as targets, species-specific primers for twelve animal species
(horse, pigeon, camel, rabbit, ostrich, beef, turkey, dog,
chicken, duck, cat, and goose) are designed and screened
based on tests of cross-reactivity, specificity, sensitivity, and
robustness. A two-tube hexaplex PCR assay, which efficiently
detects twelve animal origins, is ultimately developed with
twelve pairs of species-specific primers. Moreover, this
method is adequate for assessment of fraud incidences in
commercial meat products.

MATERIALS AND METHODS

Sample Collection and Deoxyribonucleic
Acid Extraction
According to a previous approach (14), fresh meat samples of
the twelve animal species were purchased from local retailers and
markets in Ningbo City, People’s Republic of China. Commercial
samples in triplicates were purchased on different dates from
local supermarkets and online supermarket platforms. All the
samples were transported under ice-chilled state and were stored
at −80◦C to inhibit DNA degradation until further use for DNA
extraction. Genomic DNA was isolated by using the EasyPure R©

Genomic DNA Kit (TransGen Biotech Co., Ltd., Beijing, China)
according to the manufacturer’s instructions. DNA concentration
was measured with a NanoDrop 2000 UV-Vis spectrophotometer
(Thermo Scientific, Wilmington, NC, United States).

Design of Species-Specific Primers
Because of high divergence and conservation of mitochondrial
sequences within the animal species, mitochondrial genes
were selected as targets for designing primers (15). The
mitochondrial genes shown in Table 1 are retrieved from the
National Center of Biotechnology Information (NCBI) database.
Combining the Oligo 7.0 and BLAST programs, species-
specific primers were designed based on physical parameters
of cross-reactivity, melting temperature, self-complementarity,
and secondary structures. To check in silico specificity, the
primers were aligned against target and non-target animal
species, including 14 land animals of horse (Equus caballus),
pigeon (Columba livia), camel (Camelus bactrianus), rabbit
(Oryctolagus cuniculus), ostrich (Struthio camelus), cattle (Bos
taurus), turkey (Meleagris gallopavo), dog (Canis lupus), chicken
(Gallus gallus), duck (Anas platyrhynchos), cat (Felis catus), goose
(Anser cygnoides), and pig (Sus scrofa), sheep (Ovis aries), and 3
aquatic species of small yellow croaker (Larimichthys polyactis),
tuna (Thunnus orientalis), and black carp (Mylopharyngodon
piceus) using a ClustalW sequence alignment program and the
MEGA6 software. Finally, a cross-amplifcation reaction was
individually examined to validate the species-specificity of primer
pairs by simplex PCR assays. Optimized sequences of primer sets
in detail are shown in Table 1.

Simplex and Multiplex Polymerase Chain
Reaction Assays
Polymerase chain reaction assays were performed as previously
described (14). Simplex PCR for each species with its own
primers was carried out using an EasyTaq R© DNA Polymerase kit
(TransGen Biotech Co., Ltd., Beijing, China). The PCR reaction
system included 2.5 µl EasyTaq R© Buffer (10 x), 2 µl dNTPs
(2.5 mM), 0.5 µl EasyTaq DNA Polymerase (5 units µl−1),0.5 µl
each primer (10 µM), 1 µl genomic DNA (1 ng µl−1), and
refilled ddH2O to 25 µl. PCR reaction was initiated by 5-min
denaturation at 94◦C, followed by 34 cycles of 94◦C for 30 s,
63◦C for 30 s, 72◦C for 45 s, and final elongation at 72◦C for
5 min. For multiplex PCR, the PCR reaction system included
2.5 µl EasyTaq R© Buffer (10 x), 2 µl dNTPs (2.5 mM),0.5–1 µl
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TABLE 1 | Oligonucleotide primers for the meat species used in this study.

Primers Genes Sequence (5′-3′ direction) Amplicons (bp) Reference or source

Horse NADH dehydrogenase subunit 5 CCCCGCTTCCTCCCTCTGA 148 This study

TAGGTATGGTTATTTCCGGGACG

Pigeon NADH dehydrogenase subunit 5 GGCCCAGAAAGCATCACCTC 218 This study

ATTGGTATAGCGATTAGGGACAG

Camel 16S rRNA CTAGCCCAGAAAATACCACAT 283 This study

CATAGACGAGTTCGCTCCGTA

Rabbit NADH dehydrogenase subunit 5 AATCCGCTTCTACCCCTTG 370 This study

TATACCTGTGAGGGCCAGACT

Ostrich 16S rRNA AGCGCCCTCTAGCTCATCC 536 This study

GCTGCTTTAGGGCCAACGTG

Beef Cytochrome c oxidase subunit I ATGAGCCCACCATATATTCACT 610 This study

TGTCGTGGTTAAGTCTACAGTCA

Turkey Cytochrome c oxidase subunit II AGTTGACCACCGTATAGTAGTCC 124 This study

TCGTCCTGGGATTGCATCTGTCT

Dog D-loop CCCTTGCTCGTAATGTCCCT 149 This study

CGAGATGTCCCATTTGCGAGA

Chicken 12S rRNA CAGGTATCAGGCACACTCAGC 196 This study

CACTCTTTACGCCGGGTAGC

Duck NADH dehydrogenase subunit 6 CCACGCGAATAAAGCATAGCC 277 This study

TTTCGTTTGTAGCCCTGGTG

Cat Cytochrome c oxidase subunit I TCTTAGCAGCGGGAATCACT 380 This study

AAGAGTAGCCAGTCAACTAAACA

Goose Cytochrome b TCGCCTTCTCCTCAGTAGCTC 468 This study

TGTCGCAGTCTGATACGATT

Eukaryotes 12S rRNA CAACTGGGATTAGATACCCCACTAT 456 (24)

GAGGGTGACGGGCGGTGTGT

Eukaryotes 16S rRNA AAGACGAGAAGACCCTATGGA 240 (25)

GATTGCGCTGTTATCCCTAGGGTA

Eukaryotes 18S rRNA AGGATCCATTGGAGGGCAAGT 99 (26)

TCCAACTACGAGCTTTTTAACTGCA

EasyTaq DNA Polymerase (5 units µl−1),0.5 µl each primer of
all six species (10 µM),1 µl genomic DNA of each species at
indicated concentrations from 10 to 0.1 ng µl−1, and refilled
ddH2O to 25 µl. Using the same PCR amplification condition
as that of simplex PCR, a two-tube hexaplex PCR assay was
developed using two sets of six species-specific primer pairs and
corresponding DNA mixture of six species in two tubes. All PCR
fragments were amplified using T100 Thermal Cycler (Bio-Rad,
Germany). PCR products were loaded into 4% agarose gel using
4S GelRed Nucleic Acid Stain and were visualized by Gel Doc
XR + System with Image Lab Software (BIO-RAD) (16).

Sequencing of Polymerase Chain
Reaction Products
Deoxyribonucleic acid (DNA) sequencing was performed as
previously described with some modifications (17). The PCR
product was isolated, purified, and then cloned into a pEASY R©-
T5 zero cloning vector (TransGen Biotech Co., Ltd., Beijing,
China). PCR amplification with vector primers M13F and
M13R was carried out using the template of plasmid DNA
and then sequenced. Sequencing was accomplished with an
automated DNA sequencer (Applied Biosystems, Foster City,

CA, United States). The DNA base composition of the
sequence was determined by a BLAST search against the NCBI
nucleotide database.

Specificity, Sensitivity, and
Reproducibility of the Primers
The specificity of each primer pair was assessed using template
DNA extracted from the twelve species by simplex and multiplex
PCR assays. The results were run on 4% agarose gel and
then visualized for proper amplification. The sensitivity of
multiplex PCR was determined by g serial dilutions of the
premixed genomic DNA templates of six target species in each
tube reaction. Ten concentrations ranging from 10 to 0.01 ng
and species-specific primers of six species were used for PCR
amplification. The limit of detection and dynamic range were
analyzed through 4% agarose gel and electropherograms. For the
reproducibility test, meat samples of all the species were boiled
at 97–99◦C for 30 min. Other meat samples of all the species
were, respectively microwave-cooked at 750 W for 10 min.
After both heat processing treatments, genomic DNA of each
species was extracted and used for PCR amplification to examine
reproducibility (17).
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TABLE 2 | Results of multiplex PCR assay performed on commercial meat products.

Products (number) Detected species

Horse Pigeon Camel Rabbit Ostrich Beef Turkey Dog Chicken Duck Cat Goose

Beef (15)

Meat balls (5) 5/5 1/5a, 1/5b 1/5b

Meat slices (5) 5/5 1/5a 1/5b

Kebab (5) 1/5a 1/5b 5/5

Horse (10)

Meat slices (2) 2/2 1/2a

Sausages (5) 5/5 1/5a 1/5a, 1/5b

Jerky (3) 3/3

Camel (10)

Drysaltery (3) 3/3 1/3a

Dry meat stripe (2) 2/2

Jerky (5) 1/5a 5/5

Ostrich (10)

Drysaltery (3) 3/3 1/3a

Jerky (4) 1/4b 4/4 1/4a

Sauce braised meat (3) 3/3

Turkey (10)

Cutlets (5) 5/5 1/5a 1/5b

Meat slices (3) 3/3 1/3a

Jerky (2) 2/2

In each row, the meat samples labeled with same letter (a or b) represent the identical meat samples, while different letters indicate a difference in meat samples.

Commercial Samples
A total of 55 samples including raw and heat processing of
meat balls (5), meat slices (10), kebab (5), sausages (5), jerky
(14), drysalter (6), dry meat stripe (2), cutlets (5), and sauce
braised meat (3) were purchased from markets as well as online
supermarket platforms. Genomic DNA of each sample was
isolated and used as the template for meat authentication using
the proposed hexaplex PCR method. Detailed information of the
samples is listed in Table 2.

RESULTS

Specificity of Polymerase Chain
Reaction Assay
To obtain species-specific primers for horse, pigeon, camel,
rabbit, ostrich, beef, turkey, dog, chicken, duck, cat, and goose,
candidate primers for each of the animal species were designed
using the Oligo 7.0 and BLAST programs. First, the specificity
of each species-specific primer pair was individually checked by
simplex PCR assays through cross-amplification reaction with
16 non-target species including all the twelve species indicated,
and all of which showed no cross-reactivity (data not shown).
PCR amplification showed distinct bands with a predicted size
of 148 bp, 218 bp, 283 bp, 370 bp, 536 bp, and 610 bp for the
horse, pigeon, camel, rabbit, ostrich, and beef species, respectively
(Supplementary Figure 1A). As positive controls, three universal
eukaryotic primer pairs, which target 18S rRNA, 16S rRNA, and
12S rRNA genes, were employed in one tube PCR reaction. As

seen in Supplementary Figure 1B, all the meat samples generated
a predicted size of 99 bp, 240 bp, and 456 bp with similar
intensities, suggesting good quality of template DNAs of each
meat resource. In addition, using genomic DNA of single species
as the template, the target band could be produced in the presence
of a complete mixture of six primer pairs but not five non-target
primer pairs (Supplementary Figure 1C). Likewise, a species-
specific primer pair produced the target band in the presence of
DNA mixture of six meat species but not five non-target species
(Supplementary Figure 1D).

The primer specificity for turkey, dog, chicken, duck, cat,
and goose was also investigated. As shown in Supplementary
Figure 2A, the PCR amplification shows the predicted bands for
turkey (124 bp), dog (149 bp), chicken (196 bp), duck (277 bp),
cat (380 bp), and goose (468 bp). Using three universal eukaryotic
primer pairs, the PCR assay demonstrated that good quality of
genomic DNA was present in all six meat samples, ensuring
the accuracy of the experiment (Supplementary Figure 2B).
Using the genomic DNA of single species as the template, PCR
amplification generated the target band in the presence of a
complete mixture of six primer pairs but not five non-target
ones (Supplementary Figure 2C). PCR amplification with each
species-specific primer pair generated the target band in the
presence of the template DNA mixture of six meat species but
not five non-target species (Supplementary Figure 2D).

To further confirm the accuracy of PCR amplification,
amplicons for all the species in Supplementary Figures 1D,
2D are individually cloned and sequenced. Target species with
100% accuracy was verified by a BLAST search against the
NCBI nucleotide database. Partial data of DNA sequencing for
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each target species are shown in Supplementary Figures 3A,B.
Collectively, all the experiments conclude that the designed
primers are highly specific and are adequate for food inspection.

Sensitivity of Multiplex Polymerase
Chain Reaction Assay
After optimization of simplex PCR for individual species,
multiplex PCRs starting from duplex, triplex, tetraplex, and
pentaplex were attempted to be constructed, and a two-tube

hexaplex PCR assay was ultimately developed using six pairs
of species-specific primers in each tube. To reveal the limit of
detection (LOD) and dynamic range of the two hexaplex PCR
assays, PCR assays were performed with the serial concentration
of each DNA template ranging from 10 to 0.01 ng per PCR
reaction. Visible bands were matched with intact peak patterns,
while weak bands were equipped with defective peak patterns.
As template DNA amounts of each species were less than
0.1 ng, PCR fragments were almost invisible for the horse,
pigeon, camel, rabbit, ostrich, and beef species in one tube

FIGURE 1 | Validation of the sensitivity of the one-tube hexaplex PCR assay. (A) Gel image of multiplex PCR fragments amplified with six primer pairs and DNA
mixture of six species: horse, pigeon, camel, rabbit, ostrich, and beef under the indicated concentration in a single PCR reaction. (B) Using Image Lab Software,
electropherograms were drawn based on bands. Lanes 1–10 are represented labels of 10, 5, 2.5, 1, 0.5, 0.25, 0.1, 0.05, 0.025, and 0.01 in (A). The value of
number in the horizontal line means the relative position of peaks distant from the top of agarose gel. The value of number at the vertical line means the fluorescent
intensity of PCR fragments using 4S GelRed Nucleic Acid Stain. Lane M is ladder DNA.
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FIGURE 2 | Validation of the sensitivity of the one-tube hexaplex PCR assay. (A) Gel image of multiplex PCR fragments amplified with six primer pairs and DNA
mixture of six species: turkey, dog, chicken, duck, cat, and goose under the indicated concentration in a single PCR reaction. (B) Using Image Lab Software,
electropherograms were drawn based on bands. Lanes 1–10 are represented labels of 10, 5, 2.5, 1, 0.5, 0.25, 0.1, 0.05, 0.025, and 0.01 in (A). The value of
number in the horizontal line means the relative position of peaks distant from the top of agarose gel. The value of number at the vertical line means the fluorescent
intensity of PCR fragments using 4S GelRed Nucleic Acid Stain. Lane M is ladder DNA.

reaction (Figure 1A). On the whole, fluorescence intensities
were gradually decreased by reducing the content of genomic
DNA template, reflecting their reduced PCR products. With
decreasing fluorescence intensity, there were six visible peak
patterns in lines 1–7 but not lines 8–10 (Figure 1B), suggesting
that the threshold value of genomic DNA was about 0.1 ng.
Therefore, the LOD of hexaplex PCR method for the horse,
pigeon, camel, rabbit, ostrich, and beef species was approximately
0.1 ng in one tube reaction. Likewise, it was concluded that
the detection threshold of the hexaplex PCR method for
turkey, dog, chicken, duck, cat, and goose in the other tube

reaction was about 0.05 ng template DNA, which has six
bands as shown in Figure 2A and six peaks as shown in
Figure 2B.

Reproducibility of Polymerase Chain
Reaction Assay in Heat-Processed Meat
To determine the availability of primers for detecting animal
origin in thermally processed meat, both boiled and microwave-
cooked treatments were selected to process raw meat tissues. The
genomic DNA of each species was isolated from heat processed
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meat tissues. PCR amplification generated the expected PCR
products with 100% accuracy as that of raw meat samples in
heat processing animal species of horse, pigeon, camel, rabbit,
ostrich and beef, respectively (Supplementary Figures 4A,B).
Similar results are obtained from PCR amplification of the
turkey, dog, chicken, duck, cat, and goose species, as shown
in Supplementary Figures 4C,D. Taken together, the results
suggest that the designed primers are qualified for detecting meat
ingredients in real-world meat products.

Application of Multiplex Polymerase
Chain Reaction Assay in Commercial
Meat Products
Since some food items such as meatballs, meat slices, kebab,
drysalter, and jerky are highly popular and have high
consumption rate, 55 commercial samples were randomly
selected for multiplex PCR analysis. As summarized in Table 2,
most of the meat samples declared to be having 100% pure
meat content contained the identical ingredients as labeled.
However, some shocking findings that samples were adulterated
with extra ingredients were unmasked. As illustrated, 6 of 15
(40%) beef samples, 3 of 10 (30%) horse samples, 2 of 10 (20%)
camel samples, 3 of 10 (30%) ostrich samples, and 3 of 10
(30%) turkey samples contained meat ingredients that were
unlisted. From this survey, the incidence of meat frauds is still
rampant until now, especially for some kinds of poultry meat
that are fraudulently mixed or counterfeited with red meat.
The survey further corroborates the availability of this two-tube

hexaplex PCR assay in authenticating commonly consumed
meat ingredients.

DISCUSSION

The multiplex PCR technique is a highly effective method
for detecting multiple targets in a single platform, which
dramatically cuts the cost and time of analysis through
a simple agarose gel analysis (18–20). Notably, with the
increase of primers and multiplicity of PCR reaction, mutual
interference of PCR components causes lower efficiency and
even the failure of amplification (7). Through analyses of some
bodies of literature recently published, multiplex PCRs are
summarized and shown in Table 3. Multiplex PCRs such as
duplex, triplex, tetraplex, pentaplex (quintuple), and hexaplex
(sextuple) have been broadly reported for meat authentication,
while most multiplex PCR assays have authenticated less
than eight meat species. To our knowledge, relatively little
is known about multiplex PCRs that discriminate more than
ten animal species. Although two studies have authenticated
ten and fourteen animal species, they are achieved by two-
tube multiplex PCR assays (7, 17). Notably, fourteen animal
species were detected by two-tube independent pentaplex
PCR assays with ten pairs of primers, three of them used
degenerate primers (7). However, the degenerate primers
inaccurately distinguish sheep and goat in ovis, dog, fox,
and raccoon-dog in Canidae, and chicken and duck in

TABLE 3 | Comparative analysis of multiplex PCR assays for the identification of meat species.

Multiplex PCR type Species
number

Detection items Detection limit Detection
method

References or
source

Multiplex (two-tube) 12 Horse, pigeon, camel, rabbit, ostrich, beef; turkey, dog,
chicken, duck, cat, and goose

0.05–0.1 ng DNA Gel This study

Multiplex (two-tube) 14 Cattle, donkey, canidae (dog, fox, raccoon-dog), deer,
horse; pig, ovis (sheep, goat), poultry (chicken, duck), cat,
and mouse

0.02–0.2 ng DNA Chip (7)

Multiplex (two-tube) 10 Beef, sheep, pork, chicken, turkey; cat, dog, mouse, rat,
and human

30 pg DNA Gel (17)

Octuplex 8 Dog, chicken, cattle, pig, horse, donkey, fox, and rabbit 0.05 ng/µL DNA Gel (25)

Heptaplex (RFLP) 7 Beef, buffalo, chicken, duck, goat, sheep, and pork 0.5% for each species Chip (4)

Septuple PCR 7 Turkey, goose, pig, sheep, beef, chicken, and duck 0.01–0.05 ng DNA Gel (14)

Multiplex 6 Mutton, pork, duck, chicken, horse, cat 9.1% of each species Gel (27)

Multiplex 6 Goat, chicken, cattle, sheep, pig, horse 0.25 ng Gel (28)

Multiplex 5 Sheep/goat, bovine, chicken, duck, and pig 0.5 ng Gel (19)

Pentaplex 5 Dog, duck, buffalo, goat, sheep 0.1–0.32 ng DNA Gel (13)

Quadruplex 4 Chicken, mutton, beef, pork 16 pg DNA, 0.01% of each species Gel (29)

Quadruple 4 Fox, mink, or raccoon in beef, and mutton 1% for each species Gel (30)

Multiplex 4 Buffalo, cattle, pork, and duck 1 pg DNA, 0.1% for each species Gel (31)

Quadruple 4 Beef, pork, mutton, and duck 0.1 ng DNA Gel (32)

Tetraplex 3 Pig, cattle, and fish 0.001–0.1 ng DNA Gel (33)

Multiplex 3 Chicken, duck, and goose 0.05 ng DNA or 1% for each species Gel (34)

Multiplex 2 Cattle, horse 0.05 ng DNA Gel (3)

Multiplex 2 Cattle, buffalo 2.23–2.31 ng/µL DNA Gel (35)

Chip, microchip electrophoresis; Gel, agarose gel electrophoresis.
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poultry (7). Our previous study has developed a septuple
PCR assay for identifying seven species of turkey, goose,
pig, sheep, beef, chicken, and duck in one tube reaction,
but it fails to simultaneously authenticate more than seven
species (14). In this research, multiplex PCRs have also
been found to confront technological challenge, because
multiplex PCR with increasing species-specific primers in
one reaction sometimes generates loss or unexpected bands.
Through screening new species-specific primers and optimizing
species combination, a two-tube hexaplex PCR method
was ultimately established for accurate authentication of
twelve meat species.

Nevertheless, multiplex PCR occasionally causes artifacts
because of contamination by alien DNA even at a very low
level and generates non-specific target amplification (21). To
eliminate the possibility, each species-specific primer pair
was individually used for amplifying target species using
the DNA mixture of all six species as a template in one
PCR reaction. PCR products were subsequently connected
into a cloning vector for DNA sequencing, which is highly
promising and reliable for determination of nucleotide base
sequences. BLAST analysis confirmed species-specific PCR
amplification for all the species with 100% accuracy, suggesting
that the developed system can accurately amplify each
target. Application of the two-tube hexaplex PCR assay in
commercial meat products further validated the availability
of the developed system. In accordance with other reports,
meat fraud with cheap or poor-quality meat has become
common worldwide (4, 7). Based on this, accurate verification
of meat ingredients is crucial to safeguard consumers from
meat fraud and thereby contributes to establish discipline
in food business.

According to the data shown in Table 2, the proposed method
reveals the phenomenon that commercial meat products are
frequently adulterated. However, they showed morphological
and physical features similar to that of pure meat, indicating
that the practice of meat adulteration has been ingeniously
performed. Therefore, a reliable analytical technique with high
sensitivity is required for meat authentication. In this study,
the LOD of the two-tube hexaplex PCR assay reached up
to0.05–0.1 ng. Compared with the LOD of multiplex PCR
assays shown in Table 3, the developed technique is qualified
for discriminating meat source. Molecular authentication or
molecular traceability of meat species, which is based on the
developed multiplex PCR amplification of genomic DNA, has
provided an accurate analysis of meat ingredients (22, 23). In
this regard, the proposed PCR method targeting mtDNA to
authenticate twelve animal species in food products would be
especially useful.

CONCLUSION

This study provides a two-tube independent hexaplex PCR assay
for molecular authentication of meat fraud, which is a reliable,
low-cost, and rapid approach, and offers unambiguous detection
and discrimination of twelve animal species. Furthermore, the
technique has been corroborated for its accuracy, specificity,
sensitivity, and applicability in commercial meat products. The
proposed method is of great importance and will have a good
application foreground.
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Quinoa is a pseudo-cereal which has excellent nutritional and functional properties due
to its high content of nutrients, such as polyphenols and flavonoids, and therefore quinoa
serves as an excellent supplement to make healthy and functional foods. The present
study was aimed to evaluate the quality characteristics of wheat doughs and crispy
biscuits supplemented with different amount of quinoa flour. The results showed that
when more wheat flour was substituted by quinoa flour, proportion of unextractable
polymeric protein to the total polymeric protein (UPP%) of the reconstituted doughs
decreased and the gluten network structure was destroyed at a certain substitution level.
The content of B-type starch and the gelatinization temperature of the reconstituted
flours increased. The storage modulus, loss modulus, development time, and stability
time of the dough increased as well. Moreover, hardness and toughness of the
formulated crispy biscuits significantly decreased. Analyses suggested that starch
digestibility was reduced and resistant starch content increased significantly. Taken
together, quinoa flour improved dough rheological properties, enhanced the textural
properties, and increased resistant starch content in crispy biscuits, thus adding to high
nutritional value.

Keywords: quinoa-wheat reconstituted system, crispy biscuits, starch physicochemical properties, dough
rheological properties, in vitro starch digestibility

INTRODUCTION

Biscuits have become an indispensable bakery product for people worldwide due to their sensory
attributes, convenience and countless varieties (1). However, biscuits are made from refined wheat
flour, and thus they have unbalanced nutrients and a high glycemic index, disadvantages to patients
with chronic diseases such as diabetes, obesity and hypertension (2). It is necessary to substitute part
of wheat flour with other nutrition-fortifying flours to produce biscuits with optimal nutritional
quality and low starch digestibility.
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Quinoa (Chenopodium quinoa Willd.), known as a pseudo-
cereal, is not only an excellent source of protein, starch, vitamins,
and other basic nutrients, but also rich in functional nutrients
such as polyphenols, flavonoids, and saponins compared to most
cereal grains (3, 4). Despite its nutritional benefits, quinoa has
a nutty taste, a different flavor from that of wheat products and
its baking quality is poor (4). Therefore, quinoa alone is not a
popular staple food. One of its potential usages is to incorporate
into biscuit formulations as a supplement, and to improve their
nutritional characteristics.

Utilization of quinoa in baked products is not popular owing
to its lack of gluten protein to form viscoelastic dough. Dough
properties are the dominant factors determining the baking
attributes of wheat flour products (5). Rheological property of
dough is usually an index of dough viscoelasticity measurement.
When wheat flour is mixed with water, gluten proteins absorb
water and expand to form gluten network, which confers unique
viscoelastic properties on dough. However, crispy biscuits made
from the reconstituted flours are expected to have the combined
baking properties of wheat dough and the high nutritional
properties of quinoa.

The composition and structure of gluten protein have a
great role in the dough processing (6). Wheat gluten protein
consists of glutenins and gliadins, and determines the viscoelastic
behavior of dough. The glutenin polymers are classified into
unextractable and extractable polymeric proteins (UPP and EPP)
based on solubility in SDS solution (7). UPP%, as one of the
commonly used indices to evaluate wheat protein quality, has
a positive correlation with dough rheological properties (7, 8).
Therefore, it is very promising to introduce this parameter into
other non-wheat crops to analyze protein characteristics. UPP%
has been used to analyze the protein quality characteristics of
hulless barley-wheat reconstituted flour and UPP% of wheat-
hulless barley system decreased with the increase of hulless
barley proportion (9). The performance of gluten microstructure
affects dough behaviors during the dough formation process
(10), which can be characterized by the parameters i.e., protein
area, protein junctions, and lacunarity used in protein network
analysis (11, 12). However, the previous studies have rarely
quantitatively analyzed the effect of quinoa supplementation on
the microstructure of wheat doughs.

Starch is also a primary ingredient of dough, which is mainly
responsible for pasting and thermal properties, water absorption
and stability of dough structure, and consequently biscuit quality
(13–15). Physicochemical properties of starch are also crucial
factors affecting the quality of quinoa products (16). Starch
granules with different sizes contribute differently to the dough
rheological behavior, and the smaller-sized (B-type) granules
improve wheat dough rheological properties (17, 18). Quinoa
has a rather low apparent amylose content (4–25%) (19) but
high content of super-long-chain amylopectin (20). Apparent
amylose affects starch physicochemical properties, including
structures, thermal and pasting properties and digestibility of
starch (21). Starch is divided as rapidly digestible starch (RDS)
(digested within 20 min), slowly digestible starch (SDS) (digested
between 20 and 120 min) and resistant starch (RS) (digested
beyond 120 min) (22) based on their digestion rate. White bread

contains a high content of RDS which leads to an increase in
postprandial glucose level during digestion (23). As RS can resist
the decomposition of enzymes and slow release of glucose, it plays
an important role in regulating blood sugar (24). Therefore, the
increase in RS content in diet can contribute to nourishment
and human health. Although the nutritional composition and
sensory properties of quinoa-fortified bakery products have
been extensively investigated (25–28), few studies have reported
the relationship between the physiochemical and rheological
properties of a quinoa-wheat dough system for the purpose
of biscuit bakery.

In this study, quinoa and a wheat variety P13 with weak
gluten were used to investigate processing quality and food
functional properties of quinoa-wheat doughs and biscuits. The
physicochemical properties of starch and gluten, and rheological
properties of the reconstituted doughs were determined; and the
physicality, texture, sensory evaluation, and starch digestibility of
the biscuits were characterized. The results of this study give a
new insight into analyzing the processing quality of quinoa-wheat
biscuits as functional products.

MATERIALS AND METHODS

Materials
A wheat variety, P13 with weak gluten, was selected as the source
of base flour provided by Shandong Academy of Agriculture
Sciences. The fine flour was acquired by milling in a Brabender
Quadrumat Senior (Hackensack, United States) and then sieved
(100 mesh). Quinoa flour was provided by Qinghai University
with saponins removed. The samples were stored at 4◦C for
subsequent experiments.

Determination of Basic Nutritional
Components of Quinoa and Wheat Flours
A Diode Array 7,250 NIR spectrometer analyzer (Perten
Instrument AB, Sweden) was used to determine moisture and
ash content for the quinoa and wheat flours. Protein content was
measured according to the AACC methods 46-11A. Component
analyses of each flour sample were conducted in triplicate.

Analysis of Functional Components
Extraction Procedure
Quinoa and wheat flour samples (0.5 g for each) were individually
dissolved in 50% (v/v) ethanol (10 mL), and the mixture was
extracted through reflux in 60◦C water bath for 2 h. The total
extract was obtained by repeating refluxing and stored at –20◦C
for further analyses. The sample extract was mainly used for the
determination of total flavone and total polyphenol contents.

Total Polyphenol Content Assayed by
Folin-Ciocalteau Reagent
Total polyphenol content in the two flour samples was measured
using the Folin-Ciocalteau assay according to the method of
Alvarez-Jubete et al. (29), applying minor changes. Sample extract
(1 mL), Folin-Ciocalteau reagent (1 mL), 1 mM Na2CO3 (3 mL)
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and distilled water (5 mL) were added into a 10 mL tube.
The mixture was placed in the dark for 15 min at 25◦C. The
absorbance of the mixture was measured at 725 nm using a
UV-2100 spectrophotometer (Shanghai, China). Each sample was
measured three times. A standard solution was prepared using
gallic acid and a calibration curve was obtained using a range
of concentrations from 0.01 to 0.06 mg/mL. The results were
expressed as gallic acid equivalent (GAE) in mg/g of dry-weight
basis. Gallic acid was purchased from Sangon Biotech (Shanghai)
Co., Ltd. (Shanghai, China).

Total Flavone Content Assay by Aluminum Nitrate
Colorimetric Method
Total flavone content in the two samples was measured
using the aluminum nitrate colorimetric method (30) with
minor modifications. Sample extract (1.0 mL), 0.72 M NaNO2
(0.15 mL), 0.27 M Al2 (NO3)3 (0.15 mL), 1 M NaOH (2.0 mL)
and 60% (v/v) ethanol (1.7 mL) were sequentially added into
a 5 mL tube. The mixture was incubated for 15 min at
25◦C. Absorbance of the mixture was measured at 517 nm
using a UV-2100 spectrophotometer (Shanghai, China). Each
sample was measured three times. A standard solution was
prepared using rutin and a calibration curve was obtained with
a range of concentrations from 0.75 to 75 µg/mL. Total flavone
content was expressed as mg rutin equivalent (RE)/g of sample.
Rutin was purchased from Sangon Biotech (Shanghai) Co., Ltd.
(Shanghai, China).

Preparation of Flour Samples
The quinoa flour was added to substitute for wheat flour at five
ratios: 10, 15, 20, 25, and 30% (w/w), and the reconstituted flours
were designated as Q10, Q15, Q20, Q25, and Q30, with wheat
base flour (Q0) as control. The reconstituted flours were kept at
4◦C for subsequent experiments.

Analysis of Starch Physicochemical
Properties
Isolation of Starch
Wheat starch was isolated from flour following the method
reported by Zi et al. (18) with modifications. Wheat starch
was extracted with 75% (v/v) ethanol and dried in an oven at
55◦C overnight, ground into powder using a blender and sieved
through a 200-mesh sieve. Starch in reconstituted flours was also
isolated according to the above method.

Starch was isolated from quinoa flour as described by
Contreras-Jiménez et al. (31), with minor modifications. The
mixture of quinoa flour and distilled water (1:3, w/v) was
maintained at 25◦C for 1 d. The mixture was sieved (80 mesh),
rewashed with 75% (v/v) ethanol and centrifuged at 1,503 × g
for 20 min to remove the supernatant. The gray layer on the
precipitated surface was scraped off and the remaining pellet
(quinoa starch) at the bottom were rewashed with 75% (v/v)
ethanol and centrifuged. The quinoa starch was obtained by
washing the samples for 3–5 times and dried at 60◦C for 1
day. The starch sample was ground into fine powder, sifted
(200-mesh) and stored at 4◦C for subsequent operations.

Measurement of Apparent Amylose Content
Apparent amylose content of individual quinoa and wheat
starch sample was measured with an Amylose/Amylopectin
Assay Kit (Megazyme International, Ireland Ltd., Bray,
Ireland) in triplicate.

Analysis of Size Distribution of Starch Granules
The number of different sized starch granules was determined
using a laser diffraction instrument (Microtrac S3500,
United States) in triplicate according to the method of Yu
et al. (32). The raw data was exported to calculate starch granule
number distribution using Microsoft Excel 2019 software.

Thermal Properties
Thermal properties of starch samples were analyzed using
a simultaneous thermogravimetric analyzer (STA 7200 RV,
HITACHI, Japan) according to an established method (13).
Starch sample (3.0 mg) was placed in an aluminum crucible (Ø
5.2× 2.5 mm) on a sample holder. A blank pan was placed on the
reference side sample holder. The experiment was carried out in
a dynamic nitrogen environment in the range of 30–300◦C, with
temperature increasing at a rate of 10◦C/min. Four parameters
were determined by TA 7000 standard analysis software: onset
temperature (T0), peak of gelatinization temperature (Tp),
conclusion temperature (Tc) and gelatinization enthalpy (1Hgel).
The measurement was repeated thrice for each sample.

Determination of UPP% by
Size-Exclusion High Performance Liquid
Chromatography
UPP and EPP in the reconstituted flours were extracted referring
to an established method (33). UPP% in the glutenin fraction
was determined as the ratio between peak area of UPP and
total peak area of UPP and EPP on an size-exclusion high
performance liquid chromatography (SE-HPLC) system (Infinity
1260, Agilent, United States). Each sample was measured with
two replicates and the average values were calculated.

Observation of Dough Microstructure
Microstructure of the reconstituted dough samples was visualized
by confocal laser scanning microscopy (Olympus, Tokyo, Japan)
as described by Bernklau et al. (11). Rhodamine B (0.01 mg/mL)
was used for dying the protein. The dough samples were
prepared in duplicate. Five independent images (512× 512 pixel,
423.108 × 423.108 µm) were obtained for each dough sample.
The AngioTool 64 version 0.6a (National Cancer Institute,
Maryland, United States) was used to qualitatively analyze
each image with the three parameters: protein area, protein
junctions and lacunarity.

Determination of Dough Rheological
Properties
A rheometer (RotoViscol, HAAKE, Germany) was used to
determine the small amplitude oscillatory shear measurements
of the reconstituted doughs, as described by Wang et al. (34).
Storage modulus (G′), loss modulus (G′′) and Tan δ (G′′/G′) were
determined in duplicate.
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Mixing properties of the reconstituted doughs were
determined using a Mixolab instrument (Mixolab2, Chopin,
France) following the method reported by Niu et al. (35).
Mixolab analysis was carried out in the process of heating and
mixing, which determined the characteristics of gluten strength
and starch viscosity of the dough. The dough mixing behaviors
were recorded with the standard “Chopin+” protocol. Eleven
dough mixing parameters were determined and calculated
on the dough processing curve: water absorption (WA),
dough development time (DDT), dough stability time (DS),
dough development (C1), protein weakening (C2), starch
peak viscosity (C3), trough viscosity (C4), final viscosity (C5),
protein weakening (%), starch breakdown (C3-C4) and starch
retrogradation (C5-C4). Two replications were conducted
for each sample.

Preparation of the Formulated Crispy
Biscuits and Analysis of Functional
Components
Formulated crispy biscuits were made according to AACC
method 10–50D with minor modifications. The dough samples
were prepared by mixing 100 g reconstituted flour, 15 g
shortening, 28.5 g erythritol, 2 g cream, 0.3 g salt, 0.07 g
sodium bicarbonate, 0.3 g ammonium bicarbonate, 16 g egg
and a proper amount of water (acquired from the Mixolab
data: Q0: 10.22 mL; Q20: 10.54 mL; Q25: 10.61 mL; Q30:
10.60 mL) at 22◦C, followed by resting for 10 min. Dough was
pressed to a thickness of 5.0 mm with a rolling pin, cut with
a 50 mm diameter die and baked in an oven at 200◦C for
9 min. Two batches of biscuit replicas were prepared and cooled
to 25◦C for further analyses. Shortening, erythritol, cream, salt
and egg were purchased from local supermarket. Additionally,
“Observation of dough microstructure” and “Determination
of dough rheological properties” were made using dough
prepared as described in “Preparation of the formulated crispy
biscuits.”

The contents of total polyphenol and total flavone in biscuit
samples were determined according to the method of quinoa and
wheat flours in triplicate.

Evaluation of the Crispy Biscuit Baking
Performance
Physical Properties Measurement
Biscuit samples were weighted using a laboratory balance
(BSA223S, Sartorius, Germany) and their diameter and thickness
were measured using a ruler. Two batches of biscuit replicas were
measured and the mean was calculated.

Texture Measurement
Hardness and toughness of the formulated biscuits were
measured using TVT Texture Analyzer (TVT 6700, Perten,
Sweden) (28). The biscuit sample was placed stably on the center
of the base on the testing table. The probe (P-BP70A) and the
base (R-TPBR) were selected, the compression height was set to
15.00 mm; the pretest speed was 2.5 mm/s; the test speed was

2.0 mm/s and the posttest speed was 10.0 mm/s. The values are
presented as the average of two measurements.

Sensory Evaluation
Sensory characteristics of crispy biscuit samples with different
percentages were evaluated using untrained consumers (22–55
years old). The panelists were asked to evaluate the color, shape,
structure, flavor and taste of samples and overall acceptability. All
parameters were compared with control sample without quinoa
addition (Q0). The ratings were on the 9-point hedonic scale
ranging from 9 (like extremely) to 1 (dislike extremely) for each
characteristic.

In vitro Starch Digestion Assay
Referring to Toutounji et al. (36), in vitro digestion of the
formulated biscuits was analyzed by sequentially mixing biscuit
sample (5 g), sodium acetate solution (40 mL, 0.2 M, pH
6.0) and working enzyme solution (5 mL, 0.66 mL 200
U/mL porcine pancreatin + 1 mL 100 U/mL amyloglucosidase,
added up to 50 mL with buffer) in a test tube. The
mixture (after being vortexed) was kept in a shaker at
37◦C while rotating at 230 rpm for 2 h. The aliquot
samples (0.2 mL at each time) of the mixture were collected
at 0, 20 and 120 min. The test tubes were immediately
heated in 100◦C bath for 8 min to denature enzymes and
centrifuged at 15,871 × g for 10 min. The glucose present
in the supernatant was measured at each time point using
a D-Glucose Assay kit (GOPOD method, K-GLUC 09/14,
Megazyme International, Ireland Ltd., Bray, Ireland) and a UV-
2100 spectrophotometer (Shanghai, China). Amyloglucosidase
(Aspergillus niger, 100,000 U/mL) was purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China), and porcine pancreatin
(4 USP) was purchased from Sigma-Aldrich Ltd. (St. Louis, MO,
United States).

The relative proportions of RDS, SDS, and RS were calculated
(4). The formulas are as follows:

RDS(%) = (G20 − G0) × 0.9 × 100

SDS(%) = (G120 − G20) × 0.9 × 100

RS(%) = [(TS− RDS− SDS) ÷ TS] × 100

where G0, G20, and G120 represent the content of glucose
(%) released after 0, 20, and 120 min, respectively. TS
is total starch content of the sample, and 0.9 is the
conversion factor for glucose converted to anhydroglucose
(the starch monomer unit).

Statistical Analysis
The resultant data were processed by SPSS software (SPSS Inc.,
version 22.0 United States). Differences between components
of quinoa and wheat flour were assessed by Student’s t-test
(P ≤ 0.05). The reconstituted flours were analyzed by one-
way analysis of variance (ANOVA) and the differences among
flour samples were evaluated by least significant difference (LSD)
(P ≤ 0.05).
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RESULTS AND DISCUSSION

Compositional Characteristics of Quinoa
and Wheat Flours
Ingredients of quinoa and wheat flours are shown in Table 1.
The results shows that moisture and apparent amylose content
of quinoa flour were lower than those of wheat flour. There
was significant difference in protein content between quinoa and
wheat flours. Quinoa has been used as a supplement to improve
nutritional quality and to fortify food products (5). Previous
studies have shown that the protein content of quinoa is generally
higher than that of common grains (i.e., wheat, corn and barley)
(3, 4). Ash content of quinoa flour is higher than that of wheat
flour, which may be attributed to crop mineral content (31). The
results of this study on compositional characteristics of quinoa
and wheat flours are comparable to the previous results (31, 37).
As for functional components, quinoa flour contains significantly
more total polyphenol and total flavone than wheat flour does. It
is generally accepted that polyphenols have beneficial effects on
health and polyphenols are the most abundant antioxidants that
can scavenge free radicals such as 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (38). Therefore, the above result indicates that quinoa
has stronger antioxidant capacity than wheat does. Referred to
in the earlier studies, total polyphenol content in quinoa ranged
from 1.48 to 5.18 mgGAE/g (25, 39). Total flavone content in two
quinoa varieties (Salcedo and Altiplano) was 8.69 and 9.14 mg
RE/g, respectively (40). The results of the current study were
different from the previous results: total polyphenol content in
quinoa was relatively high, while total flavone content relatively
low, which can be attributed to many factors, such as variations
among crop varieties, environmental conditions and cultivation
methods. In addition, different polyphenol and flavone extraction
methods had significant effects on the results (29). Given that the
current results demonstrate quinoa has higher nutritional values

than wheat does, the study of the quinoa-wheat flour for biscuit
baking is essential.

Analyses of Particle Size Distribution and
Thermal Properties of Starch
Different methods can be applied to extract starch from quinoa
and wheat, since wheat dough can be separated into starch
suspension and gluten by hand washing while quinoa dough
can’t. The results of particle size distribution of starch showed
that the content of B-type granules increased obviously when
quinoa flour was added (Table 2), which is consistent with the
previous findings that most of the quinoa starch granules are
composed of small granules (diameter from 1 to 3 µm) (19, 20).
Generally, A-type starch granules have higher amylose content
(41, 42). As shown in Table 1, apparent amylose content of
quinoa flour is lower than that of wheat flour, which can be
explained that quinoa flour is composed of small granules. Given
that more B-type granules can improve the dough rheological
properties (9, 17), the reconstituted flours are expected to show
better rheological behavior.

The gelatinization properties for wheat starch and quinoa-
wheat starches were determined by STA, and the results are
shown in Table 2. With the increasing proportion of quinoa
flour, T0, Tp, and Tc increase significantly, whereas 1Hgel
decreases (Table 2). A similar phenomenon has been observed
when different proportions of quinoa flour were added to
wheat flour and potato starch (27). Thermal properties of starch
were closely related to the molecular architecture of crystalline
regions of amylopectin (43). Since the long unit chains in
amylopectin can allow more flexibility of double helices, which
makes the crystalline region of amylopectin more orderly (13,
44), the high content of super-long-chain amylopectin in quinoa
may be responsible for increasing gelatinization temperature
of starch in the reconstituted flour system. Starch with higher

TABLE 1 | Compositional characteristics of quinoa and wheat flours.

Sample Moisture (%) Protein content
(%)

Ash content (%) Apparent amylose
content (%)

Total polyphenol
content (mgGAE/g)

Total flavone content
(mgRE/g)

Quinoa flour 9.64 ± 0.43b 16.81 ± 1.75a 2.17 ± 0.04a 18.74 ± 1.63b 8.76 ± 0.71a 3.00 ± 0.52a

Wheat flour 11.28 ± 0.07a 10.68 ± 0.17b 0.93 ± 0.01b 28.36 ± 1.56a 3.88 ± 0.01b 0.27 ± 0.01b

Values followed by different letters in the same column are significantly different (P < 0.05).

TABLE 2 | B-type starch granule content and thermal properties of starch from the reconstituted flours.

Sample B-type starch granule content (%) Thermal property

T0 (◦C) Tp (◦C) Tc (◦C) 1Hgel (J/g)

Q0 68.85 ± 2.45b 31.75 ± 0.21e 64.15 ± 0.07c 74.70 ± 0.00c 86.05 ± 0.78a

Q10 68.92 ± 2.22b 31.80 ± 0.14e 63.55 ± 0.92d 73.05 ± 0.21d 82.90 ± 0.00b

Q15 69.95 ± 0.14b 32.05 ± 0.07d 63.95 ± 0.07c 75.15 ± 0.78c 81.05 ± 0.21c

Q20 71.82 ± 1.33b 32.40 ± 0.14c 64.15 ± 0.07c 77.50 ± 0.71b 78.10 ± 2.55d

Q25 72.91 ± 2.15b 32.90 ± 0.00b 65.40 ± 0.00b 77.65 ± 0.21b 74.55 ± 0.78e

Q30 79.07 ± 1.54a 33.50 ± 0.28a 68.45 ± 0.35a 78.85 ± 0.21a 77.75 ± 0.64d

Values followed by different letters in the same column are significantly different (P < 0.05).
T0, onset temperature; Tp, peak of gelatinization temperature; Tc, conclusion temperature; 1Hgel , gelatinization enthalpy.
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gelatinization temperature possesses improved molecular order
and crystallinity, which requires more energy for gelatinization,
and consequently exhibits delayed gelatinization. Different
particle size distribution may also cause differences in starch
thermal properties. Compared with A granules, B granules
showed higher T0, Tp, and Tc, but lower 1Hgel. With the increase
of B/A ratio, gelatinization temperature of mixed starches
increased while the 1Hgel decreased (45, 46). Taken together, it
can be inferred that the increase of gelatinization temperature
and the decrease of 1Hgel may be ascribable to the increase of
B-type content in the reconstituted systems.

Analyses of UPP% and Gluten Network
Structure of Reconstituted Flours
UPP% is often used as an index to evaluate the wheat quality
(6, 9), and in this study it is introduced to evaluate the quinoa
quality. Consequently, the UPP% of quinoa-wheat flours was
explored and its effect on the dough strength investigated. SE-
HPLC measurements showed that the UPP% of the reconstituted
flours decreases by 6.27–16.14% compared with Q0, and the
graph shows an S-shaped downward trend (Supplementary
Figure 1A). The results showed addition of quinoa flour
significantly lower UPP%, indicating quinoa weakened wheat
dough strength. Accordingly, the microstructure of dough was
quantitatively analyzed by AngioTool to explore its internal
mechanism (Supplementary Figure 1). Referred to by Bernklau
et al. (11), denser protein cross-linkage contributes to greater

stability of gluten and dough, which can be characterized
by protein area and protein junctions. Larger protein area
and more protein junctions indicates that the gluten protein
network structure is more closely connected. The reconstituted
doughs except Q10 showed less protein area and fewer protein
junctions than Q0 did (Supplementary Figures 1B,C), indicating
that when quinoa flour was added into wheat flour, the
gluten network structure in the dough system deteriorated.
The protein area and protein junctions of Q10 increased
slightly, without significant difference, compared to those of
Q0. Lacunarity reflects the regularity of voids in the network
structure and a higher value indicates weaker dough strength
(9, 47). With the addition of quinoa flour, lacunarity became
larger, indicating the reconstituted doughs became weaker
(Supplementary Figure 1D).

Combined with the result of UPP%, it can be concluded that
the gluten protein quality of the reconstituted doughs became
worse with the addition of quinoa flour. The results can be
explained by the fact that quinoa does not contain gluten, so
that the protein of quinoa cannot connect with wheat gluten to
form stable and complete gluten network structure (4). Since the
microstructure of the reconstituted doughs was disrupted, the
“weakened” doughs are expected to make different crispy biscuits.

Rheology
It is generally recognized that the rheological properties of dough
are related to the quality of the final product in some way (48).
A rheometer was used to investigate the rheological behavior of

FIGURE 1 | Rheological properties of wheat and quinoa reconstituted doughs. (A) Storage modulus (G′). (B) Loss modulus (G′′). (C) Tan δ. (D) The mixing profiles of
doughs. The data were obtained from two replicates of each sample.
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dough. The effect of quinoa flour on the rheological properties
of wheat dough was analyzed (Figure 1). G′ and G′′ represent
solid-like and liquid-like characters of the test dough samples,
respectively (49). When frequency was in the range of 0.1–10 Hz,
G′ and G′′ increased in a frequency-dependent manner. G′ was
always higher than G′′, which led to tan δ < 1 (Figures 1A–
C), indicating predominance of a solid-like character for the
reconstituted dough samples. The reconstituted doughs exhibited
higher G′ and G′′, compared with Q0. Tan δ decreased with
an increased proportion of quinoa flour in dough samples,
indicating quinoa flour improved dough viscoelasticity.

It has been generally accepted that UPP% is positively
correlated with the dough rheological properties (6, 50). Protein
polymers should have disintegrated as inclusion of quinoa
flour diluted the gluten network. However, in this study, the
rheological properties of the dough were improved. This may
be attributed to that the starch of quinoa contains more small-
sized granules, which combine more closely with gluten network
(9, 51). The improved effect of quinoa starch may offset the
decreased effect of the diluted gluten. In the current study, the
increased content of smaller-sized starch in the dough system
affected physicochemical and structural properties of the wheat
dough because the quinoa starch granules embedded in the
gluten network structure improve the stability and the rheological
properties of the dough.

The dough rheological properties were further analyzed using
a Mixolab instrument. Mixolab mixing curves suggested that
there was a significant difference in torque among the tested
samples at the dough formation stage (0–8 min), and the time
from the initial to C1 was significantly lengthened with more
quinoa flour added (Figure 1D). The Mixolab parameters can
reflect the effect of the quinoa on gluten strength and starch
pasting properties (Table 3). WA of flour is affected by multiple
factors including protein and starch (43). The presence of quinoa
significantly increased WA of the flours in a linear manner. Given
that B-type starch granules with larger surface area can combine
more water molecules, and thus increase water absorption of
dough (18, 52), we attribute increased WA to inclusion of B-type
starch granules in the reconstituted flours. It is noteworthy in
this study that DDT and DS of the reconstituted doughs showed
a stepwise increase. Inconsistent with the previous studies (30,
53), the absence of gluten in quinoa destroyed the gluten network
structure, but prolonged DDT and DS, which can be explained
by the assumption that under mechanical force, the protein-
protein and protein-starch interactions between quinoa and
wheat occurred. Also, high water absorption resulted in more
available water in the reconstituted doughs thereby improving
the homogeneity and stability of the gluten-starch matrix in the
dough system (54). Since the reconstituted doughs showed better
performance in the dough development than the control Q0 did,
it is clear that quinoa flour at certain substitution levels improved
the mixing properties of wheat dough.

When the temperature began to rise, the dough entered the
protein weakening stage (C2) (Figure 1D). Torque began to
drop because of protein denaturation, and continued until starch
gelatinization began (30). Protein weakening (%) is described
as difference between torque at 8 min and at C2. The protein TA
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weakening degree of the reconstituted doughs increased more
significantly than that of wheat dough, indicating that quinoa
increased protein weakening (Table 3), which was consistent
with the finding about UPP% (Supplementary Figure 1). Similar
results were reported by Gujral et al. (53), when hulless barley
bran was supplemented to refined wheat flour for chapatti
making. This is because the reconstituted doughs contained
lower levels of gluten and weakened microstructure, which
caused higher protein weakening degree and decreased dough
consistence at C2.

As the temperature continued to rise, the dough entered the
starch-dominating stage in the mixing process. At C3, starch
peak viscosity was determined, which is a pivotal index to
evaluate the end-use properties of food products (14). During
the stage, torque for Q0 increased greatest (Figure 1D). C3
torque of the reconstituted doughs decreased slightly, indicating
lower peak viscosity for quinoa than for wheat flour (Table 3).
This might be attributed to mild variations in water absorption
and swelling of small-sized starch granules. Because of the
smaller volumes, the B-type starch granules have relatively
smaller swelling expansion, which is responsible for lower
peak viscosity (41). Besides, other factors, such as the contents
of dietary fiber and polyphenols rather than of starch, have
been reported to affect pasting properties, which cannot be
negligible (20, 30). These components competed with starch
granules for water, resulting in a decrease in the available
water combined with starch and thus affected the pasting
properties of starch.

When the dough temperature continued to rise to the
maximum, torque continuously decreased until trough viscosity
occurred (during C4). Breakdown is one of parameters that
indicates paste stability (55). The breakdown of reconstituted
doughs ranged from 0.29 to 0.31 Nm, which is higher than
that of Q0 (0.17 Nm), indicating the reconstituted doughs
had lower hot-paste stability (Table 3). Hot-paste stability is
closely related to the exudation of amylose after the starch

granule ruptured (56). The difference in structure between
quinoa and wheat starch may be more likely to accelerate
the leaching of amylose after starch granules fall off, resulting
in poor stability.

During the dough cooling stage, torque increased owing
to the recrystallization of gelatinized starch granules (53).
With the higher ratio of quinoa flour, final viscosity of the
reconstituted doughs decreased significantly (Table 3). Setback,
the difference of torque between C5 and C4, is defined as
the process of recrystallization of starch during cooling, which
is related to retrogradation tendency of starch (27). With the
addition of quinoa flour, setback values showed a downward
trend. Shelf life is particularly important for biscuits. Considering
the contribution of starch retrogradation to biscuits staling, a
decrease in setback value for the reconstituted doughs indicated
that the retrogradability of the reconstituted doughs decreased
and thereby the shelf-life of biscuits can be extended (21, 57).
The possible reason might be that higher polyphenol content
in quinoa with higher anti-oxidation ability can inhibit the
retrogradation of starch (30). In addition, amylose content is
also one of the important factors affecting starch retrogradation
(20). Amylopectin has many branches and complex structure,
which has a large space barrier and will slow retrogradation
in solution; while amylose in solution has little space barrier
and is ready to facilitate retrogradation. Therefore, although
quinoa flour increased the torque value at protein weakening in
the mixing process, it strongly improved starch retrogradability,
showing that quinoa starch impacts mixing properties of
wheat dough greatly.

The radar graphs were constructed to visualize the comparison
among quality characteristics of doughs made from different
flours with their components at different levels. Three wheat
doughs supplemented with quinoa flours at three ratios (Q20,
Q25, and Q30) had better overall scores than Q0 (Figure 2),
which indicates the three formulations can fulfill the purpose of
functional biscuit baking.

FIGURE 2 | The radar graphs of quality characteristics of wheat and quinoa reconstituted doughs. (A) Comparison of UPP%, protein area, protein junctions and
lacunarity in wheat and quinoa reconstituted doughs. (B) Comparison of B-type starch granule content and gelatinization enthalpy in wheat and quinoa reconstituted
doughs. (C) Comparison of dough development time and dough stability time in wheat and quinoa reconstituted doughs.
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TABLE 4 | Effect of quinoa content on the physical property measurements, textural properties, sensory evaluation, and in vitro starch digestibility of crispy biscuits.

Parameter Q0 Q20 Q25 Q30

Physical property Diameter (cm) 5.68 ± 0.02a 5.65 ± 0.06a 5.65 ± 0.11a 5.63 ± 0.04a

Thickness (mm) 9.96 ± 0.76b 10.52 ± 0.33b 10.85 ± 0.32ab 11.49 ± 0.43a

Weight (g) 15.93 ± 0.56b 18.47 ± 0.66a 19.15 ± 1.05a 19.29 ± 0.93a

Textural property Hardness 72.83 ± 1.64a 73.99 ± 9.49a 50.16 ± 8.33b 57.34 ± 4.52b

Toughness 10.01 ± 0.01a 5.48 ± 0.49bc 6.66 ± 1.56b 5.34 ± 0.76c

Sensory evaluation Color 8.10 ± 0.26a 7.74 ± 0.10b 7.38 ± 0.20c 6.66 ± 0.12d

Shape 8.10 ± 0.26a 7.74 ± 0.17b 7.56 ± 0.19b 7.02 ± 0.30c

Structure 7.20 ± 0.00c 7.56 ± 0.00a 7.38 ± 0.20b 7.20 ± 0.00c

Flavor 8.10 ± 0.23a 7.38 ± 0.25b 7.02 ± 0.25b 6.12 ± 0.41c

Overall acceptability 8.00 ± 0.23a 8.12 ± 0.11a 7.77 ± 0.20a 7.10 ± 0.16a

In vitro starch digestibility RDS (%) 60.80 ± 0.30a 59.21 ± 1.09b 56.70 ± 0.13c 51.47 ± 0.07d

SDS (%) 1.86 ± 0.53c 1.15 ± 0.03d 3.26 ± 0.63b 4.95 ± 0.13a

RS (%) 37.34 ± 0.82c 39.64 ± 0.03b 40.04 ± 0.46b 43.58 ± 0.00a

Values followed by different letters in the same row are significantly different (P < 0.05).
RDS, rapidly digested starch; SDS, slowly digested starch; RS, resistant starch.

Physical Properties, Texture Profile, and
Sensory Evaluation of Crispy Biscuits
Physical property analyses showed that quinoa flours at different
substitution ratios had different effects on thickness and weight
of biscuits, and the effect was more evident when the quinoa
content increased (Table 4). Textural properties are important
for biscuit quality (15). The analyses of texture properties of the
four crispy biscuits showed that hardness and toughness of Q0
was greater than those of Q20, Q25, and Q30 (Table 4), which is
consistent with the previous report (2). Hardness and toughness
are considered as important parameters to evaluate biscuit quality
(15). Differences in moisture content of the dough also contribute
to differences in biscuits crispiness (58). When quinoa flour was
added to wheat flour, WA increased, resulting in an increase
in the moisture content of dough (Table 3) and a decrease in
hardness of the formulated crispy biscuits. Lower hardness and
greater toughness are favorable attributes of the crispy biscuits.
The above results showed that among the four biscuit samples,
Q25 had superior textural attributes.

The results of hedonic sensory scores for crispy biscuits were
given in Table 4. In terms of color and shape, the scores of Q0,
Q20, Q25, and Q30 decreased sequentially. It can also be seen
from Supplementary Figure 2 that the appearance and color
of Q20 were better than that of Q25 and Q30. The biscuits
displayed varied colors from light to dark brown (Supplementary
Figure 2), which may be attributed to browning because of
Maillard or caramelization reactions. This agrees with the report
that temperature and quinoa flour instead of wheat flour affect the
browning of biscuits (59). Additionally, the deeper browning of
quinoa samples reported in previous studies is due to high levels
of polyphenols and ash (2), which is consistent with the results
of this study. The inclusion of quinoa in crispy biscuits resulted
in increased scores for structure compared to Q0. However,
supplement of quinoa in crispy biscuits reduced scores for flavor.
In spite of undesirable results in terms of color, shape, and
flavor, Q20 ensured satisfactory overall consumer acceptability
of formulated crispy biscuit. Although the use of quinoa flour
resulted in a slight decrease in the overall acceptability values, all

formulated crispy biscuits including Q30, which was substituted
with most quinoa, remained within the range that consumers
appreciate with the overall rating acceptable.

In vitro Starch Digestibility
Analysis of in vitro starch digestibility of the crispy biscuits
shows that RDS, SDS, and RS content of Q0 are 60.80, 1.86,
and 37.34%, respectively (Table 4). With the increased inclusion
of quinoa flour, the digestion rate of crispy biscuit starch
significantly dropped, which was confirmed by the fact that RS
increased and RDS and SDS decreased. For patients with type
2 diabetes, obesity, or cardiovascular disease, foods with lower
RDS content, higher SDS, and RS contents are healthier (24).
Consequently, the decreased RDS and increased RS suggested
that crispy biscuits supplemented with quinoa flour should be
beneficial, since carbohydrates were digested slowly in vivo, and
thereby prevented sharp increase of postprandial blood glucose.
Amylase was considered to be a key factor in determining
starch digestibility (14). Starch digestibility of the crispy biscuits
was decreased with the increase of quinoa flour. Wang et al.
(60) reported that in the process of digestion, A-type wheat
starch gelatinized largely, while B-type wheat starch and quinoa
starch granules were wrapped in a protein-sugar-oil film after
baking, forming a natural barrier, its digestion rate was slower.
In this study, due to the presence of quinoa starch, the content
of small starch granules in the reconstituted flour increased,
which reduced the starch digestibility. Additionally, reduced
starch digestibility may also be attributed to higher phenolic and
flavonoid contents restricting the hydrolysis of enzyme (30). As
shown in Figure 3, the contents of total polyphenol and total
flavone of Q20, Q25, and Q30 were significantly higher than
those of Q0, and increased with the increase of quinoa content.
Therefore, this may also be one of the reasons for the decline
in digestibility. In a word, quinoa can greatly reduce starch
digestibility and increase the RS content of biscuits, indicating
that quinoa can effectively improve the functional attributes of
crispy biscuits.
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FIGURE 3 | Effects of quinoa addition on functional components in the flour crispy biscuit samples. (A) The total polyphenol content in the crispy biscuit samples.
(B) The total flavone content in the crispy biscuit samples. The letters indicate significant differences (P < 0.05).

FIGURE 4 | The line charts exhibiting relationship between biscuit properties and starch and rheological properties of quinoa-wheat reconstituted systems. (A) The
relationship between B-type starch granule content and crispy biscuit thickness. (B) The relationship between B-type starch granule content and crispy biscuit
weight. (C) The relationship between dough stability (DS) and crispy biscuit thickness. (D) The relationship between dough stability (DS) and crispy biscuit weight.

The Relationship Between Biscuit
Properties and Gluten Composition,
Starch and Rheological Properties of
Quinoa-Wheat Reconstituted System
To further explore the relationship between the biscuit properties
and gluten, starch and rheological properties of the quinoa-wheat
reconstituted system, the line graphs were drawn for comparison.
The results showed that B-type starch granule content and DS
had the same change trend as biscuit thickness and weight
with the increase proportion of quinoa flour (Figure 4), which
is consistent with previous report (61). The possible reason
for this trend is that more small starch granules are filled

in the gluten network structure. During the dough formation
process, the broken network structure is reorganized, thereby
improving the dough stability. High-quality dough properties
are conducive to volume expansion (62), resulting in increased
biscuit thickness and weight.

However, there was no significant relationship between gluten
properties and biscuit properties, nor between properties of
starch and dough rheology and hardness and toughness of
biscuit (Supplementary Figure 3), which is consistent with the
previous study demonstrating no significant correlation between
starch structure and biscuit hardness and fracturability (63).
Obviously, there are many factors affecting the quality properties
of biscuits, e.g., damage starch, pentosans (64), fiber (65), and
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other components in quinoa or wheat, which also requires
further research.

CONCLUSION

This study explored the effect of quinoa flour on physiochemical
and mixing properties of wheat dough. Moreover, the physical,
textural and digestion properties of the formulated crispy biscuits
were analyzed. The results of the study showed that although
added quinoa flour significantly disrupted the gluten network
structure, it increased B-type granule content and gelatinization
temperature of doughs. Interestingly, rheological properties of
the reconstituted doughs were improved and dough aging
was reduced. In addition, quinoa flour significantly improved
the textural and digestibility properties of crispy biscuits. The
contents of RDS and SDS were significantly reduced, while that
of RS was significantly increased, indicating that the formulated
biscuits were more beneficial to patients with special diseases
(e.g., diabetes). On the whole, quinoa flour at certain levels had
a positive effect on biscuit quality: not only improved rheological
properties but also yielded promising results on healthy food.
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Supplementary Figure 1 | Gluten protein composition and microstructure of
wheat and quinoa reconstituted flours and doughs. (A) The UPP% of wheat and
quinoa reconstituted flours. (B–D) Microstructure indicated by the protein area,
protein junctions and lacunarity of the wheat and quinoa reconstituted doughs.
The data were derived from five captures of each sample and presented as mean
value ± standard deviation.

Supplementary Figure 2 | Image of formulated crispy biscuits appearances and
textures with the scale bar of 1 cm.

Supplementary Figure 3 | The line charts exhibiting unobvious relationship
between biscuit properties and gluten, starch and rheological properties of
quinoa-wheat reconstituted systems.
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Monk fruit, also named Luo Han Guo, is the fruit of Siraitia grosvenorii (Swingle)
C. Jeffrey ex A. M. Lu et Z. Y. Zhang and has been used as both food and
traditional Chinese medicine. Due to preservation concerns, monk fruit is usually
processed by hot-air drying or using low-temperature techniques after harvest. In this
study, high-performance thin-layer chromatography (HPTLC) method was developed
for the analysis of 13 mogrosides, 1 flavonoid, and 3 sugars in monk fruit products.
Then chemometric analysis was applied to investigate the chemical characteristics
in the samples dried by different methods. The results showed that the contents of
mogroside V, 11-oxo-mogroside V, isomogroside V, and sucrose in monk fruits dried
at low temperature were much higher than those in traditional hot-air drying samples,
which was also confirmed by HPTLC-scanning. These findings indicate that HPTLC
combined with chemometric analysis provides a reliable tool to understand the chemical
differences between the monk fruit products processed by different drying methods,
which will be helpful for their quality evaluation.
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INTRODUCTION

Monk fruit, also known as Luo Han Guo, is the fruit of Siraitia grosvenorii (Swingle) C. Jeffrey
ex A. M. Lu et Z. Y. Zhang (1). It is mainly cultivated in Guangxi, China, and has been used
as a food ingredient, beverage, and traditional medicine for centuries. Because of its good safety
and high sweetness, monk fruit had been approved as a food sweetener by China Food and Drug
Administration and awarded the “generally regarded as safe” (GRAS) status by the U.S. Food and
Drug Administration (2). It is used as a sugar-free food additive in low-calorie health-promoting
drinks, and also as a substitute for sweeteners in health foods for patients with obesity and diabetes
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(2). As a traditional Chinese medicine, monk fruit has been used
for the treatment of dry cough, sore throat, and constipation (1).
Recent pharmacological studies have also shown that monk fruit
exhibits anti-diabetic (3–5), anti-cancer (6, 7), anti-inflammatory
(8–10), and neuroprotective effects (11–13).

The bioactive and nutritional ingredients in monk fruit
include triterpene glycosides, flavonoids, carbohydrates, proteins,
fats, vitamins, and minerals. Mogrosides are a group of
cucurbitane-type triterpene glycosides that are the major
bioactive compounds in monk fruit. The mixture of mogrosides
is 300 times sweeter than sucrose (14), but only mogrosides
with mogrol aglycone and with more than three sugar moieties
possess the sweet taste (15, 16). Flavonoids are also important
compounds in monk fruit and exert antibacterial and antioxidant
effects (17). In addition, there are various sugars found in
monk fruit. In different varieties of monk fruits, the total sugar
content accounted for 25–38% of dry weight. Among them,
the contents of fructose and glucose were 10–17% and 5–15%,
respectively (18).

Monk fruit usually needs a drying process before further use to
inhibit microbial growth and extend the shelf life. Traditionally,
monk fruit is dried by hot air at 45–70◦C for 6–8 days to
remove the moisture, after which the outer surface of the
monk fruit will turn to dark yellow or brown (Supplementary
Figure 1), and the taste may be slightly bitter. To obtain
better appearance, taste, and quality, low temperature techniques,
such as freeze-drying, freeze-vacuum drying, microwave drying,
microwave-vacuum drying, microwave-vacuum infrared drying,
and freezing followed by microwave-vacuum drying are used
for drying monk fruit (19). Currently, both types of monk
fruit products are widely available in the market. It is reported
that drying methods may greatly affect the bioactive and
nutritional components of monk fruit. Lu et al. found that
monk fruits dried with freezing contained higher content of
mogroside V than those dried under high temperatures (20).
In addition, the contents of 10 mogrosides in monk fruits
processed by vacuum drying method were markedly higher
than those in traditional drying samples (21). Wang et al.
indicated that high-temperature drying treatment resulted in
a significant decrease in sucrose and glucose concentrations
compared with freeze-dried fruit (22). However, these reports
employed high-performance liquid chromatography which
mainly focused on only mogrosides or sugars due to their
different polarity. Simultaneous analysis of multiple components
may reflect the quality more comprehensively. Therefore, in
this study, 16 compounds in monk fruit products, such as
13 mogrosides [mogroside V (1), 11-oxo-mogroside V (2),
isomogroside V (3), mogroside IV (4), siamenoside I (6),
mogroside IV A (7), mogroside III A1 (10), mogroside III E
(11), mogroside III (12), mogroside II A2 (14), mogroside II
A1 (15) and mogroside II E (16)], 1 flavonoid [grosvenorine
(13)], and 3 sugars [sucrose (5), glucose (8), and fructose
(9)] (Figure 1) were analyzed by high-performance thin-
layer chromatography (HPTLC), which has the advantages of
high selectivity for complex components and high efficiency
for comparing a large number of samples simultaneously.
Then, chemometric analysis was performed to compare the

chemical differences in monk fruit products processed by
different drying methods.

MATERIALS AND METHODS

Materials and Chemicals
Monk fruit samples of different sizes (S: small; M: medium; L:
large; and XL: extra-large) and processed by different drying
methods (HT: high temperature and LT: low temperature) were
collected at pharmacies from different locations in China. All
monk fruit samples were produced in Guilin, Guangxi, and their
information is listed in Supplementary Table 1. The botanical
origin of materials was identified by Dr. Xiao-Jia Chen, one
of the authors. All voucher specimens were deposited at the
Institute of Chinese Medical Sciences, University of Macau,
Macao SAR, China.

All chemicals and solvents were of analytical grade. Ethanol
and acetic acid were bought from Xilong Scientific Co., Ltd.
(Shantou, China), and sulfuric acid (98%) was acquired from
Merck (Darmstadt, Germany). Ethyl acetate was purchased
from ACI Lascan Limited (Bangkok, Thailand). Methanol was
obtained from Damao Chemical Reagent Factory (Tianjin,
China) while n-butanol was purchased from Tianjin Fuyu
Chemical Reagent Factory (Tianjin, China). All mogrosides
(mogroside V, 11-oxo-mogroside V, isomogroside V, mogroside
IV, siamenoside I, mogroside IV A, mogroside II A1, mogroside
II E, mogroside II A2, mogroside III, mogroside III A1,
and mogroside III E) and grosvenorine were purchased from
Chengdu Purify Co., Ltd. (Chengdu, China). Glucose, sucrose,
and fructose were acquired from Chengdu Pufei De Biotech Co.,
Ltd. (Chengdu, China). All aqueous solutions were prepared with
deionized water purified by the Millipore Milli Q-Plus system
(Millipore, Billerica, MA, United States).

Sample Preparation
Dried powdered samples (2.0 g) were sonicated with 40 ml of
mill-Q water for 30 min, then the extract was centrifugated at
3,000 rpm for 5 min. The supernatant was collected and extracted
with 20 ml of water-saturated n-butanol two times. Then, the
n-butanol fractions were combined and evaporated to dryness
in a rotary evaporator. The residue was dissolved in 2.0 ml of
methanol and filtered through a 0.22 µm nylon membrane for
further experiment.

Standard Solutions Preparation
Separate stock solutions (1 mg/ml) of the 16 compounds were
prepared in methanol or water. Then, two mixed standard
solutions were prepared, respectively, by mixing equal volumes
of the corresponding stock solutions. Mixed standard solution 1
(MS1) was composed of mogroside V, isomogroside V, mogroside
IV, siamenoside I, mogroside IV A, mogroside II A1, mogroside II
E, mogroside II A2, mogroside III, mogroside III A1, mogroside
III E, and glucose at the final concentration of 0.08 mg/ml,
while the other components (11-oxo-mogroside V, grosvenorine,
fructose and sucrose) were mixed to form the mixed standard
solution 2 (MS2) at the final concentration of 0.25 mg/ml.
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High-Performance Thin-Layer
Chromatography Analysis
A CAMAG TLC system (CAMAG, Switzerland) containing an
automatic thin-layer chromatography (TLC) sampler 4 with a 25
µl syringe, an automatic developing chamber, a chromatogram
immersion device III, a TLC plate heater III, a TLC visualizer
equipped with visionCATS (version 2.5) software, and a TLC
scanner 4 was employed for the analyses. To maintain a similar
application amount of each standard on the plate, different
application volumes were used. MS 1 (22 µl), MS 2 (8 µl), and
28 sample solutions (2 µl) were applied as 8 mm bands and
8 mm from the bottom edge on HPTLC silica gel 60 F254 plates
(20 cm × 10 cm, Merck, Darmstadt, Germany). After sample
application, the plate was pre-saturated with the mobile phase
of n-butanol - water-ethanol-acetic acid (7:1:1:0.2, v/v/v/v) for
30 min in a glass double-twin trough chamber, then the plate was

developed with the same developing agent to 80 mm from the
bottom edge. After drying, the plate was then immersed in 10%
sulfuric acid in ethanol solution for 1 s and heated at 105◦C for
10 min on a TLC plate heater. All plate images were documented
under white light and UV 366 nm. Then, the plate was scanned at
290 nm with a scanning speed of 20 mm/s and a slit dimension of
5 × 0.2 mm being employed.

Data Analysis
The obtained HPTLC images were uploaded to the rTLC V.1.0
program1 for processing (23). The data of every track in the
HPTLC images under UV 366 nm were extracted by adjusting the
parameters based on sample application. Then, the data matrix
of the red channel consisting of sample code, variables ID (Rf

1http://shinyapps.ernaehrung.uni-giessen.de/rtlc/

FIGURE 1 | Chemical structures of 16 investigated compounds.
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region), and pixel intensity was exported as csv. format and
further analyzed using SIMCA software (version 14.1, Umetrics).

RESULTS AND DISCUSSION

Optimization of the High-Performance
Thin-Layer Chromatography Conditions
Different developing agents were optimized to achieve good
separation. The mobile phase in the Chinese Pharmacopoeia,
n-butanol-ethanol-water (8:2:3, v/v/v) (1) was first tried, but the
mogrosides with the same number of sugar units were hard
to be separated. By using the upper layer of n-butanol–ethyl
acetate-water (4:2:4, v/v/v), the separation of similar mogrosides
was greatly improved but the Rf value of mogroside V was too
low. With n-butanol-water ethanol (7:1:1, v/v/v), the Rf value
of mogroside V increased but the chromatographic trailing of
mogroside V in samples existed. Finally, a satisfactory result
was presented by using n-butanol-water-ethanol-acetic acid
(7:1:1:0.2, v/v/v/v) as the mobile phase. However, under this
condition, mogroside V and 11-oxo-mogroside V, mogroside IV,
and sucrose, as well as fructose and glucose were still hard to be
separated (Figure 2). Therefore, unseparated reference standards
were prepared in two different solutions to avoid the overlapping
of structural analogs.

Comparison of Monk Fruit Samples
Dried at High Temperature and Low
Temperature by High-Performance
Thin-Layer Chromatography Images
Directly
Monk fruit samples of different sizes and dried at different
temperatures were analyzed by the developed HPTLC method.
As shown in Figure 2 and Supplementary Figure 2, there was
no significant difference among the samples of different sizes
processed by the same drying method, but the drying method
did have influence on the chemical compositions of monk

fruit. Mogroside V and 11-oxo-mogroside V, isomogroside V,
mogroside IV, siamenoside I, glucose, and fructose were observed
in all samples, while sucrose was only detected in LT groups. The
major differences between HT and LT samples were in the range
of Rf 0.10–0.25, in which the contents of mogroside V, 11-oxo-
mogroside V, and isomogroside V in LT groups were much higher
than those in HT samples. Moreover, mogroside IV A could be
found in HT samples but was hardly detected in most of the LT
samples. These results were consistent with the previous reports
(20–22).

Comparison of Monk Fruit Samples
Dried at High Temperature and Low
Temperature by Chemometric
Approaches
Although an obvious difference in the HPTLC profiles could
be visually inspected between HT and LT monk fruit samples,
visual observation was insufficient to discriminate between these
two groups. Therefore, chemometric approaches were applied to
further explore the chemical characteristics of the two types of
monk fruits. The whole HPTLC chromatograms under 366 nm
were processed by rTLC program to generate a dataset involving
sample code, Rf region, and pixel intensity, and a total of
91 variables were extracted across samples (Supplementary
Table 2). Principal component analysis (PCA) was first applied
to obtain a basic insight into the specific grouping patterns
between the monk fruit samples. As shown in Figure 3A, the
PCA score plot showed a tendency to separate the monk fruit
samples in terms of the drying method. The model is composed
of five principal components with R2X value of 0.820 and Q2

value of 0.646, indicating good fitness and prediction of the
constructed PCA model.

To further characterize the differences in monk fruit samples
treated with different drying methods, orthogonal partial
least square-discriminant analysis (OPLS-DA) was subsequently
conducted to sharpen the separation between the groups in PCA.
As shown in Figure 3B, 28 monk fruit samples were divided into
two classes based on different drying methods. All the samples

FIGURE 2 | Representative high-performance thin-layer chromatography (HPTLC) chromatograms of mixed standards and monk fruit samples. Plates were
immersed into 10% sulfuric acid in ethanol solution for derivatization and photographed under (A) white light and (B) UV 366 nm. HT, monk fruit dried at high
temperature; LT, monk fruit dried at low temperature; S, small; M, medium; L, large; XL, extra-large; MS1 and MS2, mixed standards. (1) Mogroside V (Rf 0.10), (2)
11-oxo-mogroside V (Rf 0.10), (3) isomogroside V (Rf 0.15), (4) mogroside IV (Rf 0.23), (5) sucrose (Rf 0.23), (6) siamenoside I (Rf 0.26), (7) mogroside IV A (Rf 0.29),
(8) glucose (Rf 0.35), (9) fructose (Rf 0.34), (10) mogroside III A1 (Rf 0.44), (11) mogroside III E (Rf 0.48), (12) mogroside III (Rf 0.53), (13) grosvenorine (Rf 0.56), (14)
mogroside II A2 (Rf 0.60), (15) mogroside II A1 (Rf 0.69), and (16) mogroside II E (Rf 0.73).
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FIGURE 3 | (A) Principal component analysis (PCA) score plot, (B) orthogonal partial least square-discriminant analysis (OPLS–DA) score plot, and (C) OPLS–DA
S-plot of HT and LT samples based on the data extracted from the whole HPTLC chromatograms. The variables contributing most to the differences were
highlighted with red-filled circles.
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FIGURE 4 | Peak areas of selected mogrosides and sugars in HT and LT samples by HPTLC-scanning.

fell within the Hotelling T2 (0.95) ellipse, where the model fit
parameters were 0.699 of R2X, 0.974 of R2Y, and 0.929 of Q2,
indicating that the OPLS-DA model established in this study has
high goodness-of-fit and predictive ability.

An S-plot was constructed following the OPLS-DA to reveal
the chemical components contributing mostly to the differences
between the HT and LT groups. In this plot, the data points at the
two ends of the S-shaped curve made the greatest contribution
to the two-group separation with the highest confidence, which
were highlighted in red in Figure 3C. The bands of Rf 0.11–
0.16 and Rf 0.97–0.99 at the bottom-left corner and the bands
of Rf 0.57–0.59 and Rf 0.22 at the top-right corner of the
S-shaped curve were considered as the characteristic components
contributing most to the distinction of HT and LT groups.
Compared with the reference standards, the bands of Rf 0.10,
0.15, and 0.22 contained mogroside V and 11-oxo-mogroside V,
isomogroside V, and mogroside IV and sucrose are not separated
by the HPTLC method and they correspond to the band of Rf
0.22, respectively.

PCA and OPLS-DA based on the HPTLC data of the 16
compounds with reference standards were also conducted. As
shown in Supplementary Figure 3, the two types of monk fruit

samples were also clearly separated, and mogroside V, 11-oxo-
mogroside V, and isomogroside V were the most discriminating
between the two groups. Compared with the analysis based on
the 16 compounds, the results based on the data from the whole
chromatograms could reflect the differences between groups
more comprehensively, and more discriminating variables could
be found. However, it was difficult to identify the unknown bands
under the current HPTLC condition due to the low contents or
the poor separation. Further isolation and identification by other
chromatographic and detection techniques should be performed
in the future.

Semi-Quantification by
High-Performance Thin-Layer
Chromatography-Scanning
Based on the above results, mogroside V, 11-oxo-mogroside
V, isomogroside V, mogroside IV and sucrose were found to
be the characteristic compounds to distinguish the two types
of monk fruits. Furthermore, fructose and glucose were also
important nutritional ingredients in monk fruit. Therefore, these
compounds were semi-quantified by HPTLC-scanning to verify
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their differences in HT and LT monk fruit samples. Due to
the poor resolution, the bands were scanned in four groups,
i.e., mogroside V and 11-oxo-mogroside V; isomogroside V;
mogroside IV and sucrose were scanned as one group; as
well as fructose and glucose. As shown in Figure 4, the peak
areas of all the investigated compounds in LT samples were
significantly higher than those in HT samples, which further
confirmed the influence of different drying methods on the
chemical components of monk fruit samples.

Possible Factors Affecting the Chemical
Compositions of the Processed Monk
Fruit
During the drying process, many factors, such as temperature,
enzymes, and intermediate products may affect the chemical
compositions of the processed monk fruit. It was reported
that several enzymes, such as squalene epoxidase, triterpenoid
synthases, epoxide hydrolases, cytochrome P450s, and UDP-
glucosyltransferases, were involved in the biosynthesis of
mogrosides, such as mogroside V, 11-oxo-mogroside V, and
isomogroside V (24, 25). These enzymes may be inhibited at
high temperature, which may decrease the content of these
mogrosides in HT samples (26). While for the sugars, on the one
hand, high temperature may lead to the degradation of sucrose,
oligosaccharides, and polysaccharides, resulting in a decrease of
sucrose levels and an increase in glucose and fructose contents.
On the other hand, the Maillard reaction, a type of non-enzymatic
browning, may take place between the reducing sugars and amino
acids that are rich in monk fruit. The reaction may proceed more
rapidly at high temperatures, thus decreasing the levels of glucose
and fructose in HT samples (27). Under the influences of these
effects, the contents of the glucose and fructose in HT samples
were lower than those in LT samples. However, how the drying
methods influence the chemical components of monk fruit is still
not clear, which needs further exploration in the future.

CONCLUSION

In this study, HPTLC combined with chemometric approaches
were used to compare the chemical components of monk fruit

products dried at high and low temperatures, respectively. As
a result, the contents of mogroside V, 11-oxo-mogroside V,
isomogroside V, mogroside IV and sucrose in monk fruits dried
at low temperature were higher than those in traditional hot-
air drying samples. In the future, laboratory simulated studies
should be conducted to explore the relationships between the
drying methods and the chemical compositions of monk fruit.
In addition, the bioactivities of monk fruit processed by different
drying methods should be further studied as well.
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Food processing technology is an important part of modern life globally and will
undoubtedly play an increasingly significant role in future development of industry. Food
quality and safety are societal concerns, and food health is one of the most important
aspects of food processing. However, ensuring food quality and safety is a complex
process that necessitates huge investments in labor. Currently, machine vision system
based image analysis is widely used in the food industry to monitor food quality, greatly
assisting researchers and industry in improving food inspection efficiency. Meanwhile,
the use of deep learning in machine vision has significantly improved food identification
intelligence. This paper reviews the application of machine vision in food detection from
the hardware and software of machine vision systems, introduces the current state of
research on various forms of machine vision, and provides an outlook on the challenges
that machine vision system faces.

Keywords: machine vision system, deep learning, food detection, food classification, food Image analysis

INTRODUCTION

The food industry is becoming more competitive and dynamic, and consumers’ awareness of what
they are eating is increasing (1). Consumers’ desires for diversified functions of food have gradually
increased over the last few years (2). This is due to new demands not only for food’s nutritional
needs but also for its health and quality (3). In order to improve the efficiency and quality of food
production, efficient and advanced food processing detection methods need to be developed (4).
Food quality and safety are the foundations of food processing and human health, thus
classification and inspection of food are critical in the food processing (5). Traditionally, the
quality of ingredients was mainly determined by human sensory testing, which is inefficient and
subjective (6). The machine vision system can capture various information of food including
size and dimensions, appearance and shape, and surface color, etc. It can accurately capture the
detailed information of food products, improve the accuracy of monitoring and monitor food
processing with limited human errors (7). Because of the advancement of computer technology,
machine vision system has been applied in industrial applications, including the food processing
industry (8).
The main function of computer vision is to simulate the video and graphic information
seen by human eyes and to monitor and process existing data image information, which
can facilitate technicians to quickly capture sensitive detection indicators in the process
of data entry, information integration, data analysis and data labeling (9). Machine vision
systems usually include two parts: image information capture and image information
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sprocessing. Image information capture is mainly through a
variety of hardware devices for real-time acquisition of food
image information. Information processing is through the setting
of scientific operating procedures, the core stored information
for secondary evaluation, to facilitate the technical staff to
timely probe, receive, and understand the actual state of low
level visual inspection information (10). computer technology is
primarily used for food material classification and defect analysis
(11). Through machine vision and deep learning, computer
technology provides an accurate, efficient, and non-destructive
method for detecting and grading agricultural products (12). The
computer vision system and deep learning framework are shown
in Figure 1.

The purpose of this review is to review the impact of computer
technology on food detection and assortment, and to provide

a reliable reference for further research on the intelligence and
efficiency of the food industry.

COLLECTION OF TESTED FOOD
INFORMATION

Machine vision system consists of an image acquisition
equipment and an image information processing system. Among
them, the image acquisition equipment has a variety of
acquisition forms, including X-ray, thermal imaging, remote
sensing imaging, magnetic resonance imaging, and other
acquisition equipment in addition to the common high definition
camera (14). Image information processing is the analysis of the
acquired food information, mainly extracting and identifying the

FIGURE 1 | Computer technology applied to food engineering, (A) Computer vision systems; (B) overall flowchart of deep learning (13).

Frontiers in Nutrition | www.frontiersin.org 2 May 2022 | Volume 9 | Article 88824564

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-888245 May 5, 2022 Time: 19:11 # 3

Xiao et al. Machine Vision System in Food Detection

acquired image information. This process of image acquisition
can be seen as the acquisition of image signals and does not
involve changes in the interpretation of the image content or
meaning (15).

High Definition Camera Acquisition
Equipment
Machine vision for recognizing food information is becoming
increasingly popular, such as food defect recognition and ripeness
analysis (16). For food defect detection, Patel et al. (17) developed
a method using monochrome cameras for automatic mango
sorting, and result showed that the system’s detection efficiency
and accuracy reached 97.88% and 88.75%, respectively. Noor
Fatima et al. (18) used industrial cameras combined with deep
learning to develop a device for tracking the adulteration of
papaya seeds in black pepper. Furthermore, machine vision
can identify and classify food products based on their color.
Burce Atac et al. (19) proposed a method to extract average
or characteristic color information from digital images of
food products, and discussed specific applications for different
food products. Ayustaningwarno et al. (20) used computer
image analysis to quantify the color distribution of fried
mangoes. To verify the efficiency of machine vision, Fitriyono
Ayustaningwarno et al. (21) experimentally compared the ability
of sensory testing, Hunterlab colorimeter, a commercial machine
vision system (IRIS-Alphasoft), and the custom-made machine
vision system (Canon) techniques to discriminate among nine
vacuum-fried fruit samples.

With the increasingly widespread use of machine vision, it
becomes increasingly common to use stereo systems to collect
depth information about the environment for object recognition
and environmental modeling. To increase the accuracy and
authenticity of image information collection, 3D stereo cameras
are used in food inspection (22). Stereo camera prototypes are
used to capture pairs of images for estimating the size of target
foods (23). Su et al. (24) used a depth camera based on machine
vision technique to successfully assess the sample quality in
3D space of potatoes. Sepehr Makhsous et al. (25) stated that
3D detection system can monitor food volume for accurate
monitoring of diabetic patients’ dietary intake. Yao et al. (26)
proposed a potato volume measurement method based on RGB-
D camera to achieve automatic monitoring of potato volume. The
prediction errors were found to be 9% for regular potatoes and
30% for irregular potatoes through experiments.

Due to the diversity and complexity of the food industrial
identification objectives, high definition camera has a number
of problems in its application (27). Firstly, high definition
camera requires high working conditions and cannot handle
image information with high noise and low brightness. In
addition, when the quality characteristics are mainly determined
by the inherent properties of the sample (composition and
internal physical properties), computer vision techniques appear
less effective because they are not easily detected from the
surface. Furthermore, high definition cameras has limitations
in recognizing defects with high color similarity. To improve
the recognition ability of machine vision, some corresponding

acquisition devices have been developed for the application in
food inspection.

Other Information Collection Equipments
Due to the development and maturity of imaging spectroscopy
technology, hyperspectral imaging sensors are used for the
accurate detection of food appearance (28). Xi et al. (29)
investigated the effect of different peel colors on soluble
solids content using hyperspectral imaging and developed
a prediction model for soluble solids content. To improve
identification efficiency, Li et al. (17) developed an improved
watershed segmentation algorithm with morphological gradient
reconstruction and marker extraction, which is different from
the traditional segmentation algorithm, and applied it to analyze
multispectral images. The test results showed that the recognition
accuracy of the algorithm was found to be 100%. Zhang et al.
(30) developed a multispectral image classification algorithm for
the detection of common citrus defects based on visible-NIR
hyperspectral imaging technology, and successfully applied it to
the detection of citrus defects. For internal food inspection, the
information acquisition equipment can use X-ray and magnetic
resonance imaging. X-ray devices are used to detect foreign
objects inside food by using X-rays through the food surface,
and Kazuya Urazoe et al. (31) used X-rays combined with deep
learning to successfully apply them to the detection of fish bones.

Magnetic resonance imaging can non-destructively detect and
image the structure of food (32). Nakashima (33) developed
a set of handheld magnetic resonance sensors consisting of
a planar RF coil and a single-sided magnetic circuit for the
measurement of the internal fat content of tuna. The temperature
of food is one of the key factors affecting the quality of food,
and thermal imaging can monitor and control the temperature
of food at various points in the process (34). Zeng et al. (35)
built a thermal imaging system for pear detection and used
an improved deep learning algorithm based on a small sample
dataset of thermal images to classify pears with or without bruises.
For large-scale agri-food detection, remote sensing technology is
used to increase agricultural yields and reduce input losses (36).
Romanko and Matthew (37) assessed the effectiveness of remote
sensing technology in modeling several important agrochemical
parameters, noting that remote sensing technology can promote
modern agriculture, improve the efficiency of agrochemical use
and reduce environmental pollution. Lin et al. (38) used high
resolution (6 m) multispectral satellite imagery SPOT-6 for
monitoring powdery mildew in winter wheat in areas with
severe disease infection and pointed out the great potential
of high resolution multispectral satellite imagery data for crop
disease monitoring.

IMAGE INFORMATION PROCESSING
BASED ON DEEP LEARNING

In the food inspection process, image information processing
and analysis is at the core of computer vision inspection. The
purpose of image processing is to improve picture quality and
to address defects such as picked geometric distortion, incorrect
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focus, picture noise, uneven illumination and camera motion.
Image analysis is the process of distinguishing objects (objects
to be detected) from the background and generating quantitative
information that is used in the subsequent control system for
decision making. The processing of image information can be
divided into three levels: low level processing (image acquisition
and pre-processing), mid-level processing (image segmentation
and description) and high level processing (recognition and
interpretation).

Low Level Processing
Computer processing can only process data in digital form, so it is
necessary to transform the food information acquired by various
collection devices. The relevant information acquired through
hardware has certain defects due to the acquisition environment
(light, humidity) as well as the equipment (device motion,
transmission distance). In order to improve the recognition
accuracy of machine vision, pre-processing of the information,
including noise reduction, contrast adjustment, etc., is required.
Among them, Che et al. (39) performed low order processing
of the acquisition information and reflection calibration of the
image information in order to reduce the effects of different
configurations of camera quantum efficiency and hyperspectral
imaging systems, thus improving the subsequent recognition
accuracy. Fan et al. (40) corrected the original hyperspectral
images using white and dark reference images in order to improve
the recognition rate of internal bruises in blueberries, thus
eliminating current-induced image noise and errors caused by
non-uniform illumination.

Mid-Level Processing
Intermediate processing focuses on image segmentation, image
representation and description. Its main purpose is to select
the overall information collected to detect the object region.
Image segmentation is one of the most important steps in
the whole image processing technique, which can improve
the accuracy and recognition efficiency of the subsequent
advanced processing. Intermediate level processing has
important applications in machine vision. Li et al. (41)
proposed an improved watershed segmentation algorithm
based on morphological filtering and morphological gradient
reconstruction and marker constraints for segmenting rotten

points on apples in order to achieve fast automatic recognition
of whether a fruit is rotten or not. Che et al. (39) built and
compared different bruise extraction models after selecting the
region of interest by certain rules. The comparison revealed
that the random model algorithm was more suitable than
other algorithms for classifying bruises on apples. Luo et al.
(42) used an improved watershed segmentation algorithm for
bruise detection analysis on multispectral principal component
analysis images and obtained an overall detection accuracy
of 99.5%. Li et al. (43) used bi-dimensional empirical pattern
decomposition for removing noise from multispectral images
and further reconstructing the images. And an improved
watershed segmentation method with morphological gradient
reconstruction, marker extraction and image correction is
proposed to segment the decayed regions in fruits using the
reconstructed multispectral images.

High Level Processing (Deep Learning
Image Processing)
Common techniques for evaluating food quality include deep
learning techniques, statistical learning, fuzzy logic and genetic
algorithms. In the last few years, deep learning methods have
shown excellent computational performance in several fields,
among which the field of computer vision is one of the most
prominent application areas of deep learning. Among the various
deep learning neural networks, convolutional neural networks
have been applied to computer vision, which is particularly
suitable for handling various tasks in the field of computer
vision, such as image classification, object detection, and semantic
segmentation. With the advancement of machine learning,
especially the development of convolutional neural networks,
the collected food pictures can be further processed to classify
the food (44). A CNN model of image recognition is shown
in Figure 2. Deep learning automatically extract the features
of food shape through neural grid learning, which has the
advantage of intelligent recognition compared with traditional
image processing methods (45).

Researchers are currently conducting extensive studies on
the applications of deep learning in food safety and quality
assessment. The recognition steps of conventional deep learning
are to collect a large number of required building datasets,
then use the datasets to train a network model, and finally use

FIGURE 2 | The architecture of a typical CNN.
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the training model for the detection and recognition of food
images (46). Xie et al. (47) used five classical CNN (Densenet-
121, ResNet-50, Inception-V3, VGG-16 and VGG-19) models
to identify defective carrots and found that CNN models can
be an effective method to identify defective carrots through
experiments. As an upgrade to machine vision systems, Deng
et al. (48) used machine vision combined with deep learning to
achieve automatic grading of carrots and improve the intelligence
of recognition. Zhu et al. (49) proposed an improved dense
capsule network model (Modified-DCNet) for carrot appearance
quality detection. This modified model introduces a self-attention
layer, which reduces the interference of background information
on the recognition task. Moreover, the capsule layer of the
modified model uses a locally constrained dynamic routing
algorithm to reduce the size of the network parameters and
the training load of the network. To improve the accuracy of
identification, Rong et al. (50) used deep learning to detect
peach varieties and established a VIS-NIR spectral database
containing five peach varieties to achieve accurate identification
of peach varieties. After testing, it was found that the deep
learning-based model achieved the accuracy of 100% in the
validation dataset and the accuracy of 94.4% in the test dataset.
To improve the recognition efficiency of deep learning, Muoz
et al. (51) used different deep learning networks to detect the
intramuscular fat content in dry cured ham and found that
CNNs can accurately identify and takes less time on the network
development by comparison.

Despite its accuracy in image recognition, deep learning has
some inherent disadvantages: (1) it requires a large number of
food images for input training when performing grid training,
(2) deep learning requires high computing performance of the
computer, and (3) it takes a lot of time during training.

CONCLUSION AND FUTURE
PERSPECTIVES

By summarizing the basic concepts and technologies of machine
vision systems, as well as the latest developments and applications

of systems in the food detection industry, the following
conclusions have been drawn.

(1) The application of computer vision technology in food
detection has greatly improved the efficiency of food
inspection and promoted the development of food safety,
which is an important part of the intelligent process of food
engineering. The use of computer vision systems enables
automated, objective, rapid and hygienic inspection of a
wide range of raw and processed foods.

(2) Machine vision has high recognition accuracy, however,
under low light, high humidity, and high noise conditions,
there are corresponding detection errors. Therefore, it is
necessary to develop high-resolution acquisition devices to
improve the quality/accuracy of inspection.

(3) Image processing is considered to be the core of computer
vision. With same acquired information, advanced
processing software can improve processing efficiency and
recognition accuracy. Therefore, it is significant to develop
more efficient algorithms to make machine vision more
suitable for food inspection.
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In the field of food processing, the processing of liquid foods has always played an

important role. Liquid foods have high requirements for the processing environment and

equipment. As the core equipment in liquid foods processing, food transport pumps are

widely used in liquid foods production, processing and transportation. Most liquid foods

are non-Newtonian and vulnerable to vibration, noise, and temperature rise produced

by rotary motions of food transport pumps in operation, which can finally affect foods

safety. Therefore, this review summarizes the impact of mechanical vibration, noise, and

temperature rise on liquid food products, with the aim of ensuring food safety while

designing a cleaner, safer and more reliable food transport pumps in the future.

Keywords: vibration, noise, temperature rise, food transport pump, liquid foods

INTRODUCTION

With the continuous development of economy and society, food safety is not only a major public
health safety issue (1), but also a major issue related to people’s survival and development and
nutritional health (2–4). The impact of all links of food production on food safety cannot be
ignored, especially in food processing and transportation (5–7). The processing of liquid foods
such as peanut butter, beer, and milk makes enormous demands on delivering equipment. Due
to the different molecular structures and physical parameters of various liquids, the impact
of physical parameters of various equipment operation (mainly including vibration, noise and
temperature rise) on liquid foods should be considered during the transportation of liquid
foods (8–11). Food transport pumps accelerate the output of liquid food under pressure, thus
realizing efficient and stable conveyance of liquid foods. It is the core delivering equipment
in the production process of liquid foods. The most used two types of food transport pumps
are vane pumps and positive displacement pumps (12–14). Vibration, noise and temperature
rise caused by long-term operation are ubiquitous in the use of food transport pumps (15–19).
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When delivering liquid foods, pressure pulsation exists in the
flow field due to the rotor–stator interaction between the vanes
and volutes of the pump. Such pressure pulsations will result
in the vibration and noise of the pump (20–23). In addition,
local temperature rise of liquid foods in pump impeller and
volute will occur during operation of food transport pumps,
which will affect the safety of liquid foods (24, 25). Vibration,
noise, and temperature rise of liquid foods are inevitable in the
process of transfer. Extensive research efforts have been made
to investigate the effect of such factors on the quality of liquid
foods. This review focuses on the impact of liquid foods in the
transfer process in terms of mechanical vibration, noise, and
temperature rise.

EFFECT OF VIBRATION-INDUCED
FACTORS ON LIQUID FOODS

Vibration in the process of transfer can negatively affect liquid
foods (milk, liquor, yogurt, juice, etc.). For example, during
yogurt fermentation, the vibration caused by large yogurt transfer
pumps will spread to the fermenter (26), and the characteristic
frequency of vibrations can affect pH and disturb protein
network formation, which can lead to defects in yogurt texture
(27). Körzendörfer et al. (28) tested the effect of vibration on
the fermentation process of yogurt, and showed that mechanical
vibration causes yogurt to produce large particles on the
millimeter scale during stirring, while this particle formation is
mainly induced by changes in yogurt pH (29). According to
particle image velocimetry results, vibration forces the yogurt
to undergo vertical back and forth movements, which leads to
local protein breakage during aggregation and gelation, making
the yogurt more susceptible to syneresis during storage (30).
Richmond et al. (31) studied the stability of yogurt during
simulated transport in different secondary packaging. Textural
defects caused by vibration include whey and cracked or
completely destroyed coagulum. In contrast, agitated yogurt
might suffer from structural losses (such as hardness) and phase
separation in the process of transfer (32, 33). In addition, the
vibration can affect the concentration of aldehydes, especially at
higher storage temperatures (34). Jaskula-Goiris et al. (10) have
studied the beer production process, and found that vibration
can lead to intensified collisions between fluid molecules,
which can cause beer to undergo oxidative reactions and thus
become turbid.

However, studies also have showed that mechanical vibration
also positively affects liquid foods. Stoforos et al. (35) examined
the effect of vibration on thermal mixing of liquid foods during
cooling of several highly viscous foods, potato puree, banana
puree, applesauce, and cheese sauce was investigated, and the
results showed that thermal mixing of liquid foods was improved
under low frequency lateral vibration. Low frequency lateral
vibrations can homogenize the temperature distribution of liquid
foods while also accelerating food cooling. Kim et al. (36)
found that resonance vibration could alleviate the membrane
fouling problem of whole milk during filtration process, and
resonance vibration could more effectively alleviate the fouling

phenomenon of milk. Salek et al. (37) concluded that mechanical
vibration can convert mechanical energy into thermal energy
and enhance the hardness, storage modulus, and viscosity of
cheese sauce. Warmińska et al. (38) studied the effect of vertical
vibration (10–60Hz, 0.5–2 h) on raw milk, and found that
vibration increases electrical conductivity, while also altering
the heat and clotting behavior of chymosin. Czerniewicz et al.
(39) revealed that vibration decreased the pH of raw milk while
increasing the amount of free fatty acids (40).

EFFECT OF NOISE-INDUCED FACTORS
ON LIQUID FOODS

Both noise and acoustic wave characteristics have a significant
effect on food safety (41–43). Ultrasound has a more pronounced
physical effect on milk and dairy products, and related studies
have shown that ultrasound has a distinct effect on the degree
of emulsification and overall homogenization of milk and dairy
products (44, 45). According to this research phenomenon,
related researchers made low-fat dairy products by using
ultrasound for separating emulsion and removing the fat layer
(46, 47). Ultrasound has also been used to enhance the milk
curding ability (48). O’Sullivan et al. (49) found that Ultrasound
has been found to reduce micelle size and hydrodynamic volume
of sodium caseinate, whey and milk protein isolates. Shanmugam
et al. (44) studied flaxseed oils/milk emulsion composition, and
found that ultrasound treatment improved the gel properties,
gel strength, and elasticity, while reducing the gelation time
of emulsions. Gursoy et al. (50) showed that ultrasound can
postpone the separation of serum from milk and increase
the viscosity of milk. Chandrapala et al. (51) concluded that
ultrasound could accelerate the dissolution of powder inmilk and
the release of individual casein micelles into solution. Sfakianakis
et al. (52) found that ultrasonicated milk samples also showed an
increase in gel stiffness, clotting strength, final storage modulus,
cohesiveness, and water holding capacity.

Aadi (53) found that ultrasound could improve turbidity
values, antioxidant capacity, free radical scavenging activity,
ascorbic acid of liquid foods such as phenolics, flavonoids and
flavonols. Abid (54) found that ultrasound could enhance the
concentration values of inactivated polyphenolic compounds
and sugars in enzymes (polyphenolase, peroxidase, and pectin
methylesterase) and microbial communities. Ultrasound could
also effectively reduce the number of microbes in juice (55). Jiang
et al. (56) found that ultrasound could enhance the antioxidant
activity of fliud foods. Tomadoni et al. (57) found that ultrasound
could effectively reduce the number of yeasts and molds in
strawberry and kiwifruit juices.

EFFECT OF TEMPERATURE RISE
INDUCED FACTORS ON LIQUID FOODS

For most foods, temperature rise implies a deterioration of food
quality. Temperature significantly affects microbial reproduction
and speeds up food spoilage under appropriate humidity and
oxygen conditions (58). Generally, within a certain range of
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TABLE 1 | A summary table of all mentioned papers outcomes.

Characteristics Product References Outcomes

Vibration Yogurt (28) Produce large millimeter-sized particles

Yogurt (31) Cause texture defects

Beer (10) Oxidation of beer

Mashed Potatoes et al. (35) Improve thermal mixing of foods

Whole milk (36) Reduce milk scaling

Cheese sauce (37) Increase hardness, storage modulus and viscosity

Raw milk (38) Alter heat and rennet coagulation behavior

Raw milk (39) Decrease pH and increase the amount of free fatty acid

Noise Milk (49) Reduce micelle size and hydrodynamic volume of

sodium caseinate, whey and milk protein isolate

Flaxseed Oil/Milk (44) Improve gel properties, gel strength and elasticity

Milk (50) Delay serum separation and increased viscosity

Milk (51) Accelerate the dissolution of powders

Milk (52) Increase gel hardness, coagulation strength, final storage

modulus, cohesion and water holding capacity

Phenols and flavonoids (53) Improve food turbidity value, antioxidant capacity, free

radical scavenging activity, ascorbic acid

Enzyme (54) Enhance concentration values of inactive polyphenolic

compounds and sugars

Mulberry juice (56) Enhance antioxidant activity

Strawberry and kiwifruit Juice (57) Reduce yeast and mold counts

Temperature rise Yogurt (63) accelerate spoilage

Milk (64) Maillard reaction

Milk (67) Produce bad odor components

Yogurt (68) Reduce viscosity and smoothness

Yogurt (71) Negative effects of nutrition, physical properties, and

flavor

temperature, when the temperature of foods rises by 10◦C
under constant moisture conditions, the enzymatic and non-
enzymatic chemical reaction rate will double, and the rate of
food spoilage will increase by 4–6 times (59). The increase in
temperature also damages the internal organizational structure
of food, thus seriously worsening the quality. Excessive heat
can also denature proteins in foods, disrupt vitamins especially
vitamin C in watery foods, or change the properties due water
loss and deform foods (60). Therefore, the temperature rise of
food transport pumps should be strictly controlled during the
operation of liquid foods (61). High-protein foods such as milk
and soybean milk are highly sensitive to temperature and greatly
affected by temperature in the process of production. During
yogurt transfer, the temperature should be controlled at around
5◦C to avoid spoilage (62, 63). Al-Attabi (64) found that the
physical and chemical reactions in heat treatment resulted in
changes in milk flavor, which is different from the flavor of
raw milk. The temperature increase of milk results in Maillard
reaction, lipid degradation and thermal denaturation of whey
proteins and milk fat globule membranes (65). In addition, some
by-products of Maillard reaction are harmful to human health
and can cause allergic reactions when severe (66). Zhang et al.
(67) found that the longer the heat treatment time, the higher
the heating temperature of milk, and the more extensive the
Maillard reaction, which resulted in various unacceptable odor
components. Wu et al. (68) found that the yogurt fermentation

temperature might degrade yogurt quality with the growth
of microbes, and that culture temperature during production
had a significant effect on the physical characteristics of the
final product. Higher temperatures exacerbated yogurt whey
separation (69), which would result in a weak protein network
with coarser microstructures and reduce the viscosity and
smoothness of yogurt (70). Yang et al. (71) studied the effect of
different fermentation temperatures on the quality of yogurt and
metabolites, found that temperature rise caused different degrees
of negative effects on the nutritional, physical characteristics
and flavor of yogurt. Finally, all the above mentioned papers
outcomes are shown in Table 1.

CONCLUSION AND PERSPECTIVE

Food safety has been a hotspot and sticking point in research.
This review summarized the effect of vibration, noise, and
temperature rise in the operation of food transport pumps on the
physical, chemical, and structural characteristics of liquid foods.
However, machinery vibration and ultrasound are also used for
improving the taste of liquid foods, but other hazardousmaterials
will also come with temperature rise. In general, machinery
vibration, noise, and temperature rise have both positive and
negative effects on liquid foods. Therefore, further research
should proceed. At the beginning of food transport pumps
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design, it is necessary to take full account of its impact on specific
food, such as milk, yogurt, wine, fruit juice, etc., to develop a
more adjustable multi-scene food transport pump, which can
adjust the rotating speed, flow rate and blade structure according
to different liquid foods. Such multi-functional food transport
pumps are also the main research and development direction of
food machinery in the future. It is also necessary to take into
account the material characteristics of food transport pumps,
and introduce new technologies and materials, such as carbon
nanomaterials, coating technology, which can improve the
food transport pumps’ damping capacity, sound and vibration
absorption capacity, and environmental friendliness. All of this
technology will reduce vibration, reduce temperature rise and
protect food more safely, when liquid foods are transferred by
food transport pumps.
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Pesticide residues are of great significant issue that exerted adverse effects on humans.
There is a need for effective and non-toxic decontamination of pesticide residues
during food processing. In this minireview, the recent advances in the degradation of
pesticide residues by photolysis have been firstly described during food processing.
The mechanisms of pesticide residues destruction by photolysis were discussed
accordingly. Finally, applications of photolysis in the degradation of pesticide residues
from beverages, fresh produce, and food rinse waste were also summarized.
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INTRODUCTION

Global food supply should be enhanced by 70–100% by 2050 in order to meet the demand
for the improvement in population size (1). The pesticide has been widely applied to control
insects, fungus, and weeds for increased food production in the world (2, 3). Some amounts of
pesticide residues could remain on foods such as vegetables and fruits that accounted for 30% of
an individual’s diet, which is frequently transferred to markets and consumed by humans without
proper washing or with minimal processing (4). Unfortunately, pesticides have been identified
as a major problem by a variety of countries because of their persistence in environments and
adverse effects on human health, including the destruction of biodiversity, and dermatological,
gastrointestinal, neurological, carcinogenic, respiratory, reproductive, and endocrine effects (5–7).
Therefore, it is of great significance for the degradation of pesticide residues during food processing.

Pesticide residues have been categorized as insecticides, herbicides, and other pesticides by the
United States Environmental Protection Agency (US EPA) (8). Several methods have been utilized
to degrade pesticide residues during food processing, including conventional techniques, and
advanced treatment techniques, i.e., non-thermal physical methods (4), and chemical methods (9).
Conventional techniques mainly fall into cleaning with various reagents, peeling, drying, heating,
and other processes (10, 11). Chemical methods mainly include ozone (9), and photocatalytic
oxidation (12–14); non-thermal physical methods primarily contain cold plasma, photolysis,
electron beam, electrolyzed water, etc. (14–17). Conventional techniques, i.e., cleaning in water,
had limited effects on pesticide removal based on that most pesticides are hydrophobic in nature
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(9, 18, 19). Cleaning and peeling, drying, concentration,
fermentation, and other processes easily transform pesticides
into toxic products, which showed the limited applications
during food processing (9, 20). Moreover, ozone can cause
negative alternations on food components: loss of some vitamins,
phenolic compounds, ascorbic acids, and carotenoids, changes
in color, sensory characteristics, and other adverse effects (21–
23). Also, degradation products of pesticide residues after
ozone treatment were demonstrated to be more toxic than the
parent compounds (24, 25). These further have retarded the
development of ozone-based technologies. Similarly, although
photocatalytic oxidation did show high pesticide degradation
performance, they significantly increased the toxicity of the
treated solutions, inhibiting their further applications in food
processing. This together led to the development of non-thermal
physical methods.

Non-thermal physical methods showed numerous
characteristics of the non-thermal treatment, economic
friendliness, low costs, high efficiency, and low reaction
time (4, 26). Amongst them, the photolytic techniques
have been reported to be an effective, non-chemical,
and residue-free approach (27–29), indicating their good
prospects in food processing, such as beverages, fresh
products including honey, and dairy products, and rinse
wastewater. Therefore, it is necessary to comprehensively
review the available and newest literature associated with
pesticide degradation by photolysis. Also, this minireview
article is important and useful to readers in the areas for
understanding the mechanism, most updated progress, and
the primary application of this technology. To the best of
our knowledge, there is no comprehensive review of the
application of photolysis.

In this minireview, our aim is to present recent advances in
photolysis for the degradation of pesticide residues during
food processing. The mechanisms of pesticide residues
destruction by photolysis were discussed accordingly. Finally,
applications of photolysis have been summarized in the
degradation of pesticide residues in beverages, fresh products,
and food rinse waste.

THE MECHANISM OF PHOTOLYSIS FOR
THE DEGRADATION AND
TRANSFORMATION OF PESTICIDE
RESIDUES

Photolysis mainly includes ultraviolet (UV) light irradiation
(27, 30–34), pulsed light (PL) technology (4, 35, 36), as well
as visible light illumination (37, 38). The UV spectrum falls
into UV-A (380–315 nm), UV-B (315–280 nm), UV-C (280–
200 nm), vacuum-UV (VUV) (200–100 nm), and extreme UV
(100–1 nm). The low-pressure mercury vapor lamps emitting
at 185 and 254 nm, and xenon excimer lamps emitting at
172 nm have been often utilized for applications in food
processing (2). Photolysis was first proposed for the degradation
of pesticide residues (i.e., organochlorine insecticides) in fluid

FIGURE 1 | The degradation mechanism of pesticide residues by (A) direct
and (B) indirect photolysis (42).

milk and butter oil by Li and Bradley (39, 40). Since then,
the development and applications of photolysis for different
pesticide decontamination purposes were extensively carried
out (41). Fundamentals of photolysis have been proposed
in the literature.

Photodegradation of pesticide residues could be achieved via
two mechanisms: direct photolysis and indirect photolysis. On
the one hand, in the direct photolysis, pesticides that absorb
energy from the UV light can trigger chemical reactions upon
the irradiation of UV light: the chemical structure of a pesticide
can be transformed into an excited state and then into a triple-
state, which would finally undergo via homolysis, heterolysis,
and photoionization, which could be seen in Figure 1A
(42). On the other hand, in indirect photolysis, sensitizers
such as natural organic matters (NOM) (30) (Figure 1B),
absorbing photos would result in the production of highly
active species (i.e., NOM∗) through the excitement of UV
light, which would react with pesticide residues. Just as stated
above, pesticide residues could further decompose through
three main pathways including homolysis, heterolysis, and
photoionization. It has been reported that immediate products
were generated after photodegradation by involving structural
changes such as dehalogenation, desulfuration, dealkylation, and
oxidation of the alkyl chains (4), which could be identified
through mass spectrometry (MS) analysis. Degradation pathways
include multiple successive and competitive steps with the later
destruction processes being involved in the earlier formation
of degraded processes (4). In addition, solution pH could
exert an effect on the formation of immediate species of
pesticide residues, and the degradation pathways accordingly
(43). Understanding the degradation and transformation of
pesticide residues during food processing not only can help
to design and optimize the decontamination process, but
also provide important information for further reducing
food safety risks.
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TABLE 1 | The degradation of pesticide residues in beverages.

Pesticides Processes Reaction conditions Efficiency References

Patulin Ultraviolet (UV-C) irradiation ∼ 0.2 ppm patulin, UV-C dose
of 0.4 J/cm2

69.47 (± 0.69)% Chandra et al. (44)

Patulin UV-C irradiation 1 ppm patulin, UV-C dose of
5.6 J/cm2

89% Tikekar et al. (45)

Patulin UV-C irradiation 1 ppm patulin, UV-C doses of
7.2 J/cm2

94.8% for 40 min Zhu et al. (46)

Patulin UV multi-wavelength emitting lamp 0.5 ppm patulin, pH 4.0, 25◦C ∼100% in 60 min Ibarz et al. (47)

Cartap UV-light irradiation 1 ppm cartap, 200 W mercury
lamp

98.5% at 2 h Dai et al. (27)

Nereistoxin UV-light irradiation 1 ppm nereistoxin, 200 W
mercury lamp

100.0% in 0.5 h Dai et al. (27)

Dichlorvos Sunlight irradiation 4.5 µM dichlorvos at pH 3 and
pH 7

0.040–0.064 h−1 Bustos et al. (48)

Dichlorvos 254 nm UV irradiation 4.5 µM dichlorvos, 0.1
Einstein/L

97% in 6 h Bustos et al. (48)

Epicatechin (EC) Blue light illumination at 438 nm 1 mM EC, 2.0 mW/cm2, in the
presence of epigallocatechin
gallate

57.9% in 3 h (epigallocatechin
gallate), 64.5% in 3 h (gallic

acid)

Huang et al. (49)

APPLICATIONS OF PHOTOLYSIS
DURING FOOD PROCESSING

The Decontamination of Beverages
As reported, significant degradation of patulin could be achieved
in apple juice, which was attributable to its absorption of
photons in the UV-C range in Table 1 (45–47). Similarly,
Chandra et al., found that patulin could not be degraded
in water, but would be very efficiently decomposed in apple
juice at the same conditions with UV illumination as shown
in Table 1 (44). The authors demonstrated that riboflavin in
apple juice played a significant role in the photodegradation
of patulin. This inspired other scholars to further investigate
the effect of matrix components in food and their importance
on the photodegradation of pesticides and metabolites. Dai
et al. conducted the degradation of pesticide residues such as
cartap and nereistoxin in tea beverages by photolysis in Table 1
(27). The authors reported that water-soluble components in
beverages did affect the degradation of pesticide residues. As
known, tea samples comprise various types of water-soluble
chemical components, such as total sugar, caffeine, and tea
polyphenols. Catechins with hydroxyl groups, one type of
polyphenol, in green tea, could complex with cartap through
amide bonds, further accelerating cartap degradation (50).
Reportedly, catechins in black tea firstly transformed into
theaflavin and thearubigin, then complexed with caffeine, and
finally precipitated, which resulted in reduced hydroxyl groups.
Accordingly, compared to green tea beverages, cartap was less
affected in black tea beverages. Taking together, the water-soluble
components in tea mainly played an inhibitive role in the
photolytic process of pesticide residues (27). This was primarily
attributable to the presence of polyphenols in tea beverages that
could compete with pesticides for the light and quench free
radicals, and thus slow down the photodegradation of cartap
and nereistoxin.

As stated before, irradiation absorption by a compound
could lead to its degradation and transformation by direct
photolysis (48). The degradation of cartap and nereistoxin in
water and tea beverages reached 81.8–100% after 6 h with 200 W
of UV illumination, which was mainly ascribed to the easy
destruction of disulfide bonds of nereistoxin by UV irradiation
(51). This could be evidenced by cartap and nereistoxin showing
a maximum UV absorption at 190 nm with pH 7.21, and
at 196 nm with pH 3.04, respectively, as shown in Table 1,
substantiating their ability to absorb UV light (27). Additionally,
different degradation behaviors were observed in a variety of
tea beverages, i.e., green tea beverages and black tea beverages.
Huang et al. found that the photodegradation of nereistoxin in
green tea beverages was lower than that in black tea beverages
(Table 1), which was attributable to the inhibitory effect of high
concentrations of catechins in the former (49). Therefore, it
is urgent to investigate and compare the decontamination of
pesticide residues in realistic beverages.

The Decontamination of Fresh Produce
Reportedly, the temperature played a minor role in the
photolysis, whereas light intensity, irradiation time, types of
pesticide residues, and UV light sources are important in the
decomposition of pesticide residues by photolysis (52). Yuan
et al. demonstrated the photodegradation of organophosphorus
pesticides (OPs) in the honey medium, including coumaphos,
methyl parathion, and fenitrothion under three different
intensities (37). For instance, the degradation of coumaphos was
93.38, 96.52, and 97.02%, respectively, after 1 h with 250, 500, and
750 W/m2 sunlight irradiation. As a result, there was a positive
relationship between sunlight intensity and the degradation of
pesticide residues in the honey medium. Meanwhile, the longer
the reaction time is, the faster the degradation of pesticide
residues is and the lower the residual concentration of pesticide
residues is. The decontamination efficiency of coumaphos
reached 90% within 15 min, which was lower than that after 1 h
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(97.02%) under 750 W/m2 sunlight irradiation. Moreover, types
of pesticide residues could also exert an effect on the degradation
of pesticides. Amongst them, coumaphos exhibited the best
degradation performance (90% of degradation after 15 min); the
removal percentage of fenitrothion and methyl parathion reached
83.3, and 73.11%, respectively, within 1 h under 750 W/m2

sunlight illumination (37).
The effect of UV light sources on the degradation of pesticides

was further investigated, including VUV, and UVC. Results
demonstrated that VUV (185 nm) was more effective than UVC
(254 nm) in the degradation of pesticides such as pyraclostrobin,
boscalid, fludioxonil, and azoxystrobin under the same reaction
condition (53). It was mainly due to VUV at 185 nm could
produce more energetic photons. Additionally, Yang et al.
investigated the removal of five typical pesticides from water
by VUV/UV at both bench- and pilot-scale studies (5). Results
showed that VUV/UV showed much more effective and energy-
efficient than UV and all pesticides could be removed with an
efficiency of >90% at a VUV fluence of 12 mJ/cm2. Furthermore,
pilot-scale studies revealed that VUV/UV processes had a
stable performance with acceptable energy consumption of
0.27–1.52 kWh/(m3order). As a result, photolysis showed the
potential for the degradation of pesticides as an energy-efficient
and high-efficiency technology for surface decontamination
of fresh produce.

Applications of Photolysis in Food Rinse
Waste
Several photodegradation techniques by UV have been utilized
for the degradation of pesticide residues from wastewater (27, 47).
The pulsed light (PL) technology serves as a novel tool for the
degradation of several herbicides in food rinse waste. As known,
PL technology contains a successive repetition of short duration
(325 µs) and high power flashes emitted by xenon lamps that
range from ∼200 to 1,000 nm with a considerable amount of
light in the short-wave UV spectrum. Baranda et al. investigated
the photodegradation of several triazidic and organophosphorus
pesticides in aqueous solutions by PL technology (35). The
most studied pesticide residues were degraded very fastly, and
their degradation was greater than 50% in a short period
of time (milliseconds). However, there is a lack of studies
on the toxicity of photodegradation products in the process.
Considering that the PL technology (xenon flashlamp) had the
characteristics of a mercury-free system, it could be therefore
considered as a promising environmentally friendly photolytic
approach for the decontamination of pesticide residues from
rinse wastewater.

Moreover, the degradation kinetics of pesticide residues in
wastewater could be fitted using a pseudo-first-order kinetics
model by using UV irradiation (54, 55). Cunha and Teixeira
(54) reported that the pseudo-first-order reaction rate constant
for azoxystrobin, difenoconazole, and imidacloprid was in the
ranges of 0.128–0.249 s−1, 0.019–0.048 s−1, and 0.129–0.266 s−1,
respectively, in tomato rinse water by photolysis. In addition,
the degradation of chlorpyrifos in water was carried out with
sunlight illumination to extend the light spectrum to visible
light. Results showed that the highest degradation rate was 4.2%

per day in distilled water at the light intensity of 43,400 l×
and 7.4% per day in lake water at the light intensity of 42,
200 l× (56). The faster degradation was achieved in natural water
than distilled water (56, 57), demonstrating a greater application
potential of solar irradiation. The enhanced degradation could be
ascribed to the presence of components such as natural organic
matters and thus greater formation of active species during the
process (56). Admittedly, there was a slower degradation of
malathion by UV alone than photocatalytic treatment processes
including UV/H2O2, UV/TiO2, and UV/Fenton systems (43).
However, it was interesting to find that no increase in toxicity
was observed for the malathion aqueous solution with UV
irradiation alone, whereas the toxicity of the malathion aqueous
solution was increased sharply with photocatalytic processes (43).
These findings indicate that photolysis, instead of photocatalytic
treatment technologies, showed greater potential applications in
food rinse wastewater in terms of both treatment efficiency and
the toxicity of intermediate products. It needs to be noted that
most research was carried out in bench- and pilot-scale studies.
Future research should be paid more attention to improving
pesticide residues degradation in industrial-scale studies.

CONCLUSION

The photolytic technique, a promising water treatment
technology, has attracted increasing attention due to improved
performance, such as no chemical required, and more safety, and
could be widely implemented for various foods decontamination
purposes. In photolysis, the chemical reaction would occur
when the light energy absorbed by pesticides is higher than the
bond energy of a chemical bond in the pesticide molecule. The
application potential of photolysis indicated that the photolytic
technique could work in various complex environments,
including beverages, fresh produce, and natural food rinse
wastewater. Although some achievements have been made, there
possess still many challenges before photolysis has been applied
in food processing, primarily including large energy input,
sequential maintenance required, as well as thus increased cost.
Assessing health risks and socioeconomic impacts of immediate
products in the degradation of pesticide residues should be
extremely important future work.
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Over the latest decade, lipidomics has been extensively developed to give robust
strength to the qualitative and quantitative information of lipid molecules derived
from physiological animal tissues and edible muscle foods. The main lipidomics
analytical platforms include mass spectrometry (MS) and nuclear magnetic resonance
(NMR), where MS-based approaches [e.g., “shotgun lipidomics,” ultra-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), matrix-assisted
laser desorption and ionization time-of-flight mass spectrometry (MALDI-TOF-MS)]
have been widely used due to their good sensitivity, high availability, and accuracy
in identification/quantification of basal lipid profiles in complex biological point of
view. However, each method has limitations for lipid-species [e.g., fatty acids,
triglycerides (TGs), and phospholipids (PLs)] analysis, and necessitating the extension
of effective chemometric-resolved modeling and novel bioinformatic strategies toward
molecular insights into alterations in the metabolic pathway. This review summarized
the latest research advances regarding the application of advanced lipidomics
in muscle origin and meat processing. We concisely highlighted and presented
how the biosynthesis and decomposition of muscle-derived lipid molecules can
be tailored by intrinsic characteristics during meat production (i.e., muscle type,
breed, feeding, and freshness). Meanwhile, the consequences of some crucial hurdle
techniques from both thermal/non-thermal perspectives were also discussed, as well
as the role of salting/fermentation behaviors in postmortem lipid biotransformation.
Finally, we proposed the inter-relationship between potential/putative lipid biomarkers
in representative physiological muscles and processed meats, their metabolism
accessibility, general nutritional uptake, and potency on human health.

Keywords: meat lipidomics, mass spectrometry, nuclear magnetic resonance, lipid biomarkers, lipolysis,
biosynthesis, meat processing, nutritional value
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INTRODUCTION

The global meat industry is a continuously growing sector with
an ever-increasing demand. The Organization for Economic
Co-operation and Development (OECD) and the Food
and Agriculture Organization of the United Nations (FAO) have
recently stated that worldwide meat production is projected
to expand by approximately 44 million tons by 2030, despite
the detrimental impacts of the coronavirus disease 2019
(COVID-19) pandemic and other possible restrictions (1).
Meat is considered a unique animal-derived food providing
high biological value proteins with all essential amino acids
and various micronutrients (2). Alongside proteins, lipids are
abundant constituents in meat and meat products that play
critical roles in providing desirable mouth-feel perception,
characteristic flavor, favorable texture, juiciness, and enhanced
cooking yield (3). According to the complexity of structure and
biosynthesis, lipids are divided into eight categories, depending
on their differences in the level of unsaturation, the type of the
covalent bond, the fatty acyl chain length, double bond location,
the head groups, Z/E geometric isomerism, and the branched
functional groups (4, 5). Specifically, these muscle-derived lipid
species mainly include non-esterified/free fatty acids (FFAs),
glycerolipids (GLs), glycerophospholipids (GPs), sphingolipids
(SLs), sterol lipids, prenol lipids, saccharolipids, and polyketides
(6). Among them, triglycerides (TGs) or triacylglycerols (TAGs)
and phospholipids (PLs), two common and most abundant
categories of lipids, are highly associated with health and
nutritional functions in the body (7, 8). TGs are mainly
composed of FAs, such as capric acid (Ca) and lauric acid (La),
but their contents can vary greatly among different breeds and
muscle tissues (9). Membrane phospholipid composition may
play a critical role in subsequent lipid oxidation development
in raw and cooked meats (10, 11), while SLs and glycolipids
contribute more functions to human health, such as increasing
anti-inflammatory and anticarcinogenic activities and alleviating
the risk of cardiovascular diseases and cholesterol absorption
(7, 12). Traditional studies utilize gas chromatography (GC)
with known standards or mass spectrometry (MS) to detect and
identify total fatty acids in the samples, where saponification
and derivatization protocols are usually required to generate
the volatile fatty acid analytes and may result in the loss of
information about the original esterified structure (neutral
or polar lipids) (9, 13). Thus, the modern meat industry
deserves the exploration of lipid composition from different
biological sources through global profiling for the qualitative and
quantitative characterization of individual lipid species (11).

During the latest decade, scientific expertise and technologies
are constantly being developed with commercial or industrial
aspects to advance the traceability and authentication of meat
products and to address the safety concerns of the public, and for
economic and quality reasons as well (14). Although meat from
different species can be easily detected using deoxyribonucleic
acid (DNA)-based techniques, the mixing of meat from different
biological sources (e.g., geographical origins) is more difficult
to detect. In this regard, MS- and nuclear magnetic resonance
(NMR)-based lipidomics, such as both untargeted and targeted

approaches, have been suggested as a promising strategy for this
detection (15–17). The high-throughput untargeted analysis has
the advantage of detecting lipid metabolites as comprehensively
as possible by emphasizing the changes in quantity in biological
importance (14, 15). Additionally, the targeted approach focuses
on identifying and acquiring a number of specific fractions of
known lipid species, for instance, FFAs, PLs, and cholesterol,
in the presence of external chemical standards or available
databases (18, 19). To achieve more persuasive results, the
sample/lipid-extract preparation, chromatographic separation
or direct-infusion MS (DI-MS, “shotgun lipidomics”), method
validation, multivariate data processing, and bioinformatics
evaluation have been well considered in the entire analytical
platform (4, 15).

Exploratory analysis, classification/discriminant analysis, and
regression analysis/prediction models have been proven to
be useful in lipidomics data analysis. Apart from these
chemometric tools or machine learning methods, however,
bioinformatic validation should be crucial for determining the
potential biomarkers of lipid species present in a biological
system and providing molecular insights into alterations in
energetic/metabolic pathways of lipid biosynthesis (4). Hence,
in this short review, we examined the mainstream of recently
published investigation available with discussions regarding the
applications of MS-/NMR-based lipidomics in muscle foods,
such as meat origin and adulteration identification, meat safety
assessment, and dietary lipid nutrition during representative
processing conditions and/or in vitro treatment.

MEAT LIPIDOMICS IN TRACEABILITY
AND MICROBIAL SAFETY

Meat is originally skeletal muscles of livestock and thereby
suffers from some factors in the livestock production system,
mainly such as animal genetic/breed background, feeding types,
geographical location, and environmental stress, particularly
associated with spoilage developed by microbiological activity
(20). As highlighted in literature evidence (Table 1), different
efforts have been undertaken to achieve lipid-label validation
depending on diagnostic and reliable features that can reflect
the origins/authenticity of suspected muscles and their freshness
status through the lipidomics strategy. The consequent lipid
molecules that are inherently from muscle tissues or result from
the metabolism of indigenous microorganisms vary among
different species, such as beef (14, 18, 21–24), pork (24–27),
sheep/goat (28), poultry (16), and marine products (29–32).
To investigate the effect of genetic background, MALDI-TOF-
MS and Phosphorus-31 NMR (31P NMR)-based lipidomics
were successfully applied to capture the differences in fatty
acid biosynthesis among German Simmental bulls fed with
different diets. Consequently, TGs, phosphatidylethanolamines
(PEs), phosphatidylcholine (PCs), phosphatidylinositol (PIs),
cardiolipins (CLs), and cholesterol were identified as potential
biomarkers (22). Furthermore, untargeted and targeted MS-
based lipidomics based on the use of ultra-performance liquid
chromatography (UPLC) coupled with high-resolution MS
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(HRMS) has shown good discriminative power between
different species/breeds and feeding conditions toward
extended global lipid information with appropriate multivariate
data analysis (Table 1). A panel of lipids, particularly GLs
[diacylglycerols (DAGs) and TAGs], lysophosphatidylcholines
(LPCs), lysophosphatidylethanolamines (LPEs), and n-6
polyunsaturated fatty acids (PUFAs) have been screened out
as specific markers for differentiation of animal diets (18, 21,
25, 28, 29). More intermuscular differences traceable properties
in lipidomics can be evaluated as a function of geographical
origin and for adulteration (Table 1). For instance, GLs [TGs
and diglycerides (DGs)] and GPs were screened as main lipid
biomarkers by principal component analysis (PCA) and partial
least squares-discriminant analysis (PLS-DA) modeling through
UPLC-Q-TOF-MS/MS approach for China’s domestic pork
(from Tibetan, Jilin, and Sanmenxia black pigs), suggesting
the difference in production systems, feeds and genetic
backgrounds (26).

It is also noticeable that exposure to microbes may
significantly influence the lipid compositions during meat
production where other indicators are usually involved, e.g.,
isotopic ratios and feeding (23). Particularly for marine products,
such as fish, fatty acids, and GPs, metabolism is identified as
the major pathway through microbial contamination during
cutting, storage, and distribution processes after slaughter.
A study was conducted to evaluate the spoilage of farmed
Atlantic salmon (Salmo salar L.) during storage at 4◦C for up
to 15 days by adopting the UPLC-Q-Exactive-MS with high
sensitivity (30). According to the results, the increase of LPC
(C17:0) and LPC (C18:0) could result from the hydrolysis
of PC (C18:4/C16:1) as a major freshness index. Assisted
by “shotgun lipidomics,” PCs, PEs, PIs, phosphatidylserines
(PSs), and sphingomyelins (SMs) were profiled as the lipid
biomarkers of interest for the naturally spoiled muscle from
Ctenopharyngodon idellus during room-temperature storage.
UPLC-HRMS-based lipidomics has also shown good strength
in identifying PCs, ceramides (CERs), and SLs metabolism as
differentiated by pork and beef ground meat from different grades
or due to death from diseases/abnormalities (24, 27). However,
NMR-based lipidomics can screen more polar lipid metabolites
and thus provides characteristic information on the metabolic
profile of adulterated muscle. The presence of o-phosphocholine
and a reduced level of Myo-inositol in turkey breast muscle
injected with protein hydrolysates were observed through Proton
NMR (1H NMR) untargeted lipidomics, suggesting the possible
role of Myo-inositol deficiency in enhanced lipolysis (16, 33).

MEAT LIPIDOMICS AS AFFECTED BY
PROCESSING FACTORS

Up to date, various meat processing strategies, such as
castration (34), thermal/non-thermal techniques (8, 17, 19, 35–
38), freezing/thawing intervention (39), in vitro oxidation (40,
41), postmortem aging/storage (11, 42), modified atmosphere
packaging (MAP) (42), and brining/drying-curing/preservatives
treatments (43–47) have been implicated to improve the

microbiological safety, color, flavor, and texture for the
development of favorable meat products (Table 2). Accordingly,
DI-MS and/or a combination of GC and liquid chromatography
(GC/LC) and MS techniques have been utilized in the application
of thermal processing to identify dozens of different lipids
as potential biomarkers. Consequently, the lipolysis of TGs
and PLs was noted as a strong flavor-binding precursors
through different thermal degradation (boiling, steaming, and
roasting) and showed specific losses of representative lipids
(19, 35). It is worthwhile to note that fresh fish fillets,
particularly Pleuronectes platessa upon high-pressure processing
(HPP) were characterized by a distinctly high level of lipid-
derived polar metabolites, serine-phosphoethanolamine species
(Ser-PETA) (36). Specifically, studies on the discrimination
of untreated/irradiated raw/ground meat from commercially
produced goat, chicken, turkey, and pork through global lipid
profile using UPLC-Q-Exactive-Orbitrap-MS/MS, targeted GC-
resolved fatty acids composition, and chemometric tools (PCA
and PLS-DA) have been recently reported (8, 37, 38). These
authors observed γ-ray irradiation dose-dependent increase in
docosahexaenoic acid (DHA)-enriched PC (C18:4/C22:6) + H
in goat meat, while X-ray irradiation tended to result in n-3
PUFA-enriched lipids in chicken and turkey meat, accompanied
with a noticeable accumulation of PLs and oxidized short-
and long-chain FFAs. Comprehensive lipidomics based on
GC-technique and phosphorus-31/carbon-13 NMR (31P/13C
NMR) spectroscopy was devoted for hoki co-product (i.e., roe)
treated with a pulsed electric field (PEF), where abundant
PLs and a high level of lyso-diphosphatidylglycerols (LDPGs),
LPEs, lysophosphatidylserines (LPSs), and LPCs were finally
characterized, and PEF transformed more sn-2 phospholipid
eicosapentaenoic acid (EPA) and DHA into sn-1,3 positions
with potentially compromised bioavailability in terms of re-
esterified structures (17). Additionally, when frozen Atlantic
salmon and bullet tuna were thawed, an untargeted MS-
based lipidomics approach detected abundant water-soluble
phospholipid metabolites (i.e., L-α-glyceryl-phosphoryl-choline
and N-methyl-ethanolamine phosphate) (39). However, hydroxyl
radical (·OH) attacks can significantly alter the lipidomics profiles
of shrimp and yak muscle to a large extent. PEs enriched
in PUFAs were highly vulnerable to in vitro oxidation but
both GPs metabolism and fatty acid biosynthesis were enriched
during the subsequent deterioration and spoilage process of
oxidized yak hindquarter meat (40, 41). On the other hand,
PLs in porcine meat can undergo enzymatic hydrolysis during
postmortem aging. For example, by employing targeted UPLC-
TQ-MS/MS (with PLs as internal standards) to determine
the PLs lipolysis tendency, researchers found that postmortem
porcine loin (M. Longissimus) up to 21 days at 4◦C was
rich in PIs, PSs, and PAs, particularly C38:4 and C36:2 lipid
species. Phospholipase A2 (PLA2) can be activated by postmortem
calcium influx from the sarcoplasmic reticulum (SR) with a
surge of LPCs in aging muscles (11). Apart from the targeted
MS approach, untargeted “shotgun lipidomics” [electrospray
ionization (ESI)-QTrap-MS/MS] became useful in identifying
the lipid biomarkers derived from water-boiled dry-cured Pekin
duck as a function of salting and ripening times (43, 44). In
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TABLE 1 | Representative applications of MS-/NMR-based lipidomics in meat origin/adulteration identification, nutritional/microbial quality, and biological function.

Type of origin Species and muscle
tissues

Sample preparation/lipid
extraction methods

Analytical techniques Data processing Identified lipids and
potential biomarkers

Possible biological functions
and/or bioinformatics evaluation

References

Breed Cattle-yak, yak, and cattle
(Longissimus
thoracis)

Extraction with methyl tertbutyl
ether/methanol/water
(2.6:2.0:2.4, v/v/v) with
reconstitution in acetonitrile
solution containing 0.04%
acetic acid

UPLC-QTrap-MS/MS,
untargeted

ANOVA, PCA,
OPLS-DA, VIP

Phospholipids containing
long-chain
PUFAs, PAs, PCs, PEs, as
well as SMs, CARs, FFAs,
LPCs, CERs, TGs, DGs,
MGs, long-chain
acylcarnitines

Difference in
energy metabolism and lipid
nutrition quality, biomarkers of
β-oxidation of fatty acids using
KEGG database and enrichment

Gu et al. (21)

Luchuan and Duroc boar
pigs (Longissimus muscle)

Extraction with 70% aqueous
methanol 4◦C overnight

UPLC-QTrap-MS/MS,
untargeted

ANOVA, t-test, PCA,
OPLS-DA, HCA, VIP

TGs, PCs, PEs, DGs, and
CERs

Regulation of lipolysis in adipocytes,
fat digestion and absorption, and
cholesterol metabolism enriched by
KEGG database

Zhang et al. (25)

Feeding
condition

Sheep/goat (Biceps femoris) Aqueous/organic extraction by
methanol/water (1:1, v/v)
solution,
dichloromethane/methanol (3:1,
v/v) with resuspension of the
dried extracts in
isopropanol/acetonitrile (9:1,
v/v)

UPLC-Q-TOF-MS,
untargeted

ANOVA, PCA,
OPLS-DA, VIP,
permutation test, SVM

Glycerolipids (DAGs, TAGs),
PCs, LPCs, PEs and SMs,
acylcarnitines, n-6 PUFAs
(arachidonic acid)

Functional components of
membrane bilayers, energy storage,
nutritional and physiological
properties

Wang et al. (28)

Beef steers tissues
(Duodenum, liver,
subcutaneous adipose, and
Longissimus dorsi)

Phospholipids and cholesterol
extraction by Bligh and Dyer’s
liquid–liquid extraction (LLE)
method

UPLC-TQ-MS, targeted FDR p-adjustment,
t-test, ROC, Pearson’s
correlation analysis

PCs, PEs, LPCs, LPEs,
cholesterol

Linoleic/α-linolenic acids
metabolism and biosynthesis,
metabolic crossroad induced by
gain-to-feed ratios

Artegoitia et al.
(18)

German Simmental bulls fed
with different diets
(Longissimus muscle)

Homogenization in
chloroform/methanol (2:1, v/v)
followed by lipid isolation. Dried
lipids restabilized in 50 mM Tris
buffer (pH 7.65)

TLC separation,
MALDI-TOF MS, 31P
NMR spectroscopy
(242.88 MHz)

PSD experiment
(precursor ions), spectra
deconvolution

TAGs, PEs, PCs, PIs, CLs,
cholesterol

Regulating fatty acid biosynthesis in
beef cattle under different dietary
regimes

Dannenberger
et al. (22)

Hepatopancreas of mud
crab (Scylla paramamosain)
fed with DHA/EPA diets

Extraction with
dichloromethane/methanol (3:1,
v:v) followed by resuspension in
isopropanol/acetonitrile/H2O
(2:1:1, v:v:v)

UPLC-Q-Exactive-
Orbitrap-MS,
untargeted

t-test, PCA, PLS-DA,
HCA, VIP

PCs, PEs, PSs, PIs, LPCs,
SMs, TGs, and FFAs

Association with fatty acid
transport/deposition, β-oxidation,
long-chain PUFAs (DHA)
biosynthesis using GO analysis,
KEGG pathway enrichment

Wang et al. (29)

Geographical
origin

Beef (from United States
(US), Japan and Australia)

Homogenization with
chloroform/methanol (1:1, v/v)
followed by Bligh and Dyer’s
liquid–liquid extraction (LLE)
method

UPLC-Orbitrap-MS,
untargeted

ANOVA, PCA, PLS-DA,
OPLS-DA, VIP,
LOO-CV, jackknife
confidence intervals test

PCs, PEs and n-6/n-3
FFAs, MUFAs and
particularly n-3 PUFAs

Nutritional quality and differential
human diet

Man et al. (14)

China’s domestic pork (from
Tibetan, Jilin and
Sanmenxia black pigs)

Homogenization and extraction
with isopropanol

UPLC-Q-TOF-MS/MS,
untargeted

ANOVA, PCA, PLS-DA,
VIP

Glycerolipids (TGs, DGs),
glycerophospholipids, sterol
lipids, sphingolipids,
polyketides, fatty acyls and
prenol lipids

Main causes possibly including the
difference in production systems,
feeds and genetic backgrounds

Mi et al. (26)

Beef (from six countries
including Argentina,
Australia, Brazil, Canada,
New Zealand and Uruguay)

Homogenization with Folch
solution [chloroform/methanol
(2:1, v/v)] followed by dryness
and re-solubilization

LC-Q-TOF-MS
(comparison between
DuoSpray and DART
ion source), untargeted

RSD examination, PCA,
fold change with
p-adjustment of
ANOVA, SVM

Glyceride (monoglyceride,
diglyceride and triglyceride),
FFAs, PIs, PEs, LPEs,
LPCs, CARs, SMs, NAEs

Some indicators involved in lipid
compositions, such as isotopic
ratios, animal growth, production
systems (feeding and exposure to
microbials)

Wang et al. (23)

(Continued)
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TABLE 1 | (Continued)

Type of origin Species and muscle
tissues

Sample preparation/lipid
extraction methods

Analytical techniques Data processing Identified lipids and
potential biomarkers

Possible biological functions
and/or bioinformatics evaluation

References

Freshness or
microbial
diversity

Farmed Atlantic salmon
(Salmo salar L.) during
storage at 4◦C for up to
15 days

Extraction with methanol/water
(2:5, v/v) and methyl tertary butyl
ether followed by resuspension in
isopropanol:acetonitrile (1:1, v/v)

UPLC-Q-Exactive-MS,
untargeted

PCA, t-test, fold change
with p-adjustment of
ANOVA

LPCs and PCs KEGG pathway showed linoleic acid
metabolism, arachidonic acid
metabolism and glycerophospholipid
metabolism. The increase in LPC
(C17:0) and LPC (C18:0) could result
from the hydrolysis of PC (18:4/16:1)
as a major freshness index.

Chen et al. (30)

Large yellow croaker
(Larimichthys crocea) fillets
affected by cold treatment
(−1◦C and −3◦C) during up
to 35 days of storage

Homogenization in
chloroform/methanol (2:1, v/v)
followed by resuspension with
isopropanol

UPLC-Q-Exactive-
Orbitrap-MS,
untargeted

ANOVA, Pearson’s
correlation analysis,
PCA, PLS-DA, VIP

CERs, CLs, DGs, HexCer,
LPCs, LPEs, PCs, PEs, PGs,
PIs, PSs, SMs, and TGs

Autophagy-animal,
glycerophospholipid metabolism,
linoleic/α-linolenic metabolism,
arachidonic
acid metabolism, and
glycosylphosphatidylinositol
(GPI)-anchor biosynthesis enriched by
KEGG database

Chen et al. (31)

Muscle from
Ctenopharyngodon idellus
during room-temperature
storage for 72 h

Homogenization with
chloroform/methanol (2:1, v/v)
followed by Bligh and Dyer’s
liquid–liquid extraction (LLE)
method, dryness and
re-solubilization

ESI-MS/MS (shotgun
lipidomics), untargeted

Peak intensity screening,
signal-to-noise ratio (SN)
optimization, monitoring
of precursor ion scan

Tracking phospholipid
profiling including PCs, PEs,
PIs, PSs, SMs

Oxidation and hydrolysis were
mentioned as the two main causes
for the deterioration of phospholipid in
fish muscle during storage. PE
molecular species may result from the
microbe bred in the muscle.

Wang and
Zhang (32)

Adulteration Pork meat (hindquarter) from
live pigs conventionally
butchered versus dead pigs
butchered immediately after
death from
diseases/abnormalities

Dual-phase extraction by methyl
tert–butyl ether/methanol/H2O
system, lipids redissolved in
acetonitrile/isopropanol/H2O
(65:30:5, v/v/v)

UPLC–TripleTOF–
MS/MS,
UPLC-QTrap-MS/MS,
untargeted/
pseudotargeted

Welch t-test, PCA, and
HCA

PCs and TGs The lower PCs content in dead pork
implied the conversion into other
metabolites, such as PEth.

Cao et al. (27)

Different grades of beef
mince and pork mince
purchased from a national
retail outlet

Homogenization in
chloroform/methanol (1:1, v/v),
lyophilised lipids redissolved in
chloroform/methanol/water
(1:4:4, v/v)

UPLC-LTQ Orbitrap-MS,
untargeted

Kruskal–Wallis ANOVA,
PLS-DA, Spearman’s
correlation analysis, VIP

CERs, sphingolipids, PGs,
TGs

Ceramide in sphingolipids metabolism
by KEGG pathway analysis.
Excessive
irradiation may increase the content
of free fatty acids, particularly in pork.

Trivedi et al. (24)

Adulterated turkey breast
muscle with protein
hydrolysates

Homogenization first in ice-cold
methanol, then ice-cold
chloroform and finally ice-cold
water. Storage at 4◦C overnight
and dried matter resuspended in
an aqueous solution containing
0.05% TSP

1H NMR Spectroscopy
(400 MHz), untargeted

ANOVA, PCA o-phosphocholine,
myo-inositol

The possible mechanism of lipolysis
due to myo-inositol deficiency

Wagner et al.
(16)

TSP, sodium trimethylsilyl-2,2,3,3-tetradeuteroproprionate; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; GC-FID, capillary gas chromatography coupled with flameionization detection; UPLC-Q-TOF-
MS, ultraperformance liquid chromatography-quadrupole, time-of-flight mass spectrometry; UPLC-TQ-MS, ultraperformance liquid chromatography-triple quadrupole mass spectrometry; UPLC-TripleTOF-MS,
ultraperformance liquid chromatography-triple time-of flight mass spectrometry; UPLC-QTrap-MS/MS, ultraperformance liquid chromatography-hybrid triple quadrupole-linear ion trap, tandem mass spectrometry;
UPLC-LTQ Orbitrap-MS, ultraperformance liquid chromatography-hybrid linear ion trap-orbitrap, mass spectrometry; UPLC-Orbitrap-MS, ultraperformance liquid chromatography coupled with high-resolution orbitrap
mass spectrometry; UPLC-Q-Exactive-Orbitrap-MS, ultraperformance liquid chromatography coupled to quadrupole exactive orbitrap high resolution mass spectrometry; TLC, thin-layer chromatography; MALDI-TOF
MS, matrix-assisted laser desorption and ionization time-of-flight mass spectrometry; DART, direct-analysis-in-real-time ionization; ESI-QTrap-MS/MS: direct-infusion electrospray ionization-hybrid triple quadrupole-
linear ion trap tandem mass spectrometry; NMR, nuclear magnetic resonance spectroscopy; ANOVA, analysis of variance; PCA, principal component analysis; PLS-DA, partial least squares discriminant analysis;
OPLS-DA, orthogonal partial least squares discriminant analysis; HCA, hierarchical cluster analysis; VIP, variable importance in projection; LOO-CV, leave-one-out cross-validation; SVM, support vector machine;
FDR, fold discovered rate; ROC, receiver-operator characteristic curve analysis; PSD, post source decay; RSD, relative standard deviations; TGs, triglycerides; DGs, diglycerides; MGs, monoglycerides; DAGs,
diacylglycerols; TAGs, triacylglycerols; PAs, phosphatidic acids; PCs, phosphatidylcholines; PEs, phosphatidylethanolamines; PGs, phosphatidylglycerols; PSs, phosphatidylserines; PIs, phosphatidylinositols; LPCs,
lysophosphatidylcholines; LPEs, lysophosphatidylethanolamines; SMs, sphingomyelines; CERs, ceramides; CARs, carnitines; NAEs, N-acyl ethanol-amines; HexCer, hexosylceramide; CLs, cardiolipins; FFAs, free
fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; PEth, phosphatidylethanol; FAMEs, fatty acid methyl esters; GO, gene Ontology; KEGG, service of Kyoto Encyclopedia of
Genes and Genomes.
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those studies, the findings pointed out that low-salt (< 6%)
dry-cured duck significantly promoted the degradation of
individual PLs (e.g., PCs, PGs, PEs, PSs, and PIs) probably
resulting from a robust release of phospholipase, though some
LPCs were damaged possibly due to oxidation and thermal
degradation provided by boiling. In other cases, by combining
the GC-system and untargeted hydrophilic interaction liquid
chromatography (HILIC) coupled to QTrap-MS, saturated fatty
acids (SFAs) (C16:0), monounsaturated fatty acids (MUFAs)
(C18:1), and PUFAs (C18:2) were observed to be important
lipid-derived flavor precursors in low-salted salmon and PCs
content was kept at a high level even at 30% NaCl replacement
rather than PSs (45). Following untargeted UPLC-QTrap-MS/MS
lipidomics, salting/preservatives treatment of goat meat led
to decrements in TGs concentration (47) while dry-curing of
mutton ham (M. biceps femoris) significantly contributed to GLs,
DGs, and specifically C20:3 and C18:4 FFAs released, showing
characteristic metabolisms of GPs and SLs (46).

DISCUSSION ON POSSIBLE
MECHANISMS AND FUTURE REMARKS

Lipids are inherently abundant in muscle tissues, which
play critical roles in a series of cellular processes and
physiological/biological activities (e.g., cell membrane
architecture, cell signaling and energy-storing) (48). Breeds
and feeding conditions, which usually have a large impact
on animal physiology, determine the skeletal muscle growth
and maturation, the final meat yield, and nutritional/flavor
quality (21, 28, 29). NMR-/MS-based approaches have been
attempted to obtain lipid-metabolite signatures and their
relationship to physiological alteration in tissues as well as
the potency in meat production. Differences in muscle energy
metabolism, lipolysis in adipocytes, fat digestion/absorption,
and cholesterol metabolism, β-oxidation of fatty acids, in
particular, would offer the dynamics of redox status, oxidative
stability, and consumer acceptability as influenced by the
nutrients and ingredients in the animal feeds (20). For instance,
concentrate-fed sheep are generally more obese compared with
pasture-grazing sheep. High-fat diets may thereby promote the
levels of isoleucine, lipids, glutamate, and 3-methylhistidine
and lead to decreased citrate and glycerophosphorylcholines
(GPCs) in animals (28). Consequently, as putatively revealed
from lipidomics analysis, DAGs tend to accumulate in meat from
concentrate-fed sheep/goats due to fat deposition, while some
saturated TGs (e.g., C40:0, C42:0, and C44:0) in meats can be
favored by pasture-grazing feeding strategy, showing a positive
biological function of energy storage (28). PLs are the primary
structural constituents of biological membranes and serve as
critical nutrients owing to their physiological and nutritional
properties. Following lipidomics, some species of fatty acid
components and PLs have been useful markers in muscle
tissues for differentiating breeds/dietary supplementation (21,
28, 29), detecting adulteration (27), and monitoring microbial
accessibility (30–32). For instance, n-3 long-chain PUFA, such
as EPA (C20:5n-3) and DHA (C22:6n-3) are essential fatty

acids (EFA) for marine fish and crustaceans. An appropriate
ratio of DHA/EPA feeding diet can improve the lipogenesis,
integrity of membrane PLs, and DHA biosynthesis/deposition,
meanwhile, inhibiting the mitochondrial β-oxidation of fatty
acid and supporting growth performance in the hepatopancreas
of S. paramamosain (29).

Lipids in the meat matrix are usually involved in thousands of
metabolites that may be affected by species, nutrients, microbial
diversity, production, and storage. These muscle-derived lipid
metabolites are not only the phenotypic consequences of
physiological muscle metabolism but also the major molecular
basis for characterizing organoleptic components following
different processing conditions (20, 49–51). For dry-cured meats,
lipolysis usually involves a set of endogenous adipose tissue
TGs lipases [e.g., neutral and basic ones including hormone-
sensitive lipases (HSL) and lipoprotein lipases (LPL)] and some
phospholipases (classified as A1, A2, C, and D) responsible for
PLs degradation followed by auto-oxidation, which contributes
to the formation of aromatic volatile compounds (10, 52, 53).
However, we should note that the identification efficacy of
bioactive lipid species through classical MS-based lipidomics
approaches would be significantly affected by the applied lipid
extraction protocols [e.g., liquid–liquid extraction (LLE), some
alternative methods, such as methyl tert-butyl ether (MTBE)]
mainly due to the characteristic amphipathic properties of lipids
to achieve a differential partition (54, 55). In particular, the
good recovery, ionization efficiency, and identification of global
phospholipid species by LC-MS are still difficult to achieve,
arising from their complexity in molecular structures (i.e., the
length of the fatty acid chains and the difference in fatty acyl
substitution at the glycerol backbone), and hydrophilicity across
the entire chromatographic separation (28, 45, 56). Regarding
the MS instruments showing high sensitivity, multi-sourced
trace impurities that could result from biological matrices
(e.g., remaining proteins in muscle tissues), solvents used for
lipid extraction, preparation devices, such as siloxenes and
phthalates, and even sample containers, such as plasticizers
could be detected when they are carried to the lipid extract
and thus these impurities may influence the reproducibility of
the lipidomics profile (54). So, the extension of GC-system and
NMR-based lipidomics and their combination with LC-resolved
MS would exert unique superiority to enrich the entire lipid
metabolism pathway (e.g., biosynthesis, oxidative decomposition,
and enzymatic lipolysis) by detecting FAs, TGs, and sterols as
well as some specific short and polar secondary lipid-metabolites
(8, 16, 17, 19, 22). Indeed, during non-thermal processing,
such as HPP, some important water-soluble lipid-metabolites
(e.g., Ser-PETA) might be active in fatty acid transformation
and participate in GPs metabolism (36). Overall, the lipolysis
of TGs and PLs in meats are closely related to some relevant
factors, mainly including (i) the feeding processes of animals (28,
29), (ii) circumstances in slaughtering (30, 31), (iii) postmortem
aging (11, 42), (iv) thermal/non-thermal processing (8, 13, 17,
19, 35, 37, 57), and (v) brining/dry-ripening processes (45–47,
58). As a result, the physical/redox status of muscle/adipose
tissues can be changed with the difference in bioavailability and
bioactivity of endogenous and microbial lipases/phospholipases
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TABLE 2 | The implications of MS-/NMR-based lipidomics in processed meat, quality control, and metabolism monitoring.

Processing
factors

Species and muscle
tissues and/or
co-product

Sample preparation/lipid or
metabolites extraction
methods

Analytical techniques Data processing Identified lipids and
potential biomarkers

Main results/possible biological
functions and/or bioinformatics
evaluation

References

Castration Psoas major muscle of
lambs

Homogenization with
chloroform/methanol (2:1, v/v)
followed by liquid–liquid
extraction (LLE), dryness, and
resuspension in
chloroform/methanol (2:1, v/v)

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

ANOVA, Student’s
two-tailed t-test, PCA,
HCA

Major lipid species
identified as PCs, PEs,
SMs, TGs, FFAs, DGs,
particularly in the castration
group

Castration could increase IMF content and
modify the intramuscular
TGs/phospholipids ratio and the
PUFAs/SFAs ratio.

Li et al. (34)

Thermal
processing

Boiled, steamed and
roasted Tan sheep
meat (M. longissimus
dorsi)

Lipid extraction with 100%
isopropanol alcohol followed by
protein precipitation,
centrifugation, and collection of
the supernanant

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

p-adjustment, RSD
examination, PCA,
PLS-DA, VIP, HCA

SMs, CERs, LPCs, PCs,
PEs, TAGs

The boiled approach was representative of
more losses of SMs than CERs in meat,
while the steamed one contributes to
losses of PCs and LPCs in
glycerophospholipid metabolism. These
processed diets provided different options
to the patients with atherosclerosis and
cancer, the elderly, and infants.

Jia et al. (35)

Roasted mutton (M.
back strap) from
6-month-old sheep

Fatty acids in lipids extracted
with dichloromethane/methanol
solution (2:1, v/v) followed by
phase-separation, restabilized
in butylated hydroxytoluene/
hexane (0.02%, w: v) and
methylation. Lipid extraction for
lipidome analysis using
isopropanol followed by
centrifugation, and collection of
the supernanant.

GC-FID, targeted (with
FAMEs external standards);
UPLC-Q-TOF-MS/MS,
untargeted

ANOVA, OPLS-DA, VIP,
Correlation analysis

TGs (e.g.,
C16:0/C18:1/C18:1,
C18:0/C18:0/C18:1), PCs
(C30:6, C28:3), and PEs.
FFAs such as C16:0, C18:0
and C18:1.

TGs should be predominant lipids relevant
to the aroma binding stability during
roasting times. Phospholipids content
showed a negative correlation with
characteristic aroma, e.g., pentanal,
hexanal, and heptanal, suggesting lipolysis
and oxidative degradation.

Liu et al. (19)

High pressure
processing
(HPP)

Fresh fish fillets
(Salmo salar and
Pleuronectes platessa)

Homogenization with perchloric
acid (0.1 mol/L) to extract polar
metabolites followed by
centrifugation and supernatant
separation

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

ANOVA, HCA, Volcano
Plot (VP)

High concentration of
lipid-derived serine-
phosphoethanolamine
species (Ser-PETA),
particularly in Pleuronectes
platessa group regardless
of HPP

Some specific polar lipid-metabolites (e.g.,
Ser-PETA) might be active in fatty
acid transformation and participate in
glycerophospholipid metabolism.

Castrica et al.
(36)

Pulsed electric
field (PEF)

Hoki roe treated with
PEF at different field
strengths (0.62, 1.25,
1.875 kV/cm) and
frequencies
(25, 50, 100 Hz)

Total lipid extracted with
hexane/methanol (1:2, v/v)
using ETHEX partition method
followed by homogenization,
filtration and evaporation

GC-FID, targeted (with
FAMEs external standards);
31P NMR spectroscopy
(162 MHz, to analyze
phospholipid composition),
13C NMR spectroscopy
(100 MHz, to analyze the
ratio of positional
distribution of EPA and
DHA on TAGs)

Semi-quantification in
the abundance of each
lipid using the
integrated response of
the NMR spectra,
two-way and one-way
ANOVA

PAs, PEs, PSs, PIs, PCs,
LDPGs, LPEs, LPSs, LPCs,
CLs, and SMs; n-3 fatty
acids, i.e., DHA/EPA
esterified at sn-2/sn-1,3

High PEF input resulted in abundant
phospholipids without affecting n-3 fatty
acid content, and generated LDPGs, LPEs,
LPSs and LPCs. PEF transformed more
sn-2 phospholipid EPA and DHA into
sn-1,3 positions, indicating a negative
change in re-esterified structures to
phospholipids and decreased bioavailability
of hoki roe lipids.

Ahmmed et al.
(17)

γ-ray
irradiation

Goat meat
(uncastrated, from
Longissimus dorsi)
irradiated at different
doses (0, 1, 2, 4 and 6
kGy)

Extraction with methanol and
MTBE, dried lipids restabilized
in acetonitrile/isopropanol/H2O
(65:30:5, v/v/v)

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

RSD examination,
ANOVA, PCA, PLS-DA,
VIP

Increased content in TGs,
PCs, PEs, LPEs, CERs,
LPCs and SPHs;
decreased level of DGs,
PSs, PGs, PIs and SMs
after irradiation

Lipid variables were involved in the major
pathways of glycerophospholipid and
sphingolipid metabolism. DHA-enriched PC
(C18:4/C22:6) + H exhibit an increase upon
irradiation.

Jia et al. (37)

(Continued)
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TABLE 2 | (Continued)

Processing
factors

Species and muscle
tissues and/or
co-product

Sample preparation/lipid or
metabolites extraction
methods

Analytical techniques Data processing Identified lipids and
potential biomarkers

Main results/possible biological
functions and/or bioinformatics
evaluation

References

X-ray
irradiation

Chicken, turkey and mixed
(chicken, turkey and pork)
ground meat irradiated at
different doses (0, 0.5, 1, 3
and 5 kGy)

Homogenization with
chloroform/methanol (1:2, v/v)
followed by Bligh and Dyer’s
liquid–liquid extraction (LLE) and
resuspension in 95% hexane and
dryness. Additional methylation
for the extracted fatty acids.

GC-FID, targeted (with
FAMEs external standards);
UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

ANOVA, PCA, Volcano
Plot (VP)

DGs, TGs, SMs, CERs,
LPGs, LPIs, LPEs, LPCs,
PIs, PEs, PCs. PSs, and
PGs. Phospholipids
increased in a dose
dependent manner with
enriched level of PUFAs

The content of
n-3 PUFA-enriched lipids in irradiated chicken
and turkey meat reflected the meat’s
nutritional value. Oxidized phospholipids
(OxPLs) were identified in low abundance as
a potential new biomarker.

Chiesa et al. (8)

Chicken, turkey and mixed
(chicken, turkey and pork)
ground meat irradiated at
different doses (0, 0.5, 1, 3
and 5 kGy)

Extraction with cold mixture
(0.1% formic acid,
H2O/methanol (20:80, v/v)

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

ANOVA, HCA,
Box-Whisker charts
(BWC), Volcano Plot
(VP), paired t-test

Short and long-chain fatty
acids (e.g., oxidized cis,
cis-1,4-pentadiene fatty
acids)

PUFA and their oxidative derivatives should
be good biomarkers to speculate lipid
oxidation pathway in ground meat triggered
by irradiation

Panseri et al.
(38)

Freezing/
thawing
processing

Atlantic salmon (Salmo
salar) and bullet tuna
(Auxis rochei) during freeze
(−20◦C/−35◦C and
−18◦C, respectively)/thaw
processing

Homogenization with perchloric
acid (0.1 M) to extract polar
metabolites followed by
centrifugation, supernatant
collection and dilution

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

ANOVA, fold change
with p-adjustment, PCA,
Volcano Plot (VP),
Box-Whisker charts
(BWC) with descriptive
statistics

L-α-glyceryl-phosphoryl-
choline,
N-methyl-ethanolamine
phosphate

These two water-soluble phospholipid
metabolites increase upon thawing of frozen
samples regardless of the storage period,
suggesting an impaired phospholipid
membrane integrity, and enhanced
phospholipid catabolism and lipid oxidation

Chiesa et al.
(39)

In vitro
oxidation

Whiteleg shrimp (M.
Litopenaeus vannamei)
upon
H2O2/ascorbate-based
hydroxyl radical
(·OH)-generating system
(1, 2 and 4 mM H2O2 )

Homogenization with cold
chloroform/methanol (2:1, v/v)
followed by liquid–liquid
extraction (LLE), concentration,
and resuspension in isopropanol

UPLC-TripleTOF-MS/MS,
untargeted

ANOVA, PCA,
OPLS-DA, permutation
test, VIP

PCs (C38:3), CLs (C62:2),
and PEs (C34:9)

Hydroxyl radical attack can alter the
lipidomics profiles of shrimp muscle to a large
extent. High concentration of oxidizing
conditions exacerbated lipid peroxidation.
PEs enriched in PUFAs are more susceptible
to oxidation via radical attack than PCs
molecules.

Tu et al. (40)

Yak hindquarter meat in a
Fenton oxidation system
(FeCl3/ascorbate/10 mM
H2O2 ) followed by
refrigerated storage at 4◦C
for 2 h

Tissue extract mixed with cold
75% chloroform/methanol (1:9,
v/v) and 25% H2O by two-step
extraction toward metabolite
optimal recovery

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

ANOVA, PCA, PLS-DA,
OPLS-DA, HCA

FFAs (e.g., stearic acid,
linoleic acid, arachidonic
acid)

Notable glycerophospholipid
metabolism in oxidized yak meat indicated
deterioration and spoilage process.
2-hydroxy-3-oxoadipate was assumed to
promote fatty acid oxidation, while
arachidonic acid could be involved in fatty
acid biosynthesis as revealed by KEGG
enrichment

Huang et al.
(41)

Postmortem
aging/
Packaging/
Storage

Postmortem porcine loin
(Longissimus) during aging
for 1, 8 and 21 days at
4◦C

Homogenization with
chloroform/methanol (1:1, v/v)
followed by liquid–liquid
extraction (LLE), dryness, and
resuspension in chloroform

UPLC-TQ-MS/MS, targeted
(with phospholipid internal
standards)

ANOVA, Tukey and
Tukey-Kramer
p-adjustments

PIs (e.g., C38:4), PSs (e.g.,
C36:2), LPCs, and PAs

Phospholipids underwent enzymatic
hydrolysis during aging (except for C18:2 or
C20:4 within PI and PS). Phospholipase A2
(PLA2) could be activated by postmortem
calcium influx from the sarcoplasmic
reticulum (SR) with a surge of LPCs

Chao,
Donaldson
et al. (11)

Postmortem bovine
muscle, M. longissimus
dorsi lumborum by
different packaging
methods, i.e., under high
oxygen modified
atmosphere, oxygen
permeable film, and
vacuum-packaging during
up to 14 days

Extraction of lipids by Folch’s
method, homogenization with
chloroform/methanol (2:1, v/v)
followed by standing overnight at
4◦C and separation of organic
layer

MALDI-TOF-MS,
MALDI–MSI, targeted
(phospholipids, triglycerides
and sterols)

Semi-quantification in
the abundance of each
marker lipid (with
targeted m/z)

PCs, LPCs, PEs, LPEs,
TAGs and sterols

PCs (except for C18:1/C18:0) were sensitive
to oxidative degradation while cholesterol
showed relatively high stability to oxidation.

Dyer et al. (42)
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TABLE 2 | (Continued)

Processing
factors

Species and muscle
tissues and/or
co-product

Sample preparation/lipid or
metabolites extraction
methods

Analytical techniques Data processing Identified lipids and
potential biomarkers

Main results/possible biological
functions and/or bioinformatics
evaluation

References

Salting/Drying-
curing/
Preservatives
treatment

Water-boiled dry-cured
Pekin duck at 6%
saute-salt (w/w) following
3 days of ripening

Phospholipid extraction with
chloroform/methanol (1:2, v/v)
followed by Bligh and Dyer’s
liquid–liquid extraction (LLE),
centrifugation, dryness and
dilution

ESI-QTrap-MS/MS
(shotgun lipidomics),
untargeted

ANOVA, PCA, PLS-DA,
VIP

LPLs (C18:2), PEs, PCs
[C34:2 (C16:0/C18:2)],
PGs, PIs, and PSs

Processing decreased most of the
phospholipid molecular species but
increased LPLs content until extended
ripening (2 days). Boiling resulted in loss in
some of the LPLs suggesting an oxidative
thermal-degradation and decomposition.

Li et al. (43)

Water-boiled dry-cured
Pekin duck with three
different salt contents:
4% (low-salt), 6%
(medium-salt) and 8%
(high-salt)

Phospholipid extraction with
chloroform/methanol (1:2, v/v)
followed by liquid–liquid
extraction (LLE), centrifugation,
dryness and dilution

ESI-QTrap-MS/MS
(shotgun lipidomics),
untargeted

ANOVA, PLS-DA, VIP PCs, PGs, PEs, PSs, and
PIs

Low-salt (< 6%) dry-cured duck had a
significant effect on total phospholipid
content and promoted the degradation of
individual phospholipids (especially those
containing unsaturated fatty acids) probably
due to a robust release of phospholipase.

Li et al. (44)

Low-salted salmon
treated with sodium
replacers (KCl, CaCl2)
and flavor enhancers
(yeast extract, lysine,
taurine)

Homogenization with Folch
solution [chloroform/methanol
(2:1, v/v)] followed by
phase-separation and dryness.
Methylation for the extracted
fatty acids. Crude lipids
re-stabilized in chloroform
toward phospholipids analysis

GC-FID, targeted (with
FAMEs external standards);
HILIC-QTrap-MS,
untargeted

ANOVA, post hoc
Duncan multiple range
tests, PCA, OPLS-DA,
HCA, VIP

SFAs (C16:0), MUFAs
(C18:1), PUFAs (C18:2),
PCs, PEs, PSs, and PIs

PCs content remained high even at 30%
NaCl replacement rather than PSs. The
addition of flavor enhancers increased the
total content of phospholipids.

Wang et al.
(45)

Dry-cured mutton ham
(M. biceps femoris) from
Xinjiang fine-wool sheep
processed through
105 days of fermentation
and 60 days of ripening

Lipid extraction with
MTBE/methanol (3:1, v/v)
followed by liquid–liquid
extraction (LLE), centrifugation
and concentration

UPLC-QTrap-MS/MS,
untargeted

ANOVA, PCA,
OPLS-DA, VIP, fold
change with
p-adjustment,
permutation test,
Volcano Plot (VP)

PCs, PEs, PSs, LPCs, and
LPEs

FFAs content increased during ham
processing. Glycerophospholipid
metabolism and sphingolipid metabolism
were mentioned as the most important
metabolic pathways using KEGG database
and MSEA analysis.

Guo et al. (46)

Four treatments of
Hengshan goat meat
sausages
(preservative-free,
natamycin, potassium
sorbate and sodium
diacetate)

Lipid extraction with 100%
isopropanol alcohol followed by
protein precipitation,
centrifugation and
organic-phase separation

UPLC-Q-Exactive-Orbitrap-
MS/MS,
untargeted

RSD examination, fold
change with
p-adjustment, PCA,
PLS-DA, VIP

CERs, DGs, LPCs, PCs,
PEs, PIs, PSs, SMs, TGs

Preservative treatments decrease of TGs
concentration in goat meat. Significant lipid
variables are related to glycerophospholipid,
and sphingolipid metabolism as explained
by KEGG pathway.

Jia et al. (47)

MTBE, methyl tert-butyl ether; ETHEX, ethanol and hexane for lipid extraction; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; GC-FID, capillary gas chromatography coupled with flameionization detection;
UPLC-TQ-MS/MS, ultraperformance liquid chromatography-triple quadrupole tandem mass spectrometry; HILIC-QTrap-MS, hydrophilic interaction liquid chromatography-hybrid triple quadrupole-linear ion trap, mass
spectrometry; ESI-QTrap-MS/MS, electrospray ionization-hybrid triple quadrupole-linear ion trap, tandem mass spectrometry; UPLC-QTrap-MS/MS, ultraperformance liquid chromatography-hybrid triple quadrupole-
linear ion trap, tandem mass spectrometry; UPLC-Q-Exactive-Orbitrap-MS/MS, ultraperformance liquid chromatography coupled to quadrupole exactive orbitrap high resolution tandem mass spectrometry; UPLC-
TripleTOF-MS/MS, ultraperformance liquid chromatography-triple time-of flight tandem mass spectrometry; MALDI-TOF MS, matrix-assisted laser desorption and ionization time-of-flight mass spectrometry; MALDI-MSI,
matrix-assisted laser desorption/ionization mass spectrometric imaging; NMR, nuclear magnetic resonance spectroscopy; ANOVA, analysis of variance; PCA, principal component analysis; PLS-DA, partial least squares
discriminant analysis; OPLS-DA, orthogonal partial least squares discriminant analysis; HCA, hierarchical cluster analysis; VIP, variable importance in projection; RSD, relative standard deviations; TGs, triglycerides;
DGs, diglycerides; TAGs, triacylglycerols; PAs, phosphatidic acids; PCs, phosphatidylcholines; PEs, phosphatidylethanolamines; PGs, phosphatidylglycerols; PSs, phosphatidylserines; PIs, phosphatidylinositols; LPGs,
lysophosphatidylglycerols; LPCs, lysophosphatidylcholines; LPSs, lysophosphatidylserines; LPEs, lysophosphatidylethanolamines; LDPGs, lyso-diphosphatidylglycerols; CLs, cardiolipins; SMs, sphingomyelines; SPHs,
sphingosine bases; CERs, ceramides; FFAs, free fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; SFAs, saturated fatty acids; FAMEs, fatty acid methyl esters; KEGG, service of
Kyoto Encyclopedia of Genes and Genomes; MSEA, metabolite set enrichment analysis.
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(10, 13, 52, 53, 59–63), consequently determining the fat
deposition, lipolysis, and lipidomics profile (9, 20). In most
cases, PLs are the main substrates for lipolysis in dry-cured meat
products (10). However, some protein chaperones (heat shock
protein 90, Hsp90) are reported to stabilize cell membranes and
preserve membrane integrity in muscle tissues, and particularly
act as an inherent antioxidant by providing additional protection
against ROS-induced PLs oxidation (64). For seafood, such as
in fish fillets, the total lipid content generally decreases during
cold storage as TGs and PLs are either hydrolyzed by lipolytic
enzymes, such as lipase and PLA2 and/or susceptible to oxidative
damage from the myoglobin-mediated mechanism of action (39,
65, 66), though the activity of mitochondrial enzymes may be
different during subsequent thawing. Indeed, the water-enriched
external medium could induce hydrostatic pressure in cells and
impair plasma membrane integrity, provoking an enrichment of
intracellular enzymes in the final exudate (39). These knowledge
of the adipose tissue TGs and PLs hydrolysis and oxidation
during meat processing suggests a complicated overall lipid
degradation mechanism and cellular protection under oxidative
stress. A more comprehensive understanding based on multi-
omics techniques is still required for improving both the quality
and nutritional value of specific end products.

CONCLUSION

During the transition from “farm-to-fork” to the modern meat
industry, the lipidomics disciplines successfully encompass a
comprehensive and high-throughput understanding of meat
composition, nutritional value, and safety with a combination
of biochemical and mechanical mechanisms. Overall, the
techniques for lipidomics have been steadily progressing,
particularly regarding the omics-data-mining and multivariate
statistical analyses, whereby new efforts are contributed toward

new algorithms of developed prediction models for identified
lipid biomarkers. Untargeted MS-/NMR-based lipidomics gives
molecular insight into meat origin/adulteration and microbial
safety with more tentative lipid markers being screened out
on a global scale, though additional targeted analytes (e.g., the
lipolysis fate of PLs resulting from foodborne microbe bred
in muscle) still require further validation in their adulteration
detection. In addition, the exhaustive analysis of lipids and
their alterations during meat production favors the selective
design of processing methods for specific muscle matrices (e.g.,
irradiation and PEF). Many putative lipid biomarkers following
computational approaches and possible metabolism pathways
enriched by bioinformatics provide valuable suggestions on food
safety and health concerns regarding their potential during the
treatment with preservatives, fermentation, aging, and storage.
However, challenges remain due to the complexity of meat
lipidome, the nature of key intermediate lipid-metabolites, and
their evaluation concerning the quality and nutritional value of
the final product.
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A fluid food conveying pump is used to convey edible or nutritional fluids and semi-
fluids (containing suspended soft and hard particles and with different viscosities),
such as water, glycerin, yogurt, and juice concentrate. Since different fluid food have
different viscosities, the internal flow characteristics and conveying performance of food
conveying pump are greatly affected by viscosity. To obtain the influence law of fluid food
viscosity on the internal flow characteristics of the pump, the internal flow characteristics
of food conveying pump when conveying food of 4 different viscosities (water, glycerin,
67.2 ◦Bx wild jujube juice, and 71.0 ◦Bx haw juice) were compared and observed in this
study. The results showed that, with the increase in food viscosity, the overall flow loss in
the pump, the entropy generation, and the proportion of total entropy generation in the
pump chamber increase, but the conveying performance of the food conveying pump
gets worse; however, the pressure pulsation intensity caused by static and dynamic
interferences decreases with the increase in viscosity.

Keywords: external characteristic, pressure pulsation, radial force, entropy production, viscosity, conveying
pump

INTRODUCTION

The processing and manufacturing of food is a critical part of the food industry. Making raw
materials into semi-finished and finished products requires complicated processes. A pump is an
indispensable part in the manufacturing of fluid food. It pressurizes fluid food and conveys it
to each production link. Since the internal flow characteristics and conveying performance of a
conveying pump are greatly affected by the fluid food viscosity, in order to ensure smooth food
processing, it is very important to study the influence of viscosity on the internal flow and conveying
characteristics of the pump during food conveying. The main flow losses in the food conveying
pump are caused by viscous dissipative vortex flow, mainly including backflow (1), jet flow-wake
flow (2), secondary flow (3), and shedding vortex (4). In Li (5), the stable-state flow of fluids of
different viscosities in a centrifugal pump was studied. The results showed that the decrease in
turbo performance is mainly caused by the increase in wall shear stress. In Li (6), the conveying
performance and internal flow losses of the pump when conveying media of different viscosities
were studied. The results showed that the increase in the friction losses between the front and
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rear cover plates and the outer disk of the impeller and the
increase in hydraulic loss in the pump runner is caused by
high viscosity. In Yuan et al. (7), the pressure pulsation of the
impeller and volute in the runner under design conditions was
studied. The results showed that with the increase of radius, the
peak of the pressure pulsation in the impeller increases and is
maximized at the outlet. However, the numerical value in the
diffuser decreases gradually. In Jia et al. (8), a dynamic pressure
test was conducted on the centrifugal pump at a given viscosity.
The results showed that the pressure of the volute close to the
tongue first increases rapidly and then slowly at a low flow rate;
however, the pressure decreases sharply at a high flow rate. In
Sinha et al. (9), the occurrence and development of the rotating
stall of a centrifugal pump with a vane diffuser were studied
by particle image velocimetry (PIV) and pressure fluctuation
measurement. The results showed that, under design conditions,
there is a consistently high-speed leakage flow in the clearance
between the impeller and the diffuser from the outlet side to the
beginning of the volute. The separation of the leakage flow from
the diffuser vane causes the start of the stall. The leakage rate and
the velocity distribution in the clearance depend on the direction
of the impeller vane. The results (10) showed that the unsteady
flow force exerted by the viscous force of the fluid on the impeller
is related to the number of vanes and shows a star distribution.
Zhang et al. (11) found that, under rotating stall conditions,
there are multiple viscous vortex structures in the impeller of
the pump. These viscous vortex structures develop with the
development of the rotating impeller. Some vane channels are
seriously blocked, showing strong unsteady characteristics. In
terms of the study of the internal flow characteristics of the food
conveying pump, in Zhang et al. (12), the distribution of the
boundary vorticity flux (BVF) at the suction surface and the
pressure surface of the two pumps was analyzed. The results
showed that the optimization design based on BVF diagnosis
helps inhibit the bad flow of the centrifugal pump and improve
its hydraulic performance. The results (13) showed that the
BVF-based flow field diagnosis helps effectively capture the
unsteady flow in the pump and optimize the design of the pump
impeller by adjusting geometric parameters and modifying the
vane shape. In Gu et al. (14), the influence of the static and
dynamic interferences of the main vane and splitter vane in the
pump and the volute tongue on the internal flow characteristics
of the pump was studied; and the energy loss and vorticity
distribution in the middle section of the pump were analyzed.
The results showed that, after vane cutting, the energy loss and
vorticity around the tongue increase obviously; and the splitter
vane produces more unsteady energy dissipation than the main
vane. In Ji et al. (15), the influence of the distance between the
impeller and the guide vane on the internal flow loss distribution
and total power loss was studied by entropy generation based
on numerical results. In Cui and Zhang (16) and Li et al.
(17), entropy generation was used for the numerical analysis
of the energy loss of the centrifugal pump; besides, the energy
distribution of pressure pulsation and vibration at different flow
rates was evaluated according to the experimental results. In
Xu et al. (18), the effects of low-frequency ultrasound (US)
induced conformational variation of duck liver globular proteins

FIGURE 1 | Diagram of the computational domain of flow field.

(DLGPs) on the binding behavior of n-alkanes were investigated.
This work suggests the great potential of specific conformational
variations of DLGPs induced by ultrasonic pretreatments to
modulate flavor features of protein-based products. In Sun et al.
(19), the present review summarizes the recent advances in
the HC (hydrodynamic cavitation)-based pretreatment of LCB
(lignocellulosic biomass). The principle of HC is introduced, and
the enhancement mechanism of HC is analyzed. In Xuan et al.
(20), various synthetic methods for preparing low-dimensional
metal-organic frameworks (LD MOFs) are summarized. The
synthesis principle and catalytic performance of LD MOFs
were explored. For the first time, genetic algorithms (GA) and
computational fluid dynamics (CFD) are combined to study and
determine the optimal structure of the representative ARHCR
(advanced rotational hydrodynamic cavitation reactors) cavity-
generating unit (21). In conclusion, most of the previous studies
focused on conventional and single fluid media. Relatively
few studies compared the influence of fluid food of different
viscosities on the internal flow characteristics and conveying
performance of the conveying pump. Therefore, it is necessary
to study the influence of fluid food of different viscosities on
the internal flow characteristics and conveying performance of
the conveying pump.

CENTRIFUGAL PUMP MODEL

In this study, the speed of the model pump, n = 2,950 r/min;
the design flow, Qd = 11 m3/h; and the rated lift, Hd = 38 m.
The pump inlet diameter, Ds = 50 mm; the outlet diameter,
Do = 40 mm; the impeller inlet diameter, D1 = 50 mm; the
impeller outlet diameter, D2 = 160 mm; the impeller outlet
width, b2 = 10 mm; the number of impeller blades, Z = 6; the
blade inlet angle, β1 = 23◦; the blade outlet angle, β2 = 23◦; the
blade thickness, δ = 2.7 mm; the volute base circle diameter,
Db = 165 mm; and the volute inlet width, b2 = 15 mm. The model
pump is shown in Figure 1. The main geometric parameters of
the model pump are listed in Table 1.

In this study, the same centrifugal pump was used to convey
water, glycerin, 67.2 ◦Bx wild jujube juice, and 71.0 ◦Bx haw juice
of four different viscosities by numerical simulation. The density
and viscosity of such food at 25◦C are listed in Table 2.
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NUMERICAL CALCULATION METHOD
AND TEST APPARATUS

Numerical Calculation Method
The turbulence model in this study was SST k–ω model. When
the compressibility of the fluid is not considered, this model can
be expressed as follows (22, 23):
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where σk = 0.5, σw = 0.5, β = 0.075, β∗ = 0.09, α = 5/9.
Boundary vorticity flow (BVF) is the core concept of boundary

vorticity dynamics. It reflects the rate of boundary vorticity
generation and refers to the vortex flux entering the fluid through
a unit area in unit time. This concept was proposed by Lighthill
in 1963 (24) and was defined as follows:

σ =v
∂ω

∂n
(4)

where σ is the value of BVF, ω is the vorticity, ν is the kinematic
viscosity coefficient, and n is the unit vector in the normal
direction outside the fluid surface.

For a general centrifugal pump, when the vane rotates
uniformly, the fluid cannot be compressed, the Reynolds number
is great, there is no slip on the wall, and the body force is ignored

TABLE 1 | Performance parameters and geometric parameters of the
centrifugal pump.

Parameter/Symbol Value Parameter/Symbol Value

Head/Hdes 40 m Rotate speed /ndes 2,950 rpm

Flow rate/Qdes 10.8 m3/h Specific speed /ns 37.08

Pump outlet diameter/Do 40 mm Impeller inlet diameter /D1 50 mm

Blade thickness/δ 2.7 mm Impeller outlet diameter /D2 160 mm

Blade inlet angle/β1 23◦ Volute inlet diameter /Db 165 mm

Blade outlet angle /β2 23◦ Blade outlet width / b1 10 mm

Blade number /Z 6 Volute inlet width /b2 15 mm

TABLE 2 | Density and viscosity of four kinds of food liquid at 25◦C.

Food liquid Density/(kg/m3) Dynamic viscosity/(mPa·s)

Water 1000.0 0.8949

Glycerin 1261.7 56.0

Wild jujube juice 1339.6 167.0

Hawthorn juice 1350.4 260.4

(25). BVF only has the component produced by the pressure
gradient σ p,

σ=σp=
1
ρ
n×∇p (5)

Entropy generation (EGR) is a dissipative effect of energy loss,
which cannot be avoided in the process of energy conversion.
According to the thermodynamic definition, the irreversible
process is inevitably accompanied by entropy generation. For the
interior of the centrifugal pump, when the heat transfer is not
considered, the viscous force in the boundary layer near the wall
will cause the mechanical energy in the fluid to be converted
into internal energy, which is irreversible; the turbulent pulsation
in the high Reynolds number region will cause energy loss and
entropy generation. Therefore, the entropy generation theory was

FIGURE 2 | Diagram of flow field domain.

FIGURE 3 | Diagram of flow field mesh independence.
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FIGURE 4 | Testing system of the centrifugal pump.

used in this study for the study and analysis of the energy loss in
the centrifugal pump flow.

For turbulent flow, entropy generation is divided into two
parts, namely, entropy generation caused by time-averaged
movement and entropy generation caused by velocity fluctuation
(23, 26).

•

S
′ ′ ′

D =

•

S
′ ′ ′

D +

•

S
′ ′ ′

D′ (6)

where
•

S
′ ′ ′

D
is the entropy generation caused by time-averaged

movement, and
•

S
′ ′ ′

D′ is the entropy generation caused by
velocity fluctuation.

The entropy generation caused by time-averaged movement
can be calculated using the following formula:

•

S
′ ′ ′

D =
µ

T

{
2
[
(
∂u
∂x
)2 + (

∂v
∂y
)2 + (

∂w
∂z
)2
]
+[

(
∂v
∂x
+
∂u
∂y
)2 + (

∂w
∂x
+
∂u
∂z
)2 + (

∂v
∂z
+
∂w
∂y
)2
]}

(7)

The entropy generation caused by velocity fluctuation can be
calculated using the following formula:

•

S
′ ′ ′

D′ =
µ

T

{
2
[
(
∂u′

∂x
)2 + (

∂v′

∂y
)2 + (

∂w′

∂z
)2
]
+[

(
∂v′

∂x
+
∂u′

∂y
)2 + (

∂w′

∂x
+
∂u′

∂z
)2 + (

∂v′

∂z
+
∂w′

∂y
)2
]}

(8)

Since the entropy generation caused by velocity fluctuation
cannot be directly calculated in the numerical calculation model

selected in this study, Kock (27) proposed calculating it with the
following formula:

•

S
′ ′ ′

D′ =
ρε

T
(9)

where ρ is the medium density, and ε is the turbulent
dissipation rate.

Therefore, the total entropy generation in the flow field can be
obtained by performing volume integral on it.

•

SD =
∫
V

•

S
′ ′ ′

D dV (10)

•

SD′ =
∫
V

•

S
′ ′ ′

D′ dV (11)

In this study, the whole flow field of the centrifugal pump was
numerically calculated by the inlet velocity and the free outlet
velocity. The walls in the impeller flow area and the wall in
contact with the impeller solid area were set as rotating walls.
The walls in other flow domains were set to fixed walls. All
walls were set to be smooth. The coupling between speed and
pressure was realized by the SIMPLEC algorithm. Second-order
upwind and central difference schemes were adopted for the
spatial dispersion of convective and diffusive terms, respectively.
In the unsteady calculation of the whole flow field, the time
step of every 1◦ rotation of the impeller was taken as a time
step, and a rotation cycle contained 120 time steps in total.
The speed of the model pump was 2,950 r/min; the time step
was 1.69492 × 10−4 s; and the convergence residual accuracy
of each physical quantity was set to 10−5. Figure 2 shows the
diagram of the flow field domain and mesh. Figure 3 shows the
mesh independence verification diagram of the flow field domain.
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According to mesh independence verification, the number of
mesh cells finally selected herein for the flow field was 6.12× 106.
The head coefficient ψ∗ is 1.382, and the efficiency coefficient
η∗ is 65.42.

Test Apparatus
The test bench for the operation stability of the centrifugal pump
designed in this study is mainly composed of a characteristic
data acquisition systems, a centrifugal pump, water tank, high-
precision electromagnetic flowmeter, valve, inlet and outlet water
pipes, and motor. Figure 4 shows the circuit of the test system
for the centrifugal pump. The test object in this study was a low-
specific speed centrifugal pump at 2,950 r/min. The installation
position of the GYS-I dynamic pressure sensor is shown in
Figure 5 and Table 3. The measurement accuracy of the GYS-
I pressure sensor is 0.2, the range is –0.1∼1.0 MPa, and the
response frequency is 10,000 Hz. (On the premise of ensuring

FIGURE 5 | Installation position of the pressure sensor.

TABLE 3 | Installation position of the pressure sensor.

No. Location No. Location

1 θ = 8◦ 9 θ = 190◦

2 θ = 24◦ 10 θ = 240◦

3 θ = 40◦ 11 θ = 255◦

4 θ = 56◦ 12 θ = 270◦

5 θ = 72◦ 13 h = 90 mm

6 θ = 104◦ 14 h = 115 mm

7 θ = 120◦ 15 h = 130 mm

8 θ = 170◦

Angle θ represents the included angle between the line between the center of
the measurement point and the origin and the positive direction of the Y-axis. H
represents the vertical height between the centerline of the pressure measuring
hole at the outlet and the X-axis of the pump.

that effective data can be obtained, monitoring points should be
arranged in key locations with large pressure changes as far as
possible to ensure accurate judgment of the performance of the
food delivery pump. This explains why the pressure test points
are asymmetrical on the casing).

RESULTS AND DISCUSSION

Figure 6 shows the comparison diagram for the simulated
value and experimental value of the food conveying pump. The
maximum error of the head and efficiency were 7.6 and 7.3%,
respectively. According to Figure 6, the simulated value was
slightly higher than the actual experimental value. The reason
for this is that there may be mechanical seal leakage in practice.
Such leakage will cause a decrease in the volumetric efficiency
of pumps. Moreover, the wall of the flow parts is rough rather
than completely smooth during machining. Besides, energy loss
may be caused by the friction between flowing fluids and solid
parts. Therefore, both the head and efficiency were slightly
lower than the simulated value. Generally speaking, the results
of the numerical simulation calculation were consistent with
the experimental results, proving the accuracy of the numerical
simulation calculation method adopted herein.

Figure 7 shows the external characteristic curve of the
conveying pump for fluid food of four different viscosities at the
flow rate of 0.2 Qd, 0.6 Qd, 1.0 Qd, and 1.3Qd. It can be seen from
Figure 7 that the head and efficiency of the pump were the highest
when conveying water and the lowest when conveying haw juice.
This indicates that the lower the viscosity of fluid food, the closer
the conveying performance of the pump to the performance
when conveying an eater; the greater the viscosity, the greater
the difference. The head and efficiency of the pump gradually
decreased with the increase in fluid food viscosity. Under design
conditions, the head was 42.66 m, 32 m, 23.88 m, and 21.24 m,
respectively, and the efficiencies were 65.42, 47.32, 37.83, and

FIGURE 6 | Comparison of external characteristics between simulated and
experimental values.
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FIGURE 7 | External characteristics of the centrifugal pump with different
viscosity.

34.59%, respectively. It can be seen that the higher the viscosity
of the medium, the lower the head and the lower the hydraulic
efficiency, which is mainly caused by the friction loss of the high
viscosity fluid.

Figure 8 shows the total pressure distribution of fluid food of
different viscosities on the midsection of the centrifugal pump
under design conditions. According to Figure 8, the pressure
distribution in the pump is relatively uniform when conveying
water. However, the pressure distribution in the pump is not
uniform when conveying glycerin, wild jujube juice, and haw

juice. With the increase in viscosity, the high-pressure area near
the volute outlet gradually shifted toward the side away from
the tongue, resulting in an increase in the pressure gradient on
that side. Flow separation occurred at the tongue after the fluid
impacted the tongue. Consequently, the pressure near the wall of
the volute was lower, and the area of the low-pressure area also
increased gradually with the increase in viscosity. The friction
resistance of the medium also increased with the increase in
fluid viscosity. In addition, at the same volume flow rate, the
mass flow rate increased with the increase in fluid density, and
the centrifugal force generated by the mass fluid at the same
speed was also great, resulting in greater pressure. The friction
resistance generated by the viscosity will offset the centrifugal
force generated by the fluid during the rotation of the impeller.
It can be seen from the figure that, at the design flow rate, the
impact of density on pressure is greater than that of viscosity on
pressure. This explains why the greater the viscosity, the greater
the total pressure.

Figure 9 shows the circumferential distribution of total
pressure on the wall of the volute at the design flow rate when
conveying four food fluids of different viscosities. As shown
in the figure, the circumferential pressure on the volute wall
changed irregularly with the increase in the density and viscosity
of the medium. The circumferential pressure on the volute wall
conveying water showed no great fluctuations. However, when
conveying glycerin, wild jujube juice, and haw juice, the pressure
at the same monitoring point decreased with the increase in
viscosity. This is consistent with the pressure distribution on
the volute wall as shown in Figure 8. The pressure decreased
with the increase in viscosity at monitoring points at the pump
outlet away from the impeller and diaphragm (monitoring

FIGURE 8 | Total pressure of the centrifugal pump with different viscosity. (A) Water, (B) Glycerin, (C) Wild jujube juice and (D) Hawthorn juice.
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FIGURE 9 | Total pressure on volute casing of the centrifugal pump with
different viscosity.

points 13–15). Nevertheless, the pressure decreased with the
increase in viscosity. The higher the viscosity, the greater the
decrease in pressure.

Figure 10 shows the time-domain diagram of pressure
pulsation over time at five representative monitoring points on
the circumferential wall of the volute. At different viscosities,
the pressure pulsation at each monitoring point showed a
certain periodicity, there were 6 obvious peaks and troughs,
and the number was exactly the number of blades of the
impeller. The difference was the difference in pressure amplitude
corresponding to the peaks and troughs. This further indicates
that the pressure pulsation was significantly affected by the
interference of the blade tongue. Monitoring point 1 was the first
monitoring point along the helix from the separator. After the
impact of the fluid flow and the separator, a great flow separation
occurred; and the influence of the separator on the pressure
pulsation was shifted to monitoring point 1. The pulsation
amplitude of glycerin at this point was the greatest, reaching
about 40 kPa; at monitoring points 6 and 9, far away from
the tongue, the pressure pulsation amplitude of haw juice was
the greatest, and the amplitude of glycerin was the smallest; the
pressure pulsation curves of the four fluids at monitoring points
12 and 15 were closer, indicating that these points were mainly
affected by the dynamic and static interferences of the tongue,
rather than the viscosity.

To express the pressure pulsation rules at each monitoring
point more clearly, a fast Fourier transform (FFT) was performed
on the pressure pulsation value at each point to analyze the

FIGURE 10 | Time-domain distribution of pressure pulsation on volute casing of the centrifugal pump with different viscosities. (A) Monitoring Point 1, (B) Monitoring
Point 6, (C) Monitoring Point 9, (D) Monitoring Point 12 and (E) Monitoring Point 15.
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FIGURE 11 | Frequency domain distribution of pressure pulsation on volute casing of the centrifugal pump with different viscosities. (A) Water, (B) Glycerin, (C) Wild
jujube juice and (D) Hawthorn juice.

frequency domain characteristics of pressure pulsation at each
monitoring point in the centrifugal pump. Figure 11 shows
the frequency domain diagram for the circumferential pressure
pulsation at all monitoring points on the volute wall. It can be
seen that the pressure pulsation amplitude at each monitoring
point appeared at the blade frequency and its frequency was
doubled. The amplitude at the blade frequency of f = 295 Hz
was the greatest. For the same fluid, the pressure pulsation
amplitude at the blade frequency of the monitoring point near
the circumferential wall of the volute was greater than that of the
monitoring point far from the tongue of the volute. The pulsation
amplitude at each monitoring point showed a downward trend
on the whole with the increase in viscosity, which also indicates

that the flow near the circumferential wall of the volute became
more stable with the increase in viscosity.

In viscous fluid mechanics, a vortex is one of the main causes
of the energy loss of fluid flow. Therefore, the study of the
viscous flow (especially secondary flow) in the centrifugal pump
cannot be separated from the movement of vortices. It is generally
recognized that the peak of BVF causes the peak of downstream
boundary vorticity. Therefore, the pressure surface and suction
surface of blades were analyzed by BVF in this study. Figure 12
shows the BVF distribution diagram and velocity streamline for
the blade of four fluids. According to the figure, the maximum
of BVF appeared near the blade inlet where the blade contacted
the fluid for the first time and the flow was unstable. The peak
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FIGURE 12 | BVF distribution on blades and streamline distribution in the impeller channel with different viscosities. (A) Water, (B) Glycerin, (C) Wild jujube juice and
(D) Hawthorn juice.

FIGURE 13 | Time-frequency domain distribution of impeller radial force with different viscosities. (A) Radial force distribution, (B) Time domain of radial force and
(C) Frequency domain of radial force.

of BVF might be caused by the unreasonable design of the blade
inlet placement angle. It can be seen from Figure 12 that large or
small vortexes appeared in the streamlines flowing through the
area with alternating BVF positive and negative peaks, indicating
that there was a large flow separation. The vortexes in the
impeller flow domain with water flow were derived from the flow
separation of the blade inlet near the suction surface and the
pressure surface near the tongue. The vortices of the other three
fluids were mainly generated on the suction surface of the blade,
and the vortex structure was gradually transferred to the impeller
outlet with the increase in viscosity.

Figure 13A shows the radial flow force vector distribution
diagram received by the impeller during a rotating period at
the design flow rate in the rotating coordinate system for four
different types of fluid food with different viscosities. Figure 13B

shows the time-domain diagram of the radial flow force received
by the impeller for media with different viscosities at the design
flow rate. It can be seen from Figures 13A,B that the radial
force received by the impeller for four fluids showed very regular
periodic fluctuation, the number of peaks and troughs was
consistent with the number of the centrifugal pump blades,
and the transient radial force trajectory of the centrifugal pump
impeller is symmetric about the central axis as a whole.

With the increase in medium density and viscosity, the radial
force of the impeller showed irregular changes; the radial force
for glycerin was smaller than that for water, while the radial force
for wild jujube juice and haw juice increased with the increase in
medium density and viscosity. The density of wild jujube juice
and haw juice was close; the radial force was mainly affected by
the viscosity, which caused different inlet and outlet pressures,
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FIGURE 14 | Leakage of the front cavity of a centrifugal pump with different
viscosities.

thus causing different radial forces. Since the radial force came
from the reaction force of the diffuser to the impeller through
fluids, according to 12,The vortex structures in the impeller
passage for water were more distributed and asymmetrical under

design conditions. Such asymmetric flow caused an uneven force
on the runner, resulting in a great radial force. For fluids with a
high viscosity, the radial force showed obvious unilateral irregular
changes with the medium viscosity. For fluids with low viscosity,
however, the radial force showed irregular changes with the
medium viscosity.

Figure 13C shows the frequency domain diagram for the
radial force on the impeller for media of different viscosities at the
design flow rate. Since the speed of the conveying pump was 2,950
r/min, the theoretical shaft frequency was 2,950/60 = 49.17 Hz.
Meanwhile, the pump had 6 blades. Therefore, its theoretical
blade passing frequency (blade frequency) was 295 Hz. According
to Figure 13, the main component of the frequency was blade
frequency of f = 295 Hz and its frequency doubling. At blade
frequency of f = 295 Hz, the amplitudes were 0.5133 N, 2.5226 N,
3.4654 N, and 5.5537 N, respectively. The amplitude at the blade
frequency also increased with the increase in viscosity. It can be
seen from Figures 13A,B that the radial force for glycerin was
relatively small, but it showed great fluctuations. As a result, the
amplitude at the blade frequency was greater than that for water.

Figure 14 shows the diagram of the leakage rate in the ante-
chamber of the centrifugal pump for fluid food of different
viscosities under design conditions. Generally, the leakage rate
decreased gradually due to the positive proportion of the leakage
rate in the clearance to the pressure difference between both ends.

FIGURE 15 | Entropy production in each fluid domain of centrifugal pump with different viscosities. (A) Total entropy production in centrifugal pump, (B) Total entropy
production in impeller, (C) Total entropy production in volute, (D) Total entropy production in front cavity and (E) Total entropy production in back cavity.
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FIGURE 16 | Entropy production distribution of impeller and volute in the middle and y = 0 section. (A) Water, (B) Glycerin, (C) Wild jujube juice and (D) Hawthorn
juice.

When the flow rate increased, the pressure at the impeller outlet
gradually decreased, reducing the pressure difference between
both ends of the ante-chamber flow domain. This resulted in
a decrease in the leakage rate. Under the same conditions, the
higher the viscosity, the lower the leakage rate. According to
Figure 12, under design conditions, there were more vortex
structures in the impeller passage for water, reducing the pressure
difference between both ends of the ante-chamber flow domain
and resulting in a lower leakage rate for water than that for
glycerin. This is consistent with the law of radial force and
further indicates that the leakage rate has a certain influence
on the radial force. The leakage rate in the ante-wear-ring
clearance for water, glycerin, wild jujube juice, and haw juice at
the design flow was 0.4556 kg/s, 0.5741 kg/s, 0.2946 kg/s, and
0.1928 kg/s, respectively.

To analyze and compare the influence of fluid food of different
viscosities on the flow losses in each flow domain of the conveying
pump, the whole flow field in the pump was divided into
four parts, namely, the impeller, the volute, ante-chamber, and
rear-chamber flow domains. Figure 15 shows the comparison
diagram for the total entropy generation in each flow domain
of the pump at different viscosities of fluid food. According
to Figures 15B,C, the entropy generation in the centrifugal
pump is mainly concentrated in the impeller flow domain at
low flow rates, indicating that the complicated unsteady flow
in the impeller is the main factor causing entropy generation;
the entropy generation in each flow domain decreases with the
increase of the flow rate, making the flow in each flow domain
more orderly; and the total entropy generation is minimized near
the design flow rate. Then, as the flow rate increases from 1.0Qd
to 1.3Qd, the entropy generation in the volute increases sharply.
At this time, the flow loss is mainly concentrated in the volute. In

combination with Figure 12, since there is a large vortex structure
in the impeller passage of water and the energy loss caused
by the vortex structure is much greater than the dissipation
caused by viscosity. As a result, the entropy generation in the
impeller flow domain of water is greater than that of glycerin
and wild jujube juice. According to Figures 15D,E, the entropy
generation in the pump chamber is less affected by flow rate and
more by fluid food viscosity. With the increase in viscosity, the
proportion of the total entropy generation in the pump chamber
increases. The proportion of the entropy generation in the pump
chamber of fluid food of four different viscosities at the design
flow rate is 27.84, 56.80, 61.37, and 65.21%, respectively. This
indicates that the flow loss in the pump chamber is the major
source of the flow loss in the centrifugal pump conveying high
viscosity fluid.

Under each condition, with the increase in fluid food viscosity,
the entropy generation in each flow domain in the pump
increases, and the total entropy generation increases accordingly.
The total entropy generation of water, glycerin, wild jujube juice,
and haw juice at the design flow rate is 1.17 W/K, 2.32 W/K,
3.60 W/K, and 5.04 W/K, respectively. Besides, it indicates that
the overall flow loss in the centrifugal pump increases with the
increase in fluid viscosity.

Figure 16 shows the entropy generation distribution on the
midsection between the impeller and volute of the centrifugal
pump and the axial y = 0 section under design conditions. On
the midsection between the impeller and volute, the high entropy
generation areas of water (entropy generation greater than 25,000
W/K/m3) are mainly distributed in the impeller inlet and near
the tongue; the high entropy generation areas in the impeller
of glycerin are mainly distributed in the impeller passage near
the vane outlet, especially near the tongue. In the impeller of
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wild jujube juice, the high entropy generation areas are mainly
distributed at the vane outlet of each runner; and the entropy
generation begins to appear in a large area near the volute tongue.
In the impeller of haw juice, the high entropy generation areas
are mainly distributed at the vane outlet of each runner and the
volute near the tongue; and with the increase in viscosity, the
entropy generation gradually decreases along the spiral line of
the volute. This indicates that the fluid impact loss at the impeller
inlet and the flow loss caused by dynamic and static interferences
between the impeller and volute tongue are major sources of
entropy generation. On the axial y = 0 section, there are large
high entropy generation areas near the wear-ring, the reason for
which is that partial fluid at the outlet of the impeller enters
the wear-ring clearance through the ante-chamber of the pump
and then returns to the pump inlet area. Meanwhile, due to the
narrow flow area at the wear-ring clearance, the velocity of the
fluid is excited there, which forms a jet when flowing to the inlet,
thus aggravating the flow loss. With the increase in viscosity, the
flow loss at the wear-ring clearance decreases, while the entropy
generation decreases accordingly.

CONCLUSION

In this study, the lift, efficiency, and the internal unsteady flow
characteristics for four kinds of fluid food of different viscosities
(i.e., water, glycerin, 67.2 ◦Bx wild jujube juice, and 71.0 ◦Bx haw
juice) were investigated. The main conclusions are as follows:

(1) With the increase in viscosity, the flow loss in the
conveying pump increases; and the conveying performance for
fluid food gets worse. Under design conditions, the head is
42.66 m, 32 m, 23.88 m, and 21.24 m, respectively, and the
efficiencies are 65.42, 47.32, 37.83, and 34.59%, respectively. At
the design flow rate, the total pressure increases with the increase
in viscosity due to the greater influence of density on pressure
than that of viscosity.

(2) The circumferential pressure on the volute wall shows
irregular changes with the increase in medium density
and viscosity. When conveying water, the pressure on the
circumferential wall of the volute of the pump shows no great
fluctuations. However, with the increase in fluid food viscosity,
the pressure in the pump gradually decreases; however, the
pressure drop increases.

(3) For fluids with high viscosity, the radial force shows
obvious unilateral irregular changes with the medium viscosity.
For fluids with low viscosity, however, the radial force shows
irregular changes with the medium viscosity. The amplitude of
the radial force at the blade frequency also increases with the
increase in viscosity. At the blade frequency of f = 295 Hz,
the amplitudes are 0.5133 N, 2.5226 N, 3.4654 N, and 5.5537
N, respectively.

(4) With the increase in viscosity, the flow loss at the wear-
ring clearance decreases, while the entropy generation decreases
accordingly. The flow loss in the pump chamber is the major
source of the flow loss in the centrifugal pump conveying high
viscosity fluid. The proportion of the total entropy production
value of the pump cavity increases, and the proportion of the
entropy production of the pump cavity under the design flow rate
is 27.84%, 56.80%, 61.37%, and 65.21%, respectively.

Overall, the study on food viscosity can provide a
useful reference for the efficient and stable operation of
food conveying pump.
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This study described the quality and microbial influence on ozone water (OW) and
ultra-high pressure (UHP) processing alone or in combination with refrigerated catfish
fillets. The analysis parameters included total volatile base nitrogen (TVBN), thiobarbituric
acid reactive substances (TBARs), chromaticity, microbial enumeration, 16S rRNA
gene sequencing, electronic nose (E-nose), and sensory score. The study found that
compared with the control (CK), ozone water combined with ultra-high pressure (OCU)
delayed the accumulation of TVBN and TBARs. The results of sensory evaluation
illustrated that OCU obtained a satisfactory overall sensory acceptability. The counting
results suggested that compared to CK, OCU significantly (p < 0.05) delayed the stack
of TVC, Enterobacteriaceae, Pseudomonas, lactic acid bacteria (LAB), and hydrogen
sulfide-producing bacteria (HSPB) during the storage of catfish fillets. The sequencing
results reflected that the dominant were Proteobacteria, Firmicutes, Bacteroidetes,
and Actinobacteria at the phylum level, and the dominant were Acinetobacter,
Pseudomonas, Lelliottia, Serratia, Shewanella, Yersinia, and Aeromonas at the genus
level. The dominant was Acinetobacter in initial storage, while Pseudomonas and
Shewanella were in anaphase storage. Based on the TVC and TVBN, the shelf life of
catfish fillets was extended by at least 3 days compared to the control. In short, the
combination of ozone water and ultra-high-pressure processing is a favorable strategy
to control microbial quality and delay lipid oxidation during catfish storage.

Keywords: ultra-high pressure, ozone water, catfish fillets, lipid oxidation, microbial enumeration, 16S rRNA gene
sequencing

Abbreviations: OW, ozone water; UHP, ultra-high pressure; OCU, ozone water combined with ultra-high pressure;
TVBN, total volatile basic nitrogen; TBARs, thiobarbituric acid reactive substances; MDA, malondialdehyde; 1E, chromatic
aberration; TVC, total viable count; LAB, lactic acid bacteria; HSPB, hydrogen sulfide-producing bacteria; OTU, operational
taxon units; PCoA, principal co-ordinates analysis; E-nose, electronic nose; PCA, principal components analysis.
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INTRODUCTION

Channel catfish (Lctalurus punctatus) is the main cultured
fish in the United States (1), while there are limited types
of processed catfish products in China, mainly frozen fish
fillets (2). The endogenous enzymatic reactions, oxidation, and
microbial activities that occur after fish die could reduce sensory
acceptance and nutritional value (3). Therefore, it is necessary
to take timely preservation measures for catfish to maintain
their economic value. Biological preservatives are natural and
harmless, while their high acquisition cost and difficulty in
adapting to industrialization are still critical reasons for not
being commercialized (4). Certain chemical preservatives, for
example, nitrite, are powerful in the preservation of meat
products, but their potential carcinogenic ability keeps most
consumers away (5). Based on the above, food processors
are looking for harmless and efficient alternatives to extend
the shelf life of catfish. Considering fresh aquatic products,
non-pasteurization is the first choice. Common physical food
processing technologies include electromagnetic field, cold
plasma, irradiation, high pressure, high hydrostatic pressure,
ozone, ultrasonic, microwave, ultraviolet, pulsed light, pulsed
electric field, and shockwaves (6, 7).

Ozone is a powerful bactericide, which can quickly kill all
kinds of pathogens, including protozoa, bacteria, and viruses
due to its strong oxidizing property (8, 9). In the food industry,
ozone water has been widely used in the disinfection of aquatic
products. Pastoriza et al. (10) reported that the replacement
treatment of ozone water resulted in a reduction in the total
viable count (TVC) and hydrogen sulfide-producing bacteria
(HSPB) compared to seawater cleaning and ice making. However,
ozone water alone is not enough to effectively inhibit certain
spoilage bacteria for example Pseudomonas. Tachikawa et al.
(11) found that Pseudomonas fluorescens and Pseudomonas
aeruginosa in biofilms were more resistant to ozone damage
than suspension cells. Therefore, hurdle technology is used
as a strategy to enhance the bactericidal effectiveness. Ultra-
high pressure processing (UHP), also known as ultra-high
hydrostatic pressure processing, is considered to be an emerging
and promising physical alternative to heat sterilization (12).
UHP (usually 100–800 MPa) has been proven to inactivate a
variety of microbes and endogenous enzymes while retaining
the sensory properties and nutritional value of food (6, 13–
15). Specifically, UHP can cause membrane damage and
increase the permeability of the cell membrane, which is the
main reason for the destruction of microbes. In addition, the
destruction of organelles and genetic material may also be
critical reasons (16). In the food industry, UHP has been
widely used as a pasteurization step after food packaging (17).
Ye et al. (18) reported the effect of high-pressure treatment
(300 MPa/20 min) on crab meat during storage at 4◦C, and
the results showed that the TVC (5.71 log10 CFU/g) on
the 8th day was still lower than the limit value (6 log10
CFU/g) recommended by the International Committee of
Microbiological Specializations on Food (ICMSF). But expensive
equipment, localized packaging options, limited inactivation
of spores, cooked appearance, and lipid oxidation are major

restrictions to the widespread application of ultra-high pressure
(13, 16).

Microbial activity and lipid oxidation are the main factors
that limit the shelf life of fish (4). Two emerging technologies,
ozone water and ultra-high pressure are considered harmless,
effective, and economical methods, and are widely used in
food technology. Ozone water or ultra-high pressure alone used
to effectively control food spoilage has been widely reported.
However, there are rare reports to probe the effects of ozone water
combined with ultra-high pressure on refrigerated catfish for all
we know. In this study, we checked the changes in the quality
of refrigerated catfish fillets treated by single or combined ultra-
high pressure through physicochemical parameters [total volatile
base nitrogen (TVBN), thiobarbituric acid reactive substances
(TBARs), chromaticity, and electronic nose], microbial analysis
(microbial plate count and next-generation sequencing), and
sensory evaluation.

MATERIALS AND METHODS

Fillet Samples Preparation
The live catfish (mean weight and body length were about
2.0 ± 0.5 kg and 50 ± 5.0 cm, respectively) purchased from a
local Wushang supermarket (Hongshan District, Wuhan, China),
were transported to the laboratory in 1 h. Cleaned catfish were
slaughtered, and then the back muscles were cut into small blocks
(mean weight of about 50 g). All untreated fish fillets were divided
into four groups as follows: ultrapure water immersion for 10 min
set as the control (lot CK), 13.28 mg/L ozone water immersion for
10 min (lot OW), 200 MPa high-pressure treatment for 10 min
(lot UHP), and first 13.28 mg/L ozone water immersion for
10 min followed by 200 MPa high-pressure treatment for 10 min
(lot OCU). In detail, a gas–liquid mixer (HPSJ-25, Wuhan,
China) combined with an ozone generator (GCQJ-1-3, Wuhan,
China) was used to produce ozone water, and the flow rate was
adjusted to change the concentration of ozone water. The soaked
fish fillets were packed in cooking bags, and then the cooking
bags were placed in a vacuum sealer (DZD-400/S, Tengtong Co.
Ltd., Nantong, China). In addition, the packaged fillets from UHP
and OCU were sent to an ultra-high pressure processing machine
(HPPL2-600MPa/2L, Huataisenmiao Inc., Tianjin, China). All
packaged fillets were stored at 4◦C, and the physicochemical,
microbiological, and sensory parameters of the catfish fillets were
evaluated on the 0th, 3rd, 6th, 9th, and 12th days, respectively
(unless otherwise specified).

Measurement of Total Volatile Base
Nitrogen
Accurately 10.0 g minced catfish meats and 90.0 ml of 7.5% (w/v)
trichloroacetic acid solution were homogenized at 5,000 rpm for
1 min, and then the mixture was filtered with a GE Whatman
medium-speed qualitative filter paper after centrifuging at
5,000 rpm for 10 min at 4◦C. The semi-micro-quantitative
nitrogen method was used to determine TVBN in catfish fillets
according to the fore method (19) with a slight modification.
Concretely, 5 ml of obtained filtrate and 5 ml of 1% (w/v)
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magnesium oxide were boiled in a reaction chamber for 6 min,
and the receiving parts were 10 ml of 2% (w/v) boric acid
absorption solution and a few drops of indicator (methyl red
and bromocresol green at a ratio of 1:5). After the reaction,
0.01 mol/L hydrochloric acid standard solution was used to turn
the indicator blue–violet. TVBN of the reactant was converted by
the volume of hydrochloric acid standard solution, and its value
was expressed as mg N per 100 g of catfish fillets. Each catfish fillet
was measured in triplicate.

Measurement of Thiobarbituric Acid
Reactive Substances
Accurately 5 g of minced catfish muscles were homogenized with
45 ml of 20% (w/v) trichloroacetic acid solution. After standing
for 30 min, the mixture was centrifuged at 5,000 rpm for 10 min
at 4◦C. The centrifugal liquid obtained was collected after passing
through a GE Whatman medium-speed qualitative filter paper.
About 5 ml of supernatant and 5 ml of 0.02 mol/L thiobarbituric
acid (TBA) were seethed for 30 min. The reacting substance was
measured at 532 nm using a UV-vis spectrophotometer (UV-
3802, Unico Instrument Co. Ltd., China) after cooling in an ice
bath. 1,1,3,3-Tetraethoxypropane was used in the preparation
of the standard curve, and then TBARs was expressed as mg
malondialdehyde (MDA) per kilogram of catfish fillets. Each
catfish fillet was measured in triplicate.

Examination of Chromaticity
The L∗ (representing brightness value), a∗ (representing red
or green value), and b∗ (representing yellow or blue value) of
catfish fillets with a thickness of 40 mm were measured by
a portable colorimeter (CR-400, Konica Minolta Inc., Japan),
and the colorimeter was corrected by a white standard board
(L∗ = 85.6, a∗ = 0.3162, b∗ = 0.3238) before testing. The
chromaticity of three catfish fillets was measured in triplicate,
and random testing parts of each catfish fillet were selected. The
whiteness and chromatic aberration (1E) were expressed with
the following equation (20, 21):

Whiteness = 100−
√

(100−L)2
+a2+b2

1E =
√

(1L)2
+(1a)2

+(1b)2

Where 1L∗, 1a∗, and 1b∗ represent the aberration in the L∗,
a∗, and b∗ values of different processing and raw catfish fillets.

Microbiological Evaluation
Microbial Enumeration
Precisely 10.0 g of chopped catfish muscles was thoroughly
mixed with 90 ml of sterile 0.85% (w/v) saline and sterile
grass beads to obtain a sample suspension. Then, 1 ml of the
suspension was taken at an appropriate dilution to a petri dish
containing approximately 20 ml of agar medium, while gently
rotating the petri dish to fully mix the bacterial solution and
the culture medium. After the agar medium had solidified,
the plates were placed upside down into an artificial constant
temperature incubator (HPX-9082 MBE, Boxun Inc., China).

These procedures were completed in the ultra-clean workbench
(HFsafe-1200LC, Lishen Inc., China). The strategy of microbial
selective counting was customized based on the previous studies
(22, 23): (a) the total viable count (TVC) was cultivated on
Plate Count Agar (Hopebio, China) at 30◦C for 3 days, (b)
Enterobacteriaceae were incubated on Violet Red Bile Glucose
Agar (Hopebio, China) at 30◦C for 2 days, (c) Pseudomonas were
cultivated on Cetrimide Fucidin Cephaloridine Agar (Hopebio,
China) added with selective supplements at 30◦C for 3 days, (d)
lactic acid bacteria (LAB) were incubated on De Man Rogosa
Sharpe Agar (Hopebio, China) at 30◦C for 3 days, and (e)
hydrogen sulfide-producing bacteria (HSPB) were incubated on
Triple Sugar Iron Agar (Hopebio, China) at 30◦C for 3 days
(the production of black colonies). Two fish fillets from each
treatment were respectively used for microbial enumeration.
The counting results from the plates with 30–300 colonies were
converted to the colony-forming units (CFU) and expressed in
the form of log10 CFU/g.

Microbial Diversity
The 0th and 6th days of CK were used for sequencing analysis
given the previously obtained results of the TVC threshold.
Similarly, OW and UHP: the 0th and 9th days; OCU: the
0th and 12th days. The cotton swabs contaminated with the
contents were stored at –80◦C and then sent to Meiji Biomedical
Technology Co. Ltd. (Shanghai, China) for microbial sequencing.
The QIAamp R© DNA Tool Mini Kit was used to extract bacterial
DNA from swabs, and 2.0% agarose gel electrophoresis was used
to determine the DNA quality. Universal primer 1 (338-F) and
primer 2 (806-R) were used to amplify the V3-V4 region of the
16S rRNA gene according to Zhang et al. (24) with appropriate
modification. The PCR mix included TE buffer, 10 ng of DNA
template, 4 µl of 5 × FastPfu buffer, 0.4 µl of FastPfu DNA
polymerase, 0.8 µl of primer 1, 0.8 µl of primer 2, and 2 µl of
dNTP (2.5 mM). The PCR amplification procedures are listed as
follows: 94◦C for 2 min, and followed by 30 cycles: degeneration
at 94◦C for 1 min, renaturation at 55◦C for 40 s, elongation at
72◦C for 40 s, and finally, extension at 72◦C for 10 min. The
amplification process was completed in the ABI GeneAmp R© 9700
PCR sprint. The concentration of amplified DNA was identified
by 2.0% agarose gel electrophoresis, and the TruSeq R© Nano DNA
LT Sample Prep Kit (Illumina Inc., San Diego, CA, United States)
was used to purify the amplified DNA, and then the sequencing
library was established.

The Illumina HiSeq platform (Beijing Novogene
Bioinformation Science and Technology Co. Ltd., China)
was used to sequence the amplified DNA. The Flash (v1.2.11)
software was used to splice, denoise, merge, and non-chimeric
the sequences to obtain high-quality sequences. The Uparse
(v7.0.1090) software clustered high-quality sequences into the
same operational taxon units (OTU) with a similarity of 97%.
OTU could be converted into a genus or a phylum. To obtain
the species classification information corresponding to each
OTU, the silva132/16S_bacteria database was used for taxonomic
comparison of species classification, and Ribosomal Database
Project (RDP) classifier (v2.11). The confidence percentage
of species classification was set as 70%. This procedure was
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carried out on the free online platform from Shanghai Majorbio
Bio-pharm Technology Co. Ltd. Plotting was based on data with
software R (v3.3.1), including Principal Co-ordinates Analysis
(PCoA), Barplot, and Heat-map to visualize bacteria community.

Electronic Nose Analysis
The electronic nose (E-Nose) (PEN3, AIRSENSE Co. Ltd.,
Germany) was used to analyze the odor difference of the crayfish
samples. About 2.0 g of shredded catfish muscles and 4 ml of
saturated saline were placed in a 20.0 ml headspace and sealed
with an E-Z Crimper (Huifen Co. Ltd., China). The headspace
bottle was placed in a 45◦C water bath to equilibrate for 2 min
and then analyzed in the E-nose system. The test parameters were
as follows: flush time and measurement time were set as 100 and
120 s, respectively, and chamber flow was set as 600 ml/min.
The E-nose system consists of 10 metal oxide sensors, which are
sensitive to different volatile components. The response values
of the sensor from 115 to 119 s were used to visualize the
odor difference between the samples, and this procedure was
completed in the software WinMuster built into the E-nose
system. The samples from day 0 and day 12 were used for the
E-nose test, and each sample was tested in triplicate.

Sensory Evaluation
Sensory evaluation was evaluated through four indexes: smell,
color, muscle tissue, and elasticity, and slightly modified by Li
et al. (25). Each indicator included four summary descriptive
words based on sensory. The descriptors respectively represented
four excellent quality levels (representing 8–9 score), good
(representing 6–7 score), average (representing 4–5 score),
and poor (representing 2–3 score). Five experienced food
professionals (three males and two females) aged 22–26 in the
laboratory scored the descriptors, and the results were averaged.

Statistical Analysis
Excel 2010 (Microsoft Corporation, United States) was used
to calculate data, and Origin 9.4 (Origin Lab Corporation,
Northampton, MA, United States) was used to form the chart.
SPSS 18.0 for Windows (SPSS Inc., Chicago, IL, United States)
was used for multiple comparisons (one-way analysis of variance
with the Duncan method) between data, and a confidence
interval of 95% (p < 0.05) was set as the significance level. The
results were expressed as means± standard deviation (SD).

RESULTS AND DISCUSSION

Total Volatile Base Nitrogen
As shown in Figure 1, the TVC of the different treatments
gradually increased with the prolonged storage. The TVBN value
of all treatments was less than 12 mg/100 g on day 0. After that,
the TVBN of CK increased rapidly and exceeded the freshwater
fish threshold (20 mg/100 g) defined by the Chinese National
Food Safety Standard (GB 2733–2015) on the 9th day. The
combined treatment did not reach this spoilage point until the
12th day, which prolonged the shelf life by at least 3 days
compared with the control. In brief, the TVBN of OCU was
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FIGURE 1 | Changes in total volatile basic nitrogen (TVBN) of refrigerated
catfish fillets. Error bars were derived from the standard deviation of means.
Significant differences (p < 0.05) were expressed as alphabets (a, b, c, and d)
in different treatments at the same storage time, respectively. CK, the control;
OW, ozone water; UHP, ultra-high pressure; OCU, ozone water combined with
ultra-high pressure.

significantly (p < 0.05) lower than that of CK during the entire
storage, which suggested that ozone water combined with ultra-
high pressure could effectively reduce the accumulation of TVBN
produced by spoilage bacteria and endogenous protein enzymes.
Similarly, studies reported that TVBN of red mullet and coho
salmon was reduced to varying degrees at different pressure
levels compared to unpressured treatments (26, 27). On the
other hand, we observed that the TVBN of UHP was lower than
OW in general, and this phenomenon was more pronounced in
anaphase storage (9–12 days).

Thiobarbituric Acid Reactive Substances
The TBARs monitoring of various secondary oxidation products
is a valuable parameter to characterize lipid oxidative rancidity.
As shown in Figure 2, with the storage prolongation, the TBARs
of CK, OW, UHP, and OCU increased gradually. Previous
studies have found that ozone water or ultra-high pressure
processing could lead to increased TBARs (28–32). The TBARs
of the three processing methods were lower than that of the
control in early storage. The TBARs of OCU were significantly
(p < 0.05) lower than that of CK during the entire storage, which
suggested that ozone water combined with ultra-high pressure
could effectively restrain rancidity. Pressurization could prevent
the development of lipid oxidation by inhibiting the activity
of endogenous enzymes (lipoxygenase, peroxidase, etc.) (15).
Torres et al. (33) found that high-pressure treatment partially
inhibited the development of lipid oxidation in Atlantic horse
mackerel during frozen storage. The TBARs of OCU that we
observed may be due to the better enzymatic inactivation effect
of the combined treatment than either UHP or OW alone.
The milder pressurization level used in this study (pressure is
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FIGURE 2 | Changes in thiobarbituric acid reactive substances (TBARs) in
refrigerated catfish fillets. Error bars were derived from the standard deviation
of means. Significant differences (p < 0.05) were expressed as alphabets (a,
b, c, and d) in different treatments at the same storage time, respectively. CK,
the control; OW, ozone water; UHP, ultra-high pressure; OCU, ozone water
combined with ultra-high pressure.

200 MPa, and the holding time is only 10 min) may also be a
reason for not complying with the UHP effect on lipid oxidation.
The explanation of these phenomena was also classified as the
differences in the composition and content of lipids in the species
(34), the position of muscle containing heme proteins, and the
pressurized level (such as pressure and duration) (31, 35).

Chromaticity
The whiteness (Figure 3A) of OW was significantly (p < 0.05)
lower than that of CK until the storage destination. In general,
individual ozonation results in increased whiteness (36, 37).
Ozone water causes the color difference of species. de Mendonça
Silva et al. (32) found that ozone water processing did not affect
the color of Nile tilapia fillets. These discrepancies may be due to
factors such as the biological conditions of the species, storage
conditions, and the treated load they receive. In addition, the
whiteness of OCU was lower than that of CK until the 6th
day. In detail, the whiteness of CK decreased from 61.48 on
day 0 to 55.48 on day 6, while the whiteness of OCU increased
from 52.38 on day 0 to 54.65 on day 6, indicating that OCU
reduced the bleaching of the fillets compared to CK until storage
middle. Subsequently, storage was prolonged, contrary to the
serial decline of CK, the whiteness of UHP and OCU continued
to rise. The results we observed reflected that catfish fillets
treated with ultra-high pressure developed a cooked color, which
may be attributed to the degeneration of the myofibrils and
sarcoplasmic proteins that lead to changes in the surface of the
meat (28). Similarly, studies have reported that high pressure
processing contributed to the cooked appearance of meat (38, 39).
Globin denaturation, oxidation of myoglobin, the disintegration
of myofibrillar protein, lack of active pigments, and protein

A

B

FIGURE 3 | Panels (A,B) were respectively whiteness and chromatic
aberration of refrigerated catfish fillets. Error bars were derived from the
standard deviation of means. Significant differences (p < 0.05) were
expressed as alphabets (a, b, c, and d) in different treatments at the same
storage time, respectively. CK, the control; OW, ozone water; UHP, ultra-high
pressure; OCU, ozone water combined with ultra-high pressure.

coagulation were also considered to be contributing factors to
the whitish color (30, 40–43). And pressurization intensity could
also affect color differences. Ragazzo-Sanchez et al. (44) reported
that 600 MPa pressure treatment for 180 s did not affect the
color of the shrimp paste samples. The converted 1E (Figure 3B)
and whiteness displayed the same trend. The L∗, a∗, and b∗ of
raw catfish fillets were 51.74, 2.35, and 0.98, respectively (data
not shown). Moreover, OCU contributed to the minimum of
1E on day 0 (p < 0.05), and its increase was proportional to
the prolonged storage. See the Supplementary Material for the
actual photos of refrigerated catfish fillets.
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Microbial Count
As shown in Figure 4A, the TVC of different processing was
positively correlated with prolonged storage. Specifically, TVC
of OW, UHP, and OCU was 4.28, 4.88, and 4.06 log10 CFU/g
at day 0, respectively, which were all lower than 5.35 log10
CFU/g of CK. The initial bacterial count of CK was relatively
high and exceeded the threshold (6 log10 CFU/g) stipulated
in Al–Dagal et al. (45) on the 6th day. The OCU did not
reach this spoilage point until the 9th day, which prolonged
the shelf life by at least 3 days compared with the control. The
microbial activity was also evaluated by chemical parameters,
for example, TVBN (27). Dramatically, the TVC results we
observed were consistent with the formerly described TVBN. The
latest evidence confirmed that there was a significant correlation
between alkaline volatile nitrogen and microbial proliferation
(46). In brief, TVC of OCU was significantly (p < 0.05) lower
than that of CK during the entire storage, which suggested that
ozone water combined with ultra-high pressure could effectively
reduce the accumulation of bacteria and fungi. On the other
hand, we observed that the microbial loading of UHP was
lower than OW in general, and this phenomenon was more
significant (p < 0.05) in 6 –12 days. Zhao et al. (47) found that
Toona sinensis treated with UHP reduced more TVC compared
with ozonation. The lower initial microbial load of OW may
be attributed to the sublethal damage to the cells. After the
harsh stress is eliminated, cell metabolism can be partially or
completely repaired (44, 48). The explanation of OCU may
be attributed to ultra-high pressure further ruptured the cells
damaged by oxidation, resulting in irreversible degeneration.
Then, we emphasized the potential of ozone water combined
with ultra-high pressure to control the microbial quality of
catfish fillets.

Enterobacteriaceae (Figure 4B), Pseudomonas (Figure 4C),
LAB (Figure 4D), and HSPB (Figure 4E) gradually increased
during storage. Both Enterobacteriaceae and Pseudomonas from
combined treatment were significantly (p < 0.05) less than
from the control during storage. In summary, the combined
processing postponed the accumulation of the main genera of
Proteobacteria in the entire storage. Spoilage microorganisms
such as Pseudomonas and Shewanella could metabolize free
amino acids in the muscles to produce volatile nitrogen
compounds (49), resulting in unacceptable sensory quality. The
counting results showed that Pseudomonas has the potential
to survive in ozone water based on a large increase of OW
in mid-to-late storage. And preceding reports also stated that
Pseudomonas has the advantage of tolerating a fairly high dose of
ozone water (50). The results we found suggested that UHP could
effectively rupture the cell membrane of Pseudomonas. Similarly,
ultra-high pressure reduced the initial load of Pseudomonas
(27). Moreover, Rivas-Canedo et al. (51) reported that the
presence of some gram-negative bacteria such as Pseudomonas
and Aeromonas was directly related to accelerated lipid oxidation.
Our reduced Pseudomonas may also contribute to the reduced
TBARs as described earlier. The oxygen-free environment caused
by vacuum is conducive to facultative anaerobes propagation,
which also explained that certain LAB can become dominant
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FIGURE 4 | Microbial count of refrigerated catfish fillets, including (A) total
viable count (TVC), (B) Enterobacteriaceae, (C) Pseudomonas, (D) lactic acid
bacteria (LAB), and (E) hydrogen sulfide-producing bacteria (HSPB). Error
bars were derived from the standard deviation of means. Significant
differences (p < 0.05) were expressed as alphabets (a, b, c, and d) in different
treatments at the same storage time, respectively. CK, the control; OW, ozone
water; UHP, ultra-high pressure; OCU, ozone water combined with ultra-high
pressure.
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bacteria in later storage (52). In short, the LAB of ultra-
high-pressure treatments was significantly (p < 0.05) reduced
compared with the control. The study reported that the same
pressure (200 MPa) treatment can effectively reduce the LAB of
salmon fillets during refrigeration, no matter at the beginning or
end of storage (53). Compared to the control, the LAB of beef
and chicken breast pressure-treated at 400 MPa/10 min decreased
significantly (51). H2S is described as a strong characteristic
spoilage odor of “spoiled eggs.” In general, the trend of HSPB was
not much different from that of TVC. Ozone water lethality to
HSPB during entire storage was mild on the whole except for the
significant (p < 0.05) decline on day 6. The low initial bacterial
load of OW was explained as ozone water processing may cause
sublethal bacterial damage, and this damage gradually recovers
as prolonged storage. Compared with OW, OCU significantly
(p < 0.05) reduced the load of HSPB during storage, which also
indicated that the inactivation efficacy of the combined treatment
mainly came from ultra-high pressure. A previous study found
that Shewanella (a representative genus producing hydrogen
sulfide) achieved varying degrees of reduction through ultra-high
pressure levels (27). In brief, the combination of ozone water
and ultra-high-pressure processing has achieved a significant
bacterial inactivation amount.

Microbial Diversity
Most OTU belonged to four bacteria phyla (Figure 5A), namely
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria.
Based on the results on day 0, the relative abundance of the most
abundant phylum Proteobacteria from UHP and OCU decreased
compared to CK, but excluding OW. In detail, the relative
abundance of CK, OW, UHP, and OCU was 60.03, 68.82, 19.85,
and 22.16%, respectively. The results emphasized that ultra-
high pressure has better bacteria reduction ability than ozone
water, which complied with our previous results of TVBN and
TVC. Generally, compared with gram-negative bacteria, gram-
positive bacteria survived more due to their thicker cell walls with
40 layers of peptidoglycan and their ability to resist ultra-high
pressure (44).

A total of twenty-five of relative abundance value >1% (at
least 1 sample) was identified at the genus level (Figure 5B).
OTU of most genera increased with prolonged storage. On day
0, the combined processing significantly reduced the relative
abundance of Acinetobacter and Pseudomonas belonging to the
phylum Proteobacteria, while the ozone water processing alone
stimulated the vitality of genera. Concretely, Acinetobacter and
Pseudomonas were reduced by 33.73 and 4.26%, respectively.
In this work, Acinetobacter showed high relative abundance in
initial storage, while Pseudomonas became the most dominant
bacteria in anaphase storage, which may be attributed to
competition between species. A previous study reported that
Acinetobacter, which dominated fresh fish, was replaced by
Pseudomonas or Aeromonas under different treatments (54).
In addition, the abundances of Lelliottia, Serratia, Shewanella,
and Yersinia belonging to the phylum Proteobacteria were
less than 1% (all samples) after combined processing (OCU).
Serratia belonging to Enterobacteriaceae was widely considered
to be typical conditional rot-causing bacteria (55, 56). Belletti

FIGURE 5 | The relative abundance of bacterial community phylum (A) and
genus (B) level in refrigerated catfish fillets. Among panel (B), genera with a
relative abundance of less than 1% (all samples) were classified as “other”;
panel (C) was bacterial community analysis at the genus level, presented in
the form of a Heat-map (readers can choose the online version of this article
to refer to the colors in the Heat-map); panel (D) was principal co-ordinates
analysis (PCoA) at the species level. CK, the control; OW, ozone water; UHP,
ultra-high pressure; OCU, ozone water combined with ultra-high pressure.
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et al. (57) expressed the fact that Serratia was affected by high
pressure. In short, the results at the genus level corresponded
to those at the phylum level as well as the Enterobacteriaceae
count. At the same time, these phenomena indicated that ozone
water combined with ultra-high pressure effectively deactivated
Enterobacteriaceae of the Proteobacteria. Shewanella belonging
to Proteobacteria was recognized as the main contributor to
hydrogen sulfide during the storage of aquatic products (58).
As for Shewanella, its relative abundance was reduced in the
ultra-high-pressure treatments (UHP and OCU) compared to
the control during storage, and the effective reduction of
Shewanella in ultra-high pressure followed the previous HSPB
count result. On the other hand, certain gram-positive bacteria
such as Lactobacillus, Bacillus, Staphylococcus, Pediococcus, and
Enterococcus were insensitive to ultra-high-pressure processing
given increased relative abundance in initial storage. Due to the
presence of thick film or endospores, the gram-positive bacteria
can effectively withstand ultra-high pressure (48). The study
reported that the gram-negative bacteria group and coliforms
decreased more than TVC and LAB under the same pressure level
treatment (51).

The top fifty microbial genera in total abundance emerged
in the Heat-map (Figure 5C). The colors of most genera that
characterize relative abundance had obvious differences between
the early and late storages, which indicated that the dominant
microbiota had changed. The Principal Co-ordinates Analysis
(PCoA) plot showing species clustering is exhibited in Figure 5D.
The PCoA visualized the differences in microbial species between
different processing methods. The first principal component
(PC1) and the second principal component (PC2) were 44.33
and 20.08%, respectively. In initial storage, OTU were clustered
into two areas, one formed between UHP and OCU, and the
other between CK and OW. The species composition similarity
between UHP and OCU was attributed to the inactivated effects
of ultra-high pressure on microbial communities. In addition,
OW was closest to CK due to the limitation of the bactericidal
effect of ozone water. Consistent with the previous microbial
enumeration results, the inactivation of ultra-high pressure was
more recognized than that of ozone water.

Electronic Nose
Electronic nose technology was considered a simple and fast
parameter for characterizing complex odors in food samples
(59). Figure 6 is principal components analysis (PCA), showing
the odor clustering of refrigerated catfish fillets from different
processing. The sample variance of PC1 and PC2 was 96.63 and
2.33%, respectively, which almost characterized the volatile odor
components of all catfish fillets. An overlap area was created
between CK, OW, UHP, and OCU due to fresh samples, which
suggested that the contribution of the samples with several
processing methods to the collection of volatile odors was almost
equal in the initial storage. The obvious odor difference between
the samples was reflected in the anaphase storage. The interlaced
area of CK and OW may be attributed to the weaker bactericidal
effect of ozone water. There was a great overlap area between
UHP and OCU, indicating that the odor properties of the two
were approximately equal. Generally, volatile odors are mainly
derived from metabolites produced by protein degradation and

FIGURE 6 | Principal components analysis (PCA) of electronic nose (E-nose)
odor clustering in refrigerated catfish fillets. CK, the control; OW, ozone water;
UHP, ultra-high pressure; OCU, ozone water combined with ultra-high
pressure.
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FIGURE 7 | Overall sensory score of refrigerated catfish fillets. CK, the control;
OW, ozone water; UHP, ultra-high pressure; OCU, ozone water combined with
ultra-high pressure. Significant differences (p < 0.05) were expressed as
lowercase alphabets in different treatments at the same storage time,
respectively. CK, the control; OW, ozone water; UHP, ultra-high pressure;
OCU, ozone water combined with ultra-high pressure.

fat oxidation during storage as well as microbial catabolites (18).
The odor distance of the ultra-high-pressure processing (UHP
and OCU) on day 12 was closer to that of the fresh samples,
probably because UHP inhibited the growth of putrefying
bacteria and reduced the generation of some spoilage odors,
which still requires further study to confirm.

Sensory Score
Figure 7 shows the overall sensory acceptability of the samples
during storage. The sensory scores of all samples decreased
with prolonged storage. The scores of UHP and OCU on day
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0 were 7.60 and 7.64, respectively, which attribute to cooked
color caused by ultra-high-pressure treatment. From the 3rd day,
OCU consistently maintained the highest overall acceptability
compared with other samples. A score of 5 could be considered
a threshold for not being accepted by consumers (60). CK (4.04
score), OW (4.08 score), and UHP (4.40 score) all reached levels
of sensory rejection on day 9, while OCU (4.24) reached this
threshold on day 12. Sensory rejection is related to microbial
consumption of meat nutrients (61). The reason for the high
sensory score of OCU in our results can be considered to be
the synergistic inactivation effect of ozone water combined with
ultra-high pressure. These sensory scores followed the changes
in E-nose, indicating that the combined treatment effectively
improved the sensory quality of refrigerated catfish fillets.

CONCLUSION

This study suggested that ozone water combined with ultra-high
pressure effectively decreased TVBN value and microbial load in
catfish fillets during refrigeration. All analytical results suggested
that the combined treatment inhibited catfish fillet spoilage,
especially showing a significant reduction of Enterobacteriaceae,
Pseudomonas, LAB, and HSPB. On the other hand, 16S rRNA
gene sequencing analysis showed that the dominant bacteria
in fresh catfish fillets were Acinetobacter, while the dominant
bacteria in spoiled catfish fillets were mainly Pseudomonas and
Shewanella. Further work needs to be performed to better
understand the potential synergistic active mechanisms of ozone
water and ultra-high pressure on spoilage bacteria, and to
apply this method to extend the shelf life of catfish fillets
during refrigeration.
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Chinese baijiu brewing is an open, complex, and synergetic functional

microbiota fermentation process. Microbial interaction is pivotal for the

regulation of microbial structure and function in the brewing microecosystem,

consequently affecting the flavor and quality of baijiu. This article mainly

summarizes the effect of microbial interactions among functional microbiota

on the growth performance, flavor formation, and safe quality of baijiu

fermentation process. In addition, the review specifically emphasizes on

the microbial interactions for the regulation of “Ethyl Caproate-Increasing

and Ethyl Lactate-Decreasing” in Chinese strong-flavor baijiu. Furthermore,

the construction of synthetic microbiota by metabolic characteristics of the

functional microbes and their interactions for regulating and controlling flavor

quality of Chinese baijiu is also reviewed and prospected.

KEYWORDS

Chinese baijiu, flavor quality, microbial interaction, synergistic fermentation,
synthetic microbiota

Introduction

Chinese baijiu, one of the well-known traditional fermented foods, possesses strong
ethnic characteristics in Chinese culture and industrial advantages in the national
economy. For example, owing to its unique flavor and aroma, the output and revenue
of Chinese baijiu achieved 7.1 billion liters and 583.6 billion RMB in 2020, respectively,
reaching a total profit of 131.2 billion RMB. The distinctive flavor and taste of Chinese
baijiu is attributed to the composition and proportion of multifarious flavor compounds.
Typically, four organic acids (acetic acid, lactic acid, butanoic acid, and hexanoic
acid) and their corresponding ethyl esters, especially, caproic acid and ethyl caproate,
have been confirmed to be dominant compounds and important contributors to the
characteristic flavor of strong-flavor baijiu (1, 2). In fact, 12 flavor types of Chinese baijiu
contain more than 1,870 flavor compounds, namely, acids, alcohols, esters, ketones,
aldehydes, aromatics, nitrogenous compounds, terpenes, and sulfur compounds (3).
In addition, the potential functional component in Chinese baijiu was also uncovered
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in recent years. For instance, a tetrapeptide (Ala-Lys-Arg-
Ala) had been successfully identified in sesame-flavor baijiu
and exhibited preventive effects against 2,2-Azobis (2-methyl-
propanimidamidine) dihydrochloride-induced oxidative stress
in HepG2 cells (4).

The formation of these flavor and functional compounds
is extremely complicated and can be fluctuated mainly
by dynamic succession of functional microbiota during
the fermentation process. These functional microbes are
supposed responsible for the production of flavor compounds
by their extensive interactions. For example, the flavor
compounds, namely, fatty acids, esters, terpenes, and aromatic
compounds produced by Saccharomyces cerevisiae were
correlated with the mixing ratio of Bacillus licheniformis in
Chinese maotai−flavor baijiu fermentation (5). Moreover,
the microbial interaction is a crucial factor for maintaining
the co-occurring in microbiota structure, which will influence
the microbial metabolism and flavor formation during the
wine fermentation (6). Therefore, revealing the mechanism of
the microbial interactions on flavor metabolism is important
for regulation of Chinese baijiu fermentation. Based on
this, some related studies have already been focused on
the microbial interactions and how to achieve the targeted
regulation by these interactions in baijiu fermentation
(7, 8).

In this review, recent researches relating to the effect of
microbial interactions on growth metabolism, flavor formation,
and safe quality in Chinese baijiu fermentation (Figure 1A),
especially for regulation of “Ethyl Caproate-Increasing and
Ethyl Lactate-Decreasing” in strong-flavor baijiu (Figure 1B)
are summarized and discussed. Furthermore, the construction
of synthetic microbiota by considering the metabolic features of
functional microbes and their interactions (Figure 1C), is also
described and prospected in the regulation of flavor quality for
Chinese baijiu fermentation.

Interactions among functional
microbes

Chinese baijiu is produced by the traditional spontaneous
solid-state fermentation process containing various
functional microbes and their complex interactions (9).
In general, microbial interactions are mainly classified
through ecological typing into competition, mutualism
(cooperation), commensalism, amensalism, or parasitism,
and these interactions can be regulated by modifying the
metabolic pathway, intercellular communication, and spatial
structures, thereby accomplishing the specific functions
(10). In fact, there are mainly synergistic (cooperation)
and antagonistic (competition) effects involved in the
microbial interactions in the baijiu brewing microecosystem.
Here, we describe the effect of interactions among

functional microbes on the growth performance, flavor
formation, and safety characteristic (Figure 1A) in the baijiu
fermentation process.

Effect of microbial interactions on
growth performance

In fact, microbial interactions are usually deemed as
cooperative networks with functional microbiota working
together toward an ultimate goal during the baijiu-brewing
process. This implicates that the cooperation and interaction
can influence growth performance and even metabolic activity
of the microbial consortia. For example, the biomass of
S. cerevisiae increased when it was co-cultured with Aspergillus
oryzae at the ratios of 1:0.1, 1:0.5, and 1:1, and this was
attributed to providing more glucose for S. cerevisiae growth by
inducing enzyme system of starch hydrolyzation in A. oryzae
(11). This means that the metabolites produced by microbe
have synergistic or antagonistic effect on other microbes,
also known as metabolite regulation mechanism of the
microbial interactions. But, on the contrary, the antagonistic
interaction between both species was also uncovered. The
growth and biomass of S. cerevisiae and A. oryzae were
inhibited in the mixed culture system, but the protein
synthesis for the cell wall of S. cerevisiae was significantly
promoted (12). In addition, the occurrence and effectiveness
of synergistic interactions within functional microbiota are
affected easily and restricted by the environmental factors
in the natural succession process (13). For instance, the
growth of Zygosaccharomyces bailii was normal at 30◦C,
but was inhibited at 37◦C in the co-culture system with
B. licheniformis for Chinese maotai-flavor baijiu fermentation
(14). This is mainly related to the stress mechanism of
fermentation environment, that is, the growth and survival of
brewing microbiota are declined under multiple environmental
stresses, namely, alcoholic, acidic, thermal, and oxidative during
baijiu production.

Most notably, the antagonistic effect between non-
Saccharomyces yeasts and S. cerevisiae is essential for Chinese
baijiu brewing. Many researches have demonstrated that
S. cerevisiae could inhibit the growth of non-Saccharomyces
such as Z. bailii (15), Wickerhamomyces anomalus (16),
and Issatchenkia orientalis (17) when they were co-cultured.
These interactions might be resulted from the non-specific
competition for nutrients among yeasts (18) and the
inhibition of metabolites (such as ethanol) produced by
S. cerevisiae (19). So, microbial interactions inevitably
influence the growth performance of brewing microbiome
during the baijiu fermentation process, consequently altering
the metabolic activity and even the flavor formation of
the final products.
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FIGURE 1

Effect of microbial interactions on regulation of growth and flavor metabolism (A) and “Ethyl Caproate-Increasing and Ethyl Lactate-Decreasing”
(B), as well as construction of synthetic microbiota (“top-down” approach was red arrows, and “bottom-up” approach was blue arrows) (C) in
Chinese baijiu fermentation process.

Effect of microbial interactions on
flavor formation

There are multifarious strategies for improving the flavor
quality of traditional fermented foods (20, 21), and the core
point of strategy is regulation of the microbial community and
their interactions in the fermentation process. For example,
the contents of caproic acid and ethyl caproate were improved
in strong-flavor baijiu microecosystem by increasing the
abundances of caproic acid bacteria and methanogens and
also the hydrogen transfer interaction among them with
fortified Daqu fermentation (22). Interestingly, although the
growth performances of functional strains are repressed, their
activities of flavor metabolism are not weakened in the co-
culture fermentation system. For instance, when Z. bailii and
B. licheniformis were coexisted, the growth of B. licheniformis
was significantly inhibited, but the genes, namely, GAPDH,
PGM1, ENO1, PDC1, COX1, and MEP2 involved in glycolysis,
Ehrlich, and oxidative phosphorylation pathways in Z. bailii
were upregulated, thereby producing more alcohols, acids,
esters, and aldehydes in co-culture (15). Actually, the inhibition
of growth but promotion of flavor metabolism activity in the co-
culture system with non-Saccharomyces yeasts and S. cerevisiae
is ubiquitous in the baijiu fermentation process (15–17). For
instance, compared with the single culture of W. anomalus,

higher yield of ethyl acetate was observed when S. cerevisiae and
W. anomalus were co-cultured (16). This result indicated that
the higher content of ethyl acetate could be attributed to synergy
between non-Saccharomyces yeast and S. cerevisiae in co-culture
(23). S. cerevisiae could produce acetic acid and ethanol, which
were critical for W. anomalus in generating ethyl acetate in
co-culture synergistic fermentation.

Besides aforementioned, some microbes have really poor
ability to produce flavor compounds in the fermentation
process, but they can coordinate the metabolic activity with
those flavor producers. For example, Bacillus amyloliquefaciens
and Pichia membranaefaciens were not effective flavor
producers, but they could improve the flavor compounds
with S. cerevisiae, I. orientalis, and B. licheniformis co-cultured
in the sesame-flavor baijiu fermentation (17). In examples
like this, the synergetic interactions between yeasts and lactic
acid bacteria are the most widespread in the fermented
alcoholic beverages (24). For instance, the content of ethyl
lactate was significantly increased when co-cultured with
P. membranifaciens and Lactobacillus acetotolerans in the
strong-flavor baijiu fermentation compared with the mono-
culture of P. membranifaciens (25). In addition, He et al. (26)
reported that improvement of esters production and fruity
flavor of strong-flavor baijiu was observed when fermented
with the fortified Daqu in the brewing process, in which the
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synergistic interaction between Lactobacillus and Candida was
considered to be an important driving factor. Another example
of synergistic effect on higher production of 3-(methylthio)-
1-propanol and dimethyl disulfide was also obtained by
co-culturing S. cerevisiae with Lactobacillus buchneri in
baijiu fermentation (27). This synergy mechanism between
S. cerevisiae and L. buchneri was revealed by transcriptome
analysis. S. cerevisiae upregulated expression of genes for
generation of 3-(methylthio)-1-propanol and dimethyl disulfide
in the presence of L. buchneri, which can regenerate the
precursors methionine and S-adenosylmethionine by methyl
recycle (27). On the contrary, yeast and lactic acid bacteria
could provide nutrients to each other, and promote the growth
metabolism of them (28).

Effect of microbial interactions on safe
quality

Although the traditional baijiu brewing has been produced
for thousands of years, traditional hand-making in an open and
complex brewing environment without strict control leads to
low production, inconsistent quality, and even security risk (29).
Based on the security of baijiu, current researches mainly pay
attentions to the regulation and reduction of ethyl carbamate
(EC), a class 2A carcinogen (30). For example, there are reports
already that the concentrations of EC and its precursor cyanide
effectively decreased in raw baijiu by pot still second distillation
process (31, 32). Unfortunately, the flavor and quality of baijiu
would be affected in part by altering the production process to
eliminate the EC content. So, some researchers have focused
on the microbial intervention methods for removing the EC,
especially for microbial interactions (33, 34). For instance,
low amounts of urea (the precursor of EC) was produced
by Lactobacillus species with non-conventional yeasts, namely,
Pichia, Schizosaccharomyces, and Zygosaccharomyces species co-
fermentation in Chinese maotai-flavor baijiu (35). Moreover,
Fang et al. (36) reported that EC generation by S. cerevisiae was
significantly inhibited in the co-culture with Lactobacillus brevis
and provided valuable insights into the molecular mechanism of
EC formation by transcriptomic analysis.

Besides EC, some odor compounds were also detected in
the baijiu fermentation process, thereby affecting the flavor
and safety quality. For example, the compound p-cresol is the
major off-odor and toxic component of strong-flavor baijiu (37).
Another research indicated that Clostridium was the primary
microbial source for p-cresol production and the formation of
p-cresol could be inhibited by increasing the proportions of
Lactobacillus (38). In particular, the concentration of p-cresol
in sesame-flavored baijiu is decreased by hydrogen bond
interactions with the non-volatile tetrapeptide Ala-Lys-Arg-Ala
(39). Taken together, these studies inspire that intensification
of interspecies interactions between Clostridium with relevant

Lactobacillus or Ala-Lys-Arg-Ala-producing strains is a possible
strategy for eliminating the p-cresol in baijiu fermentation.

Regulation of “Ethyl
Caproate-Increasing and Ethyl
Lactate-Decreasing” by microbial
interactions

At present, one of the tricky problems for many Chinese
strong-flavor baijiu production enterprises is how to decrease
lactic acid and increase caproic acid accumulation during the
fermentation process (40). This technical challenge inevitably
results in weakness of the body aroma by ethyl caproate,
thinness of flavor and texture, and shortness of aftertaste, which
consequently destroys the typical style of strong-flavor baijiu.
To address this problem, many researches have been devoted
to regulate and control the process parameters during the
fermentation, such as scientific construction of fermentation
cellar, optimization of pit mud, improvement the quality of
fermentation starter, and regulation of the conditions for
pit entry (41). However, these works focused mainly on
uncovering the correlations between the lactic acid and caproic
acid contents with the technical parameters in the baijiu
fermentation process. The vital information related to the
alteration of functional microbiota caused by these process
parameters for regulation of “Ethyl Caproate-Increasing and
Ethyl Lactate-Decreasing” is still fragmented.

According to this, some researchers have paid attentions
on microbial interactions for regulation of “Ethyl Caproate-
Increasing and Ethyl Lactate-Decreasing” (Figure 1B) in these
years. For instance, the co-culture fermentation broth with
Clostridium kluyveri and Methanogen was subjected to strong-
flavor baijiu pit-entry fermentation, the concentration of caproic
acid and ethyl caproate in the raw baijiu, respectively, increased
by 114.7 and 142.8%, while that of ethyl lactate decreased by
64.1% (42). Interestingly, recent study indicated the relative
abundance of caproic acid bacteria significantly increased after
15-day fed-batch fermentation with lactate as carbon sources,
which meaned that the brewing microbiota exhibited a regular
and directional evolutionary pattern for effectively achieving
“Ethyl Caproate-Increasing and Ethyl Lactate-Decreasing” (43).
However, in general, it is difficult to control the natural
evolution of microbiota and easily fluctuated by environmental
factors and process parameters.

Thus, it is of urgent need to develop feasible strategy
for directionally regulating fermentation and accelerate
the enrichment of functional microbiota. Most notably,
an effective regulation approach is the interspecies
hydrogen transfer interactions between the hexanoic acid
producers and methanogenic archaea (44). The synergistic
interaction between caproic acid bacteria and methanogens
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is extensively existed in baijiu-brewing microecosystem,
which is conducive to maintain the stability of the microbial
succession and also produce more caproic acid and ethyl
caproate (42, 45, 46). In addition, considering the negative
correlations between Lactobacillus and Bacillus reported
by many researches, He et al. (22) performed a novel
strategy for regulating strong-flavor baijiu fermentation by
directional bioturbation with fortified Daqu (inoculation
of Bacillus subtilis and Bacillus velezensis). The results
demonstrated that the bioturbation by fortified Daqu was
feasible for “Ethyl Caproate-Increasing and Ethyl Lactate-
Decreasing” by interspecies interactions of functional
microbiota, namely, Bacillus, Lactobacillus, Caproiciproducens,
Clostridium, Candida, Aspergillus, Methanobacterium, and
Methanosarcina.

Construction of synthetic
microbiota by the microbial
interactions

Synthetic microbiota, constructed artificially by co-
culturing of multiple species with well-defined genetic
background and specific functions, is provided with low
complexity, high controllability, and stability (47, 48). In
recent years, some researchers have focused on how to
transform to the synthetic fermentation from spontaneous
fermentation for regulation of microbial metabolism and
production of high-quality foods. For example, Acetobacter
pasteurianus, Lactobacillus brevis, and Lactobacillus fermentum
were co-cultured and constructed an acetoin-producing
synthetic community, when it was applied in the traditional
vinegar fermentation, the content of acetoin in vinegar
increased significantly (49). In addition, it was reported
that a tractable microbiota system was constructed by 24
widely distributed and culturable genera and conducted to
the cheese rind fermentation (50). These studies provide
references for synthetic microbiota in the different fermented
foods. It means that the manipulation and repeatability of
microbial succession and dynamic can be obtained in vitro.
This also affords an opportunity to construct a synthetic
microbiota system for food fermentation with prospective
flavor and quality.

However, Chinese baijiu brewing is an open, complex, and
synergetic of the functional microbiota fermentation process.
It seems arduous to construct the synthetic microbiota for
regulation and control of the flavor compounds formation in
such a microecosystem. Fortunately, the methods of synthetic
biology and microbiome make it possible by identification
and isolation of the core microbiota with the development of
modern biotechnology (51). For the construction of synthetic
microbiota, revealing the phylogeny, metabolic functions,

especially interspecies interaction of the selected strains are of
paramount importance (52). Synthetic microbiota is generally
constructed according to the top–down or bottom–up approach
(Figure 1C), and the microbial interactions play an important
role in the construction process by both the approaches (53).

For example, although the growth performances of
S. cerevisiae, P. membranaefaciens, I. orientalis, B. licheniformis,
and B. amyloliquefaciens were inhibited by each other, the
co-culture of these five species could coordinate the metabolic
activities by their interactions and produce the largest amount
of flavor compounds in the Chinese sesame-flavor baijiu (17).
For another example, the microbial interaction was analyzed by
co-occurring network and the synthetic microbiota composed
by L. acetotolerans, Pichia kudriavzevii, Geotrichum candidum,
Candida vini, and S. cerevisiae was constructed, 77.27% of
the flavor compounds produced by the synthetic microbiota
exhibited a similar dynamic profile with that in situ system, and
the flavor profile presented a similar composition (54). In recent,
the core microbiota, namely, Lactobacillus, Thermoactinomyces,
Aquabacterium, Aspergillus, and Kazachstania was identified
in the fermented grains of Chinese strong-flavor baijiu by
finding ubiquitous, dominant, flavor associated, and co-
occurring microbiota together (55). And, the results lay
the foundation of construction the synthetic microbiota for
regulating the baijiu fermentation process and achieving the
homogenization of product quality. Therefore, once we can
understand the interaction mechanism of functional microbiota
for constructing the synthetic microbiota, we will be able to
regulate and control the fermentation process for production of
high-quality baijiu.

Conclusion

Chinese baijiu is produced by the spontaneous solid-state
fermentation process involved in the multifarious microbes and
their extensive and complex interactions. These interactions
are propitious to flavor and safety improvement, such as
“Ethyl Caproate-Increasing and Ethyl Lactate-Decreasing,” and
to stability enhancement of baijiu-brewing microecosystem.
Moreover, revealing the mechanism of microbial interactions is
beneficial for rational construction of synthetic microbiota, and
achieving the directional regulation for flavor quality in Chinese
baijiu fermentation process.
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