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Editorial on the Research Topic

Rising stars in nutrition and food science technology: application of

emerging technologies in the food industry

Food is essential, relating to human living and health. At present, the shortage of

natural resources and environmental pressures are prominent factors in the food industry.

Moreover, the demand for high-quality and natural food without chemical preservatives

has been growing in recent years. In this context, the food industry faces enormous

challenges and food production technologies that ensure safety and quality have become a

top priority for the food industry globally. With the development of science and technology,

a series of new technologies in the fields of modern nutrition, biology, optoelectronics,

electromagnetism, machinery, program control, materials, and other scientific fields are

widely used in scientific research and various processing links of the food industry. This

can effectively improve the utilization rate of food resources and the degree of value-

added processing, lead to the sustainable development of the food industry, and increase

production to meet the population’s growing material and nutritional needs.

In this Research Topic, the effects of emerging technologies in the food industry on

food quality, microbial safety, and nutrition are summarized. Furthermore, the articles

included in this RT evaluate the potential applications of these technologies in the food

industry and consider current consumer demand for future food products, allowing for a

deep understanding of the theory and development of these emerging technologies and how

they will affect the food industry in the future.

Chinese grain vinegar is a popular daily condiment, which is produced by a solid-state

fermentation style in open and non-sterile environmental conditions. In this production

style, there are many shortcomings, such as the inconsistency of quality between different

batches, the low production efficiency, and the low degree of mechanization. Therefore, an

update to fermentation devices has been the development direction for Chinese grain vinegar

in recent years. Wang W. et al. reported a solid-state fermentation technology based on a

self-designed rotary drum bioreactor to study the changes in vinegar quality indexes and

microbial dynamics. Results showed that the vinegar flavor changed due to the acetic acid

bacteria increasing by 60% compared to the control. Moreover, the relationship between
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bacterial dynamics and metabolite changes in acetic acid

fermentation of vinegar production was established, which can

help bioreactor optimization and expand the production scale to

reach industrialization.

In recent years, natural antimicrobial agents have been rapidly

developed due to an increase in health and safety awareness.

Antimicrobial peptides (AMPs), a class of natural antimicrobial

agents that are small molecular peptides (<100 amino acid)

with antimicrobial activity and are non-toxic to humans, can

be widely applied in the food industry instead of artificial

synthetic preservatives. In their research article, Wang Z. et al.

selected one lactic acid bacterium (named L. plantarum W3-

2) producing bacteriocin (plantaricin W3-2) among 2,000 plant-

derived strains by agar well diffusionmethod. The authors observed

that plantaricin W3-2 showed good thermal and pH stability

and broad-spectrum antimicrobial activity. Therefore, the authors

suggested that this new bacteriocin is expected to become a

food preservative.

In food processing, a large amount of processing waste can

be produced, which could pollute the environment. Therefore, the

comprehensive utilization of agricultural and food by-products

is a research hotspot. Sugarcane bagasse is one of the major

by-products of sugar mills. Due to the high concentration of

lignin, the application of sugarcane bagasse has been limited. In

their research article, Luo et al. improved the utilization rate of

bagasse by applying optimal alkaline hydrogen peroxide treatment

conditions (AHP). Moreover, the physicochemical properties of

bagasse insoluble dietary fiber (BIDF) produced by AHP were

significantly improved, such as water holding capacity, oil holding

capacity, and bile salt adsorption capacity. Therefore, the authors

suggested that BIDF could be used in the food industry. In another

research article, Tian et al. reported that camellia shells (CSs)

were used for camellia oil decolorization. The new decolorizer

of the porous activated carbon-based CS was prepared by the

pyrolysis plus acid (H3PO4), named CS-based p-doped porous

activated carbon (CSHAC). Results showed that the adsorption

efficiency of CSHAC for carotenoids was increased by 9.5%−29.5%

compared to commercial decolorizers. Moreover, by analyzing the

adsorption processing of carotenoids of camelia oil by CSHAC,

the study showed that the adsorption property was complex

adsorption, and the chemical adsorption was mainly through the

adsorption process.

It is known that the maturity degree of a plant could influence

the composition of chemical compounds of plant products, such

as fruits, vegetables, and seeds. In their research article, Cai et al.

determined the effect of different maturity stages of Noni (Morinda

citrifolia L.) on the quality parameters of Noni polysaccharides

(NP). Results showed that stages 4 and 5 have good extraction

efficiency and bioactivity properties of NP, such as DPPH andABTS

free radical scavenging capacity. Therefore, the authors suggested

that stages 4 and 5 could be the ideal extraction stages for obtaining

high-quality Noni polysaccharides.

Compared to the traditional thermal processing technology,

the non-thermal treatment technology has some advantages, such

as mild treatment conditions, low-temperature rise (<10◦C), and

a short treatment period. Therefore, non-thermal technology is

widely studied in food sterilization to obtain good-quality food

products. Wang L.-H. et al. investigated the effects of dielectric

barrier discharge-air cold plasma (DBD-ACP, 15–35 kV, 2–12min)

on the quality of foxtail millets (FM). Results showed that the color

of FM can be changed, and the activity of lipoxygenase and lipase

was significantly decreased induced by DBD-ACP. Moreover, in

the optimal treatment condition, the quality of FM was better than

the control in the storage period. Therefore, the authors suggested

that DBD-ACP can be an underlying approach for the storage of

foxtail millets.

Due to some limitations, such as bad flavor and taste, low

stability and solubility, etc., some food rawmaterials with nutritious

value cannot be applied on a large scale in the food industry.

Therefore, pretreatment is an effective method to improve their

application value and health attributes. Zhang et al. studied

the effect of phytochemical properties and health benefits of

Tartary buckwheat flour by extrusion treatment. Results showed

that pre-gelatinization of Tartary buckwheat flour by extrusion

treatment can improve the antioxidant capacity, α-glucosidase

inhibitory activity, and relativelymild α-amylase inhibitory activity,

which suggests that it could be used as an ideal functional

food resource. In another study, Ashraf et al. observed that

curcumin derived from fresh rhizomes (Curcuma longa) by

conventional (CSE) and supercritical fluid (SFE) extractions was

microencapsulated using a mixture of gelatin and maltodextrin.

Results showed that microencapsulation of Curcuma has better

bioavailability due to its sufficient gastrointestinal residence period

and stability in the digestive tract, compared to turmeric powder.

Moreover, Yu et al. conducted a study to overcome astaxanthin

(AST)’s serious limitations of poor water solubility and structural

stability. The carrier-free astaxanthin nanoparticles (AST-NPs)

were prepared, and physicochemical properties and bioactivity

capacity were determined. Results showed that AST-NPs have a

high loading capacity (94.57 ± 0.7%), a small average size (74.29

± 7.92 nm), and better antioxidant activity compared to free AST.

Therefore, the authors suggested that AST-NPs can become novel

functional foods.

To improve the flavor and stabilize the quality of fermented

food, such as fermented tea, cheese, and fermented condiment, it

is necessary to study the relationship between microbial species

changes and flavor ingredients during the fermentation process.

In their research article, Ma et al. studied the relationship between

the changes in microbial communities and volatile components of

fermented minced peppers (FMP). Results showed that 17 genera

were core functional microorganisms of FMP by high-throughput

sequencing. Meanwhile, 64 volatile compounds were detected by

GC-MS of FMP. Moreover, Cladosporium and Hansenpora were,

respectively, significantly correlated with the formation of nine and

six volatiles, which could guide the industrial production of FMP

with unique flavors and consistent quality.
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Inactivation e�cacy and
mechanisms of atmospheric
cold plasma on Alicyclobacillus

acidoterrestris: Insight into the
influence of growth
temperature on survival

Lang-Hong Wang1,2, Lin Chen2, Siqi Zhao3, Yanyan Huang1*,

Xin-An Zeng1* and Rana Muhammad Aadil4

1School of Food Science and Engineering, Guangdong Provincial Key Laboratory of Intelligent Food

Manufacturing, Foshan University, Foshan, China, 2College of Food Science and Technology and

College of Life Sciences, Northwest University, Xi’an, China, 3School of Food Science and

Engineering, South China University of Technology, Guangzhou, China, 4National Institute of Food

Science and Technology, University of Agriculture, Faisalabad, Pakistan

The bactericidal e�ect of dielectric barrier discharge-atmospheric cold plasma

(DBD-ACP, 20, and 30 kV) against Alicyclobacillus acidoterrestris on the saline

solution and apple juice was investigated. Results show that DBD-ACP is

e�ective for the inactivation of A. acidoterrestris by causing significant changes

in cell membrane permeability and bacterial morphology. The e�ect of culture

temperatures on the resistance of A. acidoterrestris to DBD-ACP was also

studied. A. acidoterrestris cells grown at 25◦C had the lowest resistance but it

was gradually increased as the culture temperaturewas increased (25–45◦C) (p

< 0.05). Moreover, results from Fourier transform infrared spectroscopy (FT-IR)

and Gas Chromatography-Mass Spectrometer (GC-MS) analysis showed that

the increase in the culture temperature can gradually cause the decreased level

of cyclohexaneundecanoic acid in the cell membrane of A. acidoterrestris (p <

0.05). In contrast, cyclopentaneundecanoic acid, palmitic acid, and stearic acid

showed an increasing trend in which the fluidity of the bacterial cell membrane

decreased. This study shows a specific correlation between the resistance

of A. acidoterrestris and the fatty acid composition of the cell membrane

to DBD-ACP.

KEYWORDS

Alicyclobacillus acidoterrestris, cold plasma, scanning electron microscopy, FT-IR,

GC-MS

Introduction

Alicyclobacillus acidoterrestris is a kind of spore-producing acidophilic heat-resistant

bacteria. Many studies have shown that this bacterium is one of the main reasons for

causing the spoilage of various fruit juices such as apple juice, orange juice, and grape

juice (1–3). The fruit juice contaminated with A. acidoterrestris did not show obvious
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rancidity or swelling at the initial stage. However, if its

metabolites, (2, 6-dibromophenol, and 2, 6-dibromophenol)

produced by A. acidoterrestris cells can cause quality issues by

increasing turbidity as well as formation of white precipitates

in the juice. These losses can cause problems for fruit juices by

causing huge financial losses (4). Keeping in mind the potential

risk to the quality of fruit and its beverages, A. acidoterrestris has

been proposed as a reference microorganism for quality control

in the juice industry. Heat pasteurization is the most common

method in fruit juice processing. However, due to the acidophilic

and heat-resistant characteristics of A. acidoterrestris cells, it is

difficult to inactivate by heat pasteurization. Moreover, thermal

processing could easily cause flavor components and heat-

sensitive nutrients such as vitamins that significantly damage

fruit juice (5). Therefore, A. acidoterrestris is an actual problem

that urgently needs to be solved in fruit juice processing. It is

essential to seek a safe, reliable, and effective means to kill A.

acidoterrestris with less influence on fruit juice components.

Nonthermal plasma technology is an aggregate formed by

atoms, electrons, charged particles, free radicals, and ultraviolet

photons generated by ionized or partially ionized gases (6–

8). Cold plasm can inactivate various microbial vegetative cells

in food at low temperatures (generally lower than 40◦C) and

short time, but it has little effect on the quality of the food

itself. So it has been considered as a potential technology for

sterilization of various types of food (9). Studies have shown that

many factors including gas composition, voltage and treatment

time, and food characteristics affect the efficiency of cold

plasma sterilization. Additionally, the inherent characteristics,

including cell structure and intrinsic protective mechanisms of

microorganisms and environmental factors, are also essential

factors (10, 11). Temperature and pH are two of the common

factors that can induce changes in the resistance of bacteria to

decontamination processing, including plasma, which in turn

affects sterilization efficiency (7, 12–14). However, from the

results reported so far, the studies about temperature-mediated

bacterial tolerance to plasma are obscure and insufficient (14,

15). Because of the potential hazard of A. acidoterrestris in the

juice industry, it is of great significance to fully understand

the bactericidal effect and influencing factors of non-thermal

plasma on A. acidoterrestris to promote the application of this

technology in juice sterilization. Therefore, this work is mainly

aimed to investigate the bactericidal effect and mechanism

for the inactivation of A. acidoterrestris cells by dielectric

barrier discharge-atmospheric cold plasma (DBD-ACP). The

changes in cell membrane permeability and morphology of A.

acidoterrestris cells before and after DBD-ACP treatment were

evaluated by an inverted fluorescence microscope, intracellular

leakage contents, and scanning electron microscope. The

effects of growth temperatures on the resistance of A.

acidoterrestris cells to DBD-ACP were also studied based on cell

membrane fluidity and membrane fatty acid composition from

Fourier transform infrared spectroscopy (FT-IR) and gas-mass

spectrometry. This work is expected to provide insight into

the inactivation properties, mechanism, and resistance under

various growth temperatures of A. acidoterrestris cells induced

by DBD-ACP.

Materials and methods

Bacterial cultures

The bacterial strain of A. acidoterrestris ATCC 49025 was

purchased as a lyophilized culture from the Microbial Culture

Collection Center of Guangdong Institute of Microbiology

(Guangzhou, China). A. acidoterrestris cells were revived by

transferring the lyophilized culture to an AAM liquid medium

(pH 4.0, per liter of deionized water containing 0.2 g ammonia

sulfate, 0.25 g calcium chloride, 0.5 g magnesium sulfate, 2.0 g

yeast extract, 5.0 g glucose, and 3.0 gmonopotassium phosphate)

and incubated overnight at 45◦C in a shaker (200 rpm). A

loopful of the culture of A. acidoterrestris cells suspension was

inoculated onto cooled AAM agar medium and incubated at

45◦C for 36 h. Then a single colony was transferred to a 500 mL-

conical flask containing 200mL of sterile AAM liquid medium

and incubated to a late log phase of growth at 45◦C. Pre-cultured

A. acidoterrestris cells were transferred to a fresh AAM liquid

medium (200mL, OD 600 nm ≈ 0.10) for incubation at 25, 35,

45 and 55 ◦C.

DBD-plasma treatment

The cultured A. acidoterrestris was harvested by

centrifugation at 4,000 × g for 10min at 4◦C. The collected

pellet was washed with sterile water thrice and resuspended

into sterilized saline water or apple juice (JinLiuYuan, not from

concentration). It was prepared to be treated with DBD-ACP

(CTP-2000K plasma equipment, equipped with DBD-50 reactor,

Nanjing Suman Co., Ltd. Nanjing, China) at 20 kV and 30 kV

for 0, 0.5, 1.0, 1.5 and 2.0min, where the distance between the

upper plate and liquid surface was 4mm, and the frequency

was 1.0 kHz. The treated bacterial solution was serially diluted,

and the spread plate was counted, and cultured at 45◦C for

36–48.0 h to detect the total number of colonies (CFU/mL). The

lethality was analyzed according to the change in the number of

colonies before (N0) and after (N) DBD-ACP treatment. Each

treatment was repeated three times and the experimental results

were averaged.

Cell membrane permeability of
A. Acidoterrestris

A. acidoterrestris cells were subjected to DBD-ACP

treatment under 30 kV for 0, 0.5, 1.0 and 2.0min. After

DBD-ACP treatment, 10 µL of A. acidoterrestris cells
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suspension was added to 990 µL of sterilized saline water

containing 3.0 µL of propidium iodide (PI, 1mg mL−1, Beijing

Soleibao Technology Co., Ltd., Beijing, China) and incubated

darkly at room temperature for 20min. The red fluorescence

of A. acidoterrestris cells from PI staining was observed by an

inverted fluorescence microscope (Nikon Eclipse Ti2-A, Nikon

Instruments Co. LTD., Tokyo, Japan). Additionally, membrane

permeabilization was also evaluated by measuring the leakage

of nucleic acids including DNA and RNA, and proteins from

A. acidoterrestris cells using a NanoDrop spectrophotometer

(ND-2000, Thermo Fisher Scientific, Massachusetts, USA) to

record the absorbance at 260 nm and 280 nm according to the

method reported by Cai et al. (16).

Scanning electron microscopy

Bacterial sample preparation for morphological observation

was carried out regarding the previous method (17). A.

acidoterrestris cells were collected by centrifuging at 4,000 × g

for 5.0min and then treated with 2.5% (v/v) glutaraldehyde in

PBS buffer were stored overnight at 4◦C. After centrifugation,

the bacterial samples were dehydrated by gradient using 30–

100% ethanol solution. The dehydrated cells were treated with

tert-butanol twice. The samples were dropped on silver paper

for vacuum freeze-drying, and the morphological changes of A.

acidoterrestris cells could be observed after spraying gold.

Cell membrane fatty acid extraction and
analysis

Fatty acid composition ofA. acidoterrestris cells was detected

using the method previously reported by Pan et al. (18).

After membrane fatty acid extraction and methylation, the

fatty acid profiles were detected by gas chromatography-mass

spectrometry (GC-MS) (8890B−7000D, Agilent Technologies,

Palo Alto, California, USA) by matching the mass spectra

with the mass spectral library 2016 of the National Institute

of Standards and Technology (NIST, Gaithersburg, Maryland,

USA) and the retention times in the bacterial acid methyl

ester (BAME) mix solution (analytical standard, Sigma-Supelco,

Bellefonte, PA, USA).

Fourier transform infrared spectroscopy
analysis

The lyophilized A. acidoterrestris cells were analyzed by

infrared spectrum on Bruker Vetex70 FT-IR spectrometer

(Bruker, Germany). The spectrum collection range was 600–

4,000 cm−1 and the resolution was 4 cm−1. The spectral

data is smoothed, normalized and converted to a second

FIGURE 1

Inactivation of A. acidoterrestris by DBD-plasma at 20 kV and 30

kV on apple juice (AJ) and 0.85% sterile saline solution (SS).

Di�erent letters (a–d) on the top of the bars denote significant

di�erences (p < 0.05).

derivative to improve peak resolution using the Savtitzky-Golay

algorithm (19).

Statistical analyses

Statistical analysis was performed using OriginPro 8.0

(Origin Lab, Northampton, MA, USA) in triplicate with three

independent experiments and results expressed as means ± SD.

Analysis of variance (ANOVA) followed by Tukey’s test was

carried out using SPSS 22.0 software (IBM, NY, USA), and values

were considered significantly different if p < 0.05.

Results and discussion

Inactivation of A. Acidoterrestris cells by
DBD-ACP

The inactivation efficacy of DBD-ACP under various

treatment voltage and time against A. acidoterrestris cells in

0.85% sterile saline solution and apple juice is shown in Figure 1.

ForA. acidoterrestris cells in 0.85% sterile saline solution, 0.5 and

1.2-log reductions occurred for the exposure of DBD-ACP at 20

kV for 0.5 and 1min and increased to approximately 1.9- and

2.5-log reductions for 1.5 and 2min. Comparatively, DBD-ACP

exhibited amuch stronger bactericidal effect onA. acidoterrestris

cells at 30 kV, which induces the bacterial populations was

inactivated by approximately 1.2, 2.1, 3.4 and 4.9-log reductions

with the same treatment time.

A similar trend of DBD-ACP inactivation was detected for

A. acidoterrestris cells in apple juice. However, DBD-ACP has
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FIGURE 2

The PI staining A. acidoterrestris cells treated by DBD-plasma at

30 kV for 0 (A), 0.5min (B), 1.0min (C), and 2.0min (D),

respectively.

a relatively lower inactivation against A. acidoterrestris cells

in apple juice than in sterile saline solution. A similar work

conducted by Mahnot et al. (20), found that S. enterica serovar

Typhimurium in distilled water and the inactivation (>5 log-

reduction) was observed much higher than in other simulating

tender coconut water. Moreover, they also suggested that the

presence of phosphate and Mg2+ ions reduced the inactivation

of S. enterica serovar Typhimurium. Therefore, it could be

inferred that the presence of nutrients and ions in apple juice

may help to repair and recover A. acidoterrestris cells after

DBD-ACP treatment.

Membrane permeability of
A. Acidoterrestris cells

The cell membrane permeability of A. acidoterrestris cells

after DBD-ACP treatment was observed by staining with PI,

which incorporates genomic DNA by emitting red fluorescence

if the bacterial cell membrane is permeable (21). As shown in

Figure 2A, A. acidoterrestris cells without DBD-ACP treatment

did not show much red fluorescence. Whereas the DBD-

ACP treated A. acidoterrestris was stained with PI to emit

higher degrees of red fluorescence with increasing time

(Figures 2B–D). These results indicated that the plasma-treated

A. acidoterrestris cell membrane was damaged, resulting in an

increased permeability.

The cell membrane permeability induced by DBD-ACP

may increase the leakage of cytoplasmic contents, including

nucleic acids and proteins. Thus, the leakage of cytoplasmic

contents of A. acidoterrestris cells was further determined in

this study. The results of protein leakage of the DBD-ACP

treated and untreated bacteria are shown in Figure 3A. The

protein content in the untreated bacteria group was about 0.25

mg/L. However, this leakage of protein increases to 1.61 and

2.72 mg/L after being treated by DBD-ACP at 20 and 30 kV

for 2.0min. The nucleic acid concentration of A. acidoterrestris

cells with or without DBD-ACP treatment presented a similar

behavior (Figure 3B). As compared to untreated cells, the nucleic

acid concentration was increased from 4.12 and 3.98 ng/µL to

34.31 and 50.42 ng/µL for A. acidoterrestris cells treated by

DBD-ACP at 20 and 30 kV for 2.0min, respectively. These

results were consistent with the results obtained by PI staining

with an inverted fluorescence microscope. Qian et al. (2022)

found that the leakage of nucleic acids and proteins of L.

monocytogenes and S. enteritidis induced reached the maximum

content by cold plasma at 90 and 150 s, respectively (22).

Olatunde et al. (23) reported a loss in cell membrane integrity

of bacteria, including L. monocytogenes, S. aureus, P. aeruginosa,

E. coli, and V. parahaemolyticus, which was measured by

the increased conductivity and DNA content in supernatant

induced by DBD-ACP treatment. In conclusion, the changes in

membrane permeability that causes the formation of reversible

permeabilization in bacterial cells were responsible for the lethal

damage of A. acidoterrestris after DBD-ACP treatment.

Morphological changes of
A. Acidoterrestris cells induced by
DBD-ACP

Figures 4A–D show the cell morphological changes of A.

acidoterrestris cells before and after DBD-ACP treatment at the

voltage of 30 kV for 0.5, 1.0 and 2.0min. Results showed that the

untreated A. acidoterrestris cells showed a short rod-like shape

with a smooth surface, while the DBD-ACP treated cells showed

wrinkles, shrinkage, and deformation on the surface. These

results suggested that A. acidoterrestris cells exhibit significant

changes in theirmorphology with the increasing treatment. Such

cell morphological deformations have been observed in E. coli,

L. monocytogenes, and S. enteritidis after cold plasma treatment

(24–26). Thus, it could be inferred that the lethal effect of A.

acidoterrestris cell could be attributed to its destructive effects

on the bacterial membrane with the leakage of cytoplasmic

components by reactive oxygen species (ROS), particularly O3

and atomic oxygen generated during the processing of DBD-

ACP treatment.

E�ect of growth temperature on the
resistance of A. Acidoterrestris to
DBD-ACP

The temperature, pH, and other growth conditions play a

vital role in bacterial resistance against inactivation technologies
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FIGURE 3

Leakage of proteins (A) and nucleic acids (B) from A. acidoterrestris cells induced by DBD-ACP. Di�erent letters (a-d) on the top of the bars

denote significant di�erences (p < 0.05).

FIGURE 4

Morphological images of Alicyclobacillus acidoterrestris cells growth at 45◦C exposure to DBD-plasma at 30 kV for 0 (A), 0.5 (B), 1.0 (C) and

2.0min (D), respectively.

such as thermal, acidic, high-pressure, and pulsed electric

field treatments. After being grown at 25, 35, 45, and 55◦C

to the late-logarithmic phase, A. acidoterrestris cells were

collected and re-suspended on different systems (sterilized saline

solution and apple juice) for DBD-ACP treatment. As shown

in Figure 5, the inactivation of A. acidoterrestris cells increases

with the increasing treatment voltage and time. On the sterilized

saline solution, the inactivation levels of A. acidoterrestris cells

cultivated at 25◦C that increased from 1.8 to 3.8 log-reduction

and from 1.9 to 6.7 log-reduction for DBD-ACP at 20 kV and
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FIGURE 5

The e�ect of growth temperatures on the resistance of A. acidoterrestris cells on the sterile saline solution to DBA-ACP under 20 kV (A) and 30

kV (B), and apple juice with 20 kV (C) and 30 kV (D) for di�erent treatment times. Di�erent letters (a–d) on the top of the bars denote significant

di�erences (p < 0.05).

30 kV with treatment time from 0.5 to 2.0min. Bacterial cells

at different growth temperatures exhibited different resistance

to DBD-ACP treatment. Among them, A. acidoterrestris cells

grown at 45◦C were found to be the most resistant, followed

by at 35◦C. Interestingly, the resistance of A. acidoterrestris cells

at 25 and 55◦C were similar (p > 0.05), and more sensitive to

DBD-ACP than at 45 and 35◦C nomatter on the sterilized saline

solution (Figures 5A,B) and apple juice (Figures 5C,D).

For the sterilized saline solution, DBD-ACP treatment at

the voltage of 20 kV with 1.0min resulted in a 2.3 and 2.4

log-reduction (p>0.05) of A. acidoterrestris cultivated at 25 and

55◦C, respectively. In contrast, the degree of inactivation of

A. acidoterrestris was significantly lower by 1.6 log-reduction

and (1.0 logs) (p < 0.05) for being cultivated at 35◦C and

45◦C, respectively. As the treatment time increased to 2.0min,

the inactivation of A. acidoterrestris cultured at different

temperatures increased significantly. However, the inactivation

behavior of A. acidoterrestris by DBD-ACP treatment was still

similar. Specifically, the inactivation of A. acidoterrestris grown

at 55◦C was the highest that reaching to 5.3 log-reduction after

DBD-ACP treatment, followed by A. acidoterrestris cultured

at 25◦C (4.8 log-reductions), and the inactivation rate was

significantly decreased to 3.4 and 2.6 log-reduction for cells

grown at 35 and 45◦C, respectively (p < 0.05). Additionally,

when the treatment voltage was 30 kV with the same treatment

time of 2.0min (Figure 5B), then the inactivation of A.

acidoterrestris cultured at 25 and 55◦C reached 6.7 and 6.4 log-

reduction, respectively. The amount of inactivation at 35 and

45◦C was significantly reduced (p < 0.05) to 5.5 and 4.9 log-

reduction, respectively. The effect of growth temperatures on

A. acidoterrestris cells exposed to DBD-ACP treatment with

apple juice has similar results. For example, A. acidoterrestris

cells grown at 25 and 55◦C, DBD-ACP induced 5.2 and 5.4

log-reductions at 30 kV for 2min, while A. acidoterrestris

cells cultivated at 35 and 45◦C resulted in 4.2 and 3.2 log

reductions of viability, respectively. These results suggest that

the resistance of A. acidoterrestris to DBD-ACP gradually

increased with the increase of culture temperature in the range

of 25 ∼ 45◦C expect 55◦C. The above results concerning

the effect of growth temperature on plasma inactivation are
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inconsistent with the resistance data reported by Pan et al. (27)

revealing that the inactivation of L. monocytogenes cultivated at

10◦C was found to be the most resistant to plasma exposure.

Additionally, Fernandez et al. (15) found that the effect of

growth temperatures (20, 25, 37, and 45◦C) on the inactivation

efficiency of Salmonella enterica serovar Typhimurium by cold

plasma was insignificant (15). This inconsistency may be due to

the different bacteria owning various adaptive mechanisms to

temperature, resulting in different consequences regarding the

effect of growth temperature on the resistance to DBD-ACP.

However, the present study was similar to the literature showing

that bacteria such as E. coli, L. monocytogenes, and S. aureus

inoculated at low cultured temperatures showed high sentences

to thermal or some nonthermal processing techniques including

pulsed electrical field, high-pressure processing and atmosphere

uniform glow discharge plasma (13, 14, 28). For example, Kayes

et al. (14) found that E. coli, S. aureus, and B. subtilis cultured at

35◦C were more tolerant to air plasma than bacteria cultured at

10◦C (14).

Analysis of the cell membrane fluidity

The distinct difference in resistance to DBD-ACP may be

responsible for the alterations of cell membrane fluidity and fatty

acid composition of A. acidoterrestris at the different growth

temperatures. The cellular membrane is one of the main targets

being attacked by ROS and free radicals induced by cold plasma.

Asmembrane fluidity is distinctive for the exchange of nutrients,

ions, and regulatory molecules of cells, which directly affects the

permeation of ROS into bacterial cells (7, 29). Therefore, the

membrane fluidity was worth investigating.

FT-IR is a sensitive, non-destructive technique commonly

used to detect changes in bacterial cell composition (30, 31).

In Figure 6A, the FT-IR spectra of A. acidoterrestris cultured at

different temperatures showed some typical characteristic peaks:

1,070 cm−1 and 1,234 cm−1 are typical P = O asymmetric

and symmetric stretching vibration peaks, representing themain

chain of nucleic acid and phosphodiester, respectively; while

1,399 cm−1 is the asymmetric and symmetric deformation

of CH3− and CH2− of the protein; 1,542 cm−1 is the N-H

characteristic vibration peak of protein amide II band; 1,655

cm−1 is the absorption peak near 1 is mainly the vibration

peak of protein amide I, which is assigned to C=O stretching

vibration; 2,928 cm−1 is the asymmetric stretching vibration

peak of ω-cyclic fatty acid acyl chain υsCH2−. The above results

in agreement with the previous study (32), indicating that the

basic structure of the bacteria cultured at different temperatures

is consistent. The differences in the infrared spectra exhibited by

A. acidoterrestris at different temperatures are not noticeable.

To further study the changes in fatty acid and fluidity of

the cell membrane of A. acidoterrestris at different temperatures.

In this study, the 2,800 ∼ 3,000 cm−1 infrared spectral data

were processed by the second derivative to enhance spectral

resolution. It can be seen from Figure 6B that the spectra of this

band at different culture temperatures show specific differences,

indicating that different culture temperatures have certain effects

on the composition of fatty acids in the cell membrane of A.

acidoterrestris. According to the asymmetric stretching vibration

of ω-cyclic fatty acid acyl chain υsCH2− near 2,928 cm−1, the

changes in cell membrane fluidity at different temperatures were

analyzed, and it was found that when the culture temperature

increased from 25 to 55◦C, the peak frequency from 2,927 cm−1

drops to 2,923 cm−1. Previous studies suggested that the peak

frequency of fatty acid acyl chain υsCH2- is related to cell

membrane fluidity. It is generally believed that the larger the

value, the greater the fluidity of the cell membrane, and vice

versa (19). Thus, it can be inferred that the membrane fluidity

of A. acidoterrestris cells decreased gradually with the increase

in culture temperature.

Membranes fatty acid analysis of A.
Acidoterrestris Cells

Previously, studies have shown that bacteria at different

temperatures and pH alter membrane fatty acid composition

in order to maintain a proper cell membrane fluidity and to

ensure the normal functioning ofmembrane physiology (33, 34).

For example, the saturated fatty acid content in Shewanella

putrefaciens cell decreased with the decrease of incubation

temperature (30, 10 and 4◦C), while the content of palmitoleic

acid (C16:1), lauric acid (C12:0), and myristic acid (C14:0)

increased (33). Similarly, E. coli cells were apt to increase the

proportions of saturated fatty acids at the expense of unsaturated

fatty acids, as reported by Liu et al. (28), who found that the

proportion of unsaturated fatty acids decreased from 51.63 to

29.58% as the growth temperature increased from 15 to 45◦C. In

a recent study, A. acidoterrestris was found to increase the level

of cyclic fatty acids with the expense of saturated fatty acids to

improve the acid-tolerance capability (3).

The membrane fatty acid composition of the cell of A.

acidoterrestris cultured at different temperatures is shown in

Table 1. There are five main types of fatty acids detected,

namely myristic acid (C14:0), palmitic acid (C16:0), stearic acid

(C18:0), cyclohexaneundecanoic acid (ω-cyclohexyl C17:0) and

cyclopentanetridecanoic acid (ω-cyclopentane C18:0), which

has good consistency with the results obtained by Zhao et al. (3).

In this study, A. acidoterrestris as an acidophilic heat-resistant

bacterium and ω-cyclohexyl C17:0 and ω-cyclopentane C18:0

accounted for more than 80%, which is good in consistence

with previous studies that ω-cyclic fatty acids appear in the

cell membrane of acidophilic, heat-resistant bacteria, in which

the proportion could reach 60 to 90% (35, 36). The fatty acid

components including C16:0, C18:0,ω-cyclohexyl C17:0, andω-

cyclopentane C18:0 showed a significant change under various
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FIGURE 6

Raw FT-IR spectra of A. acidoterrestris at late log phase under di�erent growth temperatures (A) and calculated second derivatives of FT-IR

spectra in the spectral range of 2,800–3,000 cm−1 (B).

TABLE 1 The proportions of primary membrane fatty acid

composition of A. acidoterrestris under di�erent growth

temperatures.

Fatty acid

composition

(%)

Growth temperature

25◦C 35◦C 45◦C 55◦C

C14:0 1.21± 0.05a 1.27± 0.07a 1.23± 0.12a 0.66± 0.09a

C16:0 4.36± 0.52a 5.79± 0.84b 8.19± 0.98c 11.35± 1.49d

C18:0 2.42± 0.49a 3.61± 0.33b 4.53± 0.88bc 5.85± 1.48c

ω-cyclohexyl C17:0 81.09± 1.23a 72.37± 1.63b 59.23± 1.53c 49.86± 1.83d

ω-cyclopentane

C18:0

10.83± 1.53a 16.94± 1.81b 26.81± 1.47c 32.21± 1.86d

SFAs 7.99± 1.06a 10.67± 1.24ab 13.95± 1.98c 17.86± 3.06d

CFAs 91.92± 2.76a 89.31± 3.44ab 86.04± 3.0b 82.07± 3.69bc

Values followed by a different letter (a–d) in the same line are significantly different

(p < 0.05).

culture temperatures. Among them, the relative content of ω-

cyclohexyl C17:0 was the highest when the culture temperature

was 25◦C, accounting for 81.9%. With the increase in culture

temperature (35-55◦C), the proportion of ω-cyclohexyl C17:0

was gradually decreased, accounting for 72.37, 59.23, and

49.86%, respectively (p < 0.05). In contrast, the level of

ω-cyclopentane C18:0 showed an upward trend, increasing

from 10.83 to 32.21% with an increased temperature of 25

to 55◦C, respectively. In a study, as compared with straight-

chain fatty acids, cyclic fatty acids can reduce the trans-

gauche isomerization of lipid chains, thereby increasing the

order degree of lipid chains and the area of lipid layers, and

reducing the fluidity of cell membranes (37, 38). However, a

study has shown that the loose packing of ω-alicyclic fatty

acids in the cell membrane is in the disorder of lipid tails

increasing membrane fluidity, and the larger the ring size (3- to

7-membered cycloalkyl) in ω-alicyclic fatty acids, the disorder

degree is greater (36). On the other hand, the relative proportion

of C16:0 and C18:0 also increased, i.e., from 4.36, 2.43% at 25◦C

and to 11.35 and 5.85%, at 55◦C. Generally, straight-chain fatty

acids, including C16:0 and C18:0 are neatly arranged in the

cell membrane, and the stacking is good and tight. Therefore,

the higher the proportion of straight-chain fatty acids in the

cell membrane, the lower the fluidity of the cell membrane

(17, 39, 40). Thus, it could be inferred that the decreased cell

membrane fluidity with the increased culture temperature of A.

acidoterrestris cells are the results of an increase of C16:0, C18:0,

and ω-cyclopentane C18:0.

Implication for the resistance of A.
Acidoterrestris cells with membrane fatty
acid profile

The stacked loose ω-alicyclic fatty acids can protect

acidophilus from high temperature and low pH conditions

by forming a dynamic barrier that restricts lipid diffusion

and H+ transmembrane diffusion (36). However, different

from the mechanism of high temperature and low acid

action, various reactive oxygen species and reactive nitrogen

components such as ozone, hydroxyl radicals, and singlet

oxygen radicals generated by plasma treatment, which will

damage the function of fatty acids, induce lipids, especially the

peroxidation of unsaturated fatty acids even destroys the cell

membrane and leads to cell lysis and bacterial death (25, 41).

In addition, the free radicals generated by plasma treatment

can also cross the cell membrane and enter the cytoplasm

to attack the biological macromolecules such as nucleic acids
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(25). In this study, A. acidoterrestris as an acidophilic heat-

resistant bacteria, and ω-cyclohexyl C17:0 and ω-cyclopentane

C18:0 accounted for more than 80%. With the increase in

culture temperature (25–55◦C), the total content of straight-

chain fatty acids in the cell membrane of A. acidoterrestris

increased gradually from 8.0 to 17.86% (p<0.05). In contrast,

the content of cyclic fatty acids decreased from 92.92 to 82.07%.

It can be inferred that loosely stacked ω-alicyclic fatty acids

(especially ω-cyclohexyl C17:0) may be more conducive to

the accumulation of oxygen free radicals and other reactive

components in the cell membrane, that not only cause damage

to the cell membrane but also increases oxygen free radicals

and other components entry and cause cell death. In contrast,

the well-arranged, packed, tight straight-chained fatty acids may

prevent the entry of these harmful substances to a certain

extent. Therefore, the decrease of cyclic fatty acid content

and the increase of straight-chain fatty acids caused by the

increase in culture temperature may be the reason for the

increase in plasma tolerance of A. acidoterrestris in the culture

temperature range of 25 to 45◦C. It is worth mentioning that

the content of straight-chain fatty acids in the cell membrane

of A. acidoterrestris was the highest when cultured at 55◦C,

but these cells are highly sensitive to DBD-ACP treatment.

These results may be related to the aerobic metabolism of A.

acidoterrestris was improved at higher temperatures (55◦C).

Reportedly, the generation of intracellular reactive oxygen

species by aerobic metabolism was increased with environment

temperature (42). Therefore, it could speculate that a growth

temperature of 55◦C might cause remarkable effects on the

plasma-mediated accumulated abundance of intracellular ROS

inducing bacteria to be more sensitive to DBD-ACP treatment

(7, 43).

Conclusions

The inactivation of DBD-ACP on A. acidoterrestris and

effects of growth temperatures on their resistance was

investigated. Results show that DBD-ACP is effective in the

inactivation of A. acidoterrestris by causing a significant increase

in cell membrane permeability with leakage of cytoplasmic

contents and changes in bacterial morphology. A. acidoterrestris

cells at different growth temperatures (25, 35 45 and 55◦C)

exhibited different resistance to DBD-ACP treatment. A.

acidoterrestris cells grown at 45◦C were found to be the

most resistant, followed by at 35◦C, 25◦C and 55◦C. The

growth temperatures of A. acidoterrestris induced noticeable

modifications of membrane fatty acid profile and fluidity

during cultivation. For example, the most abundant fatty acids,

i.e. ω-cyclohexyl C17:0 and ω-cyclopentane C18:0, changed

from 81.09% to 49.86% and 10.83% to 32.21% at the growth

temperatures of 25 to 55◦C. Growth temperature-mediated

alterations in fatty acid profile and membrane fluidity of A.

acidoterrestris were associated with its viability to DBD plasma

exposure and a significant increase in resistance with increased

growth temperatures from 25 to 45◦C. It is worth mentioning

that A. acidoterrestris cells grown at 55◦C are highly sensitive

to DBD-ACP treatment. These results may be related to the

growth temperature of 55◦C causing remarkable effects on

the plasma-mediated accumulated abundance of intracellular

ROS inducing bacteria to be more sensitive to DBD-ACP

treatment. In conclusion, this study demonstrated DBD-ACP is

a promising technology in inactivating A. acidoterrestris, but it

is worth noting growth temperature plays a role in the resistance

of A. acidoterrestris to DBD-ACP, suggesting a potential way

to improve the sterilization efficiency in practical application

by adjusting the preconditioning temperature. However, more

investigations are still needed to further understand how

A. acidoterrestris regulate membrane fatty acid and fluidity

based on the genetics and metabolomics in response to

various temperature.
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Astaxanthin (AST), a red pigment of the carotenoids, has various advantageous

biological activities. Nevertheless, the wide application of AST is restricted due

to its poorwater solubility and highly unsaturated structure. To overcome these

limitations, carrier-free astaxanthin nanoparticles (AST-NPs) were fabricated

through the anti-solvent precipitation method. The AST-NPs had a small

particle size, negative zeta potential and high loading capacity. Analysis of DSC

and XRD demonstrated that amorphous AST existed in AST-NPs. In comparison

with free AST, AST-NPs displayed enhanced stability during storage. Besides, it

also showed outstanding stability when exposed to UV light. Furthermore, the

antioxidant capacity of AST-NPs was significantly increased. In vitro release

study showed that AST-NPs significantly delayed the release of AST in the

releasing medium. These findings indicated that AST-NPs would be an ideal

formulation for AST, which could contribute to the development of novel

functional foods.

KEYWORDS

astaxanthin, carrier-free, antioxidant, food industry, nanoparticles

Introduction

Astaxanthin (AST) is a lipid-soluble and red keto-carotenoid that has been separated

from sundry microorganisms, phytoplankton, marine animals and seafood (1–4). It is

commonly applied in the food, beverages, aquaculture, cosmetics and pharmaceutical

industries due to its excellent antioxidant activity (5). Massive studies have demonstrated

that the antioxidant activity of AST is 10 times higher than β-carotene and 100

times more powerful than vitamin E (6, 7). However, AST is highly unsaturated and

decomposes easily when exposed to light, heat and oxygen during storage. In addition,

its poor water solubility, pungent odor and instability have hampered its wide application

in human nutrition (8).
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Different methods have been explored to solve these

issues, such as β-cyclodextrin complexes, liposomes and

polymeric nanospheres (9). For example, the stability of AST

was significantly improved when using MCC and CMC-Na

as wall materials (10). AST nano-dispersion was prepared

using WPI and PWP through an emulsification-evaporation

technique and showed increased bioavailability (11). Besides,

it has been reported that the antioxidant capacity of AST-

nanodispersions was much greater than that of free AST (12,

13). Nevertheless, these preparation process usually require

some chemical cross-linking agent (aldehydes), which may

have certain security concerns (14). Furthermore, the design

and synthesis of multi-component delivery systems are usually

time-consuming and complicated. To avoid possible toxicity

from carriers or problems related to biodegradation, carrier-

free drug delivery systems (DDS) have been recently developed

(15, 16). The nanostructures of carrier-free DDSwere aggregated

by pure drugs and could maximize the loading capacity of

hydrophobic drug molecules. Meanwhile, many carrier-free

nanoparticles were successfully prepared by anti-solvent method

(17). These carrier-free DDS are speculated to self-assemble

via hydrophobic interactions (π-π stacking) or hydrogen

bonds in the structures of the molecules. On this basis, we

wondered whether the carrier-free AST nanoparticles could also

be designed.

The aim of our study was to fabricate carrier-free astaxanthin

nanoparticles (AST-NPs) through the anti-solvent precipitation

method (Figure 1). The physicochemical properties of AST-NPs

were systematically measured. Meanwhile, the photostability

and storage stability of AST-NPs were also determined to study

the potential of industrial application. Additionally, XRD and

DSC were used to assess the crystalline nature and thermal

property of AST-NPs, respectively. Finally, the in vitro release

behavior of AST-NPs as well as its antioxidant activity was

also evaluated. These results indicated that AST-NPs could

simultaneously improve the stability and antioxidant capacity

of AST, which would extend the use of lipophilic nutraceuticals

(AST) in foods.

Abbreviations: AST, Astaxanthin; CMC-Na, Carboxymethyl cellulose

sodium; MCC, Microcrystalline cellulose; WPI, Whey protein

isolation; PWP, Polymerized whey protein; PVP, Poly-vinylpyrrolidone;

DLS, Dynamic light scattering; PDI, Polydispersity index;

mPEG-DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethyleneglycol)]; DSC, Di�erential scanning calorimetry;

XRD, X-ray di�raction; TEM, Transmission electron microscopy;

SEM, Scanning electron microscopy; LC, Loading capacity; ABTS, 2,

2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid).

Materials and methods

Materials

Astaxanthin (AST) (pure > 97%) was bought from Aladdin

Industrial Corporation (Shanghai, China). ABTS and potassium

persulfate were purchased from Shanghai Macklin Biochemical

Co., Ltd. (Shanghai, China). All other solvents including

dimethyl sulfoxide (DMSO) and ethanol were supplied by

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

Preparation

AST-NPs were fabricated by the anti-solvent method.

AST-DMSO solution was obtained by dissolving AST in DMSO

through sonication treatment for 1min. 250 µL of AST-DMSO

solution was dropwise injected into 10mL of DI water and then

mPEG-DSPE was added under stirring condition. Finally, the

AST-NPs were fabricated after being stirred for 2 h at 40 ◦C.

Characterization of AST-NPs

The mean particle size of AST-NPs was determined by

DLS. The morphology of AST-NPs was examined by TEM

(HT-7700, Hitachi High-Technologies Corporation, Japan). 200

µL of sample was dropped to a copper gird, which was dried by

a filter paper. The samples were subjected to TEM after drying.

The surface morphology of AST-NPs was also examined under

a SEM (Hitachi, SU8220, Japan). The gold spray treatment was

carried out on samples before measurement.

Loading capacity

The UV-Vis spectroscopy was used to determine LC

of AST-NPs. Briefly, the AST-NPs were transferred into

a centrifuge tube and then centrifuged. The precipitation

was collected and mixed with DMSO-water solution.

The absorbance of samples was determined by a UV-Vis

spectrophotometer to calculate the concentration of AST. A

standard calibration curve of AST in DMSO-water solution

was previously obtained: Y= 0.1834X - 0.009 (R2 = 0.9996),

where Y and X refer to the absorbance and concentration of

AST, respectively. Finally, LC was investigated according to the

following equation:

LC (%) =
Total AST − free AST

Total amount of nanoparticles
× 100% (1)
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FIGURE 1

Schematic illustration of the AST-NPs.

XRD patterns

The XRD patterns of AST, mPEG-DSPE and AST-NPs

powders were recorded using an X-ray diffractometer (Rigaku

D/MAX 2500V). The XRD patterns were recorded from 5 to 60◦

at a speed of 10 ◦/min.

DSC measurements

The measurement of DSC (STA 449 F3, NETZSCH) was

carried out to characterize the thermal property of samples.

Briefly, the sample was placed in a sealed aluminum pan. The

DSC curves were scanned from 50 to 300 ◦C.

Storage stability

The samples of free AST and AST-NPs were transferred to

the transparent tube and then stored at room temperature in a

light-proof cabinet for 72 h to investigate the stability behavior.

Photostability study

The photostability of AST-NPs was assessed by the UV-

Vis spectroscopy. In brief, the samples were transferred to

transparent container and then exposed to UV light for 70min.

The samples were collected at certain times (0, 10, 20, 30, 40, 50,

60 and 70min). The retention rate of AST was calculated:

Retention rate of AST (%) =
A

A0
× 100% (2)

where A andA0 represent the absorbance at different time points

and the initial absorbance of AST, respectively.

In vitro release study

The release rate of AST-NPs in vitro was studied by the

dialysis method. The samples of free AST and AST-NPs were

poured inside dialysis bags, respectively. Then, the dialysis bags

were placed into PBS buffer with Tween-80 (0.1%) and kept

under 100 rpm for 240min in a constant temperature incubator

shaker (MQT-60, Shanghai Minquan Instrument Co., LTD). At

pre-determined intervals (30, 60, 90, 120, 150, 180, 210 and

240min), 4mL of sample inside the dialysis bags was collected.

The absorbance of each sample was determined to estimate the

percentage of the released drug.

Antioxidant activity

ABTS stock solution and potassium persulfate solution

were mixed in equal volumes. ABTS working solution can be

obtained by diluting with ethanol. Then, 3mL of ABTS working

solution was mixed with an equal volume of sample solution

for 10min. All of the samples at 734 nm were determined by a

UV-Vis spectrophotometer.

Results and discussion

Preparation and characterization of
AST-NPs

As depicted in Figure 2A, the obtained AST-NPs presented

a nearly monodisperse particle size distribution with a mean

diameter of 74.29 ± 7.92 nm (PDI = 0.130 ± 0.012). In this

study, the zeta potential of AST-NPs was −14.4 ± 2.96mV,

which was responsible for the stability of the nanoparticles.

In addition, an obvious Tyndall effect could be observed

via a laser (Figure 2B), which suggested the formation of
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FIGURE 2

(A) Particle size and PDI of AST-NPs. (B) Tyndall e�ect of AST-NPs. (C) TEM image and (D) SEM image of AST-NPs.

nanoparticles (18). The morphological characteristics of the

AST-NPs were investigated by TEM and SEM. The TEM

image displayed uniformly dispersed AST-NPs with spherical

structure (Figure 2C) and the SEM photo also showed that

the nanoparticles were well-dispersed without any aggregation

(Figure 2D). The LC (94.57 ± 0.70%) of AST-NPs was

significantly improved than that of other carrier-based DDS

(mostly <10%). This phenomenon might be attributed to that

the stable interaction forces could be formed between AST

molecules without the help of any carrier.

XRD analysis

The stability and solubility of functional components are

related to their crystalline state (19). XRD measurements were

performed on free AST, mPEG-DSPE and AST-NPs to obtain

information about the crystalline state (Figure 3). Generally,

the more peaks in XRD patterns of samples mean the higher

degree of structural crystallites (20). The XRD pattern of free

AST indicated multiple distinct characteristic peaks at 11.1,

13.7, 16.38, 18.36, 20.52 and 25.6◦, which were related to its

crystalline nature (21). By contrast, these sharp peaks in the

diffractogram of AST-NPs were disappeared. This phenomenon

indicated that the AST was embedded in the nanoparticles

FIGURE 3

XRD patterns of AST-NPs, mPEG-DSPE and free AST.

and transformed the crystal form into an amorphous form.

Typically, the modification of a crystalline nature through nano-

dimension can be an ideal way for elevating the solvability

of drugs, which may be advantageous for the application of

AST (19).
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DSC analysis

DSC analysis could qualitatively reflect changes in physical

state of drugs, relying on the changes of endothermic peaks

(22). DSC thermograms of free AST, mPEG-DSPE and AST-NPs

were shown in Figure 4. The free AST exhibited an endothermic

peak near 218 ◦C corresponding to its melting point, which

showed that AST was present in a crystal form (23). However,

the melting endothermic peak of AST was not visible in the DSC

spectrum of AST-NPs, which indicated that the AST was in an

amorphous form rather than in a crystalline form. In addition,

it also indicated that the AST was successfully encapsulated into

AST-NPs. Unlike crystalline AST, the dissolution of amorphous

AST required less energy to diffuse, making it have better

solubility (24). These results were consistent with the findings

of XRD analysis.

FIGURE 4

DSC thermograms of AST-NPs, mPEG-DSPE and free AST.

Storage stability

For AST-NPs, it is important that they have excellent stability

during storage time (25). For this reason, we recorded the

changes in the physical properties of the AST-NPs dispersion

over time and compared them to the aqueous solution of

free AST. Obvious differences between free AST and AST-NPs

in anti-aggregation ability were observed after the storage for

72 h at room temperature in the dark. Specially, as shown

in Figures 5A–D, no obvious visual differences were observed

in the nano-dispersion (72 h). In contrast, visual observations

of free AST indicated the formation of sediment at the

bottom of the test tubes over time, which suggested that

free AST molecules aggregated during storage. Meanwhile, the

appearance and turbidity of the AST-NPs dispersion remained

relatively unchanged after being stored at 25 ◦C for 36 h. In

fact, only slight color fading and a small amount of sediment

were observed after 72 h. This could be attributed to the high

hydrophilicity and favorable charge characteristics, which could

protect AST-NPs against aggregation during storage.

Photostability assay

Photochemical degradation of AST could lead to its loss

of biological activity (26). The photostability of free AST or

AST-NPs was investigated by exposing them to UV light. As

can be seen in Figure 6, comparing to free AST, AST-NPs were

more stable against UV light due to the physical barrier of

nanoparticles. On the contrary, the degradation of free AST

varied linearly when it was continuously exposed to UV light. It

should be noted that, following with illumination, the retention

rate of AST in all samples was decreased. After the first 30min

of UV treatment, 87.30 ± 5.74% of AST-NPs suspension was

unchanged. At the same time, 64.87 ± 5.18% of free AST was

retained. After the whole lighting period of 70min, the retention

rate of free AST was 35.07 ± 2.20%. In contrast, 84.23 ±

FIGURE 5

The visual appearances of free AST and AST-NPs at 25◦C at di�erent time points.
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FIGURE 6

Retention rate of AST-NPs and free AST under UV light.

5.53% of AST-NPs survived due to the protective effect from

UV light afforded by encapsulation. The observation suggested

that AST-NPs considerably improved the photostability of AST,

which would be constructive to the application of AST in the

food industry.

Release property of AST-NPs

An ideal drug delivery system should release the drug in

a controlled way as well as possess excellent loading capability

(27). Figure 7 depicted in vitro release profiles of free AST

and AST-NPs. For AST-NPs, a burst release was presented

within 30min in PBS buffer, which might be due to the loss

of weakly adsorbed AST molecules on or near the surface of

the AST-NPs. After the burst release, the drug release of AST-

NPs was slowed down. At 240min, the release of free AST was

76.48 ± 1.96% whereas the drug release of AST-NPs was 57.20

± 3.44%. Compared with free AST, the release rate of AST-

NPs decreased significantly, which indicated that the AST-NPs

achieved controlled release effect. This phenomenon could be

attributed to the fact that various non-covalent interactions were

existed between AST molecules. The slow and steady release of

AST-NPs is essential for providing the body with a continuous

supply of AST (28). These results indicated that AST-NPs would

be an effective delivery system for AST.

Antioxidant activity

The high antioxidant activity of AST has been reported

owing to the keto groups and hydroxyl groups in the β-ionone

ring (29). One of the convenient ways to evaluate the antioxidant

FIGURE 7

In vitro release profiles of free AST and AST-NPs.

FIGURE 8

ABTS radical scavenging ability of free AST and AST-NPs.

activity is to react the AST with ABTS radical (30, 31). The

ABTS radical scavenging rate of free AST and AST-NPs was

shown in Figure 8. For all samples of AST-NPs, with the

increasing of the concentrations, the ABTS scavenging effect

increased in a concentration-dependent manner. As a lipophilic

compound, the free AST showed relatively low scavenging

activity at a wide range of concentrations (3–25µg/mL) due

to its poor solubility (32). At the concentration of 25µg/mL,

the ABTS radical scavenging activity of free AST was 15.45

± 2.40%. In contrast, the ABTS radical scavenging activity of

AST-NPs at equal concentration was 74.07 ± 3.26%, which

indicated that the AST-NPs could lead to the increased ABTS

radical scavenging activity. The reason for the enhancement of

antioxidant activity of AST-NPs may be due to its improved
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dispersibility, which increased the amount of AST molecules

to interact with ABTS radical. Therefore, the AST-NPs would

be an efficient way to improve the antioxidant capacity of

AST.

Conclusion

In summary, the AST-NPs were successfully fabricated

through the anti-solvent precipitation method. The obtained

AST-NPs exhibited extremely high loading capacity (94.57

± 0.70%), small average size (74.29 ± 7.92 nm) and uniform

morphology. The AST-NPs increased the solubility of AST

in water and improved its physicochemical properties.

The AST-NPs, as a delivery system for AST, not only

exhibited excellent ABTS radical scavenging activity

but also had a relatively sustained release effect in the

releasing medium. This study proved the feasibility of

AST-NPs as a delivery system. Therefore, the AST-NPs

would provide a new sight for the development of

functional foods.
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of Food Research, Centre for Innovative Process Engineering (Centiv) GmbH, Syke, Germany

Hypercholesterolemia is one of the major causes of cardiovascular ailments.

The study has been conducted on the hypothesis that hypercholesterolemia

can be modulated by microencapsulated curcumin due to its enhanced

bioavailability. In this context, curcumin obtained from fresh rhizomes

of Curcuma longa by conventional (CSE) and supercritical fluid (SFE)

extractions, has been successfully microencapsulated using a mixture of

gelatin and maltodextrin. The microencapsulated curcumin CSE &SFE, has

been added as supplemented diet and has been resulted in maximum

plasma concentration of curcumin at 100 min as 529.31 ± 8.73 and

405.23 ± 7.12 µg/mL, respectively compared to non-encapsulated turmeric

powder used as control. During the bio evaluation trial, turmeric powder (3%),

microencapsulated curcuminCSE (1%) and microencapsulated curcuminSFE

(0.5%) were provided to designate rat groups categorized by normal; N1, N2,

and N3 and hypercholesterolemic; H1, H2, and H3 conditions, respectively.

The incorporation of microencapsulated curcuminSFE in the supplemented

diet caused a reduction in serum cholesterol, low density lipoprotein (LDL)

and triglycerides, athrogenic index (AI) and cardiac risk ration (CRR) as

5.42 and 12.81%, 7.25 and 15.42%, 3.17 and 9.38%, 15.38 and 29.28%, and

10.98 19.38% in normo- and hypercholesterolemic rat groups. Additionally,

high-density lipoprotein (HDL) and anti-atherogenic index (AAI) indicated a

significant increase in all treated rat groups. Conclusively, the inclusion of

turmeric and curcumin microencapsulates in the dietary module has been

proven effective to alleviate hyperlipidemia. Therefore, the present study is

proven that curcumin absorption via the gastrointestinal tract and its stability
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toward metabolization in the body increased via microencapsulation using

maltodextrin and gelatin. Microencapsulated curcumin reaches the target site

via oral administration because of sufficient gastrointestinal residence period

and stability in the digestive tract.

KEYWORDS

curcumin, atherogenic index, microencapsulation, maltodextrin, gelatin, cholesterol,
bioavailability, supercritical fluid extraction

Introduction

Globally, the incidence of cardiovascular diseases (CVDs)
is escalating owing to poor living patterns and unwise
food choices. Furthermore, hyperlipidemia is amongst the
leading causes of CVDs, characterized by increased cholesterol
and triglyceride levels. Cholesterol is one of the lipophilic
compounds that is circulated by chylomicron, low-density
lipoproteins (LDL), very low-density lipoproteins (vLDL) and
HDL as carriers (1, 2). A progression of LDL oxidation, which
is lethal to endothelial cells, can be caused by poor eating habits
over an extended period. In this way the oxidative balance of the
body is disturbed, further resulting in plaque formation in blood
vessels by oxidizing lipoproteins (3).

Plants have always been a part of traditional health
treatments since antiquity around the globe (4, 5). Isolated
bioactive molecules from spices may serve as preliminary
materials for diet-based therapies. Amongst, curcumin is the
principal turmeric bioactive moiety and accounts for 75–
80% of total curcuminoids. Curcuminoids are secondary plant
constituents that are extracted from the rhizome of various
Curcuma species. It is aryl-C7-aryl, exhibiting a diarylheptanoid
structure responsible for the orange-red shade of turmeric
(6, 7). Unfortunately, the bioavailability of curcumin is a
challenge as a merely insignificant fraction of curcumin reaches
the target site via oral administration because of insufficient
gastrointestinal residence period, low absorption through the
intestinal wall and instability in the acidic environment of
digestive tract (8). The reseason behind its limited stability is
rapid convertion into ferulic acid and vanillin by intestinal
enzymes and conjugation with glucuronide and sulfate in
hepatic cells, thus lowering systemic concentration (9, 10). To
extract the maximum therapeutic outputs from curcumin, it
is necessary to enhance the bioavailability of this bioactive
compound. Purposely, various techniques have been tested
to enhance the bioavailability of curcumin with improved
food applications. A variety of methods are available to
increase the bioavailability, e.g., the addition of piperine,
micellation of curcuminoids or nanotechnological methods.
Among all of these, curcumin encapsulation at micro-level using
lyophilization is gaining more popularity due to its suitability for
heat sensitive biomolecules and versatility for utilizing various

coating materials composed of sugars, proteins, lipids, gums,
native and modified polysaccharides and synthetic polymers
whilst considering the compatibility with the core ingredient
i.e., curcumin. In this context, foregoing explorations on
coating of micro/nano-food particles with compatible material
have assured high encapsulating efficiency and shelf life of
bioactive compounds. Furthermore, the absorption and stability
of curcumin against metabolization via gastrointestinal tract
may be improved (11).

Numerous epidemiological studies provide convincing
evidence regarding the use of curcumin to prevent coronary
diseases (8, 12). Earlier literature revealed that curcumin blocks
the aggregation of platelets and improves erythrocyte fragility,
which are important factors in the pathogenesis of heart
attack and arteriosclerosis. Moreover, the administration of
curcumin through a daily diet tends to enhance the activity
of hepatic acyl-CoA that hinders excessive fat accumulation
in adipose tissues and the liver (13). Turmeric possesses
hepatoprotective properties due to its cholesterol-lowering
effects. It was confirmed by research outcomes of Elahi (14)
on rat models concluding that curcumin intakes decreases the
absorption of saturated fat by rapidly eliminating bile hence
lowering the risk of heart diseases.

The mechanistic approach related to curcumin revealed
the regulatory effect on the activity of hepatic cholesterol
7-α-hydroxylase thus normalizing the biosynthesis of bile
acids. Since no drug is deprived of any side effects, it
is therefore recommended to attenuate hypercholesterolemia
using diet-based therapies having no or low toxic effects
as compared to pharmaceuticals. It is interesting to know
that curcumin down-regulates gene expression for 3-hydroxy-
3-methyl-glutaryl-co-enzyme A reductase (HMGR) through
transcriptional inhibition. The major objective of cholesterol
management is to attenuate serum LDL levels (15). The
proposed mechanism described that curcumin decreases the
level of Apo-B lipoprotein in serum from hepatocytes. Apo-
B lipoprotein is involved in LDL transfer to extrahepatic
cells at a 1:1 ratio (one Apo-B lipoprotein can bind one
LDL). Moreover, regulating HDL to manage hyperlipidemia is
considered good as it sets back the transport of cholesterol to
the liver for the removal of triglycerides (TG) and cholesterol
bodies along with bile acid (16). Unfortunately, there is a lack of
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sufficient data regarding the use of microencapsulated curcumin
isolated using a supercritical fluid extraction system and
conventional solvent, i.e., ethanol in comparison with turmeric
to address dyslipidemia. In this study, it has been expected
that due to microencapsulated curcumin, which has a higher
bioavailability than turmeric, it could be possible to reduce
diet-induced hypercholesterolemia. As a result, the current
research was designed to investigate the hypocholesterolemic
potential of turmeric and microencapsulated curcumin obtained
from dried rhizomes of Curcuma longa by conventional
(CSE) and supercritical fluid extracts (SFE) using male rats
in a diet module.

Materials and methods

Fresh rhizomes of turmeric (Kasur) were procured from
Ayub Agriculture Research Institute, Faisalabad, Pakistan.
Analytical and HPLC grade reagents and standards were
purchased from Merck (Merck KGaA, Darmstadt, Germany)
and Sigma-Aldrich (Sigma-Aldrich Tokyo, Japan). For an
efficacy study, Male Sprague Dawley rats were acquired and
housed in the Animal Room of NIFSAT. For biological assays,
diagnostic kits were purchased from Sigma-Aldrich, Bioassay
(Bioassays Chemical Co. Germany) and Cayman Chemicals
(Cayman Europe, Estonia).

Extraction of curcumin

Fresh rhizomes of Curcuma longa (turmeric variety: Kasur)
were purchased from Ayub Agriculture Research Institute
(AARI), Faisalabad, Pakistan. The turmeric was then cleaned,
and adherent soil or other matter was separated followed
by dehydrating it at 60◦C in a lab-scale dehydrator. The
dried turmeric was ground to a fine powder and kept in an
airtight glass container till further utilization. Curcumin from
dehydrated turmeric powder was isolated using two different
protocols. Firstly, aqueous ethanol (50% v/v) was used to extract
curcumin from turmeric powder by agitation at a constant
temperature of 50◦C for 65 min following the prescribed
procedures of Kulkarni et al. (17). Afterward, Rotary Evaporator
(Eyela, Japan) was used to concentrate the filtered ensuing
curcumin extract and termed conventional solvent extract
(curcuminCSE) containing 31.48 ± 1.35 mg/g of curcumin in it.
Secondly, SFE of dried turmeric powder was obtained using CO2

as supercritical fluid through supercritical fluid extraction (SFT-
150) system. The sample was placed in an extraction vessel and
CO2 was introduced to the vessel and a stay time of 150 min was
given (18). After completion of the cycle, the extracted curcumin
is recovered in a glass vial. This curcumin extract was encoded as
SFE (curcuminSFE) containing 52.41 ± 2.38 mg/g of curcumin
in it (19).

Microencapsulation of curcumin

Curcumin was encapsulated using homogenous emulsions
comprised of maltodextrin (20 g) and gelatin (6 g) per
100 g solution. For this purpose, gelatin was dissolved in
warm distilled water and mixed with maltodextrin solution.
Afterward, turmeric extracts were added at a concentration
of 10% depending on the weight of encapsulating material.
The mixture was homogenized for 10 min at 3,500 rpm. The
prepared emulsions were kept at –35◦C for 24 h following
lyophilization at –30◦C according to the prescribed method
of Malacrida and Telis (11). The resultant material was finely
ground and stored for evaluation trial.

Bioavailability of curcumin

The study was approved by the Directorate of Graduate
Studies, UAF (No. DGS/474-79) after ensuring the standards for
handling and care of laboratory animals from the Departmental
Bioethics Committee. To access the bioavailability of
encapsulated curcumin, already acclimatized (23 ± 2◦C
temperature, 55 ± 5% relative humidity and 12 h light/dark
cycle for 1 week before study) male Sprague Dawley rats (n = 10
per group; power analysis) were randomly distributed into
three groups. The turmeric powder (3%) enriched diet was
orally administrated to the G0 group whereas, G1 and G2

were provided with microencapsulated curcuminCSE (1%)
and microencapsulated curcuminSFE (0.5%) enriched diets,
respectively. To quantify the curcumin content in plasma,
samples were collected at time intervals of 50, 100, 150, and
200 min (20).

Bioevaluation trial for a hypolipidemic
effect

Male Sprague Dawley rats were used and National Research
Council’s Guide for the Care and Use of Laboratory Animals
were followed during the entire study. The efficacy trial was
performed to test the therapeutic potential of curcumin-
supplemented diets against hypercholesterolemia. The rats were
acclimatized for a week by feeding on a control diet alongside
controlling temperature (23 ± 2◦C) and relative humidity
(55 ± 5%) and then randomly assigned to different groups as
illustrated in Table 1.

A Bioevaluation trial (60 days) was conducted on normal
and hypercholesterolemic rats where hypercholesterolemia was
induced by administrating a high cholesterol diet to the rats.
Each rat group (n = 10) was given the respective dietary module
during the whole trial (Table 2). In this connection, N1 and
H1 were reared on turmeric powder @ 3% enriched diet, whilst
N2 and H2 were provided with microencapsulated curcuminCSE

Frontiers in Nutrition 03 frontiersin.org

29

https://doi.org/10.3389/fnut.2022.1026890
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1026890 October 1, 2022 Time: 16:59 # 4

Ashraf et al. 10.3389/fnut.2022.1026890

TABLE 1 Bioefficacy plan.

Groups Description

N0 Normal rats reared on a normal diet

N1 Normal rats reared on a turmeric powder containing diet

N2 Normal rats reared on Microencapsulated curcuminCSE containing
diet

N3 Normal rats reared on Microencapsulated curcuminSFE containing
diet

H0 Hypercholesterolemic rats reared on a normal diet

H1 Hypercholesterolemic rats reared on a turmeric powder containing
diet

H2 Hypercholesterolemic rats reared on Microencapsulated
curcuminCSE containing diet

H3 Hypercholesterolemic rats reared on Microencapsulated
curcuminSFE containing diet

CSE, Conventional solvent extract; SFE, Supercritical fluid extract.

@ 1% enriched diet. The rats in N3 and H3 were fed on a
0.5% microencapsulated curcuminSFE enriched diet whereas,
N0 (negative control) and H0 (positive control) were used as
reference controls. At the end of the trial, blood samples of
overnight fasted rats were collected and centrifuged (4,000 rpm
for 6 min) for collection of sera via centrifuge machine. The
collected sera were subjected to assessment of various lipidemic
biomarkers using Microlab 300, Merck, Germany. Furthermore,
lipidemic ratios were also calculated to assess the risk index for
cardiac diseases.

Serum lipid profile

Serum lipid profiles including total cholesterol (TC), LDL,
HDL, and TG were measured following respective protocols.
Sera cholesterol and LDL were estimated by CHOD–PAP
method and TG were estimated by GPO–PAP method as
described by Kim et al. (21). HDL in sera was measured by

the Cholesterol Precipitant procedure as described by Alshatwi
et al. (22). However, VLDL and non-HDL levels in sera were
calculated using Friedewald expression. Moreover, Atherogenic
Index (AI), HDL to TC ratio (HTR%), Cardiac Risk Ratio (CRR)
and Anti-Atherogenic Index (AAI) were computed using the
expressions mentioned by Ashfaq et al. (23).

Statistical analyses

One-way Analysis of Variance (ANOVA) was used to
determine the level of significance using Cohort version 6.1. The
P-value < 0.05 was considered a significant effects. Furthermore,
Tukey’s Honest Significant Difference (HSD) test was used for
post hoc comparison of the means. All the results are then
expressed as mean ± SD.

Results

Bioavailability of curcumin

Data obtained for curcumin bioavailability in plasma
samples of rats were statistically analyzed. Due to the influence
of treatments and time intervals, there was a considerable
fluctuation in curcumin content in rat plasma (Figure 1). The
maximum value (Cmax) for curcumin (529.31 ± 8.73 µg/mL)
was observed for the rat group (G2) that was provided with a
microencapsulated curcuminSFE enriched diet with a maximum
time (Tmax) of 100 min that decreases to 462.98 ± 7.25
and 385.76 ± 5.01 µg/mL at 150 and 200 min, respectively
(Figure 1). For the G1 group rats fed on a microencapsulated
curcuminCSE enriched diet, the recorded values for curcumin in
rat’s plasma were 223.51 ± 3.76, 405.23 ± 7.12, 319.57 ± 6.41,
and 237.49 ± 4.25 µg/mL at 50, 100, 150, and 200 min,
respectively. However, curcumin concentration decreased

TABLE 2 Diet composition for different rat groups.

Ingredients Quantities (g/1,000 g)

N0 N1 N2 N3 H0 H1 H2 H3

Flour 812 782 802 807 769.6 739.6 759.6 764.6

Corn oil 90 90 90 90 120 120 120 120

Casein 50 50 50 50 50 50 50 50

Minerals 30 30 30 30 30 30 30 30

Vitamin 10 10 10 10 10 10 10 10

Bran 8 8 8 8 5 5 5 5

Cholesterol – – – – 15 15 15 15

Choline – – – – 0.4 0.4 0.4 0.4

Turmeric powder – 30 – – – 30 – –

Microencapsulated curcuminCSE – – 10 – – – 10 –

Microencapsulated curcuminSFE – – – 5 – – – 5
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FIGURE 1

Curcumin concentration (µg/mL) in rat plasma at different time intervals.

TABLE 3 Serum lipid profile of rats treated with different curcumin-enriched diets.

Groups High density
lipoproteins
(mg/dL)

Low density
lipoproteins
(mg/dL)

Triglycerides
(mg/dL)

Total
cholesterol
(mg/dL)

Very low density
lipoprotein
(mg/dL)

Non-high density
lipoprotein
(mg/dL)

N0 34.87 ± 1.25c 31.73 ± 1.30d 64.31 ± 2.18d 80.22 ± 2.72d 12.86 ± 0.23c 45.35 ± 1.76d

N1 35.42 ± 1.31c 30.98 ± 1.16de 63.08 ± 2.45d 78.34 ± 2.89d 12.61 ± 0.45c 42.92 ± 0.97de

N2 35.89 ± 1.56c 29.77 ± 1.03e 62.59 ± 2.39de 76.85 ± 3.18de 12.51 ± 0.19c 40.96 ± 1.41e

N3 36.01 ± 1.72c 29.23 ± 0.99d 62.27 ± 1.92e 75.87 ± 3.41e 12.45 ± 0.57c 39.86 ± 2.12e

H0 59.30 ± 2.07b 58.15 ± 2.26a 97.02 ± 4.36a 142.56 ± 6.42a 19.40 ± 0.71a 83.26 ± 2.78a

H1 60.55 ± 2.24ab 52.41 ± 1.61b 91.69 ± 3.32b 130.12 ± 4.70b 18.33 ± 0.62ab 69.57 ± 3.09b

H2 61.48 ± 2.26a 50.14 ± 2.06bc 89.53 ± 3.60bc 127.53 ± 4.97bc 17.90 ± 0.49b 66.05 ± 1.82bc

H3 62.31 ± 2.04a 49.18 ± 1.87bc 87.91 ± 3.52c 124.29 ± 5.09c 17.58 ± 0.33b 61.98 ± 1.95c

Data values represent mean ± SD (n = 10); means carrying different superscripted letters in a column differ significantly (P < 0.05).

rapidly from 205.45 ± 3.84–21.29 ± 0.14 µg/mL in plasma
of rat group (G0) fed on a diet containing turmeric powder
from 50 to 200 min, respectively. The trends observed in
these results showed that the bioavailability of curcumin
is enhanced using microencapsulation which is one of the
limiting factors in the effectiveness of curcumin’s medicinal
worth.

Cholesterol

The data for the serum lipid profile of male Sprague Dawley
rats after a 60-day feed model trial is depicted in Table 3.
The statistical analysis of the pooled data regarding TC in
normal and high cholesterol diet-induced hypercholesterolemic
rat groups depicted significant differences (P < 0.05) among
treated groups for 2 months of study. It was observed that in
the normal group TC decreased in rat groups fed on a diet
containing turmeric powder, microencapsulated curcuminCSE

and microencapsulated curcuminSFE, respectively as compared

to rats treated with a normal diet. On the other side, the
TC of rats (H0) fed with a diet containing high cholesterol
increased by 43.72% in contrast to its normal counterpart (N0).
These outcomes showed that the cholesterol administration in
the daily diet caused lipid metabolic dysfunction, ultimately
endorsing hyperlipidemia. However, variations in dietary
patterns of rat groups by the inclusion of turmeric powder,
curcuminCSE and curcuminSFE microencapsulated alleviated
total sera cholesterol as signified in H1 (7.32%), H2 (10.54%)
and H3 (12.81%) groups, respectively. The current findings show
that supplementing the diets with curcumin microencapsulated
lowers circulating lipids, alleviating the negative effects of
treated rats’ hypercholesterolemia.

High-density lipoprotein

The means relating to HDL expounded significant
differences (P < 0.05) for normal as well as hyper
cholesterolemic rat groups (Table 3). The diet-induced
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hypercholesterolemic rat group reared on a regular diet (H0)
illustrated a marked reduction in HDL level as compared to its
negative control group (N0) illuminated the highly damaging
impact of high cholesterol diet on lipidemic biomarkers, HDL.
Nonetheless, it is unusual to mention that a diet containing
turmeric powder (H1), nutraceutical microencapsulated-
curcuminCSE (H2) and –curcuminSFE (H3) restored the HDL
cholesterol more significantly than H0. However, a comparative
study for normal and hypercholesterolemic rats showed that
differences in sera HDL cholesterol were statistically similar
in normal rats although marginally better HDL levels were
recorded in N1, N2, and N3 rats treated with relevant turmeric
powder and curcumin microencapsulated than N0 indicating a
positive effect of turmeric polyphenol curcumin that helps to
maintain the needed level of good cholesterol, which prevents
plaque development in the body’s systemic blood circulation.

Low-density lipoprotein

The statistical data regarding LDL cholesterol in normal
rats depicted a higher level of LDL in sera of control rats
(N0) than turmeric powder, nutraceutical microencapsulated-
curcuminSFE (N2) and –curcuminCSE (N1) treated rats.
Furthermore, remarkable differences (P < 0.05) were recorded
related to LDL cholesterol among the groups of hyperlipidemic
rat models. The highest LDL value was noted in the
positive control group (H0) of hypercholesterolemic rats.
The cholesterol feeding throughout the experimental period
disturbed lipid metabolism in rats thus elevating serum LDL
cholesterol. Nonetheless, the provision of curcumin-based diet
to hypercholesterolemic rats was proven effective to manage
lipid-related anomalies by suppressing the elevated LDL level
as illustrated by their mean values relating to H1, H2, and H3.
Compared to H0, a significant 15.42, 13.77, and 9.86% reduction
in LDL levels of H1, H2 and H3 groups correspondingly were
observed validating the therapeutic potential of a turmeric
polyphenol enriched diet. In a nutshell, diet containing a
variety of turmeric bioactives could be beneficial in reducing a
variety of lifestyle-related discrepancies associated with serum
lipid abnormalities.

Very low-density lipoprotein

From the results, it is obvious that rats depending on a
high cholesterol diet in group H0 got higher (33.71%) VLDL
cholesterol than that of N0 thus, demonstrating the adverse
impact of high cholesterol on balanced lipidemic parameters
as about 50% of a VLDL particle is composed of TG. N1, N2

and N3 were statistically alike when compared to N0, whereas,
significant variations (P < 0.05) were specified compared to H0,
H1, H2, and H3. However, in terms of VLDL, when compared

to H0, supplementation of turmeric powder, nutraceutical
curcumin isolated using conventional solvent and supercritical
fluid in the dietary module of H1, H2, and H3 rats’ groups
managed to lower VLDL cholesterol by 5.52, 7.73, and 9.38%,
correspondingly highlighting protective effects of curcumin-
based diet (Table 3).

Non-high-density lipoprotein

The data for normal and diet-induced hypercholesterolemic
rat groups (Table 3) elucidated the significant efficacy of the
study of microencapsulated curcumin in reducing serum non-
High-density lipoprotein (n-HDL) levels for all treated groups.
Administration of turmeric powder (H1), microencapsulated-
curcuminCSE (H2) and –curcuminSFE (H3) showed a significant
impact on n-HDL indicating modulatory effect of turmeric
bioactive compound, i.e., curcumin on the major lipoproteins
linked with a higher risk of cardiovascular disease. When
compared to H0, diet modification by using turmeric for H1,
H2, and H3 lowered n-HDL by 16.44, 20.67, and 25.56%,
correspondingly. Similarly, the normal counterparts of H1,
H2, and H3, that is, N1, N2, and N3 groups also presented
significantly lower n-HDL levels.

Triglycerides

Triacylglycerols are a major element of chylomicron and
may act as energy substrates for hepatic and peripheral tissues,
chiefly, muscles. The pooled means (Table 3) revealed an
obvious trend in which TG in the serum of three test groups (N1,
N2, and N3) was lower than the rat group fed a normal diet (N0).
However, triglyceride level of hyperlipidemic rat groups reared
on diet containing turmeric powder (H1), microencapsulated-
curcuminCSE (H2) and –curcuminSFE (H3) was dramatically
lower than that of H0 (P < 0.05). The momentous decline
was observed in H3 (9.38%) followed by H2 (7.72%) and
H1 (5.49%), respectively as referred from H0. It indicated
that Curcumin-rich diets reduce the negative effects of high
cholesterol consumption on lipid profiles.

Lipidemic ratios

In terms of lipidemic ratios, the rats in the H0 group had
a significantly higher AI (P < 0.05) than rats in the N0 group
due to high cholesterol in their diet. There was a significant
difference between H0 and the other study groups (Table 4).
The variations in this parameter among groups were attributed
to the provision of curcumin-enriched diets that normalized the
atherogenic index; a novel indicator involved in dyslipidemia by
normalizing HDL levels. It caused an 18.57, 23.57, and 29.28%
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reduction in the AI in H1, H2, and H3, respectively than H0.
The alike trend was observed for other study groups relying on a
normal diet. In contradiction, the AAI of all rat groups increased
momentously as compared to their control groups N0 and H0

due to the positive effect of curcumin on good cholesterol (HDL)
in sera. The risk of cardiac arrest due to plaque formation in
arteries is increased by elevation in LDL serum cholesterol,
hence increasing the CRR.

According to statistical inferences for CRR (Table 4),
turmeric and curcumin inclusion isolated by conventional
ethanol and super-critical fluid in daily intakes of different
rat groups had a significant effect on CRR value. The rat
groups N1, N2, and N3 are at lower cardiac risk in comparison
to N0. Likewise, the higher cardiac risk was recorded in H0

that was remarkably lower for rat groups feeding on turmeric
powder (H1) and curcuminCSE (H2) and curcuminSFE (H3)
microencapsulated containing diet proving its prophylactic role
against elevated lipid biomarkers (LDL, VLDL, and TG). It
is also noteworthy, that turmeric and its bioactive; curcumin
significantly improves the HTR (%) by upgrading the level
of HDL cholesterol in normal (N1, N2, and N3) and high
cholesterol (H1, H2, and H3) treated rat groups as compared
to negative (N0) and positive (H0) controls during 2-month
efficacy trial.

Discussion

Nowadays, increased reliance on hypercaloric foods, poor
dietary habits and a deskbound lifestyle are the dominant factors
throughout the world, ultimately responsible for the escalated
prevalence of lifestyle-related disorders such as hyperlipidemia,
coronary complications, etc. To cope with this scenario,
consumers have been curious about healthy food options to
ensure disease prevention beyond basic nutrition. Accordingly,
bioactive plant ingredients have captured the attention of
health-conscious consumers owing to their acceptability, low
cost and safe nature (24). Numerous evidence have enlightened
the affirmative participation of spices in improving physiological

functionality (25, 26). In this regard, turmeric has gained great
attention due to its antioxidant potential, which is primarily
attributed to curcumin. Considering the aforementioned facts,
the purpose of this study was to evaluate the nutraceutical value
of locally cultivated turmeric against high serum cholesterol
levels caused by diet (27). To secure these health benefits, it is
noteworthy to select optimum extraction modes (conventional
and non-conventional techniques), solvent (polar and non-
polar), extraction parameters (temperature, pH and time) to
isolate curmin from parent plant; turmeric. A study relating
to aforementioned parameters was conducted (19). They
concluded that green extraction technologies (SFE) should be
employed to isolate and purify heat labile food components as
compared to conventional extraction tools. Additionally, the
low stability and escalated intestinal metabolism of curcumin
during first pass metabolism have limited its therapeutic value
against various maladies. However, encapsulating the core
material in bio-stable matrices improves its bioavailability
in systemic circulation. In pharmacokinetic study, Takahashi
et al. (28) determined the impact of lecithin liposome as
coating material to modulate curcumin release at targeted
tissues in rats. Accordingly, 319.2 µg/mL was recorded at
120 min in rat plasma receiving Liposome Encapsulated
Curcumin (LEC) as compared to group fed on free curcumin
with maximum concentration (Cmax) of 34.6 µg/mL at Tmax

30 min. It was studied that ingestion of turmeric biomolecule
“curcumin” decreases the absorption of high cholesterol diet
by rapidly eliminating bile hence lowering the risk of heart
diseases (14).

The result of this research supported the modulatory
effect of turmeric and microencapsulated curcumin against
hyperlipidemia. The outcomes of the research firmly supported
the established hypothesis for the research and concluded
that microencapsulated curcumin modulates diet-induced
hypercholesterolemia due to its higher bioavailability in contrast
to turmeric powder. As it was observed that curcumin
encapsulated in maltodextrin and gelatin is less susceptible to
degradation into metabolites and conjugation. The graphical
representation for microencapsulated curcumin availability in

TABLE 4 Lipidemic ratio of rats treated with different curcumin-enriched diets.

Groups AI Cardiac risk ratio (CRR) HDL:TC ratio (HTR%) AAI

N0 1.30 ± 0.02b 0.91 ± 0.03b 43.47 ± 1.72bc 0.77 ± 0.01bc

N1 1.21 ± 0.01bc 0.87 ± 0.02bc 45.21 ± 1.37b 0.83 ± 0.04b

N2 1.14 ± 0.05b 0.83 ± 0.01c 46.70 ± 0.79b 0.88 ± 0.01c

N3 1.10 ± 0.02bc 0.81 ± 0.01cd 47.46 ± 2.45ab 0.90 ± 0.03ab

H0 1.40 ± 0.03a 0.98 ± 0.07a 41.60 ± 1.98c 0.71 ± 0.02c

H1 1.14 ± 0.01b 0.87 ± 0.04bc 46.53 ± 2.13b 0.87 ± 0.04bc

H2 1.07 ± 0.06bc 0.82 ± 0.02c 48.20 ± 1.56ab 0.93 ± 0.06b

H3 0.99 ± 0.02c 0.79 ± 0.05d 50.13 ± 0.66a 1.01 ± 0.05a

Data values represent mean ± SD (n = 10); means carrying different superscripted letters in a column differ significantly (P < 0.05).
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rat plasma has confirmed its maximum retention at 100 min as
compared to turmeric powder. Another important parameter of
the study was green extraction technology, i.e., supercritical fluid
extraction used for improved curcumin yield extraction and eco-
friendly compared to the conventional extraction method. It is
worth noting that the efficacy of biomolecules can be improved
by employing novel extraction tools in conjunction with various
combinations of bio-stable matrices.

Diet-induced hypercholesterolemia in model feed trials
has been used as a routine approach to check the effects
of functional compounds against dyslipidemia (23). The
results of our study are quite in line with the previous
reports. One of the mechanistic approaches behind the
hypocholesterolemic potential of turmeric bioactive is to
modulate liver X receptor-α, i.e., nuclear receptor protein that
regulates macrophage formation and transcriptional factors
ultimately maintaining lipid homeostasis (29). It has been
reported that the consumption of a high-fat diet (HFD)
caused deposition of inflammatory cells, lipid infiltration and
localization of Intercellular Adhesion Molecule-1 (ICAM-1) and
Vascular Cell Adhesion Molecule-1 (VCAM-1), which are key
indicators of coronary heart diseases. However, administration
of curcumin did not show any mark of ICAM-1 and VCAM-
1 adhesion molecules in the aortic arch of rats fed on
high cholesterol diet (16, 30, 31). Later on, Mahmoud et al.
(32) investigated the prophylactic effects of curcumin against
the hyperlipidemia induced by feeding rats on a HFD. The
data proved that curcumin modulates hepatic lipid levels.
Accordingly, curcumin may decrease circulatory lipids by
hindering adipocytes’ fatty acid synthase (FAS), consequently
inhibiting the hepatic lipid accumulation due to suppression in
transport of lipid to the liver.

Another theory behind the lipid-lowering capacity of
curcumin is the activation of peroxisome proliferator-activated
receptor-α (PPAR-α) that accelerates the gene regulating
cholesterol transport and fatty acid oxidation thus lowering
hepatic cholesterol (33). Curcumin can maintain a balance
between β-lipoprotein and α-lipoprotein, which are imperative
for the structural and functional integrity of both LDL and HDL,
respectively (1).

HDL is necessary to clear TG and cholesterol esters from
plasma to be secreted in bile. Curcumin improves HDL levels
by reducing the transfer of cholesteryl esters from HDL to LDL
(16) thus improving the atherogenic index. In the limelight
of another theory, high apolipoprotein A, i.e., precursor of
HDL leads to elevated oxido-resistant lipoprotein resultantly,
improving the AAI. In this context, curcumin up-regulates
the level of apolipoprotein A and acetyltransferase that are
involved in cholesterol transport to the liver (34, 35). It is
concluded from the aforesaid discussion that turmeric is helpful
against cardiovascular complications owing to its positive
impact on HDL levels.

Oxidation of LDLs is of prime importance for the
progression of arteriosclerosis, which damages the inner
lining of endothelial cells. In this connection, curcumin
provides cellular integrity and blocks platelet aggregation and
peroxidation of lipids thus minimizing the chances of plaque
formation in arteries (3, 36). An array of evidence exposed
an inverse relation between curcumin consumption and lipid
irregularities as it scavenges free radicals and reverses LDL
oxidation hindering the formation of foam cells and its
deposition in aortic arteries alongside improvement in HDL
further coupled with its hypocholesterolemic potential (37).
Curcumin directly interacts with hepatic cells for the translation
of mRNA that encodes to increase LDL receptors on liver cells.
As a result of the increase in LDL receptors, liver cells may sweep
up the body’s greater levels of LDL (14). In the current study,
the provision of curcumin-based diet to hypercholesterolemic
rats was proven to be effective in managing lipid-related
abnormalities by suppressing the elevated LDL levels. It can
be summarized that turmeric-supplemented foods are useful in
alleviating a variety of lifestyle-related ailments.

Hyperlipidemia interrupts the redox balance and leads to
irregular and uncontrolled release of free radicals ensuring
accelerated atherogenic cases by developing a state of oxidative
stress (38). But in the current scenario, the AI was significantly
decreased due to the provision of curcumin, which depicts the
hypocholesterolemic potential of curcumin. Therefore, a diet
containing turmeric, and especially curcumin is valuable to
attenuate the risk indices for cardiac ailments by elevating HDL
and reducing LDL.

The current findings are consistent with the findings
of Chandrakala and Tekulapally (39) who investigated the
hypolipidemic effect of turmeric curcumin to alleviate the
negative effects of hypercholesterolemia. They reported that
both turmeric and curcumin decreased TC, TG, and LDL
along with simultaneous increment in HDL concerning control.
However, curcumin depicted a more pronounced effect on
lipid profile than that turmeric. Another approach elucidated
that curcumin upregulates cholesterol-7α-hydroxylase in the
hypercholesterolemic rats via nuclear receptor liver X receptor
(LXR), i.e., responsible for the catabolism of cholesterol in
bile acid. Thus, the hypocholesterolemia potential of curcumin
is attributed to increased excretion of cholesterol and bile
acid from the body via feces which reduces cholesterol
reabsorption from dietary sources. Moreover, curcumin intakes
regulate AMP-dependent kinase and peroxisome proliferator
regulated receptors, engaged in the catabolism of adipocytes
present in subcutaneous layer (32, 40). Recently, Iwueke
et al. (41) have proven that a daily intake of turmeric
powder (200 mg/kg) considerably lowers the TC and TG
levels in sera. Another meta-analysis conducted on patient
with metabolic disorder, Type II diabetes mellitus showed
beneficial effect on lipid parameters on relying on diet
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supplemented with curcumin (42). The previous literature
showed that consumption of high fat diet caused deposition
of inflammatory cells, lipid infiltration and localization of
Intercellular Adhesion Molecule-1 (ICAM-1) and Vascular
Cell Adhesion Molecule-1 (VCAM-1) that are key indicators
of coronary heart diseases. However, curcumin significantly
reduced ICAM-1 and VCAM-1 adhesion molecules in aortic
arch of rats fed on high cholesterol diet (16). Another theory
behind lipid lowering capacity of curcumin is the activation
of PPAR-α (peroxisome proliferator activated receptor-α) that
accelerates the gene regulating cholesterol transport and fatty
acid oxidation thus lowers the hepatic cholesterol. Although,
the benefits of turmeric and its biologically active constituent
curcumin for the treatment of hyperlipidemia have been
discussed in depth. However, further research on genetic aspects
of the modulatory effects and the underlying mechanisms
of microencapsulated curcumin are yet to be uncovered so
that a successful nutraceutical or dietary regimen can be
recommended for humans.

Conclusion

Microencapsulation helps to incorporate sensitive
ingredients into foods, food supplements or pharmaceuticals.
This study showed that curcumin absorption via the
gastrointestinal tract and the stability toward metabolization
in the body can be increased via microencapsulation using
maltodextrin and gelatin. In this way, microencapsulated
active ingredients can be released with a delay without
catabolizing and being conjugated in first pass, thus increase
gastric tolerance compared to conventional forms such
as rapidly disintegrating tablets. Furthermore, the current
research has provided evidence that turmeric has nutraceutical
worth to alleviate hyperlipidemia. A diet containing turmeric
or curcumin can modulate lipid profile markers. In this
context, microencapsulated curcumin showed a remarkable
regulatory impact on total cholesterol, LDL and TG along with
improvement in HDL of treated rat groups. It was noticed
that turmeric powder, microencapsulated-curcuminCSE and
–curcuminSFE are more effective and biologically active in
delivering the therapeutic effects in the hyperlipidemic state
than that in normocholesterolemic conditions. Thereby, it is
concluded that the use of microencapsulated curcumin could be
a sustainable strategy to alleviate cardiovascular complications
via dietary therapies. Nonetheless, there are research gaps
regarding the histopathological study of blood vessels under
normal and hypercholesterolemic conditions. Future research
into microencapsulated curcumin as a lipid-modulating agent
is therefore required to be explored. This will involve evaluating
cholesterol deposition in blood vessels using histopathological,
immunohistochemical, and genomic indicators, and especially
correlating the findings with human study.
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Fermented minced peppers are a traditional fermented food that has

a unique flavor due to various microbial communities involved in

fermentation. Understanding the changes in microbial communities and

volatile components of fermented minced peppers is particularly important

to unveil the formation of unique flavor of fermented peppers. In this

study, the microbial communities and volatile compounds in fermented

minced pepper was analyzed by high-throughput sequencing and GC-

MS, as well as their underlying correlations were also established. Results

indicated that 17 genera were identified as dominant microorganisms in

the fermentation of minced pepper, accompanied by the detection of 64

volatile compounds. Further hierarchical clustering analysis (HCA) displayed

that dynamic change of volatile metabolites were involved in the fermentation

process, where alkane volatile components were mainly generated in the

early stage (3–5 days), and alcohols volatile components were in the middle

stage (7–17 days), while ester volatile components were mainly produced

in both the early stage (3–5 days) and last stage (17–20 days). Bidirectional

orthogonal partial least squares (O2PLS) analysis revealed that 11 genera were

core functional microorganisms of fermented minced pepper. Cladosporium

and Hansenpora were significantly correlated with the formation of 9 and

6 volatiles, respectively. These findings provide new insights into aroma

profile variation of fermented minced peppers and underlying mechanism of

characteristic aroma formation during fermentation.

KEYWORDS

fermented minced pepper, natural fermentation, microbial diversity, volatile
components, correlation analysis
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Introduction

Fermented minced pepper, a traditional fermented vegetable
in the southern region of China, is widely consumed due to
its nutritional and sensory properties (1). Aroma is one of
the key criteria to evaluate the quality of fermented minced
peppers, together with its appearance and taste. Alcohol,
ester, and ketone compounds are regarded as the critical
components in fermented peppers, which determine its special
favor (2, 3). Numerous factors contribute to the quality
of fermented peppers, such as biological origin, substrate
conditions, microbial composition, and processing methods.
Specifically, the composition of used substrates and fermentative
microorganisms are the main factors (4). During the natural
fermentation, microorganisms play a critical role in generating
special flavor characteristics of fermented peppers via complex
physiochemical reaction of secondary metabolites (5, 6).

In recent years, large numbers studies have been conducted
to dig out the underlying mechanism and correlation between
microorganisms and aroma and sensory characteristics of
fermented food, such as Fu brick tea, cheese, and fermented
bamboo shoots, etc. Li et al. (7) has explored the key aroma
compounds and microorganisms, and the relationship
between volatiles, sensory descriptors and microorganisms
of Fu brick tea during processing, and found Aspergillus,
Candida, Debaryomyces, Penicillium, Unclassified_k_Fungi,
Unclassified_o_Saccharomycetales genera six fungal genera
were identified as core functional microorganisms associated
with volatile metabolism (7). Zheng et al. (8) identified
eight bacterial genera and seven fungal genera was the core
microbiota for flavor production of cheese (8). Guan et al.
(9) found that Lactobacillus, Clostridium, Enterobacter, and
Akebia play a crucial role in the formation of the unique
flavor formation of suansun by investigating the dynamics of
physicochemical parameters, flavor compounds and microbial
communities during the natural production of sour bamboo
shoots (9). Nature microbial community determines the
formation of volatile components of fermented peppers and the
quality of product (10). To standardize fermentation and avoid
undesirable substance of fermented peppers, it is urgent to apply
pure starter cultures instead of traditional natural fermentation.
Therefore, it is vital to elucidate the key microbial community
in traditional fermented peppers in China, which determine
favor aroma and desirable properties of fermented peppers. So
far most of the studies have mainly focused on the composition
of volatile compounds in traditional Chinese fermented minced
peppers or the differential volatile compounds between raw
material and finished products. However, the information of
the correlation between microbial diversity and flavor profile of
fermented minced pepper was still insufficient.

In this study, fermented minced pepper was studied
to (a) investigate the bacterial and fungal community
during the fermentation process using a high-throughput

sequencing method, (b) monitor the changes in volatile flavor
components during fermentation using gas chromatography-
mass spectrometry, and (c) assess the correlation between
volatile flavors and microbial communities during fermentation
using bidirectional orthogonal partial least squares (O2PLS)
regression. Those findings were valuable for gaining insight
into the mechanisms of aroma formation in fermented minced
pepper, and improving the quality of fermented minced peppers
with desirable sensory properties.

Materials and methods

Preparation of fermented minced
pepper

Fresh Capsicum annuum L. Var. Dactylus M were cleaned,
minced, salted with 8% (w/w) salt, placed in 24 sterile pickle jars
with the same mass, covered, sealed with water, and fermented
in a 20◦C incubator. To study the changes in microbial diversity
during fermentation, three Mason jars were removed at the
same time on days 3, 5, 7, 9, 11, 14, 17, and 20 of fermentation
for aseptic sampling. For sampling, 100 g of each product was
transferred into tubes. minced pepper samples were labeled as 3,
5, 7, 9, 11, 14, 17, and 20 days, and stored at –80◦C. Fresh minced
pepper was labeled as 0 days.

DNA extraction, amplification, and
sequencing

Total DNA was extracted from all samples with
an E.Z.N.A Soil DNA kit (OMEGA, Bio-Tek, USA),
according to the manufacturer’s instructions, and stored
at –20◦C. We used the universal forward primer 27 F (5′-
AGAGTTTGATCCTGGCTCAG-3′) and the reverse primer
533 R (5′-TTACCGCGGCTGCTGGCAC-3′) to amplify the
V1–V3 region of bacterial 16S rDNA gene. We used a broadly
conserved primer set (ITS1 and ITS4) to amplify the ITS
region of fungal ITS rDNA. The 454 Life Sciences primer
B sequence was found within the forward primer ITS1 (5′-
TCCGTAGGTGAACCTGCGG-3′), while the 454 Life Sciences
primer A sequence was found within the reverse primer ITS4
(5′-TCCTCCGCTTATTGATATGC-3′). Each PCR product
was tagged using a specific 10-nt barcode. The PCR reactions
(20 µL) were performed using 5 µM of reverse and forward
primers, 10 ng of template DNA, 2 µL of 2.5 mM dNTPs,
and 2 µL of 5 × fast Pfu master mix. Thermal cycling was
performed as follows: initial denaturation for 2 min at 95◦C,
30 cycles of denaturation for 30 s at 95◦C, annealing for 30 s
at 55◦C, and extension for 30 s at 72◦C. The final extension
was performed at 72◦C for 5 min. The replicated PCR products
were mixed in a PCR tube, visualized on a 2.0% agarose
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FIGURE 1

Dynamics of the relative abundance (A) and abundance (B) of microorganisms at the genus level during the production of fermented minced
peppers.

gel, and purified with an AxyPrep DNA Gel Extraction Kit
(AXYGEN), according to the manufacturer’s instructions.
Prior to sequencing the PCR product, its DNA concentration
was analyzed with a QuantiFluor-ST (Promega, USA) and
its quality was determined with an Agilent 2100 bioanalyzer
(Agilent, USA). The resulting amplicons from each reaction
mix were then mixed, in equimolar proportions, based on
their concentrations. Emulsion PCR was then performed to
produce the amplicon libraries, according to the methods used
by 454 Life Sciences. A 454/Roche A sequencing primer kit
was used on a Roche Genome Sequencer GS FLX Titanium
platform at Shanghai Majorbio Bio-Pharm Technology Co.,
Ltd., (Shanghai, China) to carry out the pyrosequencing
of the amplicons.

Bioinformatics analyses

QIIME (Version 1.171) was used to process the resulting
raw DNA sequences, while the standard barcodes and primer
sets were not included. We trimmed all sequences with quality
scores that were lower than 20, while those sequences with
lengths less than 200 bp, or which possess ambiguous or
homologous base scores less than 6, were removed. We denoised
the pyrosequencing data, identified the chimera, and used
UCHIME (Version 4.2.402) to remove them from the datasets.

1 http://qiime.org/

2 https://www.drive5.com/usearch/manual/uchime_algo.html
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FIGURE 2

Hierarchical clustering analysis (HCA) of microbial abundance during the production of fermented minced peppers. The colors corresponded to
normalized mean levels from low (blue) to high (red).

Once the low-quality sequences were removed, the sequences
of suitable quality were grouped into operational taxonomic
units (OTUs) using USEARCH (Version 6.13) and 0.97 cut-
off settings. The Ribosomal Database Project (RDP) classifier
and NCBI Taxonomy Browser were used to sort the taxonomic
classifications of the resulting sequences.

Extraction of volatile components from
minced peppers

The headspace solid-phase microextraction (HS-SPME)
method was employed to extract the volatile compounds from
the minced pepper samples. The volatile components were
analyzed according to the methods previously described (2).
Samples (30 g each) were blended with 30 ml of distilled water,
and 2 g of the sample was immediately transferred into a 15 ml
SPME vial (Supelco, Bellefonte, PA, USA) followed by addition
of 50 µL 2-octanol (10−6 mol/L) in methanol as an internal
standard. After sample preparation, each vial was placed in
a water bath at 70◦C for 15 min with agitation to reach an
equilibrium state. Subsequently, a fiber coated with 50/30 µm
DVB/CAR/PDMS (Supelco, Bellefonte, PA, USA) was injected
into the vial for 30 min to absorb volatile compounds.

Determination of volatile components
using GC–MS

GC-MS analysis was carried out using a Shimadzu GC-2010
gas chromatograph connected to a QP2010 mass spectrometry
system (Shimadzu Corp., Kyoto, Japan). A DB-Wax fused
silica capillary column (30 m long × 0.25 mm internal
diameter × 0.25 µm film thickness) was used with helium as

3 http://drive5.com/usearch/

the carrier gas at a constant flow rate of 1 ml/min. The heating
gradient program was 40◦C for 2 min, followed by increasing
at 4◦C/min to 80◦C and remaining for 1 min. Thereafter, the
temperature was raised to 240◦C at 3.5◦C/min and held on this
stage for 4 min. Helium (purity 99.999%) carrier gas flow was
at a constant pressure of 2 psi. All mass spectra were acquired
in the electron impact (EI) mode (70 eV ionization energy,
source temperature 225◦C). EI mass spectra ranged from 30 to
550 a.m.u. Volatile compounds were identified by comparing
the mass spectra of the samples with the data system (NIST 08
and WILEY 05). Quantitative results were calculated from the
peak areas of the GC-MS chromatograms.

Statistical analysis

The samples were analyzed in triplicate to generate
results in the physicochemical analyses. Significant differences
were determined using a one-way ANOVA in SPSS 20.0
(International Business Machines Corp., USA). The line graph
was created using OriginPro 2019 (OriginLab Corp., USA).
To study the dynamic succession of microbial communities,
hierarchical clustering analysis (HCA), principal component
analysis (PCA), and Spearman’s correlation coefficient
calculations were performed using OriginPro 2019 (OriginLab,
Inc., USA). The heatmaps and stacked histogram of the relative
abundance of microbes at the genus level were created using
OriginPro 2019 (OriginLab Corp., USA). O2PLS modeling
was used to outline the relationship between the microbiota
and volatile components assessed in this study. This consisted
of a simultaneous projection of both the X and Y matrices
on low-dimension hyper planes. The R2 (close to 1) and Q2

(> 0.4) are both necessary conditions for producing an optimal
model and indicate suitable predictive ability. The O2PLS of
the multivariate analysis was performed using SIMCA 14.1
(Umetrics, Sweden), while the visualized network planning
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The results of principal component analysis (PCA) showed the correlation between microorganisms and fermentation time during the
production of fermented minced peppers.
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FIGURE 4

Heatmap of Spearman rank correlation between microorganisms during the production of fermented minced peppers. Black letters are
bacteria. Red letters are fungi.
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Dynamics of the relative proportion of volatiles during the production of fermented minced peppers.

of the Pearson correlation coefficient was conducted using
Cytoscape 3.8.2.

Results and discussion

Dynamics and succession of the
microbial community

A total of 104,784 16S rDNA and 10,781 ITS rDNA valid
reads were generated from nine fermented minced pepper
samples, with a total of 3,844 and 967 OTUs for bacteria and
fungi, respectively, at an identity level of 97%. As showed in
Supplementary Figures 1, 2, Shannon and Simpson diversity
index analysis indicated that bacterial diversity in fermented
minced pepper was initially increased with fermentation time,
and reached maximum at the 9 days. Subsequently, decreased
as fermentation prolonged (Supplementary Figure 1). On the
other hand, fungal diversity was most abundant in initial time
and gradually decreased from 0 to 7 days as fermentation
proceeded (Supplementary Figure 2). Additionally, a rapid
increase of Chao1 and ACE index was observed from 7 to
9 days. Subsequently, there were decreased from 14 to 17 days,
implying that the abundance of fungal species fluctuated during
the fermentation.

The top 1% of the abundance were used as the main
species to study the dynamics of the microbial community
during the fermentation of minced peppers. As depicted in
Figures 1A,B. Dynamic changes of microbial communities
were occurred as fermentation time proceeded. The dominant
microorganisms including 12 bacterial and five fungal genera
were identified. Initially, the original microbial community in

unfermented minced pepper mainly consisted of Rhizobium
(4%), Debaryomyces (2%), Rhodotorula (2%), Trichosporon
(2%), unclassified (83%), and other (2%). During fermentation,
the relative abundance of Rhizobium was higher at 3–5 days
and 9–14 days (13–61%), reached maximum at 14 days.
Hanseniaspora was the microorganism relatively stable in
abundance during minced pepper fermentation. Its growth rate
was most rapid during the fermentation from 0 to 3 days,
and 40% relative abundance was achieved at 3 days. Weissella
and Lactobacillus were the most abundant microorganisms in
relative abundance at 7 days (88%) and 17–20 days (84%),
respectively (Figure 1A). Similar results were obtained by
the dynamics of microbial genus level abundance during the
production of fermented minced peppers (Figure 1B).

Hierarchical clustering analysis and heat map were
used to explore similar growth trends in different
microorganisms during fermentation (Figure 2). Aureimonas
and Stenotrophomonas, Pseudomonas and Sphingobium,
Methylobacterium and Novosphingobium, and Rhodotorula
and Trichosporon displayed similar growth trends during
minced pepper fermentation. The variation of microorganisms
with fermentation time during minced pepper fermentation
was further analyzed by PCA (Figure 3). Aureimonas and
Lactococcus were the main genera in the early fermentation
process and were highly correlated with 9 and 11 days. While
Rhizobium was associated highly with 14 days, Weisseria
was found to be strongly associated with 5 and 7 days,
and Lactobacillus was shown to be correlated highly with
17 and 20 days. This result suggests that microorganisms
become dominant at different stages of fermentation as they
evolve and compete, leading to large variations in microbial
abundance and diversity at each fermentation time. Co-
occurrence/exclusion analysis is an effective method to elucidate
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FIGURE 6

Hierarchical clustering analysis (HCA) of volatile components during the production of fermented minced peppers. The colors corresponded to
normalized mean levels from low (blue) to high (red).

correlations in complex microbial communities (11, 12). The
interactions between microorganisms during minced pepper
fermentation were shown in Figure 4. Positive correlations
were found between bacteria such as Aureimonas, Rhizobium,
Stenotrophomonas, Brevundimonas, and Methylobacterium.
While Lactobacillus as a bacterium was negatively correlated
with most bacteria. For fungal community, positive correlations
were found between Mucor, Debaryomyces, Rhodotorula, and
Trichosporon. Hanseniaspora, as a fungus, was negatively
correlated with these fungi. In addition, Mucor was negatively
correlated with all bacteria. No significant correlations were

found between Debaryomyces, Rhodotorula, Trichosporon, and
Hanseniaspora and bacteria.

Indeed, several of the detected genera had previously been
detected in dairy products, fermented vegetables, meat, and
wine, and may contribute to the formation of nutrients and
the unique flavors of fermented foods. Lactobacillus plays
an important role in the fermentation of many foods, such
as dairy products, vegetables, meat, and wine (13). Lactic
acid fermentation positively affects the flavor and nutritional
content of foods by producing organic acids, bacteriocins
and volatile compounds, and contributes to improved sensory
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and quality safety of foods. Weissella is one of the common
microorganisms used in the preparation of cheese and
fermented vegetables. Several studies have demonstrated the
antimicrobial ability of compounds produced by Weissella
against the growth of Gram-positive and Gram-negative
bacteria as inhibitors of phytopathogenic and deteriorating
fungal and bacterial growth of fruits and vegetables (14, 15).
In addition, some endophytic fungi in peppers play certain
roles during fermentation. Hanseniaspora are endophytic
fungi whose abundance is maintained during fermentation;
however, their metabolites may have biological activity. For
example, the yeast Hanseniaspora, isolated from grapes and
grape juice, helps to shorten the fermentation time and
reduce the ethanol content of the fermentation product,
and increases the total polyphenol and flavonoid content of
the wine giving it a higher antioxidant potential (16, 17).
Debaryomyces is the main yeast used in fermented meat
products such as dry fermented sausages. Several studies
have demonstrated that Debaryomyces contributes to food
maturation and aroma presentation, and to the formation of
flavor substances such as esters (18, 19). The ability of these
detected microorganisms to produce specific flavor compounds
has not been systematically investigated. This lack of research
has resulted in a lack of development potential for improving
existing fermented minced pepper products or developing new
products.

Volatile components change during
the pepper fermentation

The volatile components in minced pepper during
fermentation were analyzed and quantified by GC-MS. A total
of 64 volatile compounds including 17 esters, 14 alcohols, 11
aldehydes, 3 ketones, 16 hydrocarbons, and 3 heterocyclic
compounds were identified (Figure 5). Among them, alcohols
volatiles were the most abundant, accounted for 4.01–48.43%
of the identified volatiles, and followed by hydrocarbons
(20.76–45.50%), esters (6.92–30.91%), aldehydes (5.14–
22.18%), ketones (2.14–7.25%), and heterocyclic compounds
(3.26–7.15%). The alcohol volatile component was highest in
unfermented minced pepper (0 days), accounting for 82.87% of
the volatile component. As fermentation proceed, the content
of alcohols decreased by 34.4%. Previous studies have shown
that the significant decrease in alcohol content is partly due
to the high volatility of these compounds, leading to their
volatilization during fermentation (20). Also, the content
of esters and hydrocarbons increased by 19.60 and 13.66%,
respectively. This could be caused by microbial metabolism
during the fermentation of minced peppers. In addition, the
levels of aldehydes, ketones and heterocyclic compounds
containing volatiles fluctuated during the manufacturing
process, but no significant differences were observed.

Hierarchical clustering analysis classified the volatile
components of minced pepper fermentation process into five
categories according to their contents at different fermentation
times. And heat map analysis showed the changes of different
volatile components during minced pepper fermentation
(Figure 6). During fermentation, 11 alkanes, 7 esters, 3 ketones,
and 2 heterocyclic compounds were found to be higher in
5 days, 8 alcohols, 6 hydrocarbons, 5 aldehydes, and 3 esters
in 5–17 days, and 8 esters and 2 alcohols in 17–20 days.
These results implied that volatile components of alkanes were
mainly produced in the early stage (3–5 days) of fermentation
process. Alcohols were mainly generated in the middle stage
(5–17 days), while the esters were mainly formed in the early
stage (3–5 days) and the late stage (17–20 days). It is noteworthy
that some esters were produced late in the minced pepper
fermentation processes, which may be due to the fact that
esters are synthesized by enzymatic esterification reactions of
microorganisms with alcohols and acids as substrates (21).
Esters have a sweet or fruity taste and can enhance the flavor
of fermented foods by reducing the intensity of unpleasant
odors (22). It was found that the concentration of most
esters increased significantly after fermentation. Among them,
4-methylpentyl 2-methylbutanoate and 4-methylpentyl 3-
methylbutanoate were found to be the most abundant esters in
fermented minced pepper. They have an euryhaline herbal odor
and a faint waxy odor, respectively (23). Alcohol volatiles have
higher gas thresholds than ester volatiles and usually produce
fruity and irritating odors, as well as being important precursors
to esters (24). Among all alcohols detected in fermented minced
pepper, linalool was the most abundant, which has a transient
floral and herbal aroma, was detected in large amounts in
both unfermented minced peppers, with a gradual increase in
content during fermentation. Those results were in accordance
with the studies conducted by (2, 25). Linalool which is a key
odorant in fermented peppers was derived from glycosides by
the action of microbial glycosidases during the fermentation
process (26, 27). In addition, β-guaiene was found to be the
most abundant terpene volatile component, and this compound
contributes significantly to woody flavor and is thought to
enhance flavor quality (28). Previous findings have indicated
that the content of certain volatiles changes considerably during
the fermentation of peppers inoculated with autotrophic or
xenobiotic microorganisms (29). Therefore, these changes in
volatiles may be related to the metabolism of microorganisms
during the fermentation process.

Correlation between microbiota and
volatile components

Further studies to unveil the underlying correlation
between microorganisms and volatiles during the fermentation
was conducted. Results of O2PLS model displayed that in
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Analyses of correlation between microbiota and volatile components by bidirectional orthogonal partial least squares (O2PLS) modeling during
the production of fermented minced peppers. Correlation network between microorganisms and volatile components during fermentation.
Red lines indicate positive correlations. Gray lines indicate negative correlations.

fermented minced pepper, there were 45 independent variables
X, including 41 genera of bacteria and 4 genera of fungi. And
64 dependent variables Y, with R2 (0.939) and Q2 (0.405).
The correlation index between microorganisms (X) and
volatile compounds (Y) was investigate by O2PLS analysis
with Pearson’s correlation method (Supplementary Table 1).
And it was visualized in Figure 7. There were 30 genera of
microorganisms (24 bacteria and 6 fungi) and 28 volatile
components in network. Cladosporium was correlated with
9 volatile components (| ρ| > 0.7). But it mere positively
related with alcohols. The highest correlation (ρ = 0.902) was
with linalool. Similarly, Hanseniaspora was correlated with six
volatile components (| ρ| > 0.7), including 3 hydrocarbons
and 3 alcohols, and only negatively correlated with α-terpineol
(ρ = -0.80846). Citricoccus was correlated with 4 volatile
components (| ρ| > 0.7), including 2 alcohols and 2 esters,
and all were positively correlated. In addition, the results
showed that a few microbial genera were negatively correlated
with volatile components. For example, Cladosporium and
Mortierella showed negative correlations with the differences
of seven and two volatile components, respectively. This
phenomenon may be due to the decrease in competitiveness
between these microorganisms during the fermentation
process (30). Furthermore, the selection of core functional
microorganisms correlated with flavor from species-rich
communities is challenging and requires consideration of both
dominance and functionality. To identify the core functional
microorganisms in the fermentation process of minced peppers,
three criteria were considered: (a) VIP value≥ 1; (b) correlation
coefficient ≥ 0.7; (c) number of microbes highly correlated (|
ρ| ≥ 0.7) with chemical compounds ≥ 1 (10) (Supplementary
Table 1). Based on these criteria, 11 genera were identified

in fermented minced pepper, including Candida, Citricoccus,
Cladosporium, Epilithonimonas, Guehomyces, Hanseniaspora,
Mortierella, Nitratireductor, Ochrobactrum, Oerskovia, and
Pichia.

Correlation analysis predicted the relationship between
volatile components and microorganisms. In fact, several
studies have demonstrated the correlation between microbiota
and flavor. Hanseniaspora has an important role as a non-
Saccharomyces yeasts in the production of aromatic compounds
such as esters, higher alcohols, acids, and monoterpenes (31, 32).
It has been shown that H. guilliermondii produces β-phenylethyl
acetate and ethyl acetate (16, 33). Pichia can produce flavor
substances such as phenylethanol, 2-methylbutyric acid, 3-
methylbutyric acid, and ethyl linoleate (34). A significant
inverse relationship between acetyl ester hydrolase activity and
acetate production was found in Pichia kudriavzevii 129 (35).
Candida was considered important in fermentation because of
its ester production capacity, where Candida antarctica lipase
B (Calb) was found to catalyze the synthesis of several spice
esters, including ethyl acetate, isoamyl acetate, cis-3-hexenyl
acetate, geranyl acetate, ethyl butyrate, isoamyl butyrate, and
cis-3-hexenyl butyrate (36–38). Cladosporium was reported to
bioconvert limonene to α-pinoresinol (39, 40). Thus, these
core microorganisms may come together to form a core
microbiota that contributes to the production of certain
key metabolites during the production of fermented minced
pepper. Further studies should focus on the mechanisms of
volatile component production by functional microorganisms.
Meanwhile, the specific expression of related genes during
fermentation requires subsequent meta-analysis to monitor
how the metabolism of microorganisms affects the formation
of key odorants.
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Conclusion

In this study, changes in the main volatile components
and the dynamics of the microbial community and the
relationships between them were elucidated. The succession
and competition of microorganisms during the fermentation
process resulted in large differences in microbial abundance
and diversity at different fermentation times. A total of 11
microbial genera, including Candida, Citricoccus, Cladosporium,
Epilithonimonas, Guehomyces, Hanseniaspora, Mortierella,
Nitratireductor, Ochrobactrum, Oerskovia, and Pichia were
identified as core functional microorganisms. They promoted
the production of 14 volatile components such as nerolidol,
ethyl isovalerate, 4-methylhexyl 2-methylbutanoate and
linalool, which are responsible for providing important
fruit or floral aromas to fermented minced peppers. These
findings have contributed to the elucidation of the potential
role of specific bacterial genera in the formation of specific
flavors during fermented minced pepper production, and
have helped in the development of fermented minced
pepper starter cultures with unique flavors and consistent
quality.
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This work investigated the phytochemical properties and health benefits of

Tartary buckwheat flour obtained with different extrusion conditions including

high, medium, and low temperature. Extrusion significantly decreased the

fat content and changed the original color of Tartary buckwheat flour. The

contents of protein, total flavonoids, and D-chiro-inositol were affected by

the extrusion temperature and moisture. Extrusion significantly decreased

the total flavonoids and flavonoid glycosides contents, while it significantly

increased aglycones. Compared to native Tartary buckwheat flour and

pregelatinization Tartary buckwheat flour obtained with traditional extrusion

processing technology, the pregelatinization Tartary buckwheat flour obtained

with improved extrusion processing technology contained higher aglycones

and lower flavonoid glycosides, which had stronger antioxidant capacity,

α-glucosidase inhibitory activity and relatively mild α-amylase inhibitory

activity. Correlation analysis proved that the aglycone content was positively

correlated with antioxidant and α-glucosidase inhibitory activities. These

findings indicate that the pregelatinization Tartary buckwheat flour obtained

with improved extrusion processing technology could be used as an ideal

functional food resource with antioxidant and anti-diabetic potential.

KEYWORDS

Tartary buckwheat, extrusion, flavonoids, antioxidant activity, α-glucosidase
inhibitory activity, α-amylase inhibitory activity
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Introduction

Tartary buckwheat [Fagopyrum tataricum (L.) Gaench],
which is a species of buckwheat, has been cultivated since
ancient times, and is currently distributed in Asia (especially
in China), America, and Europe (1). As a pseudocereal,
Tartary buckwheat has been receiving increasing attention
as a potential functional ingredient or food that is rich
in a range of nutrients including bioactive carbohydrates
and proteins, polyphenols, phytosterols, flavonoids, D-chiro-
inositol (DCI), vitamins, carotenoids, and minerals. These
nutritious substances endow Tartary buckwheat with various
health benefits such as antioxidant, anti-cancer, anti-diabetic,
anti-hypertensive, cholesterol-lowering, and anti-inflammatory
properties (2–4). Our previous study reported that flavonoids
are the main phenolic secondary metabolites in Tartary
buckwheat grain, and they are 10-fold higher than in common
buckwheat (5). The flavonoids mainly include rutin, quercetin,
and kaempferol and their glycoside forms, of which rutin is the
most abundant in Tartary buckwheat (6–8). Moreover, Tartary
buckwheat is an important natural source of DCI, which is a
compound with an insulin-like bioactivity (9). Previous studies
have indicated that DCI has a synergistic effect with phenolic
compounds in the treatment of type II diabetes. Specifically,
DCI mainly eliminates insulin resistance by enhancing the
body’s sensitivity to insulin, thereby regulating blood glucose
(10, 11), and the phenolic compounds mainly control blood
glucose by inhibiting the activity of α-glucosidase and α-amylase
(12). However, strong α-amylase inhibitory activity can cause
abnormal fermentation by bacteria in the colon, triggering a
series of adverse reactions (such as diarrhea and flatulence).
Therefore, the recommended way to control blood sugar is to
have strong α-glucosidase inhibitory activity and relatively mild
α-amylase inhibitory activity (13, 14).

Based on above nutritional and functional properties, many
products related to Tartary buckwheat have been developed,
such as noodles, tea, baked goods, and meal replacement powder
(1). However, native Tartary buckwheat flour (NTBF) is gluten-
free and cannot form an optimal network structure, which
restricts the development of Tartary buckwheat products and
their sensory quality (13, 15). Therefore, in order to increase
the utility of Tartary buckwheat in the food processing industry,
several processing technologies have been used to modify
NTBF including high pressure (15), high hydrostatic pressure
(16), fermentation (8, 17) and roasting, boiling, extrusion, and
microwave treatment (3, 18). These treatment methods have
been shown to change the phytochemical composition of Tartary
buckwheat, thereby affecting its nutritional properties. Our
previous research found that the rutin in Tartary buckwheat
degraded into quercetin and rutinoside during processing (5).
Although the high concentration of quercetin has stronger
antioxidant and α-glucosidase inhibitory properties than rutin,
it will produce a bitter taste and decrease the sensory quality

(4, 8, 19). Therefore, antioxidant and α-glucosidase inhibition
as well as the sensory qualities and levels of bitterness
should always be taken into account when processing Tartary
buckwheat foods. It has been confirmed that hydrothermal
treatment of Tartary buckwheat at 100◦C for 20 min can
better maintain the rutin and quercetin content (17). To
prevent rutin from degrading and thus reduce bitterness, Wu
et al. found that superheated steam and saturated steam could
efficiently inactivate rutin-degrading enzymes (RDEs) in Tartary
buckwheat (20). High temperature wet heat treatment (cooking
and extrusion) will inactivate most of the RDEs, while dry heat
treatment has almost no effect on RDEs (21).

Among the processing methods considered above, extrusion
cooking is a technology with high production efficiency, strong
applicability, low cost, and energy consumption, and it has been
widely used in the food industry (22, 23). Traditional extrusion
processing technology (TEPT) is a continuous high-temperature
short-term process that is frequently used to produce puffed
food (23, 24). Nevertheless, previous studies have shown
that TEPT significantly decreases antioxidant activity (AC) in
buckwheat (25, 26). Recently, an improved extrusion processing
technology (IEPT) was designed with a longer screw, lower
speed, lower temperature, and higher pressure than TEPT (24).
Buckwheat samples obtained with IEPT have shown a high
retention rate of functional ingredients and desired physical
properties (13).

At present, there is no systematic research on the changes
to individual flavonoids, DCI, α-glucosidase, and α-amylase
inhibitory activities in Tartary buckwheat, nor on the correlation
between individual flavonoids and their biological functions
after extrusion (TEPT and IEPT). Therefore, the aim of this
study was to identify changes to phytochemical composition
including nutritional substances, total and individual flavonoids,
DCI, and color properties as well as the antioxidant, α-
glucosidase, and α-amylase inhibitory activities in Tartary
buckwheat samples after treatment with different extrusion
conditions. A correlation analysis between individual flavonoids
and their biological functions was also conducted in this study.

Materials and methods

Materials

Standard reagents (rutin, isoquercitrin, quercetin, and
kaempferol), α-glucosidase (100 U), and p-nitrophenyl-
a-D-glucopyranoside were purchased from the Yuan
Ye Biological Technology Company (Shanghai, China);
kaempferol-3-O-rutinoside and DNS reagent were purchased
from Solarbio (Beijing, China); Trolox, a-amylase,
1,1-diphenyl-2-pic-rylhydrazyl (DPPH), 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and 2,4,6-
tripyridyl-s-triazine (TPTZ) reagents were purchased from
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Sigma-Aldrich (Shanghai, China). Acarbose, used as a positive
control, was produced by Bayer HealthCare Company Co. Ltd.
(Beijing, China). The other chemicals and reagents used in this
study were of analytical grade.

Dehulling of Tartary buckwheat groats were performed in
Chengdu University. Native Tartary buckwheat flour (NTBF)
was obtained by grinding using an experimental mill (Glen
Creston Ltd., Stanmore, England) and passed through a 60-
mesh sieve.

Pre-gelatinization of Tartary
buckwheat flour by different extrusion
treatments

The Tartary buckwheat flour was extruded using a twin-
screw extruder (Brabender KETSE 20/40, Duisburg, Germany)
with a screw diameter of 20 mm, L/D ratio of 40:1 and die
diameter of 1 mm. We used five of the six independent zones
(we did not use the die) and controlled the temperature in
the barrel in each. The samples were processed under different
conditions as shown in Table 1. After extrusion, the samples
were immediately oven-dried at 45◦C for 24 h and then ground
and sieved through 60 mesh to obtain pre-gelatinization of
Tartary buckwheat flour (PTBF). All samples were stored at
4◦C for further analysis. A total of 7 PTBF sample types were
prepared and analyzed. They were denoted as TxMy, where x is
the extrusion temperature at the fourth zone and y is the feed
moisture content.

Chemical composition analysis

The compositions of Tartary buckwheat components
including moisture, ash, protein, and fat were determined
according to the methods of GB5009.3–2016, 5009.4–2016,
5009.5–2016, 5009.6–2016. The total starch content was
determined by kit assays (Megazyme International Ireland Ltd.,
Wicklow, Ireland).

Color determination

The color parameters of the Tartary buckwheat samples were
measured following the method of Xiao et al. (8) with slight

modifications. The colorimeter was calibrated using a standard
white plate. Thirty replicate measurements were performed
before the color parameters were recorded. The total color
difference (◦E), which represents the color change between
PTBF and NTBF, was calculated using the following formula:

4E
√

(L∗ − L∗0)
2
+ (a∗ − a∗0)

2
+ (b∗ − b∗0)

2 (1)

where L∗0, a∗0, and b∗0 are the color parameters of NTBF; L∗,
a∗, and b∗ are the color parameters of PTBF. L∗ means lightness
(0 for black and 100 for white), a∗ is red (+) to green (−), and b∗

is yellow (+) to blue (−).

Analysis of total flavonoids and
individual flavonoid compounds

The total flavonoids and individual flavonoid compounds
were extracted and determined according to a procedure
described by our laboratory (5). The total flavonoids content
(TFC) results were determined using the aluminum chloride
colorimetric method and expressed as micrograms of rutin
equivalent per gram of sample.

After the samples were passed through a 0.45 µm
PEC syringe filter membrane (Jinteng, Tianjin, China),
the individual flavonoid compounds including rutin,
isoquercitrin, kaempferol-3-O-rutinoside, quercetin, and
kaempferol were analyzed by an Alltech high performance
liquid chromatography (HPLC) system (Alltech, Chicago,
IL, USA) according to the method of Xiao et al. (8) with
modifications. The analytical column was a PerkinElmer R©

column (250 mm× 4.6 mm, Sheiton, USA) and the wavelength
of the UV detector was set at 375 nm. The mobile phase was
0.05% trifluoroacetic acid aqueous solution (A) and 100%
acetonitrile (B). A gradient flow system was established as
follows with a flow rate of 1 ml/min: 0–8 min, 28% B; 8–18 min,
28–50% B; 18–30 min, 50–100% B; 30–35 min, 100% B;
35–38 min, 100–28% B; and 38–45 min, 28% B. The column
temperature was kept at 30◦C and the injection volume was
20 µl.

Analysis of D-chiro-inositol

D-chiro-inositol in Tartary buckwheat samples was
determined following the method established by our laboratory

TABLE 1 Conditions of different extrusion treatments.

Treatments Moisture content (%) Extrusion temperate (◦C) The feeding rate (g/min) The screw speed (rpm)

TEPT 30 40/75/110/160/95 40 100

IEPT 30, 40, 60 40/60/75/100/85 10 30

30, 40, 60 40/60/70/70/70 10 30

TEPT, traditional extrusion processing technology; IEPT, improved extrusion processing technology.
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(27). Briefly, the sample (1 g) was mixed with 20 ml of 50%
ethanol and incubated at room temperature for 30 min in a
water bath with continuous shaking. The extract was passed
through qualitative filter paper (Newstar, Hangzhou, China)
and 1 ml of supernatant was transferred into a vial and
oven-dried at 50◦C. The dried extract was re-dissolved in
1 ml of methanol and passed through a 0.45 µm PEC syringe
filter membrane (Jinteng, Tianjin, China) for immediate
HPLC-ELSD (evaporative light scattering detector) analysis.
A Prevail Carbohydrate ES 5u column (250 mm × 4.6 mm,
Alltech, Chicago, IL, USA) was used. The injection volume
was 10 µl. The mobile phase was 80% acetonitrile, the flow
rate was set at 1 ml/min, and the eluant was sent to the ELSD
(Alltech, Chicago, IL, USA). The temperature of the drift tube
was set at 95◦C, the nebulizing gas flow rate was 2.2 L/min,
and the gain was 1.

Antioxidant activity

The antioxidant activity of the flavonoids extracts from
different Tartary buckwheat samples was evaluated by the
following three methods with different reaction mechanisms.

1,1-diphenyl-2-pic-rylhydrazyl radical
scavenging capacity

1,1-diphenyl-2-pic-rylhydrazyl free radical scavenging
capacity was determined following the method established by
our laboratory (27). Sample solution (1 ml) was mixed with an
equal volume of DPPH solution (0.4 mM) and incubated in
darkness at room temperature for 20 min. The absorbance of the
mixture was read at λ = 517 nm. Distilled water was used as a
blank control. Trolox was measured at different concentrations
(0–70 µg/ml) to produce a standard curve. The results were
expressed as the Trolox equivalent concentration.

ABTS radical scavenging capacity
The ABTS activity was carried out as reported previously

(27). Briefly, the ABTS stock solution was prepared by mixing
equal volumes of ABTS preparation solution (7 mM) with
potassium persulfate solution (2.45 mM) after incubation in
the dark at room temperature for 16 h. The prepared solution
was diluted with methanol until the absorbance was around
0.7 (±0.02) at λ = 734 nm. Next, the solution (20 µl) was
mixed with 1,980 µl of ABTS working solution and incubated
in darkness at room temperature for 6 min, and the absorbance
was then determined at λ = 734 nm. Methanol was used as a
blank control. Trolox was measured at different concentrations
(10–100 µg/ml) to produce a standard curve. The results were
expressed as the Trolox equivalent concentration.

Fe3+ reducing antioxidant power capacity
The Fe3+ reducing antioxidant power (FRAP) activity was

performed according to the described method (8) with small

modifications. The FRAP reagent was generated by mixing
300 mM sodium acetate buffer (pH 3.6), 10 mM TPTZ and
20 mM ferric chloride solution in 40 mM hydrochloric acid
at a ratio of 10: 1: 1 (v/v/v). Sample solutions (200 µl) were
mixed with 2 ml of FRAP reagent, and then incubated in a
water bath at 37◦C for 30 min. The absorbance was read at
λ = 593 nm. Distilled water was used as a blank control. Trolox
was measured at different concentrations (10–100 µg/ml) to
produce a standard curve. The results were expressed as the
Trolox equivalent concentration.

α-glucosidase inhibition study in vitro

The α-glucosidase inhibitory activity of flavonoids extracts
isolated from Tartary buckwheat samples was assessed by
using the method of Xiao et al. (8). Before the experiment,
the α-glucosidase (0.2 U/ml) was prepared by mixing it with
phosphate buffer solution (PBS, 0.1 M, pH 6.8), and the
sample solution (50 µl) was then mixed with 120 µl of the
α-glucosidase solution. After incubation at 37◦C for 10 min,
120 µl 2.5 mM 4-nitrophenyl-α-D-gluco-pyranoside (pNPG) in
PBS was added. Then the mixture was incubated at 37◦C for
15 min and the reaction was terminated by adding 480 µl 0.2
M sodium carbonate. Finally, the absorbance was measured at
λ = 405 nm. The PBSZZ and acarbose were used as a reagent
blank and positive control, respectively. The α-glucosidase
inhibitory activity was calculated using the following formula:

Inhibition (%) = (A0-A1)/A0 × 100 (2)
where A0 and A1 represent the absorbance of the control and
the experimental samples, respectively.

The α-glucosidase inhibitory activities of samples were
represented as half inhibition concentration (IC50) values,
meaning that 50% of α-glucosidase activity was inhibited at
this concentration.

α−amylase inhibition study in vitro

The α-amylase inhibitory activity of flavonoids extracts
isolated from Tartary buckwheat samples was conducted
according to the method described by Ji et al. (28). Specifically,
sample solutions (100 µl) of different concentrations were
mixed with 100 µl of α-amylase solution (4.5 U/ml) dissolved
in PBS. After incubation at 37◦C for 10 min, 100 µl of
1% (m/v) soluble starch (Xilong Chemical Factory Co., Ltd.,
Shantou, China) in PBS was added to start the reaction
and further incubated at 37◦C for 5 min. Next, 750 µl of
DNS reagent was added to terminate the reaction, and the
mixture immediately heated in a boiling water bath for 10 min.
Afterward, the reaction mixture was immediately cooled down
to room temperature and diluted three times. The absorbance
was measured at λ = 540 nm, and sodium citrate buffer and
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acarbose were used as the reagent blank and positive control,
respectively. The α-amylase inhibitory activity was calculated
using equation (2). The α-amylase inhibitory abilities of the
samples were shown as inhibiting percentages at 400 µg/ml, and
the concentration of acarbose is 10 µ g/ml.

Statistical analysis

All analyses were carried out in triplicate; and the data are
presented as mean± standard deviation (SD). All the data were
analyzed using SPSS 22.0. Analysis of variance (ANOVA) and
Duncan’s multiple range tests (p < 0.05) were used to express
the statistical significance of differences. The correlation matrix
analysis was analyzed with the Pearson correlation coefficient.

Results and discussion

Nutritional composition

The nutritional composition of NTBF and PTBF are shown
in Table 2. The total starch content of NTBF was 77.26 g/100 g
dry weight (DW), and had higher values than in our previous
studies (5, 29). This was due to an improved kit assay (AOAC
Method 996.11 with a slight modification) used in this study that
employed a thermostable α-amylase that is active and stable at
pH 5. This modification is known to give higher starch values
than those obtained with AOAC Method 996.11 (30). After
extrusion, the total starch content of PTBF slightly increased
or decreased, and ranged from 75.61 to 79.30 g/100 g DW.
Similar results were observed in barley (31). Compared to NTBF,
the protein content of PTBF obtained with TEPT and T100My
significantly decreased (p < 0.05), while it increased in the
PTBF obtained with T70My (p < 0.05). Previous studies have
indicated that extrusion could cause the loss of protein and
amino acids (32, 33). A previous kinetic study on the loss
of lysine and other amino acids during extrusion of maize

grits showed that the first-order rate constants were dependent
mainly on extrusion temperature and feed moisture, whereas
screw speed had no influence (34). Liu et al. (24) also found
that a significant increase (p < 0.05) in protein was observed
in texturized rice after adding 4% rice bran prior to treatment
with IEPT. However, further studies are required to elucidate
the mechanism of the increase in protein with IEPT. Compared
to NTBF, the PTBF samples have a lower level of fat, and there
was no significant difference (p> 0.05) in the ash content. These
results are in agreement with an earlier study on brown rice (35).
The decrease in fat content may be attributed to the interaction
between lipid and amylose during extrusion (35).

Color attributes

The color parameters (L∗, a∗, b∗, 1E) are shown in Table 3.
Different extrusion treatments had significant effects on the
color parameters of Tartary buckwheat samples (p < 0.05), and
the color manifestation is due to various mechanisms including
non-enzymatic browning (such as Maillard reaction), pigment
degradation and oxidation of ascorbic acid during the extrusion
process (36, 37). NTBF was lighter than PTBF according to a
decrease in the lightness (L∗) score, which is consistent with a
previous study (3). The free amino group of the amino acid can
react with reducing sugars to form Maillard browning products
during extrusion (3). Similarly, the a∗ scores of extruded
samples significantly decreased (p < 0.05), except for T160M30
and T70M30. Conversely, the b∗ scores were significantly
increased by the extrusion process, which means the color of
PTBF was yellower than NTBF. Similarly observations have
been reported by previous work, and they were explained by
pigment degradation and non-enzymic browning reactions (38).
1E is used to evaluate the overall color change, and generally,
when 1E values exceed 5.0, it is considered to be significantly
different from the color of the control (37). The 1E values
of PTBF ranged from 10.34 to 34.27 (Table 3), indicating
that extrusion affected the overall color of Tartary buckwheat

TABLE 2 Concentrations of moisture, total starch, protein, fat, and ash contents of native and pregelatinized Tartary buckwheat flour
(g/100 g dry weight).

Material Moisture Total starch Protein Fat Ash

Native 10.98± 0.018b 77.26± 1.01b 11.47± 0.43cd 2.82± 0.08a 2.76± 0.19a

T160M30 5.92± 0.009g 79.09± 1.20a 10.95± 0.13f 0.85± 0.07d 2.76± 0.13a

T100M30 7.04± 0.033f 78.28± 0.33ab 11.11± 0.05ef 1.56± 0.12b 2.62± 0.28a

T100M40 7.40± 0.087e 79.30± 1.66a 11.43± 0.06de 1.49± 0.03b 2.66± 0.16a

T100M60 11.27± 0.119a 75.61± 0.25c 11.80± 0.13bc 1.07± 0.09c 2.66± 0.19a

T70M30 10.05± 0.058c 76.75± 0.51bc 11.98± 0.01b 0.52± 0.08e 2.62± 0.24a

T70M40 9.74± 0.047d 77.63± 0.39ab 12.07± 0.14b 1.00± 0.06c 2.63± 0.04a

T70M60 10.14± 0.059c 79.04± 0.67a 12.59± 0.27a 1.11± 0.11c 2.68± 0.27a

TxMy, x is the extrusion temperature at the fourth zone (◦C) and y is the feed moisture content (%). The results were expressed as mean ± SD (n = 3) and different letters in the same
column indicate significant differences (p < 0.05).
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samples. Therefore, the extrusion process significantly changes
the original color of Tartary buckwheat.

Extractable total flavonoids and
individual flavonoid compounds

The contents of total flavonoids and individual flavonoid
compounds are presented in Table 4. All the extrusion processes
significantly decreased (p < 0.05) TFC and flavonoid glycosides
(rutin, isoquercitrin, kaempferol-3-O-rutinoside), while they
significantly increased aglycones (quercetin and kaempferol).
Sun et al. also reported that the extruded buckwheat flours
showed lower contents of total flavonoids and rutin, as well
as higher levels of quercetin than native flours (3). This study
found that TFC was mainly affected by extrusion temperature
and feed moisture. The loss of total flavonoids decreased with
increases in the moisture content under the same extrusion
temperature. When the moisture content was the same, the
TFC in T70My was higher than T100My, but lower than
T160M30. Similar results were also obtained by Cheng et al.
(13). The TFC mainly depends on changes in the five individual
flavonoid compounds, as shown in Table 4. On the one hand,
most of rutin, isoquercitrin, kaempferol-3-O-rutinoside in PTBF

obtained with IEPT was degraded to quercetin and kaempferol
by flavonol-3-glucosidase (f3g) (8). On the other hand, it has
been reported that high temperature processes (for instance,
steaming) could cause the destruction of flavonoid compounds
(8). This study also indicated that the sums of individual
flavonoids in the different flours all had varying degrees of
decline under different extrusion conditions.

As shown in Table 4 and Figure 1, rutin had the highest
retention rate at high temperature of 83.8% (15.42 mg/g DW).
This result was in line with results obtained by Li et al. (21).
This may be attributed to nearly complete denaturing of the
rutin-degrading enzyme under high temperature conditions
(8). For IEPT, when the temperature was kept constant
and the feed moisture was increased from 30 to 60%, a
significant (p < 0.05) increase was observed in flavonoid
aglycones. The T70M60 sample had the highest proportion of
aglycones (8.82 mg/g DW), while the glycosides are under the
limit of detection. These results suggested that the moisture
content of feed is an important factor for converting flavonoid
glycosides to aglycones (especially quercetin). Additionally,
moist heat is more destructive, and moisture produces a
synergistic effect alongside high temperatures (22), which
may be responsible for flavonoid glycoside degradation.
Our previous study also reported that soak-treating Tartary

TABLE 3 The color properties of the native and pregelatinized Tartary buckwheat flour.

Material L* a* b* 1E

Native 79.92± 0.09a 0.18± 0.01c 20.06± 0.09f –

T160M30 70.18± 0.10d 0.70± 0.01b 23.68± 0.59e 18.46± 0.50e

T100M30 75.15± 0.14c −1.05± 0.04e 23.18± 0.34e 10.34± 0.34g

T100M40 75.44± 0.26c −1.73± 0.02g 24.92± 0.03d 12.19± 0.33f

T100M60 66.39± 0.13f −1.01± 0.02e 29.31± 0.38c 29.12± 0.49c

T70M30 64.57± 0.57g 2.26± 0.03a 29.56± 0.13c 32.22± 0.73b

T70M40 76.53± 0.12b −0.88± 0.02d 30.59± 0.22b 19.69± 0.30d

T70M60 68.65± 0.09e −1.23± 0.04f 35.71± 0.22a 34.27± 0.39a

TxMy, x is the extrusion temperature at the fourth zone (◦C) and y is the feed moisture content (%). Data are expressed as means ± SD (n = 30) and different letters in the same column
indicate significant differences (p < 0.05).

TABLE 4 Concentrations of total flavonoids, DCI, and individual flavonoids in native and pregelatinized Tartary buckwheat flour (mg/g dry weight).

Material Total flavonoids DCI Rutin Isoquercitrin Kaempferol-3-
O-rutinoside

Quercetin Kaempferol

Native 19.93± 0.35a 1.71± 0.08b 18.40± 0.23a 0.052± 0.014a 1.50± 0.12a 0.07± 0.00f 0.12± 0.01f

T160M30 17.61± 0.00b 1.79± 0.10ab 15.42± 0.53b 0.058± 0.002a 1.18± 0.06b 0.18± 0.01e 0.24± 0.01e

T100M30 11.81± 0.82f 1.90± 0.10a 0.64± 0.06de 0.016± 0.001c 0.05± 0.00d 4.70± 0.03d 0.54± 0.02c

T100M40 13.53± 0.56e 1.67± 0.12b 0.83± 0.03d 0.001± 0.000d 0.07± 0.00d 5.75± 0.05c 0.56± 0.00c

T100M60 14.91± 0.02d 1.14± 0.09d 0.86± 0.03d ND 0.07± 0.00d 7.96± 0.05a 0.64± 0.01a

T70M30 13.89± 0.46e 1.49± 0.05c 3.82± 0.11c 0.026± 0.002b 0.25± 0.01c 4.79± 0.03d 0.50± 0.01d

T70M40 15.56± 0.12d 1.24± 0.05d 0.36± 0.03ef ND ND 6.94± 0.18b 0.61± 0.01b

T70M60 16.67± 0.24c 1.11± 0.04d ND ND ND 8.21± 0.05a 0.61± 0.00b

TxMy, x is the extrusion temperature at the fourth zone (◦C) and y is the feed moisture content (%). DCI, D-chiro-Inositol; ND, not detected. The results were expressed as mean ± SD
(n = 3) and different letters in the same column indicate significant differences (p < 0.05).
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FIGURE 1

High performance liquid chromatography (HPLC) profiles of native and pregelatinized Tartary buckwheat flour: (A) Standards. (B) Native.
(C) T160M30. (D) T100M30. (E) T70M30. (1) Rutin. (2) Isoquercitrin. (3) Kaempferol-3-O-rutinoside. (4) Quercetin. (5) Kaempferol. TxMy, x is the
extrusion temperature at the fourth zone (◦C) and y is the feed moisture content (%).

buckwheat seeds significantly decreased the rutin content,
whereas it significantly increased the contents of quercetin
and kaempferol (5). Li et al. found that 96.46% of the
rutin in the Tartary buckwheat dough was degraded into
quercetin when the Tartary buckwheat flour was mixed with
50% water for 1 min at room temperature (21). In addition,
Suzuki et al. (38) and Xiao et al. (8) has proved that f3g
is an important enzyme involved in the transformation of
the flavonoid compounds. Based on the above results, we
hypothesized that different extrusion conditions including feed
moisture content, temperature, feed rate, and screw speed could
affect the activity of f3g and lead to changes in flavonoid content
and composition. Further mechanistic studies are needed to
elucidate this hypothesis.

D-chiro-inositol content

Besides flavonoid compounds, changes in the DCI content
of Tartary buckwheat samples obtained with different extrusion
conditions was evaluated using a simple and rapid method based
on HPLC linked to an evaporative light-scattering detector
(HPLC-ELSD). As shown in Table 4, the DCI content in
NTBF was 1.71 mg/g DW. For PTBF, the values of the DCI
content ranged from 1.11 to 1.90 mg/g DW. Compared to
NTBF, T100M30, and T160M30 samples had higher DCI levels
(1.90 mg/g DW, p < 0.05; 1.79 mg/g DW, p > 0.05). Our
previous study indicated that steaming buckwheat bran in an
autoclave at 1.6 MPa and 120◦C for 60 min could significantly
enrich the DCI level in Tartary buckwheat bran extract from
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0.03 to 0.22% (39). Similarly, Zielinski et al. (39) reported that
baking at 220◦C for 30 min significantly enhanced the DCI
levels in buckwheat biscuits. Therefore, the likely explanation
is that the high temperature and pressure caused by extrusion
or other thermal processing technologies is able to disrupt
galactosidic bonds and release the free form of DCI. Although
other extrusion conditions (for instance T100M40, T100M60,
and T70My) significantly decreased the DCI level (p < 0.05),
the DCI level was still of the same order of magnitude (>1 mg/g
DW). In addition, the mechanism of decrease was unclear.

Antioxidant activity

The AC of bioactive components was related to a variety of
determination methods with different mechanisms, including
hydrogen atom transfer (HAT), single electron transfer (ET),
reducing power, and metal chelation (40). Pellegrini et al. (41)
reported that ABTS radicals are suitable for water and organic
phases, whereas DPPH radicals can only be used for organic
phases. In addition, FRAP assay was used to determine the
AC of hydrophilic antioxidants with ferric reducing potency at
acidic pH but it has a low sensitivity toward antioxidants with
thiol-group. Therefore, the approach of using only one detection
method may underestimate AC values because antioxidant
compounds are incompletely extracted.

Three different assays including DPPH, ABTS, and FRAP
were employed to evaluate the AC of flavonoid extracts
isolated from Tartary buckwheat samples in this study. As
shown in Figure 2A, DPPH radical scavenging activity in
NTBF was 1.74 mmol Trolox equivalent (TE)/g DW, which
was significantly higher (p < 0.05) than in the T160M30
and T70M30 samples, and significantly lower than T70M60
(p < 0.05). Moreover, DPPH radical scavenging activity of
T100My and T70M40 samples showed no significant differences
from NTBF (p > 0.05). The results shown in Figure 2B
suggested that PTBF (especially samples produced by IEPT)
possessed significantly (p < 0.05) higher ABTS+ radical-
eliminating capacity than NTBF (1.66 mmol TE/g DW). In
addition, the antioxidant capacity in PTBF determined with
the ABTS assay was generally significantly higher than that
determined with the DPPH assay, which is in agreement with
previous studies (8, 40). This suggested the PTBF were rich
in both lipophilic and hydrophilic radical scavengers. Similar
results were observed in plant extracts (42). Compared to
NTBF, the FRAP capacity of the T160M30 sample significantly
decreased (p < 0.05), whereas PTBF obtained with IEPT
showed a significant increase in the FRAP capacity (p < 0.05)
(Figure 2C).

Combining the three detection methods above, these
results confirmed that extrusion processes (especially samples
produced by IEPT) significantly increased the AC (p < 0.05),
Similar observations have also been reported in barley (22).

FIGURE 2

The antioxidant activities of flavonoids extracts isolated from
native and pregelatinized Tartary buckwheat flour: (A)
1,1-diphenyl-2-pic-rylhydrazyl (DPPH) radical scavenging
activity. (B) ABTS radical scavenging activity. (C) Ferric reducing
antioxidant power (FRAP).

The antioxidant compounds in the flavonoid extracts were not
only good reductants but also efficient radical scavengers (42).
The AC was contrary to the trend in changes in the flavonoid
content. On the one hand, many studies have indicated
that quercetin and kaempferol contain immensely higher
AC than their glycoside compounds (8, 43). As mentioned
before, flavonoid glycosides (rutin, isoquercitrin, kaempferol-3-
O-rutinoside) were transformed into these aglycones (quercetin,
kaempferol) after extrusion (especially in IEPT). Consequently,
the AC of PTBF obtained with IEPT was much higher than in the
non-extrusion treatment and TEPT treatment. Previous workers
have also noted that quercetin-3-glucoside exhibits lower
antioxidant capacity and it was proposed that this phenomenon
was mainly due to the substitution of sugar or alkoxy groups
that hinder the hydroxyl group (44). On the other hand, another
study reported that thermal processing can produce pigments
due to Maillard browning, and that these pigments enhance the
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FIGURE 3

The α-glucosidase (A) and α-amylase (B) inhibitory activities of flavonoids extracts isolated from native and pregelatinized Tartary buckwheat
flour.

antioxidant activity of the extrudate (22). To summarize, there
are two possible explanations for improving the antioxidant
activity: one was an alteration of the antioxidant profile and
generation of more aglycones with stronger biological activities,
and the other was due to contributions by the Maillard reaction.

α-glucosidase and α-amylase inhibitory
activities

The inhibitory effects of flavonoid extracts from Tartary
buckwheat samples on α-glucosidase and α-amylase activities
were investigated in vitro (Figure 3). Calculation of the half
inhibitory concentration (IC50) of α-glucosidase was used
to evaluate the inhibitory activity. As shown in Figure 3A,
NTBF showed the lowest α-glucosidase inhibitory activity
with the highest IC50 value (26.73 µg/ml). The α-glucosidase
inhibitory activity of flavonoid extracts in PTBF was significantly

enhanced by extrusion, with the IC50 values ranging from
12.23 to 23.45 µg/ml. As shown in Table 4, the flavonoid
glycosides (rutin, isoquercitrin, kaempferol-3-O-rutinoside)
were transformed into quercetin and kaempferol by extrusion,
and especially IEPT. Similarly, previous studies have confirmed
that the inhibitory activity of quercetin and kaempferol on α-
glucosidase was superior to those of the glycoside derivatives
(8, 19). Compared with individual flavonoids, Oboh et al.
(44) found that the combination of quercetin and rutin had a
synergistic effect on α-glucosidase inhibitory activity.

Not all TBF samples showed higher than 50% inactivation of
the α-amylase enzyme within the concentration range studied.
Therefore, the IC50 value for α-amylase inhibition could not be
estimated in this study (Figure 3B). The α-amylase inhibitory
activity significantly decreased (p < 0.05) under the extrusion
processes, except for T160M30 and T70M30. Among the
extrusion processes, the most α-amylase inhibitory activity was
lost under T100My. It has been determined that individual
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TABLE 5 Correlation between flavonoid compounds and color parameters, the activities of antioxidant, α-glucosidase, and α-amylase inhibitory.

L* a* b* DPPH ABTS FRAP α -glucosidase
IC50 (µ g/ml)

α -amylase inhibitory
activities (%)

Total flavonoids 0.318 0.130 −0.223 0.152 −0.544** −0.663** 0.508* 0.528**

Rutin 0.305 0.486* −0.661** −0.362 −0.877** −0.972** 0.584** 0.688**

Isoquercitrin 0.248 0.600** −0.694** −0.467* −0.860** −0.969** 0.493* 0.760**

Kaempferol-3-O-rutinoside 0.331 0.453* −0.670** −0.328 −0.881** −0.979* 0.611** 0.660**

Quercetin −0.386 −0.496∗ 0824** 0.509* 0.894** 0.944** −0.581** −0.681**

Kaempferol −0.386 −0.480* 0.725** 0.379 0.865** 0.983** −0.601** −0.691**

Pearson correlation tests are performed to calculate the correlations between variables. * represents significant difference between data, p < 0.05; ** represents extremely significant
difference between data, p < 0.01.

flavonoids (rutin, isoquercitrin, quercetin) play a major role
in the inhibition of α-amylase (45). In addition, the complex
produced by the combination of individual flavonoids and α-
amylase could cause static quenching of α-amylase via non-
radiation energy transfer and further inhibit the activity of
α-amylase (45). Therefore, we deduced that the inhibitory effect
of flavonoid extracts from Tartary buckwheat samples on α-
amylase might be the result of the combined effect of multiple
active ingredients.

The PTBF obtained with IEPT exhibited strong α-
glucosidase inhibitory activity and mild α-amylase inhibitory
activity in this study. In view of the fact that strong α-amylase
inhibition could cause undesirable effects, such as diarrhea and
flatulence (11, 12); PTBF can be used as an ideal α-amylase
and α-glucosidase inhibitor and it has great potential in the
development of anti-diabetic foods.

Pearson’s correlations

The Pearson correlation coefficients for the relationship
between flavonoid compounds and color parameters, the
activities of antioxidant, α-glucosidase, and α-amylase
inhibitory of different samples are shown in Table 5. The
a∗ scores significantly correlated with TFC, rutin, isoquercitrin,
kaempferol-3-O-rutinoside, quercetin, and kaempferol levels
(r = 0.486, 0.600, 0.453, −0.496, −0.480), whereas the b∗

scores possessed the opposite tendency. This suggested that
the a∗ and b∗ scores of different samples are closely related to
the individual flavonoid compounds levels. In addition, the
antioxidants (DPPH, ABTS, FRAP) significantly correlated with
flavonoid levels in Tartary buckwheat samples. Specifically, the
antioxidant activity was positively correlated with the levels of
quercetin and kaempferol and negatively correlated with TFC,
rutin, isoquercitrin, and kaempferol-3-O-rutinoside levels. The
α-glucosidase inhibitory activity was positively correlated with
the levels of quercetin and kaempferol, and negatively correlated
with TFC, rutin, isoquercitrin and kaempferol-3-O-rutinoside
levels, whereas the α-amylase inhibitory activity possessed the
opposite tendency. Based on these results, we can conclude that

the changes in flavonoid content and composition caused by
extrusion have synergistic or antagonistic effects on the color
parameters, the activities of antioxidant, α-glucosidase, and
α-amylase inhibitory of different samples.

Conclusion

This work indicated that the type of extrusion treatment
induces a significant effect on the phytochemical composition
and color properties of Tartary buckwheat samples and
strongly influences its antioxidant, α-glucosidase, and α-amylase
inhibitory activities. Extrusion processes have a significant
effect on the overall color of Tartary buckwheat samples.
The contents of fat, total flavonoids, and flavonoid glycosides
decreased upon extrusion, while the aglycone contents and the
activities of antioxidant and α-glucosidase inhibition increased
significantly. In particular, different aspects of the extrusion
treatments (including the temperature and moisture properties)
had different effects on the levels of protein and DCI, as
well as α-amylase inhibitory activity. Overall, PTBF obtained
with IEPT showed particularly high levels of aglycones, strong
antioxidant and α-glucosidase inhibition and relatively mild α-
amylase inhibitory activity. These findings indicate that PTBF
obtained under IEPT could serve as an ideal functional food
resource with antioxidant and anti-diabetic potential.
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The vegetable oil industry is limited by the high cost of the refining

process, and the camellia shells (CS) are beneficial to the development of

the industry as a biomass raw material for camellia oil decolorization. In

this study, CS-based p-doped porous activated carbon (CSHAC) obtained

after the pyrolysis of H3PO4-laden CS-hydrochar (CSH) was used for the

adsorption of carotenoids in camellia oil. The results showed that the

adsorption efficiency of CSHAC for carotenoids was 96.5% compared to

67–87% for commercial decolorizers, and exhibited a fast adsorption rate

(20 min). The results of adsorption isotherms indicated that the adsorption of

carotenoids on CSHAC occurred through a multi-layer process. Furthermore,

the analysis of adsorption kinetics showed that the adsorption of carotenoids

by CSHAC was a complex process involving physical and chemical reactions,

and chemisorption was the dominant kinetic mechanism. This superior

performance of CSHAC in adsorbing carotenoids was attributed to its micro-

mesoporous structure, hydrophobicity, and numerous active sites.

KEYWORDS

camellia oil, adsorption, activated carbon, interaction, mechanism

Introduction

Carotenoids are derivatives of 40-carbon isoprene, which can be derived from a
variety of classes due to different substituents. Common carotenoids in vegetable oils are
β-carotene and lutein, which appear yellow, orange, or red (1). Although carotenoids
have health-benefiting antioxidant properties, they show pro-oxidant activity at high
temperatures during vegetable oil refining process (2). Therefore, research on the
removal of carotenoids is necessary for the subsequent processing of refined vegetable
oils, to meet oil quality standards and to promote a healthy diet.

Frontiers in Nutrition 01 frontiersin.org

61

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.1058025
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.1058025&domain=pdf&date_stamp=2022-11-16
https://doi.org/10.3389/fnut.2022.1058025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.1058025/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1058025 November 10, 2022 Time: 15:9 # 2

Tian et al. 10.3389/fnut.2022.1058025

Activated clay and activated carbon have been utilized
in oil decolorization (3). However, in the refining process,
acid-activated activated clay catalyzes the oxidation of oil
in oxygenated and high-temperature environment (4). In
contrast, carbon materials are considered to be a better choice.
However, the existing commercial activated carbon (CAC) is not
satisfactory for the decolorization efficiency of vegetable oils,
and the production of high-efficiency carbon materials requires
expensive precursors and equipment. Biomass has attracted
extensive research attention due to its distinctive advantages,
including resource-rich, clean, and eco-friendly (5). Bamboos
(6), peanut shells (7), rubber seed shells (8), and pinewoods (9)
have been used to produce effective activated carbon, which is
used as an adsorbent in many applications and can eliminate
the waste of certain resources. However, detailed studies on
the adsorption of carotenoids from vegetable oils by activated
carbon are rare.

Hydrothermal carbonisation (HTC) refers to operation in
a sealed reactor under mild subcritical reaction conditions
below 250◦C to promote the dissolution of lignocellulosic
components into water (10). The HTC process produces
hydrochar with a high aromatic structure and a high content
of oxygen-containing functional groups (11). A study revealed
that carotenoids were oxidized upon adsorption (12). Therefore,
this process is capable of facilitating the removal of pigments.
Increasing the micro-mesoporous structure, surface area, and
active groups of carbon materials can also improve their
adsorption efficiency (13). Bentonite clays with predominantly
mesoporous structural characteristics have been fabricated, and
the researchers believed that the average pore size of clay
particles affected their oil-bleaching capacity (14). Another
study investigated the bleaching capacity of activated animal
bone with a surface area of 593.27 m2/g on palm oil, but its
efficiency at 120◦C was only 75.14% (15). Some researchers
studied the thermo-mechanical process of bleaching oil on
adsorbents constituted of 5% activated carbon and 95% activated
earth (16). However, the above studies of composite adsorbents
did not fully demonstrate the mechanism of adsorption between
all carbon-based adsorbents and pigments.

Camellia shells (CS) can be used as decolorizers for
refined camellia oil. These shells have great potential for mass
production, and comprehensive utilization of agricultural by-
products can reduce industrial costs, which is conducive to
increasing their economic added value. Moreover, considering
the rich mesoporous structure of the shell, it is a promising
material for the production of porous carbon. There is
minimal research on the HTC method for yielding high-
efficient activated carbon from CS as vegetable oil decolorizing
agents. Although the effectiveness of single-step carbonisation
is acceptable, HTC-assisted carbonisation has been investigated
to optimize consumption of energy, as well as to biomass
applications, since biomass has a high percentage of water.
Therefore, pre-treatment with the HTC process before pyrolysis

is expected to produce carbon materials with improved
physicochemical performances.

In this study, p-doped porous activated carbon (CSHAC)
with high specific surface area and ample surface groups was
prepared from CS. The adsorption mechanisms of adsorbents
for carotenoids of camellia oil were analyzed through adsorption
kinetics, isotherms, and thermodynamics. This is the first report
on CS as a precursor for the synthesis of p-doped porous carbon
for removing carotenoids from vegetable oils, to the best of our
knowledge. This work introduces a new type of biomass for
rapid carotenoid adsorption. It can also provide a reference for
decolorization mechanisms for vegetable oils.

Materials and methods

Chemicals and materials

Crude camellia oil was supplied by the Zhongzhou
Company, China. Camellia shells were from Kaihua County,
Quzhou City, Zhejiang Province, China. Camellia shells were
pretreated by washing thoroughly with distilled water and
drying in the sun for 8 h before being crushed and sieved
with a 100 µm mesh in a stable arm crusher. Phosphoric acid
(H3PO4, 85%) was purchased from Guangdong Guanghua Sci-
Tech Co., Ltd. Commercial activated clay (CC) was purchased
from Gongyi Runsen Water Treatment Materials Co., Ltd.
Commercial activated carbon was purchased from Dongguan
Hongsheng Activated Carbon Co., Ltd.

Preparation of CSHAC

CSHAC was obtained using the HTC method, then acidified
with 20% H3PO4 and carbonized (17). The HTC method was
performed in an autoclave reactor. First, 5 g of CS and 50 ml
of distilled water were mixed well and sealed in a stainless
steel sample reactor. The reactor was then heated at 200◦C for
1 day. Next, the solid product, namely CS-hydrochar (CSH), was
flushed with distilled water and whereafter dried at 105◦C for
1 day. The process was continued by stirring CSH with 50 ml
of 20% H3PO4 at ambient temperature for 5 min and drying
at 105◦C for 1 day. The dried products were then carbonized
at 600◦C at a heating rate of 5◦C min −1 with a continuous
N2 flow for 3 h. The collected product was designated CSHAC
after being rinsed with distilled water to remove excess acid and
by-products up to pH 7.

Preparation of refined camellia oil

The refined camellia oil contained 35.2 mg/kg carotenoids,
which was obtained by filtering the crude camellia oil through
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a ceramic membrane with a pore size of 0.14 µm to remove
possible suspended impurities.

Batch adsorption studies

Batch adsorption tests were performed to assess the
performance of CSHAC for the adsorption of carotenoids.
All the adsorption studies were performed in a temperature-
controlled incubator shaker with consistent stirring (150 rpm)
(ZQZY-85CN, Zhichu, China). A conical flask was used to
place refined camellia oil during the experiments. The influences
of important factors, for instance, sorbent material, sorbent
dosage, temperature, and contact time on carotenoid adsorption
were investigated. Each adsorption experiment was repeated
thrice, and the results were averaged. After adsorption, the
samples were split from the oil by transiting them through
filter paper. Based on the British Standard Methods of Analysis
(BS, 1993), the carotenoid concentrations of samples were
determined at 454 nm with cyclohexane as the reference
solution using a spectrophotometer (SP-752, Spectrum, China).
The total carotenoid content was expressed as β-carotene
equivalents. Later, 1 g of refined camellia oil was weighed,

dissolved in cyclohexane, and diluted to a final volume of
100 ml. To acquire reliable results, the suspended impurities
were filtered through the membrane (0.45 µm) and residual
carotenoid concentrations were detected. The followings are the
adsorption capacities of carotenoids on CSHAC at time t(qt) and
equilibrium (qe) and the carotenoid removal rate (R):

qt =
(C0 − Ct)× V

m
(1)

qe =
(C0 − Ce)× V

m
(2)

R =
C0 − Ct

C0
× 100% (3)

where C0 (mg/L), Ct (mg/L), and Ce (mg/L) show the
concentrations of carotenoid at the original time, equilibrium,
and time t, respectively; m (g) is the adsorbent dosage; V (L) is
refined camellia oil volume.

Analysis

The N2 adsorption-desorption analysis was determined
by using the Brunauer–Emmett–Teller (BET; ASAP2460;

FIGURE 1

Structures of (A) lycopene, (B) β-carotene, (C) lutein, and (D) astaxanthin.
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FIGURE 2

(A) Images of CS and CSHAC on Ixora chinensis leaves. (B) SEM images of CS, CSH, CSHAC, and CSHAC/carotenoids. EDX images of (C) CSHAC
and (D) CSHAC/carotenoids.

Micromeritics, USA) equation. The surface features of samples
were observed using scanning electron microscopy (SEM;
Zeiss Gemini 300, Germany). The X-ray diffraction (XRD)
patterns in the scanning range of 5–80◦ of the samples
were measured using an X-ray diffractometer (SmartLab3KW,
Rigaku, Japan). Raman spectroscopy was performed using a
DORIBA Spectra instrument operating with a 532 nm green
laser (Horiba LabRAM HR Evolution, Japan). The mapping
images were provided with an X-ray spectrometer [energy-
dispersive X-ray spectrometer (EDX); SMART, EDAX Inc.,
USA]. X-ray photoelectron spectrometry (XPS) was used to
analyze compositions of sample surfaces (K-Alpha, Thermo
Fisher Scientific, USA). Contact angles analysis of samples was
obtained by using contact angle equipment (DSA100; KRUSS,
Germany). Fourier transform infrared spectrometer (FTIR) was
used to detect the functional groups of the samples (IRTracer-
100, Shimadzu, Japan). An ultraviolet detector was used for

identifying compounds at a wavelength of 454 nm. The free
fatty acid contents of the samples were determined using the
AOCS Official Method, C. (2017). 3d-63. Acid value fats and oils.
The peroxide values of the samples were determined using the
national standard (GB 5009.227–2016).

Results and discussion

Characterisation of CSHAC

Scanning electron
microscopy-energy-dispersive X-ray
spectrometer studies

The structures of the four common carotenoids were
depicted in Figure 1. As depicted in Figure 2A, CS and
CSHAC could be easily placed on the leaves of Ixora chinensis.
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Unnoteworthy deformation of the leaf manifested that the
density of prepared CSHAC did not change significantly
compared with CS. Surface morphologies of CS, CSH,

CSHAC, and CSHAC/carotenoids were characterized using
SEM. Figure 2B exhibited the typical SEM images. The pristine
CS exhibited a relatively smooth surface. In comparison, the

FIGURE 3

N2 adsorption-desorption isotherms for (A) CS, (B) CSH, and (C) CSHAC. The pore size distribution curves of (D) CSH, (E) CSHAC, and
(F) CSHAC/carotenoids. (G) Contact angles determined for CS, CSH, and CSHAC. (H) X-ray diffraction patterns of CS, CSH, and CSHAC.
(I) Raman spectra of CSH and CSHAC.
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HTC process developed some pore space with a multilevel
layered structure on the CSH surface. CSHAC exhibited an
abundant network-like porous structure that could expose more
available active sites for the uptake of carotenoids during the
adsorption process. The lignin skeleton was exposed during
acidification and pyrolysis (18). The pore structure of CSHAC
was well developed, forming delamination within the pore
channel, and even causing surface etching of CSHAC. As
depicted in Figure 2B, the morphology of CSHAC changed
upon carotenoid adsorption. At the end of the adsorption
process, the surface of CSHAC was wrapped with the refined
camellia oil pigments, and the pore structure was no longer
clearly and visibly exposed.

Figures 2C,D exhibited the EDX element mapping images
for CSHAC and CSHAC/carotenoids. The EDX spectra of
CSHAC were mainly composed of C, O, N, and P. It was
evident that the P element were successfully doped into the
carbon skeleton after biomass pyrolysis and evenly distributed
on the CSHAC surface, which ensured that CSHAC had a high
chemical reactivity for carotenoid adsorption. Compared with
CSHAC, the C, N, and O contents of CSHAC/carotenoids were
significantly different, revealing that the chemical composition
of CSHAC changed after the carotenoid adsorption process.

Brunauer–Emmett–Teller analysis
The results of the N2 adsorption-desorption isotherms

investigation were exhibited in Figures 3A–F. It was evident
in Figure 3A that the CSH adsorbent exhibited a typical type
IV isotherm with an H3 hysteresis loop, proving that the CSH
process transformed the adsorbent into a mesoporous material
with inter-granular voids or slit pores (IUPAC classification).
The adsorption isotherms for CSHAC (Figure 3B) exhibited a
sharp rise in the low relative pressure range (p/p0 < 0.1) and
represented a hysteresis loop at a relative pressure of 0.45, which
indicated that the isotherms belonged to the combination of
type I and type IV isotherms (19). Moreover, the hysteresis
loop corresponded to the H4 loop. These results implied that
the prepared CSHAC was micro-mesoporous carbons (20).
The isotherms exhibited an obvious upturn at p/p0 higher
than 0.95, indicating that the adsorbent contained macropores.
These findings were consistent with the results of the SEM
investigation and the reasons for the pore collapse of CSH and
CSHAC proposed by the authors. As depicted in Figure 3C,
the adsorption-desorption isotherm of CSHAC/carotenoids
was a type IV isotherm of the H3 hysteresis loop, proving
that carotenoid adsorption changed the pore structure of the
adsorbent. This might be related to the physical or chemical
adsorption of carotenoids. The specific surface areas, total pore
volumes, and average pore sizes of the samples were calculated
(see Table 1 for details). The specific surface area and pore
volume of CSHAC were significantly higher than those of
CSH, demonstrating that CSHAC was well activated and could
facilitate the capture of colorants from refined camellia oil. By

TABLE 1 Physicochemical properties of CS, CSH, CSHAC, and
CSHAC/carotenoids.

Adsorbent Specific
surface

area
(m2/g)

Pore volume (cm3/g) Average
pore size

(nm)Vtot Vmic Vmes

CS 0.19 0.012 – – 261

CSH 37.87 0.263 0.005 0.231 31

CSHAC 1,359.25 1.162 0.451 0.922 4.1

CSHAC/
Carotenoids

3.86 0.074 0.002 0.073 76

Vtot, total pore volume; Vmic, micropore volume; Vmes, mesopore volume.

comparing the difference in average pore sizes between CSHAC
and CSH, we speculated that the pore size distributions of
adsorbent might affect adsorption efficiency (13). The specific
surface area and pore volume of CSHAC after adsorption were
significantly lower than before, and the microporous structure
disappeared, indicating that the pigments diffused through the
pore surface and inside the pores. This finding also indicated
that CSHAC exhibited good pore-mediated adsorption.

Contact angle measurement
As shown in Figure 3G, a contact angle

measurement apparatus was used for studying the
hydrophilicities/hydrophobicities of CS, CSH, and CSHAC. The
contact angle of the CS surface was 128.9◦, which manifested
hydrophobicity. After the HTC, acidification, and pyrolysis
processes, the contact angles of the CSH (101.0◦) and CSHAC
(91.1◦) surfaces were slightly lower than those of the CS surface.
The decrease in hydrophobicity could be ascribed to an increase
in the porosity and number of functional groups of CSH and
CSHAC (21). The adsorption process proceeded in two steps
(22). First, the adsorbate was transferred through the liquid
film around the adsorbent. Second, the adsorbate diffused
through the pores of the adsorbent and then adsorption took
place in the active sites of the sorbent. The hydrophobicity of
sorbent behaved a significant part in the sorption process (23).
Under hydrophobic conditions, the diffusion rates through
the liquid film and pore could be accelerated to achieve
adsorption equilibrium (section “Effect of contact time”).
Hence, high carotenoid removal and rapid adsorptive rates
could be accomplished during the disposal of colorants in
refined camellia oil.

X-ray diffraction analysis
The crystallinities of CS, CSH, and CSHAC were examined

using XRD spectroscopy in the range of 5–80◦. The results
were shown in Figure 3H. Remarkably, the XRD patterns of
the samples after one- and two-step processing exhibited XRD
patterns similar to those of the raw material, indicating that their
natural structure was preserved. Two broad peaks centered at
approximately 2θ = 23◦ and 43◦ corresponded to the diffraction
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peaks of the (002) and (100) planes of the amorphous carbon
material (24). The absence of a sharp peak from the pattern
further signified that the activated carbon had a lower degree
of graphitisation; at such a temperature, the graphitic structure
had not developed (25). Compared the XRD patterns of CSHAC
with CSH, it was distinct that the diffraction at (002) was less
broad, which meant a higher degree of graphitisation. This
might be the result of a complete reaction between H3PO4

and CSH at a high carbonization temperature. These results
indicated that the characteristics of the high specific surface area
and microporous structure of the adsorbent were closely related
to the orientation of the graphite layer and the expansion and
distribution of the carbon lattice (26).

Raman analysis
Raman analysis of carbon exhibited a further

comprehension of the structural defects on the surface of
the materials. Figure 3I depicted the results of the Raman
analysis of the CSH and CSHAC samples. The Raman spectra
for CSH showed two well-defined peaks at 1,383 cm −1 (D peak)
and 1,588 cm−1 (G peak), respectively (27). The peak at around
2,500–3,200 cm−1 was due to the existence of either the –OH
group of carboxylic acid or disordered substances (28). The D
peak indicated disorders in the graphitic structure of carbon
materials, while the G peak represented the graphitic structure
of carbon materials caused by the vibration of sp2 hybrid carbon
atoms in both rings and chains (29). The relative intensity
ratio of the D peak to the G peak (ID/IG) was approximately
0.73. Furthermore, the Raman spectra of CSHAC exhibited
an increased ID/IG ratio of 0.95, which obviously established
the presence of more structural disorders in CSHAC. Acid
treatment endowed CSHAC with more defective structures,
and thus the increased number of active sites enhanced its
adsorption capacity.

Fourier transform infrared spectrometer
analysis

The FTIR spectra of CS, CSH, CSHAC, and
CSHAC/carotenoids were depicted in Figure 4C. As the
processing steps increased, the intensity of the absorption peak
at 3,417 cm−1 decreased, which implied a decrease in the
content of –OH (30). After the activation of CS at 600◦C, the
inter- and intra-molecular dehydration reactions of cellulose
and hemi-cellulose were intense, and the hydroxyl group was
released in the form of water. The higher the temperature, the
more the hydroxyl groups were released, and the lower the
intensity of their absorption peak in the infrared spectrum.
The oxygen content decreased from 20.16 to 17.58% with the
activation of the phosphoric acid solution (Table 3). This result
was attributed to the dehydration of phosphoric acid, which
could eliminate O and H from carbon. The –CH3 and –CH2

stretching vibrations of aliphatic hydrocarbons or cycloalkanes
were observed near 2,933 cm−1 (31). The intensity of this
absorption peak in the CSHAC spectrum was not significant

when compared with that of CS, mainly because the sample
underwent a demethylation reaction after activation at 600◦C,
producing H2, CH4, and C2H6 gases (32). The peak was found
at 1,625 cm−1 (C=C stretching), which represented the possible
aromatic skeleton in CSHAC and indicated that CSHAC
had some hydrophobicity (20). This result was similar to the
contact angle results (section “X-ray diffraction analysis”). The
positions of C=C (shifted from 1,625 to 1,734 cm−1) on CSHAC
changed after carotenoid adsorption, which manifested that
they might participate in carotenoid complexation. The 1,500–
1,100 cm−1 bands were the absorption peaks of C-O-C, C-H,
C-OH, and other stretching vibrations (33). The 1,039 cm−1

band corresponded to C-O stretching, and 977 cm−1 was the
band between acid and carbon (33). This indicated that the
P element doped into CSH might be combined with the C
and O element. After the high-temperature treatment, some
C-OH groups in the oil shell charcoal were broken, and the
intensity of the absorption peaks was reduced. The results
indicated that activation promoted the pyrolysis of –CH3 and
–OH, however, the oxygen-containing functional groups in the
carbon materials were retained. The unsaturated aromatic units
on carotenoids and the oxygen-containing functional groups
on CSHAC exhibited significant electron absorption capacity
and could be considered as π-electron acceptors, and hydroxyl
and methyl groups could act as π-electron donors. The π–π

interactions enhance the adsorption capacity of carotenoids on
CSHAC.

X-ray photoelectron spectrometry analysis
The surface compositions of the CS, CSH, CSHAC, and

CSHAC/carotenoids were analyzed using XPS. The results
were shown in Figure 4. The survey spectra of all samples
exhibited pronounced peaks of carbon and oxygen (Figure 4F).
There were two other weak peaks at approximately 191.0 and
132.75 eV that were observed in the survey curves of both
CSHAC and CSHAC/carotenoids, which corresponded to the
binding energies of P2s and P2p spectra. These came from
the H3PO4 activation process (20). The C1s spectra of CS and
CSH were divided into three contributions: C-C/C=C, C-O,
and C=O, whose predominant chemical states were C-C/C=C
(Figures 4A,D) (34). Their percentages were ascertained on
the strength of the depth profiles acquired using XPS. When
compared with CS, CSH had a higher C-C/C=C content,
indicating higher aromaticity. The O1s peak recorded for CS
and CSH were split into two peaks at 532.75 (C-O/O-H) and
531.75 eV (C=O), respectively (Figures 4B–E) (14). The result
of the O1s spectrum profile recorded for CSH suggested that
the proportion of each component of CSH was different from
that observed for CS due to reactions such as dehydration and
decarboxylation.

The C1s spectra were recorded for CSHAC (Figure 4G). The
peaks corresponded to C=O (289.02 eV), C-O/C-P (285.13 eV),
and C-C/C=C (284.34 eV) of CSH, respectively (35). The
presence of the peak at 284.34 eV (C-C/C=C) indicated
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FIGURE 4

(A) C1s and (B) O1s spectra of CS. (C) FTIR spectra of CS, CSH, CSHAC, and CSHAC/carotenoids. (D) C1s and (E) O1s spectra of CSH. (F) XPS
survey spectra of CS, CSH, CSHAC, and CSHAC/carotenoids. (G) C1s, (H) O1s, and (I) P2p spectra of CSHAC. (J) C1s, (K) O1s, and (L) P2p spectra
of CSHAC/carotenoids.

that the CSHAC surface had a certain degree of aromatic

structure. Theoretically, phosphoric acid activation of CSH led

to oxidation and catalytic dehydration reactions, as confirmed

by the increased molar percentages of C-O and C=O in the

C1s spectra of CSHAC (Figures 4D,G). The O1s spectrum

of CSHAC was depicted in Figure 4H. The peaks of C-O/P-
O (532.56 eV) and C=O/P=O (531.06 eV) were ascribed to
the CSH after acidification and carbonisation, respectively. As
shown in Figure 4I, the P2p spectrum of CSHAC could be
parsed into C-O-P, C-P-O, and C-P=O components at 135.85,
133.71, and 132.65 eV, respectively (36).
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TABLE 2 Changes in chemical valence states changes of C, O, and P on CSHAC before and after carotenoid adsorption.

Samples C1s (%) O1s (%) P2p (%)

C=C/C-C C-O/C-P C=O/O-C=O C=O/P=O C-O/C-P C-P=O C-P-O C-O-P

CSHAC 49.03 40.00 10.97 26.5 73.5 30 50 20

CSHAC/carotenoids 85.6 8.0 6.4 53.17 46.83 4.5 56.6 38.9

FIGURE 5

(A) Variations in carotenoid removal efficiency using various adsorbents and commercial decolorizers (adsorbent dosage is 2%; temperature is
333 K; time is 20 min). (B) Effect of CSHAC on carotenoid removal. (C) The carotenoid removal efficiency of CSHAC at adsorption equilibrium
and different temperatures. (D) Contact time versus adsorption capacity and removal rate of CSHAC for carotenoids. (E,F) Photographs of
refined camellia oil before and after adsorption for 20 min by CSHAC. Each value manifests the mean ± standard deviation of triplicate
determinations and the mean values with diverse letters (a–d) differ significantly (P < 0.05).
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The C1s spectrum recorded for CSHAC/carotenoids was
depicted in Figure 4J. Compared with CSHAC, the C-C/C=C
content of CSHAC/carotenoids increased after carotenoid
adsorption owing to the carotenoids attached to the CSHAC
surface. Consistent with the above FTIR analysis, π–π

interactions promoted the adsorption of carotenoids. The
result of the O1s spectrum recorded for CSHAC/carotenoids
(Figure 4K) indicated that the ratio and binding energies of
each component of CSHAC/carotenoids differed from those of
CSHAC (Figure 4H). Evidently, the C-O content was reduced
after carotenoid adsorption, which indicated that it participated
in carotenoid complexation. Compared the P2p spectra of
CSHAC (Figure 4I) with CSHAC/carotenoids (Figure 4L).
A slight shift was observed in all three peaks, which was
attributed to the reaction between the adsorbent and adsorbate
during adsorption. The results of the relative contents of
functional groups were listed in Table 2. After carotenoid
adsorption, the molar percentage of C-P=O (relative to the
total P) evidently decreased from 30 to 4.5%. In contrast, the
molar percentage of C-P-O increased from 50 to 56.6%. This
indicated that the C-P=O group served as an active component
for carotenoid adsorption and transformed into the C-P-O
group (35). Therefore, the enhanced functional groups and
aromatic structure could facilitate the adsorption of carotenoids
and improve the decolorization efficiency of camellia oil by
CS-based modified activated carbon.

Adsorption performance

Effect of sorbent material
By comparing CSH, CSHAC, CC, and CAC (Figure 5A),

the carotenoid removal rate of CSHAC (96.5%) was the highest
among the materials tested in the same conditions. The high
specific surface area and three-dimensional pore structure of
CSHAC exhibited high adsorption efficiency. The carotenoid
removal efficiencies of commercial decolorization agents CC
and CAC were 87 and 67%, respectively, highlighting the
excellent adsorption effect of CSHAC. Hence, we concentrated
on CSHAC and chose it as the best decolorization adsorbent for
refined camellia oil.

Effect of CSHAC dosage
Figure 5B exhibited the effect of the CSHAC dosage on

carotenoid adsorption performance. As the dosage of CSHAC
increased from 0.01 to 2% (w/w), the carotenoid adsorption
efficiency increased, reaching a plateau when the concentration
of CSHAC exceeded 2%. The initial sharp increase was due to
the augment in the specific surface area and abundant activation
sites for carotenoid adsorption. The optimal CSHAC dose at
which optimum carotenoid removal efficiency was achieved was
2%. Further experiments proceeded under these conditions.
Moreover, it was evident from the data in Table 3 that peroxide

and free fatty acids were removed using CSHAC. Therefore,
the porous structure of the CS adsorbent might be effective for
refining oil.

Effect of temperature
High carotenoid adsorption efficiency on CSHAC was

achieved at high temperatures (Figure 5C). Adsorption was an
endothermic process. The increase in temperature facilitated
the oxidation and movement of carotenoid molecules in
solution. The carotenoid removal efficiency increased when the
temperature at 303–333 K.

The thermodynamic parameters were used for describing
the thermodynamic behavior of carotenoid removal on CSHAC.
Enthalpy (1H, kJ/mol), entropy [1S, kJ/(mol K)], and Gibbs
free energy (1G, kJ/mol) were calculated as follows (37):

K =
qe
Ce

(4)

lnK =
−1H
RT
+
1S
R

(5)

1G = −RT lnK (6)

where K is a constant, T (K) is the absolute temperature, and R
[8.314 J/(mol·K)] is the universal gas constant.

Table 4 showed the parameters of thermodynamics.
A positive value of 1H manifested the endothermic nature of
the carotenoid adsorption (38). The value of 1S was positive,
which confirmed an increase in disorder at the solid-solution
interface (39). The value of 1G was negative at the four
temperatures, which indicated that carotenoid adsorption onto
CSHAC was spontaneous (40).

Effect of contact time
An ultrafast adsorption rate was fulfilled on CSHAC,

and the kinetic equilibrium could be accomplished rapidly

TABLE 3 Amounts of free fatty acid and peroxide value in camellia oil
samples bleached with 2% CSHAC.

Treatment Free fatty
acid (mg/g)

Peroxide value
(g/100 g)

Refined camellia oil 0.92± 0.0018 0.32± 0.0034

Bleaching camellia oil 0.76± 0.0064 0.24± 0.0005

Values were expressed as means± standard deviation.

TABLE 4 Thermodynamic parameters for adsorption of carotenoids
on CSHAC (CSHAC dosage, 2%).

Temperature (K) 1H (kJ/mol) 1S [J/(mol·K)] 1G (kJ/mol)

303 11.879875 39.40836 –3.506539

313 –535.9501

323 –879.929

333 –1193.325
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(20 min) in refined camellia oil (Figure 5D). The ultrafast
adsorption efficiency of CSHAC could be ascribed to three
causes. (i) CSHAC (Figures 5E,F) manifested a morphology
consisting of mesoporous, which facilitated the diffusion rate
of adsorbate molecules. (ii) Abundant active groups (aromatic
rings and oxygen functional groups) exposed on the surface of
CSHAC could π–π conjugate with carotenoids, causing rapid
adsorption. (iii) Hydrophobicity as one of the properties of
CSHAC mainly contributed to an increase in the diffusion rate
of carotenoids in the liquid membrane and pores of CSHAC, i.e.,
it greatly reduced the time for adsorption equilibrium.

Adsorption kinetics

The kinetic behavior of carotenoid adsorption onto
CSHAC was further simulated by using kinetic models:

pseudo-first-order (PFO) kinetic and pseudo-second-order
(PSO) kinetic models were given as Eqs 7 and 8, respectively.
And the linear equation of intra-particle diffusion (IPD) was
given by Eq. 9 (41). qe and qt are the adsorption capacities
(mg/g) of CSHAC at equilibrium and time t, respectively; k1

(L/min), k2 (g/mg min), and kd (mg/g min0.5) refer to rate
constants; and C is a constant.

ln
(
qe − qt

)
= lnqe − k1 · t (7)

t
qt
=

1
k2 · q2

e
+

t
qe

(8)

qt = kd · t0.5 + C (9)

Figure 6 exhibited the experimental data fitted using
the PFO, PSO, and IPD models. As is evident from
the corresponding adsorption kinetics fitting parameters in

FIGURE 6

Kinetics model for adsorption of carotenoids. (A) PFO kinetics, (B) PSO kinetics, and (C) IPD. (D) Langmuir, Freundlich, and Temkin model
descriptions of carotenoid adsorption onto CSHAC (CSHAC dosage, 2%; temperature, 333 K).
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TABLE 5 Kinetic models parameters for carotenoid adsorption on CSHAC.

PFO kinetic model PSO kinetic model IPD model

qe,cal
(mg/g)

k1
(L/min)

R2 qe,cal
(mg/g)

k2
[g/(mg·min)]

R2 kd1
[mg/(g·min0.5)]

R1
2 kd2

[mg/(g·min0.5)]
R2

2 kd3
[mg/(g·min0.5)]

R3
2

0.24 0.1381 0.9336 1.77 1.5803 0.9999 0.1952 0.9675 0.0218 0.9156 0.0023 0.9416

Table 5, the PSO kinetics adsorption model exhibited a higher
correlation coefficient value (R2) during the fitting of the
carotenoid adsorption experimental data of CSHAC. Figure 6
also suggested that the theoretical adsorption capacity value
fitted by the PSO model was closer to the experimental data
of qe. Hence, carotenoid adsorption on CSHAC might be a
chemical adsorption rate-controlling step (42). And the IPD
model showed that the adsorption process had three stages, as
shown in Figure 6. The first fitting stage indicated the spread of
adsorbate molecules through the liquid film around the CSHAC
and the outer adsorption on the sorbent surface. The second
portion referred to the penetration of the adsorbate into the
interlayer of the adsorbent. Finally, the plateau portion was
ascribed to the equilibrium stage. In this work, the result of no
plot passed the origin, manifesting that although the adsorption
process contained IPD, it was not the only rate-limiting step
(43). Therefore, carotenoid adsorption on CSHAC was affected
in two manners: chemical adsorption and IPD.

Adsorption isotherms

The assessment of the adsorption isotherms is fundamental
to depict the connection between the equilibrium adsorption
capacity for carotenoids onto CSHAC and the remaining
concentration of carotenoids at a fixed temperature. In order
to understand the behavior of an adsorptive system, adsorption
isotherm studies are necessary (32).

To simulate the monolayer adsorption behavior by using the
Langmuir isotherm model (Eq. 10) (44):

qe =
qmkLCe

1+ kLCe
(10)

TABLE 6 The adsorption isotherm model parameters of the Langmuir,
Freundlich, and Temkin models for carotenoid adsorption on CSHAC
(CSHAC dosage, 2%).

Model Parameters Evaluation

R2 AdjR2 χ2 SSE

Langmuir model qm = 17.63 mg/g;
kL = 0.08 L/mg

0.9762 0.9642 0.22 0.44

Freundlich model kF = 1.69 mg/g; n = 1.56 0.9853 0.9779 0.14 0.27

Temkin model aT = 0.79 L/mg;
bT = 751.38

0.9657 0.9485 0.32 0.64

where qe (mg/g) and qm (mg/g) are the equilibrium and
maximum adsorption capacity of CSHAC for carotenoids,
respectively. kL (L/mg) is the adsorption constant of the
Langmuir isotherm model.

To illustrate multilayer (≥ 2 layers) adsorption behavior by
using the Freundlich isotherm model (Eq. 11) (45):

qe = kFC
1
n
e (11)

where kF (mg/g) is the Freundlich model constant. n is a
constant used for evaluating the intensity of the interaction
between CSHAC and carotenoids.

The Temkin isotherm model suggests that the adsorption
heat decreases linearly rather than logarithmically with the
adsorption capacity. This model is appropriate for adsorption
with a heterogeneous surface and strong interaction between the
adsorbate and adsorbent. This model can be described by Eq. 12
(38):

qe =
RT
bT

ln (aTCe) (12)

where aT (L/g) and bT are the Temkin constants.
In order to evaluate the fitness of the models more

comprehensively, the adjusted correlation coefficient (adjR2),
chi-square (χ2), and residual sum of squares (SSE) were used to

FIGURE 7

Proposed mechanisms for carotenoid adsorption on CSHAC.
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consider the influence of the number of parameters of various
models by Eqs 13–15:

adjR2
= 1−

∑n
i=1

(
qexp,i − qcal,i

)2∑n
i=1

(
qexp,i − qmean

)2 ·
(N − 1)
(N − P)

(13)

χ2 =
n∑

i=1

(
qexp,i − qcal,i

)2

qcal,i
(14)

SSE =
n∑

i=1

(
qexp,i − qcal,i

)2 (15)

The adsorption isotherm experiment of CSHAC on
adsorbing carotenoids with various concentrations of CSHAC
(0.25, 0.5, 0.75, and 1%) at 333 K. As depicted in Figure 6D,
Langmuir, Freundlich, and Temkin isotherm models were used
to fit the experimental data. The corresponding parameters were
listed in Table 6. The correlation coefficients, such as adjR2,
χ2, and SSE values (Table 6) indicated that the adsorption
of carotenoids onto CSHAC could be more accurately using
the Freundlich model than the other models. Thus, the results
manifested that the adsorption of carotenoids by CSHAC was
a surface multilayer process (46). The result of 0 < 1/n < 1,
after fitting using the Freundlich model, further indicated
that carotenoids were easily adsorbed by CSHAC. For the
Temkin model, the fitting results were reasonable, manifesting
high correlation coefficients. It could be concluded that there
were strong π–π electron-donor-acceptor interactions between
CSHAC and carotenoid molecules (47).

Proposed adsorption mechanism

Adsorption mechanisms (Figure 7) were proposed
according to the structural characteristics of CSHAC and
carotenoids depicted in available studies (48, 49) and the results
reported herein. XPS results indicated that the presence of
C=C, C-O, C-P=O, and O-C=O groups on the CSHAC surface
was likely to facilitate the uptake of carotenoids. Owing to the
structural characteristics of carotenoid molecules, they were
prone to π–π interactions with CSHAC during adsorption. In
addition, carotenoids were adsorbed onto the inner structure
of IPD. The role of the inner structure was to pre-adsorb and
increase the surface area and pore volume to provide more
active sites. In summary, the superior adsorption performance
of CSHAC was mainly ascribed to the number of C-, O-, and
P-containing functional groups and its exceedingly high pore
volume.

Conclusion

In this study, p-doped activated carbon (CSHAC) was
successfully produced using a simple method and used for

efficient adsorption of carotenoids from refined camellia oil. The
results showed that CSHAC had a better adsorption capacity
for carotenoids than those of existing commercial decolorizers.
This remarkable performance of CSHAC was ascribed to its
stereoscopic structure with massive micropores and mesopores
and the richness of active sites. The adsorption process of
CSHAC was primarily dominated by chemical adsorption, with
C=C, C-P=O, C=O, and O-C=O groups as active components,
and the mechanism might be the π–π interactions between
carotenoids and CSHAC. Pore filling facilitated the physical
adsorption of carotenoids by CSHAC. Therefore, CSHAC
has the potential to substitute commercial adsorbents for
decolorization of camellia oil.
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The aim of this work was to investigate the effects of dielectric barrier

discharge-air cold plasma (DBD-ACP, 15–35 kV, 2–12 min) on the quality of

foxtail millets. The L and b∗ values were evaluated by a digital colorimeter

representing that the color of millets was significantly changed at 25 kV

for 4–12 min or at 35 kV for 2–12 min. The results were consistent with

the change of total yellow pigment in millets, indicating that DBD-ACP

damaged the carotenoids if the treatment condition was too high. The activity

of lipoxygenase and lipase, involving the oxidation and hydrolysis of lipids

of millet, decreased significantly induced by DBD-ACP. For example, the

lipoxygenase and lipase activity of Mizhi millet was decreased from 44.0 to

18.7 U g−1min−1, 56.0–15.1 U/(mg pro) (p<0.05) after being exposed to 25 kV

for 2–12 min, respectively. Changes of color, lipoxygenase and lipase activity,

and malondialdehyde content of millets were determined during accelerated

storage (40 ± 2◦C and 75% Relative Humidity) for 15 days after being treated

by DBD-ACP under 15 and 25 kV for 4 min. Results showed that millets

treated by DBD-ACP at 15 kV kept a better color with lower malondialdehyde

content, and lower lipoxygenase and lipase activity compared to control. This

work implied that DBD-ACP is an underlying approach for the storage of

foxtail millets.
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Introduction

Foxtail millet (Setaria italica) has a long planting history in
China as one of the essential coarse grain crops, especially in
the northern area (1). Currently, the cultivation area of foxtail
millet reaches 10.57× 106 ha worldwide, with a high production
of about 2.29 × 106 t (2). This kind of grain crop is rich in
nutritional components, comprising 12.5% protein, 8.0% crude
fiber, 4.3% fat content, 3.3% ash content, and around 61%
carbohydrates (3). It is deemed a medicinal and edible cereal
crop having various health effects such as strengthening the
stomach, promoting digestion and absorption, anti-oxidation,
and anti-inflammation (4). In addition, foxtail millet can also
be used to treat type II diabetes and cardiovascular diseases
(5). Foxtail millet must be dehulled before eating or being
used for food processing. However, the storage stability of
foxtail millet without a shell is seriously reduced, and it is easy
to fade and produces an aging odor, which seriously affects
its appearance and nutritional value. Studies have shown that
millet aging results from the interaction between the external
environment and its components (6). Specifically, the hydrolysis
and oxidation of lipids induced by the endogenous lipase
and lipoxygenase (LOX) are one of the problems that are
prone to occur in the rancidity process of foxtail millet (6,
7). Foxtail millet contains high lipids (> 4%), and the content
of polyunsaturated fatty acids accounts for about 85%, which
is much higher than that of crops such as corn and rice (8).
Lipase could decompose the triglycerides into free fatty acids
and reduce the pH value, which causes the rancidity of foxtail
millet. LOX oxidizes polyunsaturated fatty acids with a 1-cis, 4-
cis-pentadiene structure, including linoleic and linolenic acid, to
form hydroperoxides with the release of highly active oxygen
free radicals, thus leading to the outcomes of fading and the
generation of aging odor (7). Therefore, exploring effective
treatment methods to inactivate lipase and lipoxygenase is
of great significance for stabilizing the quality of foxtail
millet during storage.

The exploitation of “green,” no additives, and safe,
sustainable means, namely, “clean label,” for food processing,
has been increasingly researched in recent years. Plasma is
mainly composed of positive and negative ions, free radicals,
electrons, and the excited state or ground state of atoms (9).
Non-thermal plasma technology could be considered a “clean
label” owing to no production of residues, which may be an
alternative means in the food industry. In recent years, the
application of non-thermal plasma in food processing has been
widely investigated for the inactivation of endogenous enzymes
of food products to extend shelf life and maintain quality (10–
14). For example, plasma can inactivate polyphenol oxidase
in fruits and vegetables and inhibit the degree of enzymatic
browning (15, 16). However, there is a lack of published
studies on how this technology affects the foxtail millet and its
storage stability.

Shaanxi province is an important foxtail millet production
area in China, abounding with famous varieties of Mizhi
millet and Ansai millet, cultivated in Yulin and Yan’an
city, respectively. In this study, the effects of dielectric
barrier discharge-air cold plasma (DBD-ACP) on the lipase,
lipoxygenase (LOX) activity, and the appearance, including
color, total carotenoids content, morphology, and DPPH free
radical scavenging capacity of foxtail millets, i.e., Mizhi and
Ansai, were investigated. Additionally, the effects of DBD-ACP
on the storage stability of foxtail millets were assessed based on
the change of color, total carotenoids, the relative activity of
lipoxygenase and lipase, and malondialdehyde (MDA) content
during an accelerated storage study for 15 days.

Materials and methods

Raw materials

The current year’s harvested foxtail millets Mizhi (Jingu
21 variety) and Ansai (Yangu 12 variety) (Figure 1) were
purchased from a local market in Xi’an, P. R. China. Linoleic
acid and p-nitrophenyl laurate were from Sigma–Aldrich Co.
(St. Louis, MO, USA). 2,2′-diphenyl-2-picrylhydrazyl hydrate
(DPPH) and other chemicals used in this study were obtained
from Aladdin Chemical Co. (Shanghai, China). All chemicals
were of analytical reagent grade. Ultrapure water was used to
prepare the samples throughout the whole experiment.

Dielectric barrier discharge-air cold
plasma treatment of foxtail millet

A dielectric barrier discharge plasma system was applied in
this study as described by Pan et al. (17), which mainly consisted
of two electrodes with an outer diameter of 50 mm (DBD-
50), a high-voltage alternating current power source (CTP-
2000K), a voltage regulator (Nanjing Suman Electronics Co.,
Ltd., Nanjing, Jiangsu, China), and two glass dielectric barriers
of 1.2 mm in thickness. Foxtail millets with uniform size and
color were treated at different voltages (0, 15, 25, and 35 kV)
for 0, 2, 4, 8, and 12 min, the frequency was set at 10 kHz, and
the discharge spacing was 7 mm. The experimental results were
repeated three times, and the average was calculated.

Instrumental color of foxtail millet

The color parameters lightness (L) and yellowness (b∗), were
determined at six different points of each sample using a digital
colorimeter (VS450 Non-contact colorimeter, Xrite Company,
USA) after being blank calibration, to reflect the color change of
foxtail millet before and after being treated by DBD-ACP.
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FIGURE 1

The appearance of foxtail millet. (A) Mizhi. (B) Ansai.

Determination of total carotenoid

Total carotenoids of foxtail millet were extracted and
analyzed based on a method reported by Abdel-Aal and Rabalski
(18) with slight modifications. For the experiment, 0.50 g of
foxtail millet flour with different treatments was homogenized
in 10.0 mL of water-saturated 1-butanol and kept shaking for
3.0 h at room temperature. The resultants were centrifuged
at 6,000 × g for 10 min at 4◦C, and the supernatants were
collected and filtered through 0.45 µm filters to analyze
the total yellow pigment. A UV–Vis spectrophotometer (UV-
1800, Shimadzu Scientific Instruments Co., Ltd., Tokyo, Japan)
was used to measure the absorbance at 450 nm to measure
total carotenoids. All the extraction and analysis of total
carotenoids were conducted in dim light to minimize photo-
oxidative reactions.

Determination of lipase and
lipoxygenase activity

The extraction and activity determination of lipase
were performed according to Lampi et al. (19) with some
modifications. For 1.0 h, 1.0 g of ground foxtail millet
samples with various treatments were thoroughly mixed
with 0.1 M potassium phosphate buffer pH 7.0. After
centrifuging the mixture at 8,000 × g for 15 min at 4◦C,
the crude enzyme solution in the supernatants was collected.
The activity of lipase and LOX in the supernatant was
evaluated using the kits obtained from Nanjing Jiancheng
Bioengineering Institute and Suzhou Grace Biotechnology Co.,
Ltd., China, respectively.

Diphenyl-2- picrylhydrazyl hydrate
free radical scavenging activity

The DPPH radical scavenging activity of foxtail millets was
measured by mixing 6 mg of grounded foxtail millets with
2.0 mL of 70% ethanol and 2.0 mL of 0.1 mM DPPH in
an ethanolic solution. Afterward, the mixture was shaken and
incubated in the dark at ambient temperature for 2.0 h. The
absorbance of samples was recorded at 517 nm, and the radical
scavenging ability of DBD-ACP treated and untreated millets
was expressed as percent free radical scavenging activity.

Scavenging activity(%) =
A517nmblank − A517nmsample

A517nmblank

Scanning electron microscopy
observation

The surface microstructure of foxtail millets was visualized
by scanning electron microscopy (SEM, S-3400N, Hitachi,
Japan). The samples of foxtail millets before and after being
treated by DBD-ACP at 35 kV for 12 min were fixed on SEM
discs with double-sided carbon tape and sputter-coated with
platinum for 60 s. The SEM images were magnified 600 times
and captured at an accelerating voltage of 10.0 kV.

Storage analysis for accelerated aging

To evaluate the effects of DBD-ACP under 15 and 25 kV for
4 min on the quality of millets during storage, untreated millets
(control) and DBD-ACP treated millets that were kept in Petri

Frontiers in Nutrition 03 frontiersin.org

78

https://doi.org/10.3389/fnut.2022.1064812
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1064812 December 1, 2022 Time: 16:9 # 4

Wang et al. 10.3389/fnut.2022.1064812

dishes in an incubator (40 ± 2◦C and 75% RH) for accelerated
aging by 15 days. The change of color indexes and the content of
total carotenoids, activity of lipoxygenase and lipase, and MDA
content were measured every 3 days.

Malondialdehyde concentration

The MDA concentration of foxtail millet being treated and
untreated by DBD-ACP or accelerated storage was evaluated
using an MDA determination kit (Beijing Solarbio Science and
Technology Co., Ltd.). 0.1 g millet powder was thoroughly
mixed with 1.0 mL extracting solution. After incubation in
an ice-water bath for 30 min, the mixture was centrifuged at
8,000× g for 10 min, and the supernatant was kept to determine
the MDA concentration following the protocol.

Statistical analyses

Statistical analysis was performed using OriginPro 8.0
(Origin Lab, Northampton, MA, USA) in triplicate with three
independent experiments and results expressed as means± SD.
Analysis of variance (ANOVA) followed by Tukey’s test was
carried out using SPSS 22.0 software (IBM, NY, USA), and values
were considered significantly different if p < 0.05.

Results and discussion

Effect of dielectric barrier discharge-air
cold plasma on color indexes of foxtail
millet

In the CIELAB color representation system, L and
b∗ represent the lightness and yellowness of samples,
respectively. As shown in Table 1, the L and b∗ values of
both Mizhi and Ansai had no significant change (p > 0.05)
after exposure to DBD-ACP under 15 kV with increasing
treatment time. In addition, no significant difference in L and
b∗ values were observed for Mizhi and Ansai millet under 25 kV
treatment less than 4 min (p > 0.05), suggesting that DBD-ACP
treatment at 15 kV for 2–12 min or 25 kV for 2–4 min had
little effect on the color of millet. However, the levels of L
value increased after DBD-ACP treatment at high voltage,
especially at 35 kV with increasing time (p < 0.05), in which
the L value of Mizhi and Ansai millet increased from 64.23 and
60.51 to 72.5 and 68.68, respectively. The b∗ value decreased
from 49.04 to 46.46 to 42.13 and 40.74, indicating that color
changes (bleaching) occurred in millets after being treated
with DBD-ACP at 35 kV. Several studies have revealed that
DBD-ACP at high voltage induced a significant or slight color
change in food, including cherry tomato, Spirulina algae, carrot

Juice, Pistachio nuts, banana slices, and grains (14, 20–27). For
example, a study conducted by Chaple et al. reported a similar
change in color values (L and b∗) of wheat flour for plasma
treated at voltages of 80 kV for 5–30 min (26). Pearl millets
were also noticed for the variations in color values produced by
atmospheric pressure cold plasma treatment at 40 and 45 kV for
5–15 min (28). These published articles show that DBD-ACP
can cause the destruction of pigment materials to some degree.
Similarly, the increase in L and decrease in b∗ values in this
work are possibly due to the degradation of carotenoids by
ozone or free radicals, as carotenoids are responsible for the
yellow color of foxtail millet (29).

Effect of dielectric barrier discharge-air
cold plasma on total carotenoids in
foxtail millet

Carotenoids are the main yellow pigment components
of foxtail millet, reflecting the quality of millet and having
good nutrition function (1, 30). To confirm the effect of
DBD-ACP on the pigment of foxtail millet Mizhi and Ansai,
total carotenoids were extracted before and after exposure

TABLE 1 Effect of DBD-ACP on color indexes of foxtail millets.

Millet Voltage
(kV)

Time
(min)

Instrumental color

Lightness (L) Yellowness (b*)

Mizhi 0 — 64.23± 0.24a 49.04± 0.17a

15 2 64.22± 0.27a 49.24± 0.19a

4 64.31± 0.31a 49.21± 0.31a

8 64.30± 0.26a 49.28± 0.25a

12 64.43± 0.19b 49.18± 0.28a

25 2 64.36± 0.21a 48.88± 0.34a

4 64.91± 0.43ab 48.82± 0.32a

8 65.10± 0.31b 48.50± 0.31a

12 67.07± 0.25c 46.63± 0.24b

35 2 65.22± 0.29b 47.83± 0.26b

4 67.35± 0.25c 46.88± 0.32c

8 68.36± 0.20d 44.43± 0.17d

12 70.51± 0.19e 42.13± 0.19e

Ansai 0 — 60.51± 0.26a 46.46± 0.33a

15 2 60.61± 0.17a 46.48± 0.21a

4 60.69± 0.13a 46.35± 0.25a

8 60.70± 0.41a 46.39± 0.31a

12 60.68± 0.35a 46.39± 0.40a

25 2 60.61± 0.31a 46.43± 0.14a

4 60.97± 0.33a 46.20± 0.16a

8 62.06± 0.26b 45.19± 0.26b

12 63.85± 0.23c 43.70± 0.24c

35 2 61.66± 0.27b 45.11± 0.27b

4 62.09± 0.28b 44.02± 0.31c

8 64.69± 0.21c 42.09± 0.32d

12 67.68± 0.20d 40.74± 0.19e

Different letters within a column are significantly different (p < 0.05).
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FIGURE 2

Effect of DBD-ACP treatment on yellow pigment of foxtail millet. (A) Mizhi. (B) Ansai.

of millets to DBD-ACP under various voltage and treatment
times. The absorbance of carotenoids in millet is the highest
at 445–450 nm, which could be used as an indicator to
reflect its content, qualitatively (30). Figures 2A,B show the
changes of A450nm of Mizhi and Ansai under different voltages
and treatment times, respectively. It can be seen that the
A450nm of Mizi millet and Ansai millet are 0.78 and 0.68,
respectively. Under the voltage of 15 kV, the absorbance
of extracted carotenoids in the Mizhi and Ansai millet
had no significant change (p > 0.05). When the treatment
voltage reached 35 kV, the absorbance of yellow pigment was
significantly decreased (p < 0.05), indicating that carotenoids
in millet were damaged to a certain extent. The decrease of
carotenoids was also observed by Paixão et al., in which the
degradation of carotenoids in siriguela juice was due to exposure
to a higher amount of ionized reactive species by plasma
(31). Thus, it can be hypothesized that the degradation of
superficial carotenoids could be associated with the oxidation
of pigments and fading of the color, which is mediated by the
presence of oxygen and nitrogen radicals produced by DBD-
ACP treatment.

Effect of dielectric barrier discharge-air
cold plasma on enzyme activity in
foxtail millet

Inactivation of LOX treated by DBD-ACP under voltages
of 15, 25, and 35 kV with various treatment times was initially
evaluated. As shown in Figure 3A, the activity of LOX in foxtail
millet Mizhi gradually decreased after exposure to DBD-ACP
treatment (p < 0.05). For example, when DBD-ACP treated
millets at 15 kV for 2–12 min, the relative activity of LOX
was decreased from 44.0 U g−1 min−1 to 38.4, 34.3, 27.6, and

22.9 U g−1 min−1. For DBD-ACP treatment at 25 kV, the
relative activity of LOX was 32.8 U g−1 min−1 at 2 min, and the
figure decreased sharply to 30.1, 24.6, and 18.7 U g−1 min−1

after 4, 8, and 12 min, respectively. Correspondingly, lower
activity of LOX, i.e., 28.1, 23.5, 18.7, and 14.3 U g−1 min−1 were
obtained for foxtail millet Mizhi treated by DBD-ACP treatment
at 35 kV for 2, 4, 8, and 12 min, respectively. The relative
activity of LOX in the Ansai millet is shown in Figure 3B,
exhibiting a similar behavior with the increase of voltage and
time, indicating that DBD-ACP has a significant inactivation
effect on LOX in millets. Since LOX is one of the key enzymes
that promote the aging of millet (8), the inactivation of LOX by
DBD-ACP may play a positive role in delaying the aging process
of millet.

Figures 3C,D show the inactivation of lipase in the
foxtail millet of Mizhi and Ansai, respectively. The lipase
activity of millets after being treated by DBD-ACP decreased
rapidly with the increase in voltage and treatment time
(p < 0.05). For example, the lipase activity in the Mizhi
millet was inactivated from 56.0 to 18.0 U/(mg pro), 15.1
and 8.8 U/(mg pro), decreased by DBD-ACP treatment at
35 kV for 2–12 min to 67.8, 73.0, and 84.3% in comparison
with the untreated millet. These results were in accordance
with several previous studies that DBD-ACP treatment is
effective in enzymes, including proteinase, pectinase, and
alkaline protease (11, 32, 33). The enzymatic inactivation
mechanism of DBD-ACP is considered to cause conformational
changes, including lower the proportion of α-helix structure
due to reacting with a variety of hydrogen peroxide (H2

O2), ozone (O3) and nitrate ions (NO3
−) as well as

hydroxyl radical (OH−), superoxide (O2
−), and singlet oxygen

generated by DBD-ACP with the side chain of the enzyme
molecules (34–36).
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FIGURE 3

Decrease of LOX and lipase activity of foxtail millet induced by DBD-ACP. (A,C) Mizhi. (B,D) Ansai.

FIGURE 4

Effect of DBD-ACP on DPPH free radical scavenging activity (%) of foxtail millet. (A) Mizhi. (B) Ansai.
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Effect of dielectric barrier discharge-air
cold plasma on antioxidant activity of
foxtail millet

Figures 4A,B show the DPPH radical scavenging ability
of foxtail millet Mizhi and Ansai by DBD-ACP treatment,
respectively. As can be seen from the figures, the DPPH radical
scavenging ability of Mizhi and Ansai did change insignificantly
under plasma treatment (15 and 25 kV) (p > 0.05), and
maintained about 43.8 and 38.5%, respectively. This result
implied that DBD-ACP treatment at relatively low voltage did
not change the antioxidant activity. The results of this study
were consistent with a work conducted by Tolouie et al. (16),
who reported the DPPH free radical scavenging activity of wheat

germ did not alter significantly during DBD-ACP treatment.
Similar results were reported by Amini and Ghoranneviss (37)
and Ramazzina et al. (14), who found that DBD-ACP treatment
did not affect the antioxidant capacity of fresh walnuts and
kiwifruit. However, the scavenging ability of DPPH free radical
of millets after exposure to DBD-ACP at 35 kV showed a slight
decrease, significantly (p < 0.05) when DBD-ACP treatment for
8 and 12 min was compared to the control. These findings agree
with grape juice and chokeberries that, when treated with cold
plasma show a lower DPPH radical scavenging ability at higher
treatment voltage or time (38, 39). Therefore, it can be inferred
that the effect of DBD-ACP on DPPH radical scavenging ability
or antioxidant activity is probably dependent on the plasma
processing parameters.

FIGURE 5

Morphological images of untreated foxtail millet, (A) Mizhi and (C) Ansai, and after being treated by DBD-ACP at 35 kV for 12 min,
(B) Mizhi, (D) Ansai.
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TABLE 2 Changes in color indexes of foxtail millets with different treatment.

Lightness (L) Yellowness (b*)

Mizhi millet

Storage days 0 15 25 0 15 25

0 64.33± 0.21a 64.41± 0.30a 64.94± 0.18a 49.19± 0.21a 49.30± 0.22a 48.45± 0.24a

3 64.54± 0.25ab 64.42± 0.41a 65.41± 0.26a 48.94± 0.26a 49.42± 0.23a 47.03± 0.40b

6 64.91± 0.42b 64.50± 0.22a 65.93± 0.27a 48.04± 0.30b 49.32± 0.19a 46.72± 0.32b

9 65.22± 0.22bc 64.53± 0.26a 66.48± 0.27b 47.47± 0.25b 49.06± 0.35a 46.0± 0.27a

12 65.58± 0.28c 65.18± 0.24b 67.63± 0.42c 46.89± 0.21c 48.71± 0.23b 44.58± 0.34d

15 66.35± 0.19d 65.77± 0.31c 69.80± 0.30d 46.07± 0.22d 47.01± 0.31c 42.03± 0.25e

Ansai millet

0 60.56± 0.15a 60.62± 0.22a 62.92± 0.26a 46.52± 0.23a 46.43± 0.21a 45.22± 0.24a

3 60.47± 0.11a 60.72± 0.29a 63.83± 0.32b 46.60± 0.31a 46.39± 0.40a 45.01± 0.26a

6 61.05± 0.13b 60.62± 0.42a 64.75± 0.31c 46.01± 0.11b 45.75± 0.31b 44.41± 0.32b

9 62.17± 0.25c 61.13± 0.35a 65.39± 0.32d 45.44± 0.20c 45.01± 0.26c 42.63± 0.11c

12 63.18± 0.36d 62.16± 0.19b 66.88± 0.34e 44.58± 0.22d 44.85± 0.34c 41.46± 0.24d

15 63.37± 0.26d 62.73± 0.22c 68.15± 0.40f 43.78± 0.18e 44.23± 0.27d 39.44± 0.26e

Different letters within a column are significantly different (p < 0.05).

FIGURE 6

The changes of yellow pigment of foxtail millets during accelerated agingstorage. (A) Mizhi. (B) Ansai.

Morphological observation of foxtail
millet

The surface morphology of foxtail millets before and after
being treated by DBD-ACP at 35 kV for 12 min was observed
by SEM. Figures 5A,C show the surface of the untreated Mizhi
and Ansai millet, describing the intact morphology of dehulled
millet with evident furrows caused by the shelling treatment.
The DBD-ACP treated millets show a morphology with a well-
defined texture and large grooves with no significant cracks were
observed (Figures 5B,D). These results were consistent with
a work done by Thirumdas et al. (40), reporting that brown
rice showed fissures and hollow depressions under cold plasma
treatment. This may be due to differences in the texture between
the rice and foxtail millet. Therefore, it could be concluded that
DBD-ACP treatment does not produce mechanical damage to
the surface of foxtail millets under these conditions.

Color changes of foxtail millet during
storage

Untreated foxtail millets (control) and treated at 15 and
25 kV for 4 min were kept for accelerated aging storage by
15 days. The results showed a moderate increase in L and a
decrease in b∗ values of untreated millets (Table 2). Compared
to the control, millets treated at 15 kV had better color indexes,
indicating that DBD-ACP treatment at 15 kV has a positive
effect on millets on keeping a better appearance. However, much
more significant variations were observed in the millets treated
by DBD-ACP at 25 kV. Similar results were found in the changes
of A450 nm representing the total carotenoids, where millets
exposed to 25 kV showed a significant reduction during storage
compared to the control and millets treated at 15 kV (Figures
6A,B). These results may be related to ozone (O3), nitrate ion
(NO3

−), superoxide (O2
−), and singlet oxygen produced by
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FIGURE 7

Changes of LOX and lipase activity of foxtail millet during accelerated aging storage. (A,C) Mizhi. (B,D) Ansai.

DBD-ACP at high voltage remaining on the surface of millet,
which accelerates the destruction of the millet pigment in the
aging storage (14).

Activity of lipoxygenase and lipase
during storage

Figure 7 presents the LOX and lipase activities of millets
during 15 days of accelerated aging storage. LOX and lipase
activity were observed to increase gradually in the first 9 days
of storage and then to decrease regardless of treatments. For
example, the activity of LOX for untreated Mizhi and Ansai
millet during storage was 44.5 and 37.9 U g−1 min−1 on day
zero, increasing to a minimum of 59.8 and 56.3 U g−1 min−1

after 9 days of storage, respectively (Figures 7A,B). The lipase

activity for untreated Mizhi and Ansai millet during storage was
only 56.0 and 64.0 U/(mg pro), increasing to a minimum of
73.8 and 76.3 U/(mg pro) after 9 days of storage, respectively
(Figures 7C,D). However, the treated millets by DBD-ACP at 15
and 25 kV were found to have maintained a significantly lower
value of LOX and lipase activity than that of the control. These
results concur with a previous study by Tolouie et al. (16), in
which DBD-ACP-treated wheat germ was found to maintain a
low LOX and lipase activity during storage.

Production of malondialdehyde

As shown in Figure 8A, the MDA content of Mizhi millet
that was untreated by DBD-ACP was found to be slowly
increased, from 12.5 to 18.9 mg/g, 32.5 and 60.1 mg/g on
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FIGURE 8

Changes in MDA content of foxtail millet during accelerated aging storage. (A) Mizhi. (B) Ansai. Different letters with the same column are
significantly different (p < 0.05).

the days of 0, 6, 9, and 15 (p< 0.05). Whereas millet treated
with DBD-ACP at 15 kV had significantly lower MDA content
than the control. The accumulation of MDA is related to the
oxidation of lipids, especially unsaturated fatty acids induced
by LOX and lipase. Consequently, the MDA contents of the 15
kV treated millet were low during the accelerated storage (41).
However, it was found that MDA content drastically increased
for millets treated by DBD-ACP at 25 kV. This increase in
MDA content be associated with the reactive species and
hydroxyl free radicals generated by DBD-ACP at high voltage
that initiate lipid oxidation by attacking various compounds,
including unsaturated fatty acids. These results concur with
previous reports in which cold plasma increased the MDA
content of pistachio walnuts and peanuts at different powers
(24, 40). Ansai millets with different treatments also exhibited
similar results during the same storage conditions (Figure 8B).
These results, along with the changes in color indexes, total
carotenoids, and antioxidant activity indicated that nutritional
losses of foxtail millets were associated with ROS-triggered
lipid peroxidation and destruction of millet pigment, which
was greatly alleviated by DBD-ACP treatment under severe
conditions, suggesting that when using DBD-ACP to delay
millet aging, appropriate treatment conditions are required.

Conclusion

This work investigated the effects of DBD-ACP on the
quality and storage stability of foxtail millets. DBD-ACP
treatment was found to cause a noticeable decrease in the
activity of lipoxygenase and lipase of foxtail millets. For
example, LOX and lipase activity decreased from 44.0 to U

g−1 min−1, 56.0–8.8 U/(mg pro) by DBD-ACP treatment at
35 kV for 12 min, respectively. Moreover, DBD-ACP has no
significant impact on foxtail’s antioxidant activity and surface
morphology. However, it has a certain destructive effect on
the total carotenoids that affect the color of foxtail millet
if the voltage is at 35 kV for 4–12 min or 25 kV for 8–
12 min. After being treated by DBD-ACP under 15 and 25
kV for 4 min, the stability of foxtail millets was determined
during accelerated storage analysis for 15 days. Compared to
the controls, millets treated by DBD-ACP at 15 and 25 kV
were found to have maintained a significantly lower value
of LOX and lipase activity during the accelerating aging
storage. Additionally, millets treated by DBD-ACP at 15 kV
exhibited a better color index, higher total carotenoids, and
lower MDA content during storage. Comparatively, DBD-
ACP at 25 kV induced damages in color, total carotenoids,
and higher MDA content of millets suggesting side effects
occurred due to reactive oxygen species. The elucidation of
DBD-ACP under suitable treatment conditions could be applied
to stabilize the quality of the foxtail millet. These results implied
that DBD-ACP is an underlying approach for the storage of
foxtail millets. Further work should be done to enhance the
understanding of DBD-ACP on foxtail millets and to evaluate
the feasibility of using DBD-ACP to delay the shelf life of
dehulled foxtail millets.
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Introduction: Morinda citrifolia L. (Noni) as an evergreen plant is a rich source

of natural polysaccharides.

Objective: The present work aims to investigate the maturation-related

changes in polysaccharides of Morinda citrifolia L. (Noni) at five stages of

maturity (stages from the lowest to highest degree – 1, 2, 3, 4, and 5).

Methods: The chemical composition (carbohydrate, protein, uronic acid, and

sulfate radical) of Noni polysaccharides was determined by different chemical

assays. Ion chromatography system was used to analyze the monosaccharide

composition, and the molecular weight was measured by HPGPC. The

polysaccharides were also analyzed by FT-IR and their radical scavenging

effect against DPPH, hydroxyl radicals and ABTS was evaluated. The UV-vis

assay and gel electrophoresis assay were performed to investigate the DNA

damage protective effect.

Results: Results indicated the significant effect of fruit maturities on the

extraction yields, molecular weights, uronic acid contents, sugar levels,

monosaccharide compositions and proportions, antioxidant capacities, and

DNA protective effects of Noni polysaccharides. However, no fruit maturity

stage had prominent impact on the sulfuric radical contents and preliminary

structure characteristics. Noni polysaccharides extracted at stage 5 (N5) had

the largest extraction yield (8.26 ± 0.14%), the highest sugar content (61.94 ±

1.86%) and the most potent scavenging effect on DPPH (IC50: 1.06 mg/mL)

and ABTS (IC50: 1.22 mg/mL) radicals. The stronger DPPH and ABTS radical

scavenging activities of N5 might be contributed by its higher content of

fucose and rhamnose and smaller molecular weight. Noni polysaccharides

extracted at stage 4 (N4) showed the highest uronic acid content (4.10 ±

0.12%), and the superior performance in scavenging hydroxyl radicals and
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protecting DNA. The greater hydroxyl radical scavenging effect of N4 might be

attributed to its higher percentage of the low molecular weight counterpart.

Moreover, the DNA protective effects of N4 displayed a positive correlation

with its hydroxyl radical scavenging ability.

Conclusion: Overall, stage 4 and stage 5 could be ideal stages of fruit maturity

aiming at high-quality Noni polysaccharides extraction. This study provided

valuable information for the selection of suitable Noni polysaccharides to

cater for various industrial applications.

KEYWORDS

Noni polysaccharides, fruit maturity stages, extraction yield, antioxidant activity, DNA
protective effect

Introduction

Morinda citrifolia L. (Noni) is an evergreen plant native
to tropical and subtropical regions (1). Noni fruit and its
products have been attracting great attention from nutraceutical
and pharmaceutical industries worldwide due to the increasing
public awareness of their excellent pharmacological properties
(2). Nutritional analysis of Noni has shown the presence of
proteins, amino acids, organic acids, polyphenols, and vitamins
in the fruit (3). In addition, Noni fruit is also a good source
of natural polysaccharides (4). In Polynesia, India, Malaysia,
Indonesia, and China, Noni fruit has been perceived as a
traditional herb for over 2,000 years (5). Several in vitro
and in vivo studies have reported that Noni fruit and its
derived products exhibit anti-inflammatory, antidiabetic and
antiproliferative activities as well as free radical scavenging
activity (6, 7). As natural metabolites of Noni fruit, the
Noni polysaccharides are claimed to be closely related to its
therapeutic properties (8).

The changes of compositions in Noni fruit are induced by
various biochemical and physiological reactions arising in fruit
growth, development, and maturity (9), thereinto, the maturity
of Noni fruit is vital to the quality of Noni polysaccharides.
As the maturity progresses, plant polysaccharides are
susceptible to diverse structure changes (debranching,
acetylation/deacetylation, methylation/demethylation,
depolymerization) catalyzed by enzymes. These modifications
are correlated to softening and senescence of the plant,
which can be observed along with the modifications in
physiochemical properties (color, flesh breakdown, softening)
and biological activities (antioxidant activity, anti-diabetic
activity, immunomodulatory activity) since the early stage of
ripening (10). The quality parameters of polysaccharides
are highly important for selecting raw materials when
producing high value-added Noni polysaccharides and
their products. To find the ideal fruit maturity stage for

extracting high-quality Noni polysaccharides, it is worthwhile
to explore the differences of polysaccharides in Noni fruit
during the ripening process. However, limited studies
have been reported on this topic. Therefore, the present
work intends to comprehensively investigate the variations
in the extraction yields, physicochemical properties and
bioactivities of Noni polysaccharides during fruit maturation.
This information will provide practical insights into the
selection of raw materials for extracting high-quality Noni
polysaccharides.

Materials and methods

Material and chemicals

Noni fruits were purchased from Xisha Noni Co., Ltd.
(Hainan, China). The pre-treatment process of Noni fruit is
the same as in our previous study (11). The polysaccharides
extracted from Noni fruit at different maturity stages (stage
1–stage 5) were coded N1, N2, N3, N4, and N5, respectively.

Bovine serum albumin (BSA), coomassie blue staining
solution, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2′-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were
obtained from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Pullulan standards of different
molecular weights (4.4, 9.9, 21.4, 43.5, 124, 277, and 404 kDa)
were acquired from Polymer Standards Service Co., Ltd.
(Mainz, Germany). Standards of monosaccharides including
fucose (Fuc), D-glucose (Glu), rhamnose (Rha), xylose
(Xyl), mannose (Man), galactose (Gal), arabinose (Ara),
glucuronic acid (GlcA), and galacturonic acid (GalA) and
ctDNA were purchased from Sigma Chemical Co., Ltd.
(St. Louis, MO, USA). pUC18 DNA was purchased from
Solarbio Co., Ltd. (Beijing, China). All chemicals were of
analytical reagent grade.

Frontiers in Nutrition 02 frontiersin.org

89

https://doi.org/10.3389/fnut.2022.1094906
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1094906 December 22, 2022 Time: 17:26 # 3

Cai et al. 10.3389/fnut.2022.1094906

Extraction and isolation of
polysaccharides

In our previous study, hot-water extraction has been
optimized by the response surface method (11). Briefly, Noni
powder and ultrapure water were mixed at a ratio of 1–
41.9 and heated at 77.7◦C for 117.6 min, followed by the
centrifugation at 3663 g, for 15 min. The supernatant was
collected as the polysaccharide solution and then concentrated.
The concentrate was then mixed with 4 times the volume of
ethanol (100%) and placed in a refrigerator at 4◦C for 12 h
for precipitation. Afterward, the crude polysaccharides were
harvested via centrifugation (3663 g, 15 min) and freeze-drying
successively. The polysaccharide yield was calculated as follows:

Yield (%) =
Weight of crude Noni polysaccharides

(
g
)

Weight of Noni fruit powders
(
g
)

The purification of crude Noni polysaccharides followed the
Sevag method, where the deproteinated solution was dialyzed
and reprecipitated with ethanol, then collected and freeze-dried
to give the purified polysaccharide for further analysis. The
polysaccharides extracted from Noni fruit at different maturity
stages (stage 1–stage 5) were coded N1, N2, N3, N4, and
N5, respectively.

Determination of chemical
composition

The total carbohydrate content of Noni polysaccharides was
measured by the phenol-sulfuric acid method (12). The protein
content of Noni polysaccharide was determined following the
Bradford method using BSA as the standard (13). The contents
of uronic acids and sulfate radicals were determined by the
corresponding reporter method (11).

Determination of monosaccharide
composition

The monosaccharide composition was evaluated as
illustrated by Chen et al. (14). The polysaccharide samples
were mixed with trifluoroacetic acid (2:1, w/v) and hydrolyzed
at 105◦C for 6 h. Subsequently, trifluoroacetic acid (4 M)
was removed by rotary evaporation, then added with
5 ml methanol and further evaporated to remove residual
trifluoroacetic acid (repeat 4 times). The final sample
residue was dissolved in ultrapure water and the pH
was adjusted to neutral for analysis. Ion chromatography
system (ICS 5000, Dionex, CA) and Carbopac PA1 column
(250 mm × 4 mm) were used to analyze the monosaccharide
composition of the samples.

Determination of molecular weights

High performance gel permeation chromatograph
(HPGPC) with a triple column system was used to assess
the molecular weight. ACQUITY APC AQ 900 2.5 µm column
(4.6 mm × 150 mm), ACQUITY APC AQ 450 2.5 µm column
(4.6 mm × 150 mm), and ACQUITY APC AQ 125 2.5 µm
column (4.6 mm × 150 mm) were employed for the analysis of
the molecular weight distribution. Both HPGPC and columns
were purchased from Waters Corporation (USA). The analysis
was performed with following settings: refractive index model,
flow rate 0.4 ml/min, injection volume 40µL, mobile phase
100 mM NaNO3.

Analysis of fourier transform-infrared
(FT-IR) spectroscopy

In FT-IR analysis, potassium bromide (KBr) pellet was
prepared by mixing 2 mg polysaccharide sample with KBr
powder and further pressing. A vector 33 IR spectrophotometer
(Bruker, Ettlingen, Germany) was used to measure the spectrum
of the samples from KBr pellet in the range of 400–4000 cm−1.

Analysis of antioxidant activity

DPPH and hydroxyl radicals scavenging activities were
measured based on the previously reported methods (15, 16).
The radical scavenging effect on ABTS was evaluated using
the method of Xu et al. (17). Noni polysaccharides solution at
different concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 mg/ml) were
selected for the analysis.

Analysis of DNA damage protective
effect

UV-vis assay
The protective effect against the DNA damage induced

by hydroxyl radical was measured according to a previously
reported method with some modifications (18). In brief, Noni
polysaccharide phosphate buffer solution (0.2 M, pH 7.4) at
different concentrations (2.0, 4.0, 6.0, 8.0, and 10.0 mg/ml),
0.5 mM Na2EDTA, 3.2 mM FeCl3, 5 mM H2O2, and 2.94 mM
ctDNA were mixed in a ratio of 16: 4: 2: 3: 4 (v/v/v/v/v).
To initiate the reaction, 0.075 ml 12 mM ascorbic acid was
added in the mixture, then incubated in water bath at 55◦C
for 20 min. The reaction was terminated by adding 0.25 ml
0.6 M trichloroacetic acid, followed by the addition of 0.15 ml
0.35 M 2-thiobarbituric acid and heating at 105◦C for 15 min.
The mixture was determined at 530 nm and the buffer was used
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FIGURE 1

Noni fruit at different maturity stages (stages 1–5).

TABLE 1 Chemical composition and extraction yield of Noni polysaccharide at different maturity stages.

Maturity Extraction yield (%) Sugar (%) Sulfuric radical (%) Protein (%) Uronic acid (%)

N1 3.86± 0.21e 57.85± 1.25c 1.87± 0.15c nd 1.19± 0.03e

N2 5.20± 0.18d 59.01± 0.98b 2.01± 0.16b nd 2.62± 0.15d

N3 6.11± 0.09c 61.28± 1.80a 2.08± 0.20a nd 3.56± 0.06c

N4 7.13± 0.12b 61.32± 2.01a 2.07± 0.18a nd 4.10± 0.12a

N5 8.26± 0.14a 61.94± 1.86a 2.08± 0.17a nd 3.88± 0.08b

The data are presented as mean values± standard deviation. nd, not detected. Data marked with different letters are significantly different at p < 0.05.

as the blank. The protection effect against DNA damage was
calculated as follows:

Protective effect (%) =
A0 − (A1 − A2)

A0
× 100

Where A0 is the absorbance of the control without Noni
polysaccharides, A1 is the absorbance of the reaction system
with Noni polysaccharides, A2 is the absorbance of the reaction
system without ctDNA.

Gel electrophoresis assay
The evaluation of protective action for supercoiled pUC18

plasmid DNA against hydroxyl radical was according to the
method of Wang et al. (18) with slight modifications. The
reaction mixture contained 0.05 M PBS (9 µL), plasmid
DNA (3 µL), Noni polysaccharide (8 mg/ml, 10 µL), 1 mM
FeSO4 (4 µL), and 1 mM H2O2 (4 µL). The mixture
was incubated at 37◦C for 30 min, before mixing with
loading buffer (0.05% bromophenol blue, 40 mM EDTA
and 50% glycerol) at a ratio of 3:1 (v/v). Then, 6 µL
of mixture was electrophoresed on 1% agarose gel for
30 min under 150 V condition. A Gel Documentation
system (Hercules, CA, USA) was used to visualize and
photograph the DNA gel.

Statistical analysis

Each experiment was performed in triplicates, and the
means ± standard deviations were reported as the results.
The significant difference of mean values was measured by
one-way ANOVA with Duncan’s multiple range tests at 95%
confidence level using SPSS (SPSS, Chicago, USA). Pearson’s
correlation analysis was used to identify the relationships
between physicochemical properties and bioactivities of the
samples. The Probit model from SPSS was applied to calculate
the IC50 value.

Results and discussion

Appearance changes during ripening
process

The appearance of Noni fruit at five maturity stages are
shown in Figure 1. During fruit maturation, the color of
fruit skin changed from green to brown. Carotenoids and
chlorophyll (Chl) pigments have been found to be associated
with color changes from green to yellow and brown in fruits.
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TABLE 2 Retention time, molecular weight (Mw), and amount of
soluble polysaccharide fractions from five Noni polysaccharide
samples.

Samples Peak Retention
time (min)

Mw (kDa) Area
account

(%)

N1 Peak A 10.707 97.96 22.74

Peak B 12.947 10.57 46.07

Peak C 14.542 3.61 31.18

N2 Peak A 10.621 107.38 22.52

Peak B 12.933 10.69 47.22

Peak C 14.488 3.98 30.25

N3 Peak A 10.797 118.55 21.89

Peak B 12.051 21.75 39.16

Peak C 14.480 3.68 38.95

N4 Peak A 10.758 102.44 21.57

Peak B 12.086 21.14 34.78

Peak C 14.488 3.74 43.65

N5 Peak A 11.120 129.50 21.35

Peak B 11.974 23.14 29.78

Peak C 14.507 3.78 48.87

The degradation/catabolism of Chl is an enzymatic process with
two pathways. The phytol and Mg are removed from Chl by
the effects of chlorophyllase and Mg-dechelatase results in the
opening of the backbone of the Chl ring structure subsequently
leading to the deepening of peel color (19). On the other hand,
Chl-degrading peroxidase can directly catabolize Chl pigment
(20). The firmness of fruit remained hard in the early three
stages but changed from hard to soft after stage 4. A decline
in fruit firmness was associated with pectolytic enzymes, which
are responsible for the polysaccharide degradation in the cell
wall (21). The changes in the cell wall structure indicated the
possible variation in the physicochemical properties of Noni
polysaccharides during fruit softening.

Chemical composition

Table 1 summarized the extraction yields and chemical
compositions of Noni polysaccharide samples. The
polysaccharide yield was increased in the following order:
N5 > N4 > N3 > N2 > N1. N5 had the highest yield
(8.26 ± 0.14%), while the lowest yield (3.86 ± 0.21%) was
recorded for N1. Our result also revealed the similar sugar
contents (61–62%) of N3, N4, and N5, which were significantly
(p < 0.05) higher as compared to N1 and N2. During fruit
ripening, cell wall polysaccharides such as pectin, cellulose
and hemicellulose undergo solubilization, catabolism, and
de-esterification by pectin methyl esterase, polygalacturonase,

cellulase, and β-glucosidase, resulting in fruit softening as well as
reduction in the molecular weight of cell wall polysaccharides.
These results made the extraction of polysaccharides in stages
4 and 5 easier, with higher extraction rates and sugar contents
in N4 and N5 than in the other three samples (22). The similar
trend was also observed in the content of sulfuric radical. No
protein was detected in all five Noni polysaccharide samples due
to the complete removal of all free protein via pre-treatment.
There were significant differences in the uronic acid level among
all five sample, where N4 ranked the highest value. It is stated
that the uronic acid concentration is positively correlated with
the biological activities of polysaccharides (23), hence the N4
sample may have better bioactivities. Overall, stage 4 and stage 5
could be ideal maturity stages for the extraction of high-quality
Noni polysaccharides.

Molecular weight

Significant variations were observed among the molecular
weight (Mw) distribution for the Noni polysaccharide samples
from five maturity stages. Table 2 showed the similar molecular
weight values of N1, N2, N3, N4, and N5. Three polysaccharide
fractions were detected in HPGPC, where the molecular weights
were 97.96–129.50 kDa for peak A, 10.57–23.14 kDa for peak
B, and 3.61–3.98 kDa for peak C. The main differences in
molecular weight distribution occurred in the proportions of
medium-Mw (Peak B) and low-Mw (Peak C) fractions. In
N1, N2, and N3, the medium-Mw fractions accounted for the
main components, while the major constituents of N4 and
N5 were low-Mw fractions. The highest percentage of low-Mw

fraction (48.87%) was recorded for N5, while N2 contained
the highest medium-Mw fraction proportion (47.22%). Indeed,
during fruit ripening, the polysaccharides in cell wall can be
gradually degraded by pectinase, resulting in an increase of
low-Mw polysaccharide fractions and fruit softening (10). The
results illustrated that the molecular weight distribution of Noni
polysaccharides can be affected by the ripeness of Noni fruit.

FTIR analysis

As depicted in Figure 2, the FT-IR spectra of five Noni
polysaccharide samples were recorded in the range of 4000–
400 cm−1. All samples showed characteristic polysaccharide
signals at around 3360, 2920, 1730, 1622, 1420, and 1100 cm−1.
The strong absorption signals at around 3360 and 1622 cm−1

were ascribed to the deformation vibration and stretching
vibration of hydroxyl clusters (12). The absorption bands at
around 2920 cm−1 were characteristic of the axial stretching of
the C-H bond of methyl groups. Absorption signals at around
1730 and 1622 cm−1 corresponded to C=O stretching vibration
of carboxylic acid, confirming the presence of certain amount
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FIGURE 2

FT-IR spectra of five Noni polysaccharide samples extracted at different maturity stages.

of uronic acid in polysaccharide samples (24). The existence of
carbonyl clusters was also revealed by the band at 1420 cm−1.
In addition, prominent signals in the range of 1000–1200 cm−1

implied that all samples contained pyranose ring structure and
glycosidic bond. The FT-IR spectra of the five samples were
similar, which indicated that the maturity of Noni fruit had
no significant impact on the type of glycosidic bonds and the
primary structure of Noni polysaccharides.

Monosaccharide composition

The monosaccharide concentrations of Noni polysaccharide
samples are listed in Table 3. Results demonstrated that the
monosaccharide constituents of N2, N3, N4, and N5 were
measured as Fuc, Ara, Gal, Glu, Xyl, Man, Rha, GalA, GluA,
which are in good agreement with the previous report
(11). However, Xyl and Man were not detected in N1. The
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TABLE 3 Monosaccharide concentrations (mg/L) of Noni polysaccharide samples extracted at five stages of maturity.

Maturity Fuc Ara Gal Glu Xyl Man Rha GalA GluA

N1 0.400± 0.020 0.088± 0.009 0.070± 0.012 0.010± 0.002 nd nd 0.180± 0.005 0.967± 0.021 0.222± 0.011

N2 0.410± 0.017 1.396± 0.012 2.905± 0.030 0.010± 0.003 0.037± 0.009 0.315± 0.012 0.190± 0.003 2.424± 0.144 0.195± 0.006

N3 0.422± 0.011 2.807± 0.012 3.909± 0.104 2.992± 0.042 0.078± 0.005 0.420± 0.011 0.192± 0.002 3.319± 0.044 0.240± 0.016

N4 0.536± 0.021 3.025± 0.015 3.282± 0.066 2.895± 0.036 0.078± 0.006 0.339± 0.006 0.201± 0.002 3.875± 0.115 0.222± 0.005

N5 0.585± 0.023 2.816± 0.021 3.799± 0.031 3.674± 0.029 0.015± 0.002 0.302± 0.002 0.198± 0.005 3.668± 0.075 0.207± 0.005

nd, not detected.

FIGURE 3

Scavenging activity of Noni polysaccharide samples on DPPH (A,D), ABTS (B,D), and hydroxyl radical (C,D). Data marked with different letters are
significantly different at p < 0.05.

maximum concentrations of Gal (3.909 ± 0.104 mg/L)
and Man (0.420 ± 0.011 mg/L) were found in N3, while
the highest values of Ara (3.025 ± 0.015 mg/L) and GalA
(3.875 ± 0.115 mg/L) were observed in N4. Moreover,
the N5 sample had significantly higher levels of Fuc
(0.585 ± 0.023 mg/L) and Glu (3.674 ± 0.029 mg/L) than

the other samples. Similar trends in glucose content were
reported in sweet cherries and Natal plum (25, 26), where the
glucose concentrations also peaked in the final maturity stage.
As ripening progresses, glucose increase due to the action of
the enzyme invertase through glycolysis in fruits and vegetables
(27). The dominant monosaccharides in N3, N4, and N5 were
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FIGURE 4

(A) The protective effect against •OH radical induced DNA
damage at different concentrations of Noni polysaccharide
samples. (B) The IC50 value of different Noni polysaccharide
samples. Data marked with different letters are significantly
different at p < 0.05.

Ara, Gal, Glu and GalA, while N1 was mainly made up of Fuc,
Rha, GalA, and GluA. The composition of N2 sample was closer
to N3, N4, and N5, which was composed of Ara, Gal, and GalA.

These results demonstrated that the content and constituent
of monosaccharides in Noni polysaccharide samples were
influenced by the fruit maturity stages.

Antioxidant capacity

Scavenging activity on DPPH radical
As shown in Figures 3A, D, all polysaccharide samples

demonstrated DPPH radical scavenging activities that were
positively correlated with the tested concentrations. However,
the ascorbic acid group showed the significantly (p < 0.05)
higher DPPH radical scavenging capacity than the five
polysaccharide samples. In fact, the IC50 values for scavenging
of DPPH radicals were measured to be 2.03 mg/ml (N1),
1.96 mg/ml (N2), 1.66 mg/ml (N3), 1.37 mg/ml (N4), and
1.23 mg/ml (N5). Therefore, it can be concluded that the
N5 sample exhibited the superior DPPH radical scavenging
ability among the five samples tested. Antioxidants can scavenge
DPPH radicals by donating hydrogen to form stable DPPH-
H molecules with DPPH radicals (28). It was evident that N5
showed the strongest proton donating ability and could serve as
DPPH radical scavengers, acting possibly as antioxidants in the
five polysaccharide samples.

Scavenging activity on ABTS radical
The results of the ABTS radical scavenging ability of the five

samples are depicted in Figures 3B, D. All samples performed
the ABTS scavenging activity in a dose-response manner. N5
exhibited higher ABTS radical scavenging ability as compared
to the other polysaccharide samples at each concentration, albeit
being significantly (p< 0.05) lower than that of the ascorbic acid
group. The blue–green ABTS+ free radicals will be reduced to
colorless ABTS under the action of antioxidants (29). The lowest
IC50 value was observed in the N5 sample (1.41 mg/ml), which
validated that stage 5 could be the optimum maturity stage for

FIGURE 5

Oxidative damage protective ability of Noni polysaccharide to pUC18 supercoiled plasmid DNA. Lane 1: native DNA; Lane 2: DNA + H2O2 +
FeSO4; Lane 3–Lane 7: DNA + Noni polysaccharide (N1, N2, N3, N4, N5) + H2O2 + FeSO4.
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TABLE 4 Matrix for correlation analysis.

Value IC50 of DPPH assay IC50 of ABTS assay IC50 of hydroxyl assay IC50 of DNA protective
effect

Sugar content (%) −0.926* −0.901* −0.883* −0.450

Sulfuric radical (%) −0.778 −0.748 −0.803 −0.128

Uronic acid (%) −0.878 −0.856 −0.991* −0.266

Fuc (mg/L) −0.950* −0.968** −0.936* −0.432

Ara (mg/L) −0.861 −0.832 −0.870 −0.333

Gal (mg/L) −0.696 −0.664 −0.721 −0.011

Glu (mg/L) −0.857 −0.806 −0.840 −0.642

Xyl (mg/L) −0.313 0.264 −0.402 −0.123

Man (mg/L) −0.527 −0.487 −0.587 0.085

Rha (mg/L) −0.892* −0.884* −0.966** −0.205

GalA (mg/L) −0.878 −0.856 −0.913* −0.255

GluA (mg/L) −0.077 0.027 −0.060 −0.732

High-Mw parts (%) 0.989** 0.977** 0.950* 0.515

Medium-Mw parts (%) 0.987** 0.984** 0.909* 0.622

Low-Mw parts (%) −0.989** −0.985** −0.914* −0.615

*p < 0.05.
**p < 0.01.

extracting Noni polysaccharides with high reducing power to
scavenge ABTS radicals.

Scavenging activity on hydroxyl radical
Hydroxyl radicals are the most reactive radicals, which can

cause oxidative damage to human tissue and induce severe
cell death (30). It is important to find natural antioxidants
to scavenge hydroxyl radicals since there are no enzymatic
systems known to neutralize them in the human body. The
results of the hydroxyl radical scavenging test are presented in
Figures 3C, D, which revealed that all measured polysaccharide
samples exerted dose-dependent scavenging effects on hydroxyl
radicals. N4 exhibited stronger hydroxyl radical scavenging
ability than the other four samples at the concentrations
ranging from 0.2 to 2.5 mg/ml. Moreover, the IC50 values of
all tested samples were different, which followed the order of
N4 < N5 < N3 < N1 < N2. Generally, polysaccharides with
high uronic acid content and low molecular weight possess
strong antioxidant activity (27). In this part, the IC50 values
of N5 (0.49 mg/ml) was not significantly different from N4
(0.48 mg/ml) with higher uronic acid content (p > 0.05), which
may be related to its smaller molecular weight.

DNA protective effect

UV-vis assay
Free radicals especially hydroxyl radicals, may cause a

variety of DNA damages to the human body, such as altering

signaling cascades, making gene misexpression and increasing
replication errors. As shown in Figure 4, all five samples
showed prominent DNA protective abilities in a concentration-
dependent manner. At the tested concentrations of 2–10 mg/L,
the strongest DNA protective action was detected in N4 at
10 mg/ml with the protective rate as 88.31%. Meanwhile, the
IC50 values of the five samples showed a similar trend to
the hydroxyl radical scavenging test. N4 had the lowest IC50

value of the DNA protective effect (1.59 mg/ml), while the
IC50 value of N2 was significantly (p < 0.05) higher when
comparing with the other samples. In this experiment, DNA
damaged by hydroxyl radicals can easily form pink acidic
thiobarbituric acid-reactive substance (TBARS) under acidic
and high-temperature conditions (31). The results suggested
that all Noni polysaccharide samples could suppress the
generation of TBARS and thus protect DNA against hydroxyl
radical-induced damage. It is worth noting that the DNA
protective effects of five samples were positively related to their
hydroxyl radical scavenging abilities.

Gel electrophoresis assay
Supercoiled pUC18 plasmid DNA has been extensively

employed as a test model for detecting the potential active
substances that protect DNA against oxidative damage (32).
For the pUC18 plasmid DNA model, three forms can be
displayed on gel electrophoresis, including Form 1 (supercoiled
form), Form 2 (open circular form) and Form 3 (linear form).
The migration speed of three forms followed the order of
Form 1 > Form 3 > Form 2. Generally, undamaged plasmid
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DNA mainly consists of the supercoiled form, while the
open circular form and linear form will be generated once
the DNA is damaged.

As illustrated in Figure 5, the control group (Lane 1) mainly
displayed in the supercoiled band (Form 1). In the meantime,
Lane 2 showed that most of the normal DNA with supercoiled
structure was converted into linear form and open circular form
after adding H2O2 and FeSO4. Lane 3–Lane 7 exhibited the
protective effects of the five samples on DNA. According to the
electrophoresis results, N4 showed the strongest DNA protective
ability since its Form 1 band was brighter than that of the
other samples. The electrophoresis feature of N2 (Lane 4) was
similar to that of Lane 2, indicating that N2 had the lowest DNA
protective activity. Although the reaction system was different
from the UV-vis method, these results further validated N4
as the most promising protectant against DNA strand scission
caused by hydroxyl radicals.

Correlation analysis

Pearson analysis was performed to elucidate the correlation
between the physicochemical characteristics and biological
activities of the five Noni polysaccharide samples. As shown
in Table 4, it can be seen that the antioxidant ability of each
polysaccharide sample showed a prominent linear correlation
with its sugar content, monosaccharide concentration and the
ratio of different molecular weight fractions. The contents of
sugar, Fuc and Rha revealed a strong negative correlation with
the antioxidant abilities of Noni polysaccharides (p < 0.05),
indicating that the Noni polysaccharide with high sugar, Fuc
and Rha contents had superior antioxidant abilities. It was
reported that the Fuc and Rha exerted antioxidative properties
by scavenging reactive oxygen species (33), which is consistent
with our correlation analysis. Furthermore, the ratio of three
molecular weight fractions (high-Mw, medium-Mw, and low-
Mw) were significantly correlated with the IC50 value of radicals
scavenging activity (p < 0.05). For the IC50 value of radical
assay, the ratio of high-Mw and medium-Mw component
showed a positive correlation (p < 0.05), while the ratio of
the low-Mw component demonstrated a negative correlation
(p < 0.05), indicating that the Noni polysaccharide with a
smaller molecular weight showed better radical scavenging
ability. Previous studies also reported the superior antioxidative
ability of low-molecular-weight polysaccharides, which was
attributed to their larger surface area and greater water solubility
facilitating the reaction with radicals (34, 35). From Table 4, the
contents of uronic acid and GalA also displayed a significant
linear correlation with the IC50 value of hydroxyl assay with
the coefficient of –0.991 and –0.913 (p < 0.05). The results
showed that polysaccharides with high uronic acid content
had stronger hydroxyl radical scavenging ability, which was
similar to other polysaccharides reported before (36). Although

the physicochemical properties of Noni polysaccharide did not
show an obvious correlation with the DNA protective effect, a
close positive correlation was seen between the DNA protective
effect and radical scavenging activity (not shown in Table 4).
Based on our analysis, the bioactivities of Noni polysaccharide
samples were not impacted by a single factor but a function of
multiple factors.

Conclusion

Remarkable changes in physicochemical properties and
bioactivities of Noni polysaccharides occurred during the fruit
ripening process. The highest polysaccharide yield and sugar
content were seen at stage 5, whereas the highest uronic acid
level was recorded at stage 4. Our results confirmed that
the monosaccharide concentrations and proportions, molecular
weights, antioxidant activities and DNA protective abilities of
Noni polysaccharides varied significantly among five maturity
stages, which indicates the necessity for selecting suitable
polysaccharides to meet different industrial and nutritional
requirements. However, the maturity stages have no remarkable
influence on the sulfuric radical content and preliminary
structure. Noni polysaccharide extracted at stage 5 showed the
strongest scavenging activities against DPPH and ABTS radicals,
while the hydroxyl radical scavenging capacity reached the peak
at stage 4. Overall, stage 4 and stage 5 are the ideal stages of
maturity for extracting high-quality Noni polysaccharides.
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In this study, screening bacteriocin-producing strains from 2,000 plant-

derived strains by agar well diffusion method was conducted. The

corresponding produced bacteriocin was purified and identified by

Sephadex gel chromatography, reversed-phase high-performance liquid

chromatography (RP-HPLC), and liquid chromatography coupled with tandem

mass spectrometry (LC-MS/MS). Meanwhile, the biological characteristics of

bacteriocin were investigated. The targeted strain W3-2 was obtained and

identified as Lactobacillus plantarum by morphological observation and 16S

rRNA gene sequence analysis. Correspondingly, a novel bacteriocin (named

plantaricin W3-2) produced by L. plantarum W3-2 with a molecular weight

of 618.26 Da, and an amino acid sequence of AVEEE was separated, purified

by Sephadex gel chromatography and RP-HPLC, and identified by LC-MS/MS.

Further characteristics analysis displayed that plantaricin W3-2 had good

thermal, pH stability, and broad-spectrum antimicrobial ability. In conclusion,

plantaricin W3-2 can be used as a new food preservative.

KEYWORDS

bacteriocin, lactic acid bacteria, biological characteristics, separation and
purification, antimicrobial activity

1. Introduction

Antimicrobial peptides (AMPs) are a kind of small molecular peptides with
antimicrobial activity, which widely exist in animals, plants, and microorganisms (1).
Natural antimicrobial peptides have an antimicrobial effect on bacteria, fungi, and
viruses (2). Recently, bacteriocin, as a kind of natural antimicrobial peptide, has
been extensively studied and become a potential alternative to chemical preservatives.
Bacteriocins, which are ribosomally synthesized in prokaryotes, can inhibit or
kill phylogenetically related and/or unrelated microorganisms, but they have no
antimicrobial effect on bacteriocin-producing strains themselves (3).
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A large number of bacteriocin-producing lactic acid
bacterias (LABs) have been successfully isolated from
Chinese traditional fermented food. Yi Lanhua et al. isolated
Lactobacillus pentosum DZ35 from salting meat products and
obtained bacteriocin pentocin DZ1 and pentocin DZ2, with
molecular weights of 4004.03 and 12719.37 Da, respectively (4).
Benmouna et al. isolated Enterococcus CM9 from camel milk–
producing bacteriocin with a molecular weight of 7.6 KDa (5).
Ramakrishnan et al. isolated Lactobacillus rhamnosus L34 from
curds producing bacteriocin with a molecular weight of 5.6 KDa
(6). Although a great deal of work has been carried out to study
the purification, structure, and characteristics of bacteriocin
secreted by LABs, most bacteriocins could not be widely
and effectively used in food because of narrow antimicrobial
spectrum, poor thermal stability, and high production cost (7).
Nisin is the only natural preservative approved by FAO/WHO
to be used in food (8). Therefore, novel bacteriocins with
a broad antimicrobial spectrum and good thermal stability
remain to be explored.

In this study, LAB isolated from the plant-derived strain
library with antimicrobial activity were screened and identified.
Purification, characterization, and antimicrobial properties of a
novel bacteriocin were studied to get a novel bacteriocin and
evaluate its potential as a biological preservative.

2. Materials and methods

2.1. Strains and medium

Indicator strains are as follows: Escherichia coli
(CGMCC9181), Staphylococcus aureus (ATCC6538), Listeria
monoeytogenes (ATCC19115), Bacillus subtilis, Salmonella,
Bacillus cereus [CMCC(B)63301], Shigella [CMCC(B)51105],
Micrococcus luteus [CMCC(B)28001], Pseudomonas aeruginosa
(ATCC15442), and Proteusbacillus vulgaris [CMCC(B)49027].

Test strains: 2,000 test strains used in this study were
obtained from the plant-derived strain library in the Food
Science and Technology of Hunan Agricultural University.

de Man, Rogosa and Sharpe (MRS) broth: caseinase digest
10.0 g/L, beef paste powder 10.0 g/L, yeast paste powder 4.0 g/L,
diammonium hydrogen citrate 2.0 g/L, sodium acetate 5.0 g/L,
magnesium sulfate heptahydrate 0.2 g/L, manganese sulfate
tetrahydrate 0.05 g/L, dipotassium hydrogen phosphate 2.0 g/L,
glucose 20.0 g/L, and tween-80 1.08 g/L.

Nutrient broth: Peptone 10.0 g/L, beef paste powder 3.0 g/L,
and sodium chloride 5.0 g/L.

2.2. Preparation of cell-free
fermentation supernatant (CFS)

Strains were inoculated in MRS broth and cultivated at
37◦C for 24 h. CFS was obtained by centrifugation at 4◦C and

10,000 r/min for 15 min to remove the bacteria precipitate. The
supernatant was collected and filtered through 0.22 µm filter
membrane to remove residual bacteria. Samples were stored at
4◦C for further analysis (9, 10).

2.3. Screening of the antimicrobial
potential strains

The bacteriocin-producing potential strains against E. coli
and S. aureus were investigated using the agar well diffusion
method according to Bian et al. with a sight modification (11).
The pH of CFS was adjusted to 6 using 1 M NaOH (12, 13).
Fifteen milliliters of 2% (v/v) plain agar were poured onto a
plate to solidify. Three oxford cups were put on it; 100 µl of
indicator strain (108 CFU ml−1) was inoculated into 200 ml
of nutrient broth medium at 50◦C. A 20 ml of the mixture
was poured onto the agar medium and allowed to solidify.
Then, the Oxford cups were removed; 200 µl of CFS (pH = 6)
was poured into holes. The plate was placed at 4◦C for 4 h
and incubated for 12 h at 37◦C. The antimicrobial activity was
reflected by the growth-free inhibition zones, and the lactic
acid solution (pH = 6) was used as the control. The diameters
of the inhibition zone were measured with a digital caliper
(MNT-150, Shanghai, China) by cross method to determine the
antimicrobial activity (14).

2.4. Determination of the antimicrobial
substances

To clarify whether the antimicrobial activity was derived
from the hydrogen peroxide in CFS, 2 mg/ml catalase was
added to CFS (pH = 6) at a ratio of 1:1 (v/v) and incubated
at 37◦C for 2 h. The antimicrobial activity was detected
following the description as outlined in Section “Screening of
the antimicrobial potential strains” using CFS (pH = 6) as the
control, and the CFS with antimicrobial activity was selected for
protease test (15, 16). After eliminating the impact of hydrogen
peroxide and organic acids, 1 ml of CFS was treated for 2 h
at 37◦C with 1 mg/ml final concentration of trypsin, protease
K, and pepsin (17). The antimicrobial activity was detected
following the description as outlined in Section “Screening
of the antimicrobial potential strains.” CFS with no protease
process was used as the control.

2.5. Identification of
bacteriocin-producing strains

2.5.1. Morphological characteristics
observation

Bacteriocin-producing strains were inoculated into MRS
broth and cultured at 37◦C for 24 h. After incubation, the colony
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color and morphology of the strain were observed. A light
microscope (CX31, 10 × 100/Oil, Olympus, Tokyo, Japan)
was used to observe the colony morphology characteristics of
the strain.

2.5.2. 16S rRNA gene sequence analysis
Genomic DNA was extracted using bacterial genomic DNA

extraction kit (Solarbio, Beijing Solarbio Technology Co., Ltd.,
Beijing, China). 16S rDNA gene sequence was amplified using
the forward primer 5′-AGAGTTTGATCCTGGCTCAG-3′ and
the reverse primer 5′-CTACGGCTACCTTGTTACGA-3′. The
PCR amplification products were recovered by AxyPrep DNA
Gel Recovery Kit (Solarbio, Beijing Solarbio Technology Co.,
Ltd., Beijing, China) and sequenced by Shanghai Paisano
Co., Ltd. (Shanghai, China). 16S rRNA gene sequences were
submitted to the NCBI database for homology analysis
using the BLAST tool. A phylogenetic tree was constructed
by MEGA6 software.

2.6. Isolation and purification of
bacteriocins

2.6.1. Extraction of bacteriocin
The CFS was concentrated twice using a rotary evaporator

at 55◦C, mixed with ethyl acetate in a ratio of 1:2, stirred
at 100 rpm at 25◦C for 2 h, and placed overnight for
stratification. The upper organic phase was pooled and
evaporated under a vacuum at 55◦C using a rotary evaporator
(Yarong, SY-5000, Shanghai, China) to obtain the crude
bacteriocin extract (18). Samples were stored at 4◦C for
further analysis.

2.6.2. Sephadex gel chromatography
In all, 2 ml of crude bacteriocin extract was initially

filtered with 0.22 µm filter membrane, then samples were
loaded in Sephadex G-25 gel chromatography column
(Henghuibio, 1.5 cm × 80 cm, Beijing, China) to eliminate
impurities, The samples were eluted with sterile water
(pH5.5) with a linear gradient at a flow rate of 0.5 ml/min
and measured by UV detector at 280 nm. The fractions
were collected according to an automatic collection
device (19). Using S. aureus as an indicator strain, the
antimicrobial activity of each fraction was detected by agar well
diffusion method.

The fractions with antimicrobial effect were pooled,
concentrated, dried, and dissolved in PBS (pH 5.5) as well as
loaded onto the Sephadex LH-20 gel chromatography column
(Henghuibio, 1.5 cm × 80 cm, Beijing, China) and eluted
by 80% methanol at a flow rate of 0.25 ml/min with a UV
detector at 280 nm. Each of fractions was collected, and
antimicrobial activity was detected (17). The active fractions

with antimicrobial activity were pooled for full-wavelength
scanning, with the maximum absorption peak as the detection
wavelength for the next purification.

2.6.3. RP-HPLC purification
Fractions with antimicrobial effect collected from the

Sephadex LH-20 gel chromatography column (Henghuibio,
1.5 cm × 80 cm, Beijing, China) were filtered with 0.22-µm
filter membrane and further purified by RP-HPLC (SCG100-
V2, Suzhou Sepure Instruments Co., Ltd., Suzhou, China)
(20). The purification conditions were as follows: C18 column
(Phenomenex Jupiter C18, 4.6 mm × 250 mm, Phenomenex,
USA), mobile phase A comprised 85% water and 15%
acetonitrile (containing 0.07% trifluoroacetic acid), gradient:
100% A within 35 min, flow rate at 1 ml/min, the volume of
samples loaded into the system was 500 µl. UV detector was
set at 220 nm (21). A component of each peak was collected,
concentrated by freezing, and then, dissolved in PBS (pH
5.5). Antimicrobial activity was detected by agar well diffusion
method using S. aureus as an indicator strain.

2.6.4. Identification of bacteriocin
Nano liquid chromatography coupled with tandem

mass spectrometry analysis was performed to determine the
molecular mass and amino acid sequence of the purified
bacteriocin. The bacteriocin purified by RP-HPLC (SCG100-
V2, Suzhou Sepure Instruments Co., Ltd., Suzhou, China)
was reduced by 10 mM DL-dithiothreitol (Sigma-Aldrich, St.
Louis, MO, USA) at 56◦C for 1 h and alkylated by 50 mM
iodoacetamide (Sigma-Aldrich, St. Louis, MO, USA) at room
temperature in dark for 40 min. Lyophilize the extracted
bacteriocin to near dryness. Resuspend peptides in 20 µl
of 0.1% formic acid (Sigma-Aldrich, St. Louis, MO, USA)
before LC-MS/MS analysis. The analysis of bacteriocin was
conducted by nano LC-MS/MS in an Easy-nLC 1200 system
(Thermo Fisher Scientific, Waltham, MA, USA) coupled
with a Q ExactiveTM Hybrid Quadrupole-OrbitrapTM Mass
Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
with an electrospray nanospray source. An in-house built
reverse-phase nanocolumn (150 µm × 15 cm, 1.9 µm, 100 Å,
Dr. Maisch GmbH, Germany) packed with Acclaim PepMap
was used. Mobile phase A consisted of 0.1% formic acid in
water, mobile phase B comprised 20% of 0.1% formic acid
in water- 80% acetonitrile. Liquid chromatography linear
gradient: from 4 to 8% B for 2 min, from 8 to 28% B for
43 min, from 28 to 40% B for 10 min, from 40 to 95% B for
1 min, and from 95 to 95% B for 10 min. Total flow rate is at
600 nL/min. A first-order mass spectrometry spectrum was
obtained in a full-scan positive ion mode of m/z 300–1800.
The second-order mass spectrometry data were collected using
collision-induced dissociation to capture the b and y ions (22).
The data acquisition and analysis were conducted by PEAKS
Studio 8.5 software.
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2.7. Thermal stability of plantaricin
W3-2

Plantaricin W3-2 was heated at 60, 70, 80, 90, 100, and
121◦C for 10 min, then cooled to room temperature. The
antimicrobial activity was detected by agar well diffusion
method, using unheated plantaricin W3-2 as the control (23).

2.8. pH stability of plantaricin W3-2

pH value of plantaricin W3-2 was adjusted to 2, 3,
4, 5, 6, 7, 8, 9, 10, 11, and 12 with 1 mol/L HCL and
1 mol/L NaOH, respectively, and heated at 37◦C for 2 h
by water bath, then pH value was adjusted back to 6. The

antimicrobial activity was detected by agar well diffusion
method, using untreated plantaricin W3-2 as the control
(24, 25).

2.9. Antimicrobial spectrum of
plantaricin W3-2

The antimicrobial spectrum of plantaricin W3-2 was studied
using the agar well diffusion method. E. coli (CGMCC9181),
S. aureus (ATCC6538), L. monoeytogenes (ATCC19115),
B. subtilis, Salmonella, B. cereus [CMCC(B)63301], Shigella
[CMCC(B)51105], M. luteus [CMCC(B)28001], P. aeruginosa
(ATCC15442), and P. vulgaris [CMCC(B)49027] were used as
indicator strains.

TABLE 1 Strains retained antimicrobial activity against Escherichia coli and Staphylococcus aureus after eliminating the influence of organic acid.

Strain number Strain source Mycelial morphology Diameter of inhibition zone (mm)

E. coli S. aureus

Lactic acid (pH6) – – – –

17 Fermented pepper Bacilli 15.39± 0.14cd 12.52± 0.04L

38 Fermented pepper Bacilli 16.08± 0.24b 16.34± 0.06C

3-3 Fermented mustard Bacilli 13.75± 0.08g 12.43± 0.04L

3-20 Fermented mustard Bacilli 14.10± 0.16f 15.94± 0.13D

Z3-10 Fermented pepper Bacilli 11.19± 0.04m 12.82± 0.08K

Z3-19 Fermented pepper Bacilli 12.13± 0.11k 11.69± 0.04N

Z3-27 Fermented pepper Bacilli 13.20± 0.02i 13.06± 0.08J

Z3-35 Fermented pepper Bacilli 16.06± 0.17b 15.97± 0.08D

Z3-37 Fermented pepper Bacilli 11.98± 0.06k 11.26± 0.07O

Z3-38 Fermented pepper Bacilli 13.77± 0.09g 12.76± 0.07K

C1-4 Fermented radish Coccus 14.01± 0.12f 16.77± 0.08AB

C1-5 Fermented radish Coccus 15.21± 0.11d 15.17± 0.08F

C1-10 Fermented radish Coccus 12.76± 0.09j 11.17± 0.04OP

C1-13 Fermented radish Coccus 12.02± 0.17k 11.09± 0.06P

C1-20 Fermented radish Coccus 15.54± 0.05c 11.65± 0.06N

C1-24 Fermented radish Coccus 15.37± 0.08cd 13.03± 0.08J

C2-2 Fermented radish Coccus 11.66± 0.07l 11.84± 0.07M

C2-4 Fermented radish Coccus 13.36± 0.07hi 11.95± 0.07M

W3-2 Fermented pepper Bacilli 17.54± 0.06a 16.68± 0.04B

X13-5 Fermented pepper Coccus 13.55± 0.10gh 16.89± 0.06A

X13-6 Fermented pepper Coccus 13.36± 0.07hi 13.72± 0.04I

X13-7 Fermented pepper Bacilli 15.52± 0.12c 14.83± 0.06G

X13-11 Fermented pepper Bacilli 14.43± 0.04e 14.19± 0.04H

Z1-2 Fermented mustard Bacilli 15.21± 0.04d 15.34± 0.05E

Z3-27 Fermented mustard Bacilli 13.16± 0.07i 13.01± 0.10J

“–” Means no inhibition. Values represent means of three independent replicates ± SD. Different letters within a column indicate statistically significant differences between the means
(p < 0.05).
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FIGURE 1

Antimicrobial activity of the cell-free fermentation supernatant
(CFS) of strain W3-2 against Staphylococcus aureus and
Escherichia coli. (A) Before eliminating the contribution of
hydrogen peroxide to the antimicrobial activity on S. aureus.
(B) After eliminating the contribution of hydrogen peroxide to
the antimicrobial activity on S. aureus. (C) Before eliminating the
contribution of hydrogen peroxide to the antimicrobial activity
on E. coli. (D) After eliminating the contribution of hydrogen
peroxide to the antimicrobial activity on E. coli.

2.10. Statistical analysis

The study was carried out using three experimental
replicates. Results are presented as mean ± SD. Analysis of
variance (ANOVA) was used, and the means were separated
at a significance level of p < 0.05. The data were analyzed
and processed using Excel, IBM SPSS Statistics 26, and
Origin 2019 software.

3. Results and discussion

3.1. Screening and identification of
bacteriocin-producing lactic acid
bacteria

3.1.1. Screening bacteriocin-producing lactic
acid bacteria

Lactic acid bacteria can produce organic acids and hydrogen
peroxide, which can inhibit the growth of other strains (26, 27).
Both of them have been reported to act on the cytoplasmic
membrane by neutralizing its electrochemical potential and
increasing its permeability, resulting in bacteriostasis and
ultimately death of susceptible bacteria (28). In this study,
isolating and screening bacteriocin-producing strains from

2,000 plant-derived strains by agar well diffusion method with
E. coli and S. aureus as indicator strains were conducted. Results
indicated that 25 strains were initially isolated after eliminating
the contribution of organic acid (Table 1). Further elimination
of the contribution of hydrogen peroxide, only strain W3-2
exhibited the strongest antimicrobial activity with the diameters
of the inhibition zone against E. coli and S. aureus exceeded
16 mm (Figure 1). Therefore, strain W3-2 was selected for
subsequent tests.

In order to confirm the antimicrobial active substance
is bacteriocin, the CFS of strain W3-2 was treated with
trypsin, pepsin, and proteinase K, respectively. As shown in
Table 2, results displayed that the diameters of the inhibition
zone against S. aureus decreased from 16.68 ± 0.04 to
10.25 ± 0.18 mm, 10.55 ± 0.24 mm, and 13.22 ± 0.15 mm
after being treated with trypsin, pepsin, and proteinase K,
respectively. These results indicated that bacteriocin was the
main antimicrobial substance in CFS of W3-2. Bacteriocin
can damage the structure of cell membrane, making the cell
membrane form pores, leading to cell rupture and the outflow
of small molecules, such as potassium ions, magnesium ions,
phosphorus ions, amino acids, and ATP (29). The low level
of ATP and ion deficiency in cells result in the inhibition
of the synthesis of DNA, RNA, proteins, and polysaccharides,
ultimately leading to cell death (30). Bacteriocin BM1122 led to
the separation of the plasma wall of S. aureus and the formation
of pores in E. coli and could inhibit the formation of biofilm,
disrupt the normal cell cycle, thus damage the integrity of cell
membrane (31). In addition, bacteriocin can also induce cell
death by changing the permeability of cell membrane or the
activity of intracellular enzymes, inhibiting the germination of
spores and the respiration of sensitive bacteria interfering with
the normal metabolism of nucleic acids, proteins, and other
substances in cells (32).

3.1.2. Identification of strain W3-2
Strain W3-2 was further identified by colony morphology

and 16S rRNA gene sequence analysis. As shown in Figure 2A,
the colonies of strain W3-2 were medium-sized, raised, creamy
white, rounded, and with neat edges. It is a gram-positive strain
with single or arranged in chains, rod-shaped, and spore-free
(Figure 2B). The strain W3-2 was amplified by PCR, and the
gel electrophoresis results of the PCR are shown in Figure 2C.

TABLE 2 The diameters of the inhibition zone of strain W3-2 against
Staphylococcus aureus after protease treatment.

Treatment Diameter of inhibition zone (mm)

CK 16.68± 0.04

Trypsin 10.25± 0.18

Pepsin 10.55± 0.24

Proteinase K 13.22± 0.15
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TABLE 3 The diameters of the inhibition zone of plantaricin W3-2 against various indicator strains.

Strain properties Indicator strains Source Diameter of inhibition zone (mm)

Gram-positive bacteria Staphylococcus aureus ATCC6538 29.14± 0.12

Listeria monocytogenes ATCC19115 28.88± 0.15

Bacillus subtilis Lab preservation 21.02± 0.22

Bacillus cereus CMCC(B)63301 28.79± 0.15

Micrococcus luteus CMCC(B)28001 21.80± 0.05

Gram-negative bacteria Pseudomonas aeruginosa ATCC15442 26.91± 0.18

Escherichia coli CMCC9181 27.32± 0.14

Salmonella Lab preservation 21.70± 0.42

Shigella CMCC(B)51105 22.29± 0.06

Proteus mirabilis CMCC(B)49027 23.47± 0.15

Results showed that the 16S rRNA gene sequence length of
strain W3-2 was 1,466 bp, and the homology with Lactobacillus
plantarum was more than 99.86% (Figure 2D). Combined
morphological characteristics with 16S rRNA gene sequence
analysis, strain W3-2 was identified as L. plantarum. Swapnil
et al. isolated a bacteriocin-producing L. plantarum from the
colon part of honey bee and the rectum region of stomach (33).

FIGURE 2

Identification of strain W3-2. (A) Colony morphology of strain
W3-2. (B) Microscopy feature of strain W3-2 after Gram staining
(10 × 100/Oil). (C) Agarose gel electrophoresis of PCR
amplification products of strain W3-2. (D) Phylogenetic tree of
strain W3-2 based on 16S rRNA sequence.

Mills et al. isolated L. plantarum from handmade cheese that can
inhibit the growth of Listeria (34).

3.2. Purification and identification of
the bacterin

3.2.1. Sephadex gel chromatography and
RP-HPLC purification

The ethyl acetate extracted bacteriocin produced
by L. plantarum W3-2 was purified by gel filtration
chromatography. As shown in Figure 3A, there were four
elution peaks in the purification process of Sephadex G-25. It
was proved that only the second elution peak had antimicrobial
activity against S. aureus, while the other three elution peaks
had no inhibitory effect. The eluent of tubes 59–70 was collected
and concentrated (Figure 3B). After further purification by
Sephadex LH-20 (Figure 3C), a single elution peak with similar
antimicrobial activity was appeared. The eluent corresponding
to the 44th–51th tubes was collected for subsequent purification
(Figure 3D). There were five absorption peaks after being
purified by RP-HPLC (Figure 3E). Except for the one at
5.578 min, the other absorption peaks had no antimicrobial
effect. Therefore, eluent at peak time of 5.578 min was collected
for further analysis.

3.2.2. Identification of bacteriocin structure by
LC-MS/MS

Eluent at a retention time of 5.578 min was collected
and identified by LC-MS/MS. As shown in Figure 4A,
the primary mass spectrometry displayed that the molecular
weight of the bacteriocin was 618.26 Da and named as
plantaricin W3-2. The primary mass spectrum peak was further
analyzed by De novo, and the secondary mass spectrum
was finally obtained. As shown in Figure 4B, the entire
amino acid sequence was detected as AVEEE. Plantaricin
W3-2 is a polypeptide composed of five amino acids with
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FIGURE 3

The process of purification of the bacteriocin produced by strain W3-2. (A) Sephadex G-25 gel profile. (B) Sephadex G-25 elution curve.
(C) Sephadex LH-20 gel profile. (D) Sephadex LH-20 elution curve. (E) Reversed-phase high-performance liquid chromatography (RP-HPLC)
purification profile.

antimicrobial activity. Bacteriocins, with the same molecular
weight and amino acid sequence, have not been reported in the
present study.

Most of the molecular weights of bacteriocins reported at
present are between 1 and 10 KDa. For example, plantaricin
SLG1 produced by L. plantarum SLG1 isolated from yak cheese
has a molecular weight of 1083.25 Da (35); plantaricin JY22
produced by L. plantarum JY22 isolated from the intestine

of golden carp has a molecular weight of 4.1 KDa (36);
and plantaricin H5 produced by L. plantarum H5 isolated
from the intestinal flora of sturgeon has a molecular weight
of 3.0 KDa (37). Plantaricin W3-2 has a molecular weight
of 618.26 Da, which belongs to the small molecular weight
bacteriocin. Similarly, the molecular weight of the plantarum
C010 is 260.1161 Da produced by L. plantarum C010 isolated
from cow manure (17).
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FIGURE 4

Identification of plantaricin W3-2 by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). (A) Primary mass
spectrometry of plantaricin W3-2. (B) Secondary mass spectrometry of plantaricin W3-2.

3.3. Biological characteristic of
plantaricin W3-2

3.3.1. Thermal stability of plantaricin W3-2
Thermal stability of plantaricin W3-2 was envaulted.

As depicted in Figure 5A, compared to control group, no
significant difference in antimicrobial effect on S. aureus by
plantaricin W3-2 was observed after exposure to 60, 70,
and 80◦C for 10 min. After being treated at 100◦C, 82.2%
antimicrobial activity was retained. Further, the increase in
temperature to 121◦C, and 73.4% antimicrobial activity was
kept. Those results elucidated that plantaricin W3-2 had
good thermal stability. The reason may be ascribed to small
hydrophobic proteins, almost without tertiary structure, with
strong hydrophobic region and stable cross-linking structure.
The good thermal stability of the plantaricin W3-2 is similar to
the bacteriocin produced by L. plantarum SLG1 isolated from
yak cheese, which exhibits good antimicrobial activity even after
being heated at 100◦C for 20 min (35).

3.3.2. pH stability of plantaricin W3-2
Results of pH stability of plantaricin W3-2 are shown in

Figure 5B, and the antimicrobial activity of plantaricin W3-2
was significantly affected by the change in pH. It was enhanced
by acidic environment, while inhabited by basic environment.
The antimicrobial activity on S. aureus was the largest at
pH 2, with diameter of 24.6 mm. The inhibition zone was
gradually decreased with the increase in pH and retained 64.3%
antimicrobial activity at pH 11. These results proved that
plantaricin W3-2 not only had a good antimicrobial effect in
acidic environment but also retained its function in a basic
environment.

3.3.3. Antimicrobial spectrum of plantaricin
W3-2

Ten kinds of common pathogenic bacteria in food were
used as indicator strains to test the antimicrobial effect of
plantaricin W3-2. Results showed that the diameters of the
inhibition zone of plantaricin W3-2 against S. aureus, Listeria
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FIGURE 5

Thermal and pH stability of plantaricin W3-2. (A) Thermal stability of plantaricin W3-2, inserted: picture was corresponding inhibition zone, CK
was the control group. (B) pH stability of plantaricin W3-2. Different letters indicate statistically significant differences between the means
(p < 0.05).

monocytogenes, and B. cereus reached 28 mm. For B. subtilis,
M. luteus, E. coli, P. aeruginosa, Salmonella, Shigella, Proteus,
and other indicator strains, the diameter of the inhibition
zone of plantaricin W3-2 was around 21 mm (Table 3). These
results demonstrated that plantaricin W3-2 had broad-spectrum
antimicrobial activity.

4. Conclusion

In conclusion, L. plantarum W3-2 was screened from 2,000
strains in the plant-derived strain library in our laboratory, and
corresponding plantaricin W3-2 with 618.26 Da and AVEEE
amino acid sequence were obtained. Further, characteristics
analysis displayed that plantaricin W3-2 had good thermal,
pH stability, and broad-spectrum antimicrobial ability. Safety,
application, and antimicrobial mechanism against foodborne
pathogens of the plantaricin W3-2 will be investigated in our
further studies.
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24. Kęska P, Stadnik J, Zielińska D, Kołożyn-Krajewska D. Potential of
bacteriocins from lab to improve microbial quality of Dry-cured and fermented
meat products. Acta Sci Pol Technol Aliment. (2017) 16:119–26. doi: 10.17306/j.
Afs.0466

25. Zhang J, Yang Y, Yang H, Bu Y, Yi H, Zhang L, et al. Purification and
partial characterization of bacteriocin Lac-B23, a novel bacteriocin production by
Lactobacillus plantarum J23, isolated from Chinese traditional fermented milk.
Front Microbiol. (2018) 9:2165. doi: 10.3389/fmicb.2018.02165

26. Chen J, Pang H, Wang L, Ma C, Wu G, Liu Y, et al. Bacteriocin-producing
lactic acid bacteria strains with antimicrobial activity screened from Bamei Pig
Feces. Foods. (2022) 11:709. doi: 10.3390/foods11050709

27. Gaspar C, Donders G, Palmeira-de-Oliveira R, Queiroz J, Tomaz C,
Martinez-de-Oliveira J, et al. Bacteriocin production of the probiotic Lactobacillus
acidophilus Ks400. Amb Express. (2018) 8:153. doi: 10.1186/s13568-018-0679-z

28. Dalie D, Deschamps A, Richard-Forget F. Lactic acid bacteria–potential
for control of mould growth and mycotoxins: a review. Food Control. (2010)
21:370–80. doi: 10.1016/j.foodcont.2009.07.011

29. Parapouli M, Delbes-Paus C, Kakouri A, Koukkou A, Montel M, Samelis
J. Characterization of a wild, novel Nisin a-producing Lactococcus strain with
an L. lactis Subsp. Cremoris genotype and an L. lactis Subsp. Lactis phenotype,
isolated from Greek raw milk. Appl Environ Microbiol. (2013) 79:3476–84. doi:
10.1128/AEM.00436-13

30. Christensen D, Hutkins R. Collapse of the proton motive force in Listeria
monocytogenes caused by a bacteriocin produced by Pediococcus acidilactici. Appl
Environ Microbiol. (1992) 58:3312–5. doi: 10.1128/aem.58.10.3312-3315.1992

31. Lu Y, Yan H, Li X, Gu Y, Wang X, Yi Y, et al. Physicochemical properties and
mode of action of a novel bacteriocin Bm1122 with broad antibacterial spectrum
produced by Lactobacillus crustorum Mn047. J Food Sci. (2020) 85:1523–35. doi:
10.1111/1750-3841.15131

32. Daba G, Ishibashi N, Gong X, Taki H, Yamashiro K, Lim Y, et al.
Characterisation of the action mechanism of a Lactococcus-specific bacteriocin,
lactococcin Z. J Biosci Bioeng. (2018) 126:603–10. doi: 10.1016/j.jbiosc.2018.
05.018

33. Khetre S, Deshpande K, Bakshi P. Isolation and purification of bacteriocin
produced by Lactobacillus plantarum isolated from honey bees gut and its
inhibitory action against major human colon pathogens. Int J Curr Microbiol Appl
Sci. (2020) 9:281–91. doi: 10.1080/00218839.2020.1746019

34. Mills S, Serrano L, Griffin C, O’Connor P, Schaad G, Bruining C, et al.
Inhibitory activity of Lactobacillus plantarum Lmg P-26358 against Listeria innocua
when used as an adjunct starter in the manufacture of cheese. Microb Cell Fact.
(2011) 10:1–11. doi: 10.1186/1475-2859-10-S1-S7

35. Pei J, Li X, Han H, Tao Y. Purification and characterization of plantaricin
Slg1, a novel bacteriocin produced by Lb. plantarum isolated from yak cheese. Food
Control. (2018) 84:111–7. doi: 10.1016/j.foodcont.2017.07.034

36. Lv X, Miao L, Ma H, Bai F, Lin Y, Sun M, et al. Purification, characterization
and action mechanism of plantaricin Jy22, a novel bacteriocin against Bacillus
cereus produced by Lactobacillus plantarum Jy22 from golden carp intestine. Food
Sci Biotechnol. (2018) 27:695–703. doi: 10.1007/s10068-017-0280-2

37. Ghanbari M, Jami M, Kneifel W, Domig K. Antimicrobial activity and partial
characterization of bacteriocins produced by lactobacilli isolated from sturgeon
fish. Food Control. (2013) 32:379–85. doi: 10.1016/j.foodcont.2012.12.024

Frontiers in Nutrition 10 frontiersin.org

109

https://doi.org/10.3389/fnut.2022.1111880
https://doi.org/10.3390/molecules25122751
https://doi.org/10.3390/molecules25122751
https://doi.org/10.1016/j.lfs.2020.118407
https://doi.org/10.1016/j.lfs.2020.118407
https://doi.org/10.1128/AEM.58.1.279-284.1992
https://doi.org/10.1016/j.lwt.2020.109177
https://doi.org/10.9755/ejfa.2018.v30.i4.1662
https://doi.org/10.9755/ejfa.2018.v30.i4.1662
https://doi.org/10.1007/s13213-012-0486-8
https://doi.org/10.3389/fmicb.2018.01567
https://doi.org/10.1016/j.lwt.2019.03.007
https://doi.org/10.1016/j.lwt.2019.03.007
https://doi.org/10.1007/s12223-019-00677-4
https://doi.org/10.1007/s12223-019-00677-4
https://doi.org/10.1007/978-1-4939-8907-2_2
https://doi.org/10.1039/c5fo01041a
https://doi.org/10.3390/microorganisms8030393
https://doi.org/10.1111/jam.12752
https://doi.org/10.11882/j.issn.0254-5071.2019.05.021
https://doi.org/10.1007/s12649-019-00634-9
https://doi.org/10.16429/j.1009-7848.2020.05.009
https://doi.org/10.13995/j.cnki.11-1802/ts.031575
https://doi.org/10.13995/j.cnki.11-1802/ts.031575
https://doi.org/10.3390/su14159571
https://doi.org/10.1038/srep19366
https://doi.org/10.3390/MOLECULES27072066
https://doi.org/10.3390/MOLECULES27072066
https://doi.org/10.3168/jds.2016-11166
https://doi.org/10.3168/jds.2016-11166
https://doi.org/10.1016/j.foodcont.2017.02.007
https://doi.org/10.1099/acmi.0.000234
https://doi.org/10.17306/j.Afs.0466
https://doi.org/10.17306/j.Afs.0466
https://doi.org/10.3389/fmicb.2018.02165
https://doi.org/10.3390/foods11050709
https://doi.org/10.1186/s13568-018-0679-z
https://doi.org/10.1016/j.foodcont.2009.07.011
https://doi.org/10.1128/AEM.00436-13
https://doi.org/10.1128/AEM.00436-13
https://doi.org/10.1128/aem.58.10.3312-3315.1992
https://doi.org/10.1111/1750-3841.15131
https://doi.org/10.1111/1750-3841.15131
https://doi.org/10.1016/j.jbiosc.2018.05.018
https://doi.org/10.1016/j.jbiosc.2018.05.018
https://doi.org/10.1080/00218839.2020.1746019
https://doi.org/10.1186/1475-2859-10-S1-S7
https://doi.org/10.1016/j.foodcont.2017.07.034
https://doi.org/10.1007/s10068-017-0280-2
https://doi.org/10.1016/j.foodcont.2012.12.024
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


TYPE Original Research

PUBLISHED 11 January 2023

DOI 10.3389/fnut.2022.1110706

OPEN ACCESS

EDITED BY

Zhi-Hong Zhang,

Jiangsu University, China

REVIEWED BY

Juan Wei,

Gansu Agricultural University, China

Weiwei Cheng,

Nanjing University of Finance and

Economics, China

*CORRESPONDENCE

Fangxue Hang

hangfx@163.com

SPECIALTY SECTION

This article was submitted to

Nutrition and Food Science

Technology,

a section of the journal

Frontiers in Nutrition

RECEIVED 29 November 2022

ACCEPTED 20 December 2022

PUBLISHED 11 January 2023

CITATION

Luo M, Wang C, Wang C, Xie C,

Hang F, Li K and Shi C (2023) E�ect of

alkaline hydrogen peroxide assisted

with two modification methods on the

physicochemical, structural and

functional properties of bagasse

insoluble dietary fiber.

Front. Nutr. 9:1110706.

doi: 10.3389/fnut.2022.1110706

COPYRIGHT

© 2023 Luo, Wang, Wang, Xie, Hang,

Li and Shi. This is an open-access

article distributed under the terms of

the Creative Commons Attribution

License (CC BY). The use, distribution

or reproduction in other forums is

permitted, provided the original

author(s) and the copyright owner(s)

are credited and that the original

publication in this journal is cited, in

accordance with accepted academic

practice. No use, distribution or

reproduction is permitted which does

not comply with these terms.

E�ect of alkaline hydrogen
peroxide assisted with two
modification methods on the
physicochemical, structural and
functional properties of bagasse
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Fangxue Hang1,2*, Kai Li1,2 and Changrong Shi3
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and Ministerial Collaborative Innovation Center for Sugar Industry, Nanning, China, 3Faculty of
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Bagasse is one of major by-product of sugar mills, but its utilization is

limited by the high concentration of lignin. In this study, the optimal alkaline

hydrogen peroxide (AHP) treatment conditions were determined by the

response surface optimization method. The results showed that the lignin

removal rate was 62.23% and the solid recovery rate was 53.76% when

bagasse was prepared under optimal conditions (1.2% H2O2, 0.9% NaOH,

and 46◦C for 12.3 h), while higher purity of bagasse insoluble dietary fiber

(BIDF)was obtained. To further investigate themodification e�ect, AHP assisted

with high-temperature-pressure cooking (A–H) and enzymatic hydrolysis (A–

E) were used to modify bagasse, respectively. The results showed that the

water holding capacity (WHC), oil holding capacity (OHC), bile salt adsorption

capacity (BSAC), and nitrite ion adsorption capacity (NIAC) were significantly

improved after A-H treatment. With the A–E treatment, cation exchange

capacity (CEC) and BSAC were significantly increased, while WHC, OHC, and

glucose adsorption capacity (GAC) were decreased. Especially, the highest

WHC, OHC, BSAC and NIAC were gained by A–H treatment compared to

the A–E treatment. These changes in the physicochemical and functional

properties of bagasse fiber were in agreement with the microscopic surface

wrinkles and pore structure, crystallinity and functional groups. In summary,

the A–H modification can e�ectively improve the functional properties of

bagasse fiber, which potentially can be applied further in the food industry.

KEYWORDS

sugarcane bagasse, insoluble dietary fiber, modification, physicochemical properties,

structural properties, functional properties
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1. Introduction

Sugarcane is an annual or perennial tropical and subtropical

herbaceous plant. It is widely loved by consumers because of

its sweetness and the presence of various nutrients that are

very beneficial to human metabolism. Sugarcane is not only

consumed in the fruit market but is also an important cash

crop for the production of sugar worldwide (1). Sugarcane is

mainly grown in Brazil, India, China, and so on, most of which

is used for producing sugar, and the by-product is bagasse. It

was found that about 700 million tons of bagasse were produced

by sugar production factories worldwide every year (2). At

present, bagasse is used for feed production or is discarded

indiscriminately, which causes environmental pollution. To the

best of our knowledge, bagasse can be used as a potential high-

value ingredient in food products, such as dietary fiber.

Dietary fiber (DF) can neither be digested nor absorbed to

produce energy. Therefore, it was once considered a “nutrient-

free substance” and did not get enough attention for a long

time. However, with the in-depth development of nutrition

and related science, scientists found that DF has a very

important physiological role, such as lower the risk of diabetes,

obesity, and intestinal diseases (3). Thus, researchers started

to add DF as a food ingredient to meet the growing demand

for healthy products. According to water solubility, DFs can

be divided into soluble dietary fibers (SDF) and insoluble

dietary fibers (IDF). IDF is much more abundant than SDF

in plant foods (4) and a good source of food bases with

functional groups that can effectively bind to glucose, oil,

water, and toxic metal ions (5). However, classic extraction and

hydrolysis cannot fully expose these functional groups. Many

physical, chemical, and biological methods have been applied

to modify IDF from different biomass sources to obtain better

functional and processing properties (6). According to Zhang

et al., hydroxypropylation, carboxymethylation, and complex

enzymes (cellulase and hemicellulase) have been reported

to improve the water-holding capacity, α-amylase inhibition

activity, glucose delay index, and bile acid salt binding capacity

of coconut cake dietary fiber (7). Zhang et al. investigated the

effect of modifications (Acetylated, cross-linking and cellulose-

hydrolyzed) on the millet bran dietary fiber (8). Acetylated

modified millet bran dietary fiber had the highest adsorption

capacity of bile acid salt and cholesterol. The highest adsorption

capacity of copper ions and nitrite ions was observed after cross-

linking modification. The highest glucose delay index activity

and α-amylase inhibition activity were observed for cellulose-

hydrolyzed millet bran dietary fiber. Zhuang et al. reported that

mixing alkaline hydrogen peroxide-treated sugarcane dietary

fiber with pre-emulsified sesame oil resulted in a batter with

improved texture and gave good organoleptic scores (9). It can

be deduced that different modifications have different effects on

the structural, physicochemical, and functional properties of the

same dietary fiber. However, every modification method has its

limitations. Therefore, it is of great interest to evaluate the effects

of modification methods and select the appropriate method for

a specific food need. Currently, there is no reported study on the

effect ofmodificationmethods on bagasse insoluble dietary fiber.

As the bagasse of the sugar factory is dark gray, its fibrous

hydration property is poor, and the high lignin content will

affect the fermentation. Alkaline hydrogen peroxide (AHP)

is reported to be a green and mild pretreatment that adds

value to agricultural by-products and effectively removes lignin

(10). However, no one has used this method to optimize the

effect of bagasse delignification. Therefore, we first designed

four variables (hydrogen peroxide concentration, sodium

hydroxide concentration, temperature, and time) to conduct

response surface optimization experiments to obtain the process

conditions of low lignin content and high solid recovery.

High-temperature-pressure cooking (HTPC) treatment

could remove the lignin of plant cell and partially degrades

the hemicellulose and cellulose molecules (11). Enzymatic

hydrolysis (EH) treatment could destroy one or more specific

chemical chains of the cell wall depending on the type and

source of the enzyme (12). All of these methods can alter the

microstructure and composition of DFs, resulting in both

desirable and undesirable effects on structural and functional

properties (13). However, to our knowledge, there is no

comparative information on the effect of AHP assisted with

HTPC or EH on bagasse dietary fiber properties, respectively.

Therefore, this study also deeply discussed AHP assisted

with HTPC (A–H) and AHP assisted with EH (A–E) were

used to modify bagasse, respectively, and then the changes in

physicochemical, structural, and functional properties of bagasse

dietary fiber before and after modification were evaluated.

2. Materials and methods

2.1. Materials

Bagasse was provided by a sugar production factory, East

Sugar Company, located in Nanning province, China. The

bagasse was washed in flowing tap water and dried in an oven

for 48 h (DHG-90338S-III, Shanghai, China) at 60◦C. Then

samples were smashed and sieved through a 40 mesh sieve

to obtain a bagasse powder and stored at room temperature

until use. Hemicellulase (2 × 105 U/g) was purchased from

Macklin (Shanghai, China). Other chemicals used were of

analytical grade.

2.2. Bagasse insoluble dietary fiber
preparation by alkaline hydrogen
peroxide treatment

BIDF was prepared with alkaline hydrogen peroxide

following the previous study (14) with modifications.

Concentrations of 0.6, 0.9, and 1.2% (w/v, NaOH) and 0.5,
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1.0, and 1.5% (w/v, H2O2) were prepared for the pretreatment

of 1 g of bagasse with a solid loading of 1:60. This means that

1 g of bagasse was added to 60mL of the solution containing

the alkaline peroxide. The mixture was agitated continuously

using a magnetic stirring water bath at 120 rpm, and the

temperature and the reaction time were set to the desired

degree of 35◦C, 45◦C, or 55◦C for 8, 12, or 16 h. The material

was collected by filter and washed with distilled water until

neutralized, freeze-dried for 36 h, and finally weighed to obtain

the solids recovery. Finally, it was milled and passed the sieved

(60 mesh) to obtain powders, and BIDF was obtained. Lignin

content was obtained by a two-step acid hydrolysis method.

The combination of acid-soluble and acid-insoluble lignin

constitutes the total lignin concentration. The percent lignin

removal and percent solid yield was calculated as follows:

percent lignin removal (%) =
W0−W1

W0
×100 (1)

percent solid yield (%) =
M1
M0

×100 (2)

where W0 and W1 are the percentages of total lignin

content before and after AHP treatment, respectively; M0 and

M1 are the weights of dry samples before and after AHP

treatment, respectively.

2.3. AHP assisted with two modification
methods

2.3.1. AHP assisted with
high-temperature-pressure cooking (A–H)

2 g BIDF and 60mL distilled water (1:30, w/v) were

added to the pressure-resistant tube, well mixed, and placed

in a capacitive pressure steam sterilizer (XYR20, Zhejiang,

China). The temperature was set to 120◦C for 1 h. After the

high-temperature-pressure cooking treatment, the material in

the pressure-resistant tube was poured into Petri dishes and

subsequently freeze-dried for 36 h. Finally, the freeze-dried

samples were milled and passed through a 60-mesh sieve.

H-BIDF was obtained.

2.3.2. AHP assisted with enzymatic hydrolysis
(A–E)

10 g BIDF was mixed with 400mL distilled water (1:40,

w/v) in a conical flask and adjusted to pH = 5.5 with 0.1M

acetic acid solution. Then, 0.5 g hemicellulase was added and the

mixture was placed in a shaker and reacted at 50◦C for 1 h. The

hydrolysis reaction was stopped by heating at 95◦C for 10min

and washed with distilled water until neutralized. After that, it

was freeze-dried, milled, and sieved, and E-BIDF was obtained.

2.4. Approximate chemical composition
and physical properties

The chemical composition of the bagasse and its derivatives

(BIDF, H-BIDF and E-BIDF) were determined by AOAC official

methods (15), including moisture (method 925.09), total dietary

fiber (TDF), SDF, IDF (method 991.43) and ash (method

942.05). The contents of cellulose, hemicellulose, and lignin were

determined as described by Liu et al. (16). Briefly, the samples

were first subjected to two-step acid hydrolysis, and sand

core filtration and the residue obtained was dried to constant

weight, cauterized to obtain the acid-insoluble lignin content,

and the filtrate was measured at UV absorption 240 nm to

obtain the acid-soluble lignin concentration. Subsequently, the

concentration of sugars in the hydrolysate was determined by

high-performance liquid chromatography (LC 1260 ll, Agilent,

USA, equipped with a Shodex SP0810 column and guard

column) and converted to obtain the concentrations of cellulose

and hemicellulose. The column temperature was 80◦C, the

mobile phase was ultra-pure water, the flow rate was 0.5mL/min,

and the run time was 50 min.

The color wasmeasured using a spectrophotometer (CS-420,

CHNSpec technology, China) to obtain the values of L, a, and b.

“L” represents the brightness of the object: 0-100 means from

black to white, “a” represents the red-green color of the object:

a positive value indicates red, a negative value indicates green,

“b” represents the yellow-blue color of the object: positive values

indicate yellow, negative values indicate blue. The whiteness

index (WI) was calculated as the following equation:

WI = 100−
√

(100− L)2+a2+b2 (3)

2.5. Structural properties

2.5.1. Scanning electron microscopy

The samples dried to constant weight were directly glued to

the conductive adhesive and sprayed with gold for 45 s using an

Oxford Quorum SC7620 sputter coater at 10mA; the sample

morphology was subsequently photographed using a ZEISS

Sigma 300 scanning electron microscope at a voltage of 3 kV.

2.5.2. Fourier-transform infrared spectroscopy

The changes in molecular structure were analyzed using an

infrared spectrometer (Nicolet 670, USA). Four samples dried to

constant weight weremixed completely with potassium bromide

(1:100, w/w), then placed in a mold and pressed into transparent

sheets on a hydraulic press, and finally, the samples were tested

in an infrared spectrometer. The FT-IR spectral wave number

was in the range of 400–4,000 cm−1 with a scan number of 32

and a resolution of 4 cm−1.
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2.5.3. X-ray di�raction

The XRD patterns of four samples were obtained by a Bruker

D8 Advanced diffractometer operating at 40 kV and 30mA. The

diffraction angle (2θ) was in the 10◦-60◦ range using a step size

of 0.02◦ and the scanning rate was 1.2◦/min. The crystallinity

index (CI) was calculated by the classic formula:

CI (%) =
I002−IAM

I002
×100 (4)

where IAM is the lowest intensity of the peak at the angle of

around 18◦ and I002 was the maximum intensity of the peak

located at the angle of 22◦.

2.6. Physicochemical and functional
properties

2.6.1. Water holding capacity

WHC was determined by the method (17) with some

modifications. An appropriate amount of dietary fiber was first

weighed, saturated with excess water, shaken, and allowed to

stand at room temperature for 2 h. The excess water was then

filtered off using a 700 mesh filter cloth, a portion of which was

carefully removed from the wet sample, weighed, and dried to a

constant weight in a hot air drying oven (105◦C). TheWHCwas

calculated as the following equation:

WHC
(

g/g
)

=
M1−M2

M2
(5)

where M1 and M2 are the weights of the wet and dry

samples, respectively.

2.6.2. Oil holding capacity

OHC was determined by the method (18) with some

modifications. Firstly, 0.25 g DF samples and 10mL corn oil

were added into 50mL centrifuge tubes. Then, they were

mixed well and left at room temperature for 4 h, centrifuged

at 1,144 g for 20min. Finally, the excess oil was discarded and

the residues were weighed. The OHC was calculated as the

following equation:

OHC
(

g/g
)

=
M1−M2

M2
(6)

where M1 and M2 are the weights of the wet and dry

samples, respectively.

2.6.3. Cation exchange capacity

The CEC was based on the methods (19) with some

modifications. 1 g IDF sample was weighed in a conical flask,

mixed with 0.1M hydrochloric acid at a stock-liquid ratio of 1:70

(w/v), and acidified with magnetic stirring at room temperature

for 24 h. The fibers were then washed with distilled water until

the wash was free of Cl− (detected by 10% AgNO3 solution),

and the solid residue was freeze-dried for 36 h. Disperse 0.1 g

of acidified dried sample in 10mL of 5% NaCl solution and

stir magnetically at room temperature for 2 h. Add 1 drop of

phenolphthalein indicator and titrate with 0.01M NaOH until

the color of the solution turns slightly red and read the volume

of NaOH solution consumed. The cation exchange capacity was

expressed as the amount of NaOH consumed per g of sample.

The CEC was calculated as the following equation:

CEC
(

mmol/g
)

=
0.01(V1−V2)

M
(7)

where V1 is the volume of sodium hydroxide consumed by

titrating the dietary fiber sample (mL); V2 is the volume of

sodium hydroxide consumed by titrating the blank (mL); M is

the mass of the dietary fiber sample.

2.6.4. Glucose adsorption capacity

The GAC was based on the method (20) with some

modifications. Briefly, 0.5 g of IDF sample and 50mL of

glucose solution (50 mmol/L) were mixed well in a conical

flask, which was placed under adsorption in a shaker at

37◦C for 6 h and centrifuged at 3,000 g for 10min. 1mL of

supernatant was transferred into a test tube and then mixed

with 2.0mL of dinitro-salicylate (DNS) reagent. The mixture

was incubated in boiling water for 5min and cooled flowing

water to room temperature. Finally, add 9mL of distilled water

into the tube and mix well. The residual content of glucose

was measured by the absorbance value of the solution at

540 nm by InfiniteM200PRO (Tecan, Austria) and quantified

based on the standard curve. The GAC was calculated as the

following equation:

GAC
(

mg/g
)

=
M1−M2

M (8)

where M1 is the mass of glucose in the solution before

adsorption, M2 is the mass of glucose in the solution after

adsorption, and M is the mass of the dietary fiber sample.

2.6.5. Bile salt adsorption capacity

The BSAC was based on the method (21) with some

modifications. 0.1 g of IDF sample was added to the conical flask,

and then 5mL of sodium cholate phosphate buffer (pH= 7) was

added to mimic the small intestinal environment. Adsorbed in

a shaker at 37◦C for 2 h, centrifuged at 4,000 g for 10min. 1mL

of supernatant was taken in a corked test tube, and 6mL of 45%

sulfuric acid and 1mL of 0.3% furfural were added sequentially.

Mix well and place the reaction in a constant temperature water

bath at 65◦C for 30min. Immediately after the reaction, the

reaction was cooled in an ice water bath, and the absorbance

value was measured at 620 nm using InfiniteM200PRO (Tecan,
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Austria) and compared with the standard curve. The formula

was calculated as follows:

BSAC
(

mg/g
)

=
M1−M2

M (9)

Where M1 is the mass of sodium cholate in the solution before

adsorption, M2 is the mass of sodium cholate in the solution

after adsorption, and M is the mass of the dietary fiber sample.

2.6.6. Nitrite ion adsorption capacity

The NIAC was based on the method (22) with some

modifications. 0.1 g of IDF sample was mixed with 10mL of

NaNO2 solution (10µg/mL) with the pH adjusted to 2.0 and

7.0, simulating the stomach and small intestinal environment.

The mixture was incubated at 37◦C for 2 h, then centrifuged at

1,144 g for 10min. The supernatant (1mL) was transferred into

a colorimetric tube, mixing with 2mL p-aminobenzene sulfonic

acid (0.4%, w/v) and 1mL hydrochloride naphthodiamide

(0.2%), and then ultra-pure water was added to the tube

until the volume reached to 50mL. After the mixture was

reacted in the dark for 15min, the residual content of glucose

was measured by the absorbance value of the solution at

538 nm by InfiniteM200PRO (Tecan, Austria) and quantified

based on the standard curve. The NIAC was calculated as the

following equation:

NIAC
(

µg/g
)

=
M1−M2

M (10)

where M1 is the mass of NaNO2 in the solution before

adsorption, M2 is the mass of NaNO2 in the solution after

adsorption, and M is the mass of the dietary fiber sample.

2.7. Statistical analyses

All experiments were performed in triplicate and the results

were expressed as mean ± standard deviation (SD). Statistical

analysis was carried out by IBM SPSS statistical software (version

27.0, SPSS Inc., Chicago, IL, USA). P < 0.05 was considered to

be statistically significant.

3. Results and discussion

3.1. Response surface optimization
experimental results

It was reported that strong oxidants produced by hydrogen

peroxide under suitable alkaline conditions cause lignin

oxidation and biomass depolymerization (23). Cabrera et al.

concluded that there was no significant change in biomass

structure under low alkaline conditions (24). In contrast,

high alkaline conditions lead to a significant dissolution of

hemicellulose, reducing the recovery of cellulose from insoluble

material. Thus, the use of response surface design for AHP

process optimization of bagasse is essential.

In this experiment, we used 4 factors and 3 levels to

evaluate the effect of AHP delignification, and the results of

each experiment are shown in Table 1. The percent lignin

removal ranged from 48.12 to 68.71 and the percent solid

yield ranged from 40.6 to 64.7. The response equations for

lignin removal and solids recovery were obtained based on

the analysis of the data, where X1, X2, X3, and X4 are time,

temperature, sodium hydroxide concentration and peroxide

concentration, respectively.

Percent lignin removal (%) = −52.94698 + 2.75083X1

+ 2.43963X2 + 51.56389X3 + 1.43667X4 +0.004125X1X2 –

1.20417X1X3 + 0.5025X1X4 – 0.3333X2 X3 + 0.27X2X4 +

12.35X3X4 – 0.05382812X21 – 0.022363X2
2 – 11.36111X2

3 –

17.47X2
4

Percent solid yield (%) = 22.13619 + 0.892875X1 +

0.622225X2 + 53.94111X3 + 13.62033X4 – 0.003125X1X2 +

1.62708X1 X3 + 0.1525X1X4 – 0.333333X2 X3 – 0.415X2X4

– 20.66667X3X4 – 0.143583X2
1 – 0.002886X2

2 – 29.85926X2
3

+ 13.50567X2
4

After the analysis by Design-Expert 13.0 software, it is

known that this equation is a suitable mathematical model for

each parameter of the AHP treatment process, so this regression

equation can be used to determine the best treatment process

for alkaline hydrogen peroxide. The response surface plots of

lignin removal rate and solids yield are shown in Figures 1, 2.

If the curve is steeper, it indicates that the factor has more

influence on the response value. The degree of influence of

the four experimental factors on the lignin removal rate was

temperature > time > sodium hydroxide concentration >

hydrogen peroxide concentration. And the degree of influence

on solid recovery was sodium hydroxide concentration > time

> temperature > hydrogen peroxide concentration.

The optimal process conditions for bagasse pretreatment

were obtained as a treatment time of 12.26 h, a temperature

of 46.003◦C, a sodium hydroxide concentration of 0.85%, and

a hydrogen peroxide concentration of 1.19%. Considering

the operability, the optimal conditions were adjusted to

12.3 h treatment time, 46◦C temperature, 0.9% sodium

hydroxide concentration, and 1.2% hydrogen peroxide

concentration, and three validation tests were conducted

under these optimal conditions, and the lignin removal

rate of bagasse was 62.23% and the solid yield was

53.76%, which were similar to the predicted values of the

model. This indicates that the model predicts accurate

parameters and has a certain guiding significance for

practical operation.
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TABLE 1 The design and results of the Box-Behnken experiment.

Run X1: Time(h) X2:
Temperatuere

(◦C)

X3:
NaOH(w/v)

X4:
H2O2(w/v)

Response 1:
Percent lignin
removal (%)

Response 2:
Percent solid yield

(%)

1 16 55 0.9 1 67.93 41.5

2 16 45 0.6 1 62.7 46.3

3 12 45 1.2 1.5 61.2 47.6

4 12 45 1.2 0.5 61.89 48.7

5 8 45 0.9 1.5 50.76 60.8

6 12 55 1.2 1 68.71 40.6

7 16 45 0.9 1.5 60.86 52.32

8 8 45 0.9 0.5 56.42 56.4

9 12 45 0.9 1 63.5 54.5

10 16 35 0.9 1 61.48 49.7

11 12 45 0.9 1 62.03 54.15

12 12 55 0.9 1.5 60.59 52.4

13 12 55 0.9 0.5 62.47 51.1

14 8 55 0.9 1 57.77 50.5

15 12 45 0.9 1 65 47.3

16 12 55 0.6 1 61.4 52.1

17 12 35 0.6 1 48.5 57.4

18 8 35 0.9 1 51.98 58.2

19 12 45 0.6 1.5 49.4 64

20 8 45 0.6 1 52.21 58.21

21 12 35 0.9 1.5 48.12 64.7

22 12 35 1.2 1 59.81 49.9

23 16 45 0.9 0.5 62.5 46.7

24 12 45 0.9 1 62.4 53.7

25 12 45 0.9 1 62.07 54.14

26 12 45 0.6 0.5 57.5 52.7

27 16 45 1.2 1 67.63 41.2

28 8 45 1.2 1 62.92 45.3

29 12 35 0.9 0.5 55.4 55.1

3.2. E�ect on approximate chemical
composition and color

The proximate composition and color of the four samples

were listed in Table 2. Bagasse treated with optimized AHP

reduced acid-insoluble lignin and acid-soluble lignin content by

71.85 and 20.04%, respectively, and significantly increased IDF,

SDF, TDF, and cellulose content (P < 0.05). In the food industry,

color is one of the important parameters of food ingredients and

affects the acceptability of food products by consumers (25). In

addition, changes in food color help us to distinguish changes

in the physical and chemical properties of raw food materials

(26). The WI of bagasse increased from 67.69 to 84.05, which

can significantly increase consumer acceptance. Compared to

BIDF, although H-BIDF and E-BIDF showed a decrease in

whiteness, the ash removal rate was significantly higher, 96.15

and 93.75%, respectively. Besides, the cellulose, hemicellulose,

and content of H-BIDF were significantly decreased (P <

0.05). However, the cellulose content of E-BIDF increased and

the hemicellulose content decreased by 80.17% and 2.06%,
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respectively. This indicates that HTPC treatment degrades

some cellulose and hemicellulose of BIDF, while hemicellulase

significantly degrades hemicellulose of BIDF, which may help

dietary fiber to expose more functional groups and better

perform its functional properties in vivo.

3.3. Structural properties

3.3.1. Scanning electron microscopy

The SEM images of the bagasse and its modified derivatives

(BIDF, H-BIDF and E-BIDF) are shown in Figure 3. Each sample

had different morphological characteristics. It was found that

bagasse were long strips of fibers and the structure was relatively

flat and complete, which is consistent with the previous study

(27). After AHP treatment, striated cracks were formed on

the BIDF surface, which could be due to lignin degradation.

Compared with BIDF, the surface of H-BIDF became rougher

and formed water ripple-like folds and pore layers, which might

have a positive impact on the functional properties of the

sample. The structural integrity of E-BIDF was destroyed and

its surface was uneven, forming a large number of honeycomb

microstructures, whichmay be due to themassive degradation of

wall polysaccharides caused by hemicellulase. Numerous studies

have shown that the irregular surface and porous structure

contribute to the adsorption capacity of the material (28),

which is crucial for the subsequent adsorption of ions and

molecules. Nevertheless, this special structure could increase the

relative surface area, and lead to the increase of WHC, OHC,

BSAC, NIAC.

3.3.2. Fourier-transform infrared spectroscopy

The FT-IR images of the bagasse with its modified

derivatives (BIDF, H-BIDF, and E-BIDF) were recorded from

400 to 4,000 cm−1 in Figure 4. It can be seen from the figure

that the four fiber samples have similar characteristic peaks

and show common fingerprints of lignocellulose fibers (29).

The wide band positioned around 3,422 cm−1 was mainly due

to the extension of O-H bound to hydrogen and hydroxyl

groups produced by cellulose and hemicellulose (30). Compared

with bagasse, the three modified bagasse dietary fibers had

obvious blue shifts at the frequency band of 3,422 cm −1, which

indicated that their organic molecules of hydrogen bonding

may be partly destroyed (31). The wide band was positioned

around 2,922 cm−1 to represent the aliphatic saturated C-H

stretching vibration in cellulose and hemicelluloses or the

stretching vibration peak of -OH in the hemicellulose molecule

or intermolecular. The characteristic peak of C=O near 1,731

cm−1 indicates that the AHP pretreatment of bagasse effectively

degraded the C=O of the fiber. The peak around 1,622 cm−1

is the characteristic peak of the lignin benzene ring, which

indicates a redshift after the three treatments. In addition, it can

be seen that the peak intensity of E-BIDF increases significantly,

which is attributed to the large reduction of hemicellulose and

the relative increase of lignin content after enzymatic hydrolysis.

The peak at 1,055 cm−1 was assigned to the C-OH stretching

and β-glycosidic linkages of the cellulose glucose ring. The

absorption peak with an intensity near 890 cm−1 represents the

breakage of β-glycosidic bonds, which can be seen to be the most

pronounced after HTPC treatment. According to FT-IR spectra,

bagasse fibers were modified in three ways and their chemical

structures were disrupted to different degrees.

3.3.3. X-ray di�raction

The XRD patterns of the bagasse and its derivatives (BIDF,

H-BIDF and E-BIDF) were illustrated in Figure 5. Cellulose has

a crystalline structure, in contrast to lignin and hemicellulose

(amorphous) (32). As can be seen in the figure, all the samples

had the characteristic crystalline peaks at 15.8◦ and 21.9◦ 2θ,

indicating that they are all double helix type I cellulose (33). The

CI of bagasse was 47.5%, and after AHP treatment, the CI of

BIDF was significantly increased to 63.8%, similar to the results

of the ginseng dietary fiber study (34). After HTPC treatment

of BIDF, the CI of H-BIDF (59.8%) was significantly decreased,

which indicated that a portion of the cellulose crystalline region

was destroyed. It may be the effect of HTPC to promote

fiber dissolution (35), as in Table 2 a significant increase in

soluble dietary fiber content. However, after being treated by

the enzymatic digestion of hemicellulose, the CI of E-BIDF

(68.7%) was increased, which was due to the degradation of

hemicellulose. The result suggested that enzymatic treatment

of bagasse dietary fiber was helpful to improve the structural

stability of cellulose.

3.4. Physicochemical and functional
properties

3.4.1. Water holding capacity and oil holding
capacity

TheWHC and OHC of the bagasse and modified derivatives

were shown in Figure 6. It was reported that insoluble fiber

with high WHC can accelerate the speed of defecation, reduce

the pressure in the rectum and urinary system, relieve the

symptoms of urinary system diseases and prevent constipation

(36), and enable the rapid discharge of toxic substances from

the body. IDF can adsorb oil and other components through

hydrophobic interaction and capillary adsorption, helping the

body remove excess fat, and thereby reducing the risk of

chronic diseases (37). This study found that the amount of

lignin was negatively correlated with WHC and OHC, while

the amount of hemicellulose would be positively correlated.

The results for WHC were similar to those of Qi et al. (18),

but the opposite conclusion for OHC may be due to the
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FIGURE 1

Response surface plots of the interaction for lignin removal. (A) temperature and time; (B) sodium hydroxide concentration and time; (C)

hydrogen peroxide concentration and time; (D) sodium hydroxide concentration and temperature; (E) hydrogen peroxide concentration and

temperature; (F) hydrogen peroxide concentration and sodium hydroxide concentration.

FIGURE 2

Response surface plots of the interaction for solid yield. (A) temperature and time; (B) sodium hydroxide concentration and time; (C) hydrogen

peroxide concentration and time; (D) sodium hydroxide concentration and temperature; (E) hydrogen peroxide concentration and temperature;

(F) hydrogen peroxide concentration and sodium hydroxide concentration.
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TABLE 2 The approximate chemical composition and color of bagasse insoluble dietary fiber modified by di�erent methods.

Sample Bagasse BIDF H-BIDF E-BIDF

Moisture (g/100 g) 7.26± 0.04a 7.14± 0.33a 7.21± 0.02a 6.64± 0.08b

IDF (g/100 g) 86.77± 0.71c 95.52± 0.23a 95.46± 0.13a 91.76± 0.13b

SDF (g/100 g) 0.27± 0.06d 0.53± 0.02c 0.86± 0.07a 0.70± 0.01b

TDF (g/100 g) 87.04± 0.65c 96.04± 0.20a 96.32± 0.07a 92.46± 0.14b

Cellulose (g/100 g) 38.20± 0.71d 68.90± 0.99b 63.65± 0.35c 72.65± 0.49a

Hemicellulose (g/100g) 18.55± 0.49a 17.65± 0.64a 15.25± 0.64b 3.50± 0.00c

Acid-insoluble lignin (g/100 g) 22.98± 1.05a 6.47± 0.33c 7.09± 0.37c 10.28± 0.45b

Acid-soluble lignin (g/100 g) 5.24± 0.04a 4.19± 0.15b 4.00± 0.01b 3.20± 0.04c

Ash (g/100 g) 2.07± 0.13a 2.08± 0.10a 0.08± 0.00b 0.13± 0.01b

L 70.43± 0.13d 88.24± 0.07a 83.57± 0.04c 85.35± 0.19b

a 2.73± 0.01a −0.06± 0.15d 0.59± 0.17b 0.22± 0.03c

b 12.74± 0.04a 10.77± 0.13c 12.14± 0.07b 9.89± 0.10d

WI 67.69± 0.11d 84.05± 0.14a 79.56± 0.08c 82.32± 0.11b

Different letters (a, b, c, d) denote significantly different in the column (p < 0.05).

FIGURE 3

The SEM images of bagasse, BIDF, H-BIDF and E-BIDF at ×1,000 magnification.

presence of non-dietary fiber impurities in rice bran dietary

fiber. H-BIDF showed the highest WHC (14.95 g/g) and OHC

(11.12 g/g), mainly due to the significant degradation of lignin

by the AHP process, in addition to the possibility that the

combined HTPC treatment disrupted the intermolecular forces

of DF.
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FIGURE 4

The FT-IR images of bagasse, BIDF, H-BIDF and E-BIDF.

FIGURE 5

The XRD patterns of bagasse, BIDF, H-BIDF and E-BIDF.

3.4.2. Cation exchange capacity

The chemical structure of dietary fiber contains some

carboxyl and hydroxyl side chain groups that can be reversibly

exchanged with organic cations, thus affecting the pH value of

the digestive tract and creating a more retentive environment

for digestion and absorption (38). Results in Figure 7A suggested

that bagasse treated with optimized alkaline hydrogen peroxide

significantly increased the CEC by 28.6%. In addition, the BIDF

treated with hemicellulase hydrolysis significantly improved the

CEC of BIDF (P < 0.05). It was reported that the CEC was

mainly related to the anion-bearing functional groups such as

carboxyl and hydroxyl phenolic groups on the fiber (39), which

may be the main reason for the increased CEC of E-BIDF (0.14

mmol/g). On the contrary, the hydrothermal reaction of HTPC

may destroy its carboxyl and hydroxyphenyl groups, which

harmed its CEC.

FIGURE 6

The WHC and OHC of bagasse, BIDF, H-BIDF and E-BIDF.

Di�erent letters (a, b, c, d) denote significantly di�erent in the

column (p < 0.05).

3.4.3. Glucose adsorption capacity

GAC is one of the main evaluation indicators of the

functional properties of dietary fiber, which could adsorb glucose

molecules and delay the rise of blood glucose after meals, thus

reducing the risk of diabetes (40). Results in Figure 7B suggested

that the adsorption capacity of BIDF (10.73 mg/g) to glucose

increased significantly (P < 0.05) after bagasse (6.47 mg/g) was

treated with alkaline hydrogen peroxide. However, the glucose

adsorption capacity of H-BIDF (5.58 mg/g) and E-BIDF (3.89

mg/g) decreased compared to BIDF (P < 0.05). This may be

due to the destruction of the active site for glucose adsorption

by multiple hydrothermal treatments.

3.4.4. Bile salt adsorption capacity

The BSAC is commonly used as an index to assess the

adsorption of lipophilic substances. On the one hand, dietary

fiber with high BSAC can inhibit the absorption of cholesterol

and promote its excretion (41). On the other hand, when the

content of cholate decreases, the human body will automatically

convert cholesterol into sodium cholate for supplementation,

thereby promoting cholesterol consumption. A previous study

(42) had shown that sugarcane fibers may bind sodium bile

salts and our study subsequently confirmed it. Results in

Figure 7C suggested that bagasse (2.43 mg/g) treated with AHP

significantly increased the bile salt adsorption capacity of BIDF

(8.24 mg/g) (P < 0.05), which indicated delignification of lignin

was important to improve BSAC. H-BIDF (16.36 mg/g) and

E-BIDF (15.86 mg/g) had a positive effect on improving BSAC,

which may be due to their relatively high oil holding capacity or

porous structure.

Frontiers inNutrition 10 frontiersin.org

119

https://doi.org/10.3389/fnut.2022.1110706
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Luo et al. 10.3389/fnut.2022.1110706

FIGURE 7

The CEC (A), GAC (B), BSAC (C), and NIAC (D) of bagasse, BIDF, H-BIDF and E-BIDF. Di�erent letters (a, b, c, d) denote significantly di�erent in

the column (p < 0.05).

3.4.5. Nitrite ion adsorption capacity

The NIAC is also a meaningful functional property of

dietary fiber, which can usually prevent toxicity in humans

following excessive nitrite intake (43). In this study, the

NIAC of four fibers were measured at pH 2.0 and pH 7.0,

respectively. The results showed that none of the four fibers

had NIAC at pH 7.0, similar to that of wheat bran insoluble

dietary fibers (44). As the picture depicted in Figure 7D,

BIDF (222.74µg/g) showed a stronger NIAC than bagasse

(181.44µg/g) at pH 2.0 (P < 0.05). Particularly, the H-

BIDF demonstrated the highest NIAC (260.88µg/g), which

might be because of its wrinkled surface and the exposure

of more functional groups. However, the NIAC of E-BIDF

(182.02µg/g) was decreased significantly (P < 0.05) after

BIDF was hydrolyzed by hemicellulase, which may be due

to the positive correlation between the size of NIAC and

hemicellulose content.

4. Conclusions

In this study, response surface experiments were performed

to obtain optimal AHP experimental conditions. The functional

properties of BIDF were significantly enhanced compared to

bagasse, indicating the importance of lignin removal for the

modification of dietary fibers. Meanwhile, bagasse was modified

using A-H and A-E treatments, respectively, and its modification

effects were evaluated in terms of physicochemical, structural

and functional properties to find a suitablemodificationmethod.

The results showed that the structural integrity of the modified

bagasse insoluble dietary fiber was disrupted and more folds

or pores were formed, which could be responsible for the

significant increase in its functional properties. Compared with

BIDF, H-BIDF became less crystalline and part of the cellulose

was degraded, which was also supported by FT-IR spectroscopy,

resulting in a further increase of WHC, OHC, BSAC, and
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NIAC. Adsorption of water, oil, bile salts and nitrite ions can

help fecal transport more comfortably and promote cholesterol

degradation while taking away toxicogenic ions. It can be shown

that A-H modification could be a guide to prevent constipation

and obesity. On the contrary, the crystallinity and microscopic

porosity increased after hemicellulase modification. Although

WHC, OHC and NIAC of E-BIDF decreased, it obtained the

highest CEC. High CEC creates a more durable environment

for digestion and absorption by reversibly exchanging with

organic cations, thus affecting the pH of the digestive tract.

A-E modification was useful for the prevention of digestive

tract diseases. In general, the modification methods were

highly selective for improving physical, chemical and functional

properties and can provide some guidance for the development

of foods with specific functions. In the case of bagasse insoluble

dietary fiber, A-H treatment was a better modification method.
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Changes in vinegar quality and 
microbial dynamics during 
fermentation using a self-designed 
drum-type bioreactor
Wenxiu Wang 1, Fan Zhang 1, Xinpeng Dai 1, Yaqiong Liu 1, Jianlou Mu 1, 
Jie Wang 1, Qianyun Ma 1* and Jianfeng Sun 1,2,3*
1 College of Food Science and Technology, Hebei Agricultural University, Baoding, China, 2 Hebei Technology 
Innovation Centre of Agricultural Products Processing, Baoding, China, 3 Sino-US and Sino-Japan Joint 
Centre of Food Science and Technology, Baoding, China

The bioreactor based on solid-state fermentation technology has been developed 
for vinegar production, standardization of fermentation process and stabilization of 
vinegar quality. The microbial community diversity, and volatile compounds of six 
cultivars of vinegar samples fermented in a self-designed solid-state fermentation 
bioreactors were investigated using Illumina MiSeq platform and gas chromatography 
mass spectrometry (GC-MS) technology. The correlations between the richness and 
diversity of microbiota and volatile profiles, organic acids, as well as physicochemical 
indicators were explored by R software with the coplot package. The findings 
indicated that Acetobacter, norank-c-Cyanobacteria, and Weissella played key 
roles during fermentation process. Norank-f-Actinopolyporaceae, norank-c-
Cyanobacteria, Pediococcus, and Microbacterium had significant correlations with 
the physicochemical characteristics. The most common bacterial species were 
associated with a citric acid content, whereas the least number of bacterial species 
correlated with malic acid content. Findings could be  helpful for the bioreactor 
optimization, and thus reaching the level of pilot scale and industrialization.

KEYWORDS

microbial community diversity, fermentation, volatile compounds, heatmap package, 
bioreactor

1. Introduction

Chinese grain vinegar is a traditional fermented condiment, which plays an indispensable role 
in an individual’s daily diet (1). Traditional vinegar fermentation has evolved into the classic solid-
state fermentation (SSF) style over thousand years (2). In general, vinegar fermentation goes through 
three steps, including starch saccharification, alcohol fermentation, and acetic acid fermentation 
(AAF) (3), among which AAF is the most important step as the acetic acid and flavor compounds 
are formed during the fermentation (4). During the fermentation process, the complex microbial 
community can provides a variety of enzymes to transform raw materials into a variety of flavor 
components and functional substances, mainly organic acids and volatile components (5).

In the last decade, the studies on Chinese vinegar research have mainly focused on the dynamics 
and diversity of microbial communities, and mainly adopted culture-dependent or culture-
independent methods (6, 7). Meanwhile, the major microorganisms, volatile flavor compounds, 
organic acids and amino acids have been identified. Li et al. (8) investigated the bacterial dynamics 
and metabolite changes in solid-state AAF of Shanxi aged vinegar and discovered eight organic 
acids, 16 free amino acids, and 66 aroma compounds. Zhou et al. (9) explored the volatile aroma 
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patterns of Beijing rice vinegar in different stages and identified the 
potential biomarkers for traditional Chinese cereal vinegar. In addition, 
Ai et al. (10) investigated the microbial diversity of Sichuan bran vinegar, 
and Lactobacillus, Acetobacter, Trichoderma, and Candida were 
considered as the dominant genera. These studies help us to better 
understand the mechanism of traditional vinegar fermentation process, 
as well as the dynamic changes of volatilization, physicochemical 
properties, and microbial community structure during fermentation.

Currently, Chinese vinegar is generally produced under open and 
non-sterile environmental conditions (11). These fermentation methods 
have been used for many years. However, there are still plenty of 
shortcomings, such as a large occupation area, low degree of 
mechanization, heavy labor intensity, and low efficiency. These 
drawbacks make the fermentation process uncontrollable, leading to the 
inconsistency of quality between different batches (12). Therefore, the 
traditional fermentation is inadequate to satisfy the practical 
requirements of modern vinegar production. To address these 
deficiencies, it is necessary to improve the mechanization and intensive 
level of SSF of vinegar.

The rapid development of bioreactors based on SSF technology 
opens a new way for vinegar production, standardizing fermentation 
process and stabilizing vinegar quality (13). It has the advantages of 
short fermentation time, controllable working environment and a high 
degree of mechanization when compared with the traditional 
fermentation method. In recent years, with the in-depth study of SSF 
bioreactor, it has been applied in the cultivation of animal and plant cell 
lines, and production of enzymes (14), ethanol (15), organic acids, 
pigments (16), and beer.

Combining the principle of multilateral co-fermentation of 
traditional vinegar SSF with mechanized equipment, the rotary drum 
type vinegar SSF bioreactor was designed to suit the vinegar 
fermentation process in our preliminary study. The bioreactor is 
composed of a power system, baffle, ventilation, and vinegar drenching 
device, which can complete the steps of inoculation, fermentation, 
vinegar drenching, and vinegar fumigation in the bioreactor. The baffle 
device combines the functions of cooling and stirring into one, which 
reduces the minimum speed of the reactor and reduces energy 
consumption. The intermittent vinegar drenching process and vinegar 
fumigation methods were also proposed for the characteristics of the 
bioreactor. The intermittent rotation strengthens heat and mass transfer, 
which is beneficial for the growth of microorganisms. In addition, the 
convective transport is enhanced by increasing the surface contact of the 
base with wet air and cooling water due to the mixing process. 
Unfortunately, despite these advantages, the utilization of bioreactors to 
produce vinegar on an industrial scale has not yet been fully realized. 
Thus, in order to further improve the design of the bioreactor to meet 
the needs of industrial scale production, it is essential to deeply 
understand the fermentation performance of the bioreactor and explore 
the changes of metabolites during fermentation. In addition, since the 
coexistence of various microorganisms has a significant influence on the 
unique flavor and taste of vinegar, a deep understanding of the microbial 
composition is also required.

Therefore, the aim of this study is to deeper insight into the changes 
in vinegar quality indexes and microbial dynamics during AAF in this 
self-designed rotary drum bioreactor. The objectives of this study were 
to monitor the changes of physicochemical properties, organic acid 
content and volatile flavor components. The diversity and succession of 
microbial communities were explored using high-throughput 

sequencing technology. Furthermore, the potential correlation between 
dominant bacteria and vinegar quality indexes was determined through 
multivariate data analysis. The findings in this study could be helpful for 
the bioreactor optimization, and thus reaching the level of pilot scale 
and industrialization.

2. Materials and methods

2.1. Materials and reagents

The fermentation raw materials including flour, bran, rice chaff, and 
Daqu were collected from the local farmers market of Baoding city in 
Hebei Province, China. The high-activity yeast culture was purchased 
from Angel Yeast Co., Ltd. Amylase (1 × 105 U/ml) and glucoamylase 
(1 × 105 U/ml) were purchased from Shanghai Yuanye Biotechnology 
Co., Ltd. (Shanghai, China). Lactic acid, acetic acid, oxalic acid, citric 
acid, malic acid, succinic acid, and tartaric acid were chromatographic 
grade and purchased from Shanghai Yuanye Biotechnology Co., Ltd. The 
DNA extraction kit was obtained from United States Omega Bio-Tek 
(Winooski, VT, United  States). Other standard compounds were of 
analytical purity and purchased from Tianjin Tianli Chemical Reagent 
Co., Ltd. (Tianjin, China).

2.2. Fermentation of vinegar and sample 
collection

In this study, the SSF of vinegar was carried out using a self-designed 
rotary drum bioreactor, as shown in Figure 1. The motor drives the 
bioreactor to rotate continuously.

Composition: the reactor is composed of a tank, inlet, baffle, support, 
fan, transmission device, tug, air inlet pipe, air outlet pipe, water inlet 
pipe, water outlet pipe, observation hole, sampling hole, vinegar 
spraying sieve plate, and vinegar spraying pipe.

Fermentation processing: the feed inlet of the biochemical reactor is 
upward. First, flour, bran, rice husk, and Daqu were added to the 
bioreactor at mass ratio of 1:2:1:0.1. The solid material entered the 
reactor through the material inlet via the conveyor belt. The reactor was 
rotated for 5 min through the gear transmission, and the materials were 
rotated under the action of the inner baffle of the reactor. Afterwards, 
the materials automatically fell and were mixed with the rotation. The 
liquid materials (water, activated yeast, amylase, and glucoamylase) were 
added into the reactor through the inlet pipe, and were stirred entirely 
by rotating the bioreactor for 20 min, which promoted vinegar 
fermentation. At the stage of saccharification and alcohol fermentation, 
the fermentation culture temperature was maintained at 28–32°C. The 
oxygen content at the outlet pipe and the internal material temperature 
were kept at 18–20% and 32–35°C, respectively. On the 19th day of the 
fermentation, the total acid contents in the vinegar declined, which 
suggested the end of the AAF stage. Consequently, the fermentation 
proceeded into the maturation stage, lasting for 5–7 days. After the 
fermentation, the acetic acid in the fermented grains of solid vinegar was 
soaked into the water through the water inlet pipe. After the immersion, 
the vinegar permeated into the juice tank through the solid–liquid 
isolation sieve plate, and then flowed into the storage tank via the 
bottom vinegar pouring pipe. Afterwards, one side of the tank was 
opened, the reactor was rotated, and the fermented grains were released 
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immediately. When fumigating vinegar, high-temperature steam was 
injected into the baffle to heat the vinegar grains.

During fermentation, 100–150 ml of vinegar samples from three 
vinegar drenching valves were collected on the 1st, 4th, 7th, 11th, 15th, 
and 19th day of the solid-state acetic acid fermentation process, and 
then mixed thoroughly to ensure the uniformity and representativeness 
of the samples. All samples were stored at −80°C until used for 
further analysis.

2.3. Physicochemical properties analysis

The changes of physicochemical properties, including ethanol, total 
acid, involatile acid compounds, and reducing sugar content of the 
collected vinegar samples were determined according to GB 5009.225-
2016 (National food safety standards, determination of ethanol 
concentration in wine), GB/T 12456-2008 (Determination of total acid 
in foods), GB 5009.235-2016 (National food safety standards, 
determination of amino nitrogen in food), and GB 5009.7-2016 
(National food safety standards, determination of reducing sugar in 
food), respectively.

2.4. Organic acids analysis

Organic acids were measured by high-performance liquid 
Chromatography (HPLC; 1200 Agilent, Santa Clara, CA, United States) 

referring to a previous method (17). The standard solutions of acetic 
acid (2.5 mg/ml), lactic acid (1.5 mg/ml), oxalic acid (0.05 mg/ml), 
tartaric acid (0.1 mg/ml), malic acid (0.05 mg/ml), citric acid (0.75 mg/
ml), and succinic acid (0.1 mg/ml) were prepared and filtered into a 
liquid phase bottle through a 0.22-μm water-soluble filter. Afterwards, 
5.0 ml of vinegar sample was treated with 2.0 ml of potassium 
ferrocyanide (106 g/L) and 2 ml of zinc sulfate (300 g/L), centrifuged at 
2,500 g for 5 min, and then the supernatant was filtered through a 
0.22-μm filter prior to HPLC analysis. The instrument used was 
equipped with an automatic injector and a photodiode array detector 
UV at 210 nm. Separation was realized using a Sep-Pak C18 column 
(5 μm, 4.6 × 250 mm) at 30°C. The mobile phase was 0.02 mol/L 
NaH2PO4, with a flow rate of 0.9 ml/min, and the injection volume of 
samples was 10 μl. Finally, each organic acid was quantified by 
calculating the peak area.

2.5. Volatile profiles analysis

Volatile compounds of the vinegar samples were analyzed by 
utilizing head space solid phase microextraction coupled with gas 
chromatography mass spectrometry (HS-SPME-GC/MS) analysis 
(7890A-5975C, Agilent, Santa Clara, CA, United States) (18). Briefly, 
6 ml of vinegar and 1.5 g of NaCl were pipetted into a 15 ml of headspace 
vial, tightly capped and equilibrated at 40°C in a thermostatic bath. The 
sample was then extracted by SPME head at the same temperature for 
40 min. After extraction, the fiber was immediately inserted into the 

A

B

FIGURE 1

The self-designed drum-type bioreactor: (A) Physical map; (B) Structural sketch.
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injection port of GC-MS to thermally desorb the analyte at 240°C 
for 6 min.

GC/MS analyses were performed on an Agilent 7890A GC and an 
Agilent 5953C MS equipped with a capillary column (30 m × 0.25 mm, 
0.25-μm thickness, TG-WAXMS, Thermo Scientific) (19). The GC 
operation condition was as follow: inlet temperature of 250°C, a split 
ratio of 1:1, helium carrier gas flow of 1 ml/min. The oven temperature 
was maintained at 40°C for 5 min, followed by an increase of 10°C/min 
to 180°C, and then programmed to 230°C at 5°C/min, and held for 
10 min. The MS was generated in the electron impact mode at 70 eV of 
ionization energy using the full scan mode (14–400 amu). The 
temperature of MS source and quadrupole was set at 230 and 150°C, 
respectively.

The volatile compounds were then identified by matching the MS 
with the NIST05 mass spectral database and quantitatively calculated 
using the peak-area normalization method. All samples were analyzed 
in triplicate.

2.6. Microbial community analysis

2.6.1. DNA extraction and qPCR analysis
To monitor the dynamic changes in a microbial community, samples 

were collected periodically on the surface of fermentation materials in 
the bioreactor on the day 1, 4, 7, 11, 15, and 19 during the AAF process. 
For each day, each 150 g of sample was collected at three different 
locations and mixed thoroughly to ensure the uniformity and 
representativeness of samples. All samples were put into sterile sealed 
bags and stored in a freezer at −80°C. Then DNA extraction was 
performed using the Soil DNA Kit (Omega Bio-Tek, Norcross, GA, 
United States). The concentration of extracted DNA was measured by a 
NanoDrop  2000 UV-vis spectrophotometer (Thermo Scientific, 
Wilmington, MA, United  States) and checked by 1% agarose gel 
electrophoresis. Bacterial primers 338F (5′-ACTCCTACGGGAG 
GCAGCAG-3′) and 806R (5′-GGA CTACHVGGGTWTCTAAT-3′) 
with specific barcode were employed to amplify the V3-V4 region of 
bacterial 16S rRNA genes by thermocycler PCR system (ABI GeneAmp® 
9,700, Waltham, MA, United States). The PCR reaction was run as the 
method from our lab, which has been published by Ma et al. (20).

2.6.2. Sequencing and data analysis
For the sequencing and data analysis, the method described by Ma 

et al. (20) was followed. Trimmomatic quality-filtered raw fastq files 
before FLASH combined them with the following standard. The reads 
were truncated at any site with an average quality score of 20 over a 50 bp 
sliding window; sequences with overlap longer than 10 bp were merged 
according to their overlap with a mismatch of no more than 2 bp; and 
sequences of each sample were separated according to barcodes (exactly 
matching) and Primers (two nucleotides mismatched were allowed). 
Reads with unclear bases were filtered out. UPARSE (version 7.1)1 was 
used to cluster operational taxonomic units (OTUs) using a 97 percent 
similarity cut-off. RDP Classifier (version 2.11)2 was used to compare 
the taxonomy of each 16S rRNA gene sequence to the SILVA (version 
132)3 16S rRNA database. The confidence level was set at 70%.

1 http://drive5.com/uparse/

2 https://sourceforge.net/projects/rdp-classifier/

3 https://www.arb-silva.de/

2.7. Data analysis

All the determinations were conducted in triplicate unless otherwise 
stated. Statistical analysis was performed using SPSS 22.0 (SPSS Inc., 
Chicago, IL, United States) and Origin9.1. Principal component analysis 
(PCA) was performed using the i-sanger tools to cluster samples 
according to the relative abundance of microbes. The correlation 
between bacterial community and physicochemical indicators, organic 
acids and volatile compounds were investigated by Spearman’s 
correlation coefficient at |ρ| > 0.7 with statistically significance (p < 0.01). 
The results were visualized with heatmap by using R software with the 
“corrplot” package.

3. Results and discussion

3.1. Physicochemical properties and organic 
acids contents during fermentation

The changes in physicochemical indices including the ethanol (2A), 
total acid (2B), amino nitrogen (2C), and reducing sugar contents (2D) 
are shown in Figure 2. These characteristics are the key indicators of 
process control, and the factors of forming unique flavor. The highest 
ethanol content of 5.6% was observed at the initial stage of AAF, whereas 
it dramatically decreased to 0% on the 15th day of AAF. During AAF, 
ethanol is oxidized to acetaldehyde under the catalysis of ethanol 
dehydrogenase, and then acetaldehyde is oxidized to acetic acid under 
the catalysis of aldehyde dehydrogenase (21). Thus, it can be seen a 
significant increase in the total acid content (Figure 2B) from the 1st 
(1.95 g/100 ml) day to the 19th day (7.18 g/100 ml) of AAF. This 
observation was in agreement with previous studies (21). Amino 
nitrogen is related to the degradation of nitrogen-containing compounds 
(22). As shown in Figure 2C, amino nitrogen concentration showed an 
increased tendency from 2.46 to 3.45 g/100 ml. According to the 
Figure 2D, the reducing sugar concentration reached a maximum of 
2.10 g/100 ml on the 11th fermentation day, and then decreased to 
1.23 g/100 ml at the end of the AAF process. The microbial communities 
and metabolites are involved in the complicated interactions during 
AAF, leading to the degradation of oligosaccharides and polysaccharides 
into the reducing sugar (2). At the later fermentation stage, the decrease 
in reducing sugar content was due to the growth of microorganisms 
could be at the expense of reducing sugar (23).

Dynamics of organic acid contents during AAF are shown in 
Figure 3. Seven kinds of organic acids including acetic acid, lactic acid, 
oxalic acid, succinic acid, tartaric acid, citric acid, and malic acid were 
detected by HPLC analysis. Acetic acid and lactic acid are the two 
dominant organic acids observed in this study, taking accounts 83.95% 
of the total organic acids at the end of AAF. These acids have been 
reported as the dominant organic acids in typical Chinese vinegar, such 
as Shanxi aged vinegar, Zhenjiang aromatic vinegar, and Tianjin duliu 
vinegar (10). The acetic acid content was sharply increased from 7.74 
(1st fermentation day) to 44.44 g/100 ml (19th fermentation day), while 
the lactic acid content showed a decrease from 40.70 (1st fermentation 
day) to 16.27 g/100 ml (19th fermentation day). From the 4th day of 
AAF, the lactic acid content began to decrease. The increased oxygen 
content made the metabolisms of lactic acid bacteria slow. 
Simultaneously, the lactic acid was utilized by part of acetic acid bacteria 
such as acetic anhydride utilized one carbon source, converting the 
lactic acid into the acetic acid.
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A B

C D

FIGURE 2

Changes in physical and chemical indicators during vinegar fermentation: (A) Ethanol content; (B) Total acid; (C) Amino nitrogen; (D) Reducing sugar content.

FIGURE 3

Changes in organic acids during vinegar fermentation.
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The ratio of lactic acid to acetic acid gradually decreasing, and 
this ratio was less than 1 on the 11th day of fermentation, indicating 
that the acetic acid content exceeded lactic acid content. During the 
alcoholic fermentation of the early stage of AAF, the anaerobic 
condition is favorable for the metabolisms of lactic acid bacteria to 
produce lactic acid. On the 3rd day of fermentation, the acetic acid 
bacteria were introduced from the outside and began to proliferate 
in the reactor, leading to the rapid production of the acetic acid. 
Consequently, the content of acetic acid exceeded the lactic acid 
content, accounting for the largest proportion of total organic acids. 
However, the high lactic acid content can soothe the pungent taste 
of acetic acid (24). Additionally, the contents of citric acid and 
tartaric acid were also abundant during AAF, increasing from 1.40 
to 4.56 g/100 ml and decreased from 4.04 to 3.62 g/100 ml during 
AAF, respectively (p < 0.05). The succinic acid content showed a 
gradual upward trend, while the malic acid content decreased 
during AAF.

3.2. Analysis of volatile compounds during 
fermentation

Volatile compounds give vinegar a special flavor. Most volatile 
compounds are derived from microbial metabolic reactions, while 
others can be derived from degradation or Maillard reactions (25). In 
this study, 64 volatile components were identified and quantified 
during AAF, as shown in Table 1. Based on their retention time, they 
were classified into esters, alcohols, acids, phenols, aldehydes, 
ketones, and heterocycles. At the early stage of fermentation, the 
concentration of all volatile compounds was low (39.94 mg/100 ml). 
After the yeast culture, fermentation gradually entered the alcoholic 
fermentation stage, aroma concentration bursting. The total 
concentration of these compounds reached 1203.91 mg/100 ml at the 
end of AAF.

Esters are the most common aroma category in vinegar and 
contributed to the fruity and baking flavors of the product (26). Herein, 
25 esters was recognized in the vinegar, which were produced by 
microorganisms during AAF or synthesized by acid esterification in the 
presence of ethanol. The number of ester compounds was increased to 
23 on the 7th day of AAF, and then reduced to 6 until the end of 
AAF. The ethyl acetate content on the 15th day was significantly higher 
than that of other esters, accounting for 42.03% of the total ester contents.

Alcohols mainly originated from the alcohol fermentation stage that 
provided the precursors for the synthesis of organic acids (4). In this 
study, 12 alcohols were identified. Most alcohols showed a decreased 
tendency during AAF. Ethanol accounts for the highest proportion of all 
the types of alcohol, decreasing from 22.44 to 3.51% throughout the 
fermentation process. Octanol and Heptanol were not detected in the 
later stage.

Acidic compounds have a crucial influence on the sensory 
characteristics of vinegar (27). A total of six acids were detected with a 
concentration of 63.79% at the end of fermentation, among which the 
most abundant was acetic acid, accounting for 80.05% of all the acids 
contents by the end of fermentation. The sufficient acid content might 
restrict the growth of other bacteria, and increase the mellow and 
aftertaste of the fermented products, and improve their flavor. 
Meanwhile, they can aid in the creation of esters. Aldehydes, phenols, 
ketones, and pyrazines were also present in minute levels during 
the experiment.

3.3. Dynamics of microbial community 
during fermentation

After filtering low-quality reads, removing adapters, barcodes, and 
primers, and detecting chimera, roughly 39,705 to 59,287 effective tags, 
with various phylogenetic OTUs ranging from 16 to 48 via 97 percent 
sequence identity cutoff, were obtained for bacterial dynamics and 
diversity. At the genus level, taxonomic affiliations of 97 percent 
sequence similarity clusters revealed a substantial taxonomic shift 
during the AAF process.

The bacterial community consisted of 48 genera, including six 
genera with relative content greater than 1%, which comprised 
Lactobacillus, Acetobacter, Cyanobacteria, Pediococcus, Weissella, and 
Mitochondria (Figure 4A). Lactobacillus and Acetobacter were the most 
common genera, accounting for more than 90% of all sequences. On 
days 1 to 19 of AAF, Lactobacillus accounted for the greatest percentage, 
ranging from 43.98 to 78.97 percent. Lactobacillus is an anaerobe that 
thrives during aerobic fermentation but is inhibited by low pH and high 
acidity. Increased acetic acid levels in fermentation cultures resulted in 
acidic stress, which favored acid-tolerant bacteria (28). The relative 
content of Acetobacter was only 13.1% on the first day of AAF and 
increased rapidly to 56.3% on day 4 during fermentation, then 
decreased slightly, and stabilized between 45 and 50%. Acetobacter has 
effectively dominated the entire fermentation process, and its relative 
abundance has dramatically increased. After the high acidity and low 
pH incubation stage, the structure of the bacterial community may 
be modified to the features of acidophilic and aerobic communities, 
according to these findings. During the AAF process, changes in 
modest proportions in the Cyanobacteria (4.34–0.04%), Pediococcus 
(1.22–0%), and Weissella (0.09–0.01%) groups were also noted. These 
findings revealed that Lactobacillus and Acetobacter were competing 
spontaneously. Acetobacter was a fierce competitor in the bacterial 
community’s succession. Alpha diversity indexes representing the 
number of OTUs, Sobs, Chao, Shannon, Simpson, Ace, and Coverage 
index were determined to further confirm whether our sequencing 
results were sufficient to analyze the food fermentation ecosystem, and 
these indexes demonstrated that the richness of diversity varied during 
AAF (Table  2). The Sobs and Ace indicate the actually observed 
richness value, whereas the Chao is used to estimate OTU counts in 
samples. The microbiological diversity in samples is depicted by both 
Simpson and Shannon. Herein, the OTUs, Sobs, Chao, Shannon, and 
Ace index decreased during the AAF process, while the Simpson index 
increased significantly. This result illustrates that the solid acid 
fermentation improves the intestinal flora richness and diversity in 
vinegar samples. The diversity and richness of gut flora may play a role 
in human obesity and other chronic disorders. Each sample library’s 
coverage is represented by coverage. In this investigation, all of the 
coverage values found are greater than 0.99. This conclusion shows that 
the sequence in the sample was extremely likely to be discovered, and 
that the distribution of the bacterial community of samples might 
be represented by this finding. In addition, the number of microbial 
genera detected in this study was less than that in traditional fermented 
vinegar, while the relative abundance of Lactobacillus and Acetobacter 
was higher. The reason could be that the drum-type bioreactor is a 
relatively closed environment and the whole fermentation process is 
carried out in it, reducing the contact with the external condition, thus 
reducing the contamination by miscellaneous bacteria, and 
consequently providing a favorable fermentation environment 
for microorganisms.
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TABLE 1 Identification of different compounds during the fermentation processing by using rotary drum reactor.

Variables Compounds
Relative content (%)

F1d F4d F7d F11d F15d F19d

Esters Ethyl acetate (S1) 7.97 ± 1.21 10.10 ± 1.20 13.68 ± 2.45 16.27 ± 2.67 8.04 ± 1.13 3.25 ± 0.24

Ethyl caproate (S2) 1.19 ± 0.02 3.53 ± 0.56 3.39 ± 0.47 2.28 ± 0.43 1.75 ± 0.15 1.30 ± 0.01

Ethyl caprylate (S3) 4.72 ± 0.23 4.59 ± 0.83 3.25 ± 0.63 2.51 ± 0.27 1.09 ± 0.06 ND

Ethyl nonyl (S4) 0.82 ± 0.04 0.55 ± 0.02 0.39 ± 0.03 0.01 ± 0.00 ND ND

Ethyl decate (S5) 0.62 ± 0.01 1.27 ± 0.02 0.45 ± 0.01 0.52 ± 0.01 0.51 ± 0.01 ND

Diethyl succinate (S6) 1.39 ± 0.01 0.88 ± 0.03 2.43 ± 0.02 1.67 ± 002 0.98 ± 0.03 ND

Phenethyl acetate (S7) 1.20 ± 0.02 2.38 ± 0.43 3.87 ± 0.03 3.74 ± 0.13 4.56 ± 1.32 4.68 ± 0.86

Benzyl acetate (S8) ND ND 0.25 ± 0.01 ND ND ND

Ethyl myristate (S9) 0.98 ± 0.03 0.73 ± 0.04 0.28 ± 0.00 0.32 ± 0.07 ND ND

Propionolactone (S10) 3.88 ± 0.21 3.44 ± 0.02 4.68 ± 0.12 4.30 ± 0.18 4.25 ± 1.29 2.62 ± 0.48

Propionolactone (S11) ND 0.03 ± 0.00 0.26 ± 0.00 0.30 ± 0.00 0.57 ± 0.05 ND

Ethyl palmitate (S12) 6.94 ± 0.78 4.37 ± 0.58 3.82 ± 0.26 3.04 ± 0.69 4.07 ± 0.08 ND

Ethyl laurate (S13) 0.93 ± 0.05 0.45 ± 0.00 0.53 ± 0.01 0.58 ± 0.10 0.64 ± 0.01 ND

Ethyl oleate (S14) 1.12 ± 0.02 0.54 ± 0.01 0.83 ± 0.02 0.87 ± 0.08 ND ND

Ethyl linoleate (S15) 0.93 ± 0.01 0.97 ± 0.02 2.21 ± 0.23 0.98 ± 0.01 ND ND

Isoamyl acetate (S16) 0.71 ± 0.01 0.41 ± 0.01 4.89 ± 1.29 1.62 ± 0.00 1.62 ± 0.02 2.79 ±

Ethyl heptanate (S17) 0.82 ± 0.00 0.53 ± 0.02 0.41 ± 0.01 0.22 ± 0.00 0.47 ± 0.00 ND

Hexyl acetate (S18) 1.88 ± 0.19 1.81 ± 0.03 5.12 ± 1.29 0.93 ± 0.02 0.54 ± 0.02 0.34 ± 0.02

Heptane acetate (S19) ND ND 0.17 ± 0.02 0.20 ± 0.00 0.44 ± 0.00 ND

Ethyl benzoate (S20) 0.84 ± 0.06 0.66 ± 0.02 0.66 ± 0.04 0.58 ± 0.01 ND 1.12 ± 0.05

Ethyl phenylacetate (S21) 0.55 ± 0.00 0.25 ± 0.00 0.73 ± 0.02 0.56 ± 0.04 0.85 ± 0.04 ND

Ethyl 3-phenylpropionate (S22) 0.65 ± 0.01 0.78 ± 0.18 ND ND 0.78 ± 0.02 ND

Diethyl azelaite (S23) 2.53 ± 0.04 0.67 ± 0.02 0.31 ± 0.00 0.76 ± 0.03 ND ND

Diethyl succinate (S24) 0.66 ± 0.01 0.42 ± 0.01 ND 0.57 ± 0.01 0.96 ± 0.02 ND

Diethyl succinate (S25) 0.51 ± 0.00 0.71 ± 0.03 0.11 ± 0.00 0.06 ± 0.00 0.98 ± 0.01 ND

Alcohols Ethanol (S26) 22.44 ± 2.78 11.48 ± 2.46 6.45 ± 1.28 5.07 ± 1.29 3.51 ± 0.78 2.01 ± 0.78

Isoamyl alcohol (S27) 1.82 ± 0.03 1.50 ± 0.01 1.46 ± 0.39 0.80 ± 0.02 2.12 ± 0.18 2.31 ± 0.49

Phenyl ethanol (S28) 1.16 ± 0.01 2.06 ± 0.02 3.42 ± 0.89 3.11 ± 0.78 3.73 ± 0.27 3.70 ± 1.29

Hexanol (S29) 3.91 ± 1.10 3.64 ± 0.76 3.39 ± 1.29 2.05 ± 0.37 1.07 ± 0.21 ND

Octanol (S30) 1.11 ± 0.00 1.21 ± 0.03 0.16 ± 0.03 ND ND ND

1-Nonanol (S31) 1.05 ± 0.01 0.96 ± 0.24 0.54 ± 0.02 0.32 ± 0.02 0.52 ± 0.04 ND

Heptanol (S32) 0.87 ± 0.03 0.74 ± 0.28 0.05 ± 0.00 ND ND ND

Isobutanol (S33) ND ND ND 0.05 ± 0.00 ND ND

(R) - (-) - 2-butanol (S34) 0.71 ± 0.02 ND ND ND ND ND

2,3-butanediol (S35) 3.34 ± 0.02 6.62 ± 1.28 4.26 ± 1.38 1.18 ± 0.02 1.02 ± 0.04 0.33 ± 0.00

(2R, 3R) - (-) - 2,3-butanediol (S36) ND 0.55 ± 0.05 0.09 ± 0.01 1.61 ± 0.02 1.12 ± 0.05 0.47 ± 0.01

Cis-4-decene-1-ol (S37) 1.00 ± 0.04 1.66 ± 0.42 0.02 ± 0.00 0.36 ± 0.01 0.56 ± 0.02 ND

Acids Acetic acid (S38) 8.21 ± 1.13 8.64 ± 1.39 12.02 ± 2.37 18.14 ± 2.74 18.79 ± 3.78 48.50 ± 9.76

Caproic acid (S39) 5.49 ± 0.98 6.53 ± 1.18 5.80 ± 1.19 6.80 ± 2.38 11.99 ± 6.68 ± 2.04

Butyrate (S40) ND ND ND ND 2.53 ± 0.89 3.73 ± 1.20

Heptanic acid (S41) ND ND 0.36 ± 0.04 ND 2.68 ± 0.48 1.27 ± 0.67

Bitter (S42) 2.37 ± 0.45 6.76 ± 0.02 1.68 ± 0.02 4.50 ± 0.46 4.68 ± 1.38 2.34 ± 0.45

Palmitic acid (S43) ND ND 0.76 ± 0.04 7.55 ± 1.29 1.29 ± 0.02 1.27 ± 0.38

(Continued)
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To examine the differences and similarities in bacterial Illumina 
MiSeq sequencing at different fermentation stages, PCA analysis 
(Figure 4B) was used. Similarity analysis between groups was done on 
samples at the Genus level, as seen in the figure. In the same group, 
the obtained values are fairly consistent. The first principal component 
(PC1) accounted for 91.29% of the total variance, while the PC2 
explained a further 8.25%. Based on the bacterial structure, the AAF 
process was divided into three stages: pre-fermentation stage (1 day), 

medium fermentation stage (4 days), and late fermentation stage 
(7–19 days). This division provided a succession of bacterial profiles 
at different stages of AAF. The OTUs from day 1 lie on the first 
quadrant, which was characterized mainly by Lactobacillus, followed 
Acetobacter, Cyanobacteria, Pediococcus, Weissella, and 
Mitochondria. In addition, sample on the 4th day exhibited distinctive 
characters, showing a significant difference with the bacterial 
structure of day 1. The patterns of OTUs from days 7, 11, 15, and 19 

TABLE 1 (Continued)

Variables Compounds
Relative content (%)

F1d F4d F7d F11d F15d F19d

Phenols 4-vinyl-2-methoxyphenol(S44) 0.42 ± 0.02 0.80 ± 0.00 0.37 ± 0.01 0.27 ± 0.01 0.61 ± 0.06 0.60 ± 0.01

2-methoxy-4-methylphenol (S45) ND ND 0.42 ± 0.02 0.71 ± 0.07 3.24 ± 1.23 2.15 ± 0.55

4-ethyl-2-methoxyphenol (S46) 0.71 ± 0.04 0.32 ± 0.00 0.37 ± 0.01 0.44 ± 0.01 1.27 ± 0.06 0.79 ± 0.18

Phenol (S47) 1.09 ± 0.02 0.96 ± 0.01 0.55 ± 0.00 0.40 ± 0.05 0.57 ± 0.02 0.80 ± 0.02

Guaiacol (S48) 1.09 ± 0.01 1.81 ± 0.01 3.89 ± 0.57 4.12 ± 0.28 4.67 ± 1.29 4.53 ± 1.28

Aldehydes Benzaldehyde (S49) 0.37 ± 0.02 3.24 ± 0.01 0.92 ± 0.01 1.52 ± 0.43 1.74 ± 0.23 1.31 ± 0.09

Phenylacetaldehyde (S50) 0.18 ± 0.00 ND ND ND 0.85 ± 0.04 1.64 ± 0.58

2-hydroxy-3-methylbenzaldehyde (S51) ND ND ND ND ND 0.15 ± 0.04

2-hydroxy-6-methylbenzaldehyde (S52) 0.54 ± 0.01 0.41 ± 0.00 2.12 ± 0.03 1.88 ± 0.28 1.36 ± 0.28 1.43 ± 0.05

Furfural (S53) ND ND ND ND ND ND

Ketone 2-pyrrolidone (S54) ND ND ND ND ND 1.74 ± 0.27

3-hydroxy-2-butanone (S55) ND ND 0.13 ± 0.01 1.41 ± 0.24 4.89 ± 1.29 1.77 ± 0.43

6-methyl-3,5-pentadiene-2-one (S56) 0.37 ± 0.02 1.46 ± 0.34 0.23 ± 0.00 0.43 ± 0.19 0.34 ± 0.02 0.46 ± 0.01

3-acetyl-2-butanone (S57) ND ND 0.08 2.77 ± 0.56 ND 1.87 ± 0.76

2- piperazine(S58) ND ND ND ND 1.41 ± 0.13 ND

2,3-butanedione (S59) ND ND 0.17 ± 0.00 ND ND ND

Heterocycles Trichloromethane (S60) ND 0.31 ± 0.02 0.27 ± 0.04 0.31 ± 0.06 ND ND

Sixteen alkane (S61) ND ND ND ND 0.25 ± 0.00 0.41 ± 0.01

2,3,5,6-tetramethylpyrazine (S62) ND ND ND 0.92 ± 0.03 1.08 ± 0.03 1.45 ± 0.13

2,3,5-trimethylpyrazine (S63) ND ND 0.25 ± 0.01 ND 0.41 ± 0.01 ND

3-methyl-bicyclo [4.1.0] heptane (S64) ND ND ND ND 1.02 ± 0.07 0.41 ± 0.05

Values are mean ± standard deviation (SD), n = 3. FD, Fermentation day.

A B

FIGURE 4

(A) Distribution of bacterial community at genus level during vinegar acid fermentation; (B) Principal component analysis of microorganism during 
fermentation.
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were well clustered, which were mainly characterized by Lactobacillus 
and Acetobacter. These results were in agreement with the microbial 
community diversity and richness analysis, which could be attributed 
to the changes in temperature, pH, and acidity during the 
AAF process.

3.4. Correlation analysis between bacterial 
community and various indicators

During the AAF process, microbial diversity and community play 
critical roles in flavor creation. Acetate esters are formed by yeast and 
bacteria through lipid and acetyl-CoA metabolisms or chemical 
esterification of alcohols and acids. Bacterial dynamics in relation to 
organic acid alterations in solid-state AAF were also investigated 
(Figures 5A). Lactic acid concentrations increased considerably from 
day one to day 19 in this study. Furthermore, Lactobacillus, the most 
common lactic acid bacteria, was the most common division in 
AAF. Lactobacillus members added a significant amount of lactic acid 
to vinegar, enhancing a mellow taste by reducing the annoying sour 
smell. Several yeast strains and molds from the genera Aspergillus, 
Penicillium, and Candida were among the citric acid-accumulating 
microorganisms. Until the end of AAF, the citric acid content gradually 
increased. Molds and yeast strains were also found to be involved in the 
AAF process, according to these findings. Furthermore, the 
concentrations of other organic acids were low, which could be owing 
to the poor diversity of acetic acid bacteria used in the AAF process 
(Figure 5A).

The majority of bacteria that produced amino acids were 
Corynebacterium glutamicum, and the increased amino acid 
concentration could be attributable to yeast autolysis during the vinegar 
starter and alcohol mash. The Lactobacillus, on the other hand, can 
produce some free amino acids by degrading proteins. The highest levels 
of free amino acids were found on day 11, followed by a minor decrease 
on day 17, and an increase on day 19. In the meantime, Lactobacillus 
relative abundance hit new highs. These findings suggested that yeast 
autolysis may occur in the early and middle stages of AAF, and that the 
Lactobacillus may be involved in the production of free amino acids 
during the AAF process.

Ester compounds were the main volatiles observed in the vinegar 
samples. Esters endow fruit-like aroma to vinegar. In this study, 
Acetobacter, Norank-c-Cyanobacteria, and Weissella were the three 
principal contributors to ester production. These microbes are also 
considered to play key roles in the process of fermentation. Moreover, 
the microorganisms associated with lipids were the most relevant, and 
those associated with ketones were the least relevant in this study, and 

these results are consistent with earlier published studies. On day 4 of 
AAF, the relative concentration of total esters increased substantially, 
followed by a drop. On day 4, the relative abundance of the microbial 
community at the genus level changed dramatically. During AAF, the 
Acetobacter genus was the most common ethyl acetate-producing 
bacteria. Many different microorganisms, such as yeast, can improves 
the production of ethyl acetate. In the first 11 days, the relative level of 
ethyl acetate increased, followed by a drop, as seen in Table 1. These 
findings corroborated previous observations that yeasts die out 
progressively during the AAF process. Bacillus sp. can also aid in the 
formation of esterase and organophosphorus chemicals. Bacillales and 
Rhodospirillales can work together to create acetate esters. The 
synthesis of acetate esters was strongly linked to the succession pattern 
of relative abundance of the Bacillus and Acetobacter genera, according 
to these findings. Furthermore, throughout the AAF process, the 
relative concentration of carboxylic acids, particularly acetic acid, rose 
considerably. This enhanced propensity was roughly in line with 
Acetobacter relative abundance dynamics (Figure 5C). These findings 
suggested that acetic acid was primarily produced from the 
Rhodospirillales family, which was consistent with prior reports 
indicating fermentation acid generation was primarily due to 
Acetobacter genus metabolism (29). However, starting on day 4, the 
relative proportion of total alcohol declined considerably, which was 
reflected in the shift in acetic acid content. The acetic acid bacteria are 
responsible for the decline of alcohol because ethanol can be converted 
to acetic acid, whereas yeasts are responsible for the accumulation of 
alcohol due to the conversion of fermentable carbohydrates into 
ethanol (Figure 5B). 3-hydroxy-2-butanone (acetoin) is a physiological 
metabolite secreted by a variety of bacteria that serve as a quality 
indicator for fermented items and a flavor component in vinegar (30). 
Acetoin biosynthetic microorganisms in diverse fermentation 
processes include Acetobacter, Lactococcus, Klebsiella, Enterobacter, 
and Bacillus. After day 7 of AAF, the relative concentration of acetoin 
increased dramatically, which was linked to the high relative 
abundance of Lactobacillus and Acetobacter was identified during the 
AAF process. Furthermore, vinegar is fermented from cereals by 
numerous bacteria and a variety of taste compounds are created to give 
vinegar their scent. The principal bioactive components in vinegar 
have been identified as pyrazine chemicals. Tetramethylpyrazine has 
piqued interest due to its several bioactivities. It has been widely 
utilized to treat a variety of ailments, including cardiovascular and 
hypertension problems.

However, the relative content of tetramethylpyrazine detected in this 
study was low. Bacillus is a high-yield bacterial strain for 
tetramethylpyrazine biosynthesis and is closely related to the formation of 
ligustrazine and its precursors, 2,3-butanedione and 3-hydroxybutanone. 

TABLE 2 Richness and diversity indexes from samples at different fermentation stages.

Fermentation 
day

OTUs Sobs Chao Shannon Simpson Ace Coverage

F-1d 48.00 ± 2.65a 48.33 ± 2.52a 50.06 ± 3.02a 1.08 ± 0.18a 0.59 ± 0.07c 47.35 ± 4.84a 0.9973 ± 0.0002b

F-4d 34.33 ± 13.58a 35.33 ± 5.51bc 41.28 ± 5.71b 0.77 ± 0.12b 0.65 ± 0.08bc 44.28 ± 7.01a 0.9964 ± 0.0003d

F-7d 33.00 ± 1.00ab 37.33 ± 4.16b 43.28 ± 2.75b 0.63 ± 0.01c 0.73 ± 0.01b 44.85 ± 4.06a 0.9974 ± 0.0002b

F-11d 27.33 ± 1.53c 30.00 ± 0.00c 40.21 ± 10.24bc 0.50 ± 0.06d 0.78 ± 0.04ab 40.89 ± 6.34a 0.9964 ± 0.0002d

F-15d 19.00 ± 1.00d 21.33 ± 3.22d 32.42 ± 14.22bc 0.46 ± 0.12ed 0.78 ± 0.08ab 34.76 ± 18.00a 0.9982 ± 0.0003a

F-19d 16.67 ± 0.58e 23.33 ± 2.31d 29.83 ± 5.58c 0.42 ± 0.02e 0.81 ± 0.02a 42.03 ± 15.24a 0.9973 ± 0.0002bc

Values are mean ± standard deviation (mean ± SD, n = 3). Values with different letters within the same column differ from each other statistically. F, Fermentation.
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A B

C

FIGURE 5

Correlation analysis between microbial community and various indicators: (A) organic acids; (B) Physical and chemical indicators; (C) Volatile compounds.
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The relative content of Bacillus in this study was only relatively low (0.34–
0.53%), which could be  due to the insufficient oxygen flow in 
the bioreactor.

4. Conclusion

The bacterial composition and dynamic succession in the entire 
solid-state AAF vinegar was studied. Lactobacillus and Acetobacter are 
the most common bacteria associated in AAF. Bacterial diversity 
increased early in the AAF process and subsequently declined afterwards. 
The bacterial growth during the AAF process was related to pH, titratable 
acidity, and alcoholic degree. During the entire AAF process, the 
abundance of lactic acid and acetic acid bacteria was greater than 60%, 
implying that lactic acid and acetic acid bacteria had a significant impact 
on vinegar flavor. Furthermore, after AAF, the structure of the bacterial 
population may be altered to reflects the properties of acidophilic and 
aerobic communities. The interaction between metabolic processes, 
bacterial patterns, and fermentation settings are being explored in greater 
depth, providing new insights into the role of bacterial communities in 
fermentation. Changes in metabolites during the AAF process were also 
caused by the dynamics and diversity of microbial population succession. 
These preliminary findings represent a paradigm shift in our 
understanding of AAF systems, in which acidophilic and aerobic 
bacterial communities play critical roles in enhancing alcohol availability 
and vinegar acetic acid yield. This work established the relationship 
between bacterial dynamics and metabolite changes in AAF of vinegar 
production, which might be used as a guide for future AAF fermentation 
experiments to improve the quality of vinegar.
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Identifying the intervention
mechanisms of polydatin in
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using UHPLC-Q-Exactive Orbitrap
mass spectroscopy metabonomic
approach
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Shuna Zheng1, Pengjiao Zeng3, Zhongqi Shi1, Senhao Hu1,
Yuqing Wang1, Mengchen Zhou1, Jiayu Zhang1* and Xiulian Li1*
1School of Pharmacy, Binzhou Medical University, Yantai, China, 2Affiliated Hospital of Binzhou Medical
College, Yantai, China, 3Medical Research Center, Affiliated Hospital of Qingdao University, Qingdao,
Shandong, China

Introduction: Polydatin is a biologically active compound found in mulberries,

grapes, and Polygonum cuspidatum, and it has uric acid-lowering effects.

However, its urate-lowering effects and the molecular mechanisms underlying

its function require further study.

Methods: In this study, a hyperuricemic rat model was established to assess the

effects of polydatin on uric acid levels. The body weight, serum biochemical

indicators, and histopathological parameters of the rats were evaluated. A UHPLC-

Q-Exactive Orbitrap mass spectrometry-based metabolomics approach was

applied to explore the potential mechanisms of action after polydatin treatment.

Results: The results showed a trend of recovery in biochemical indicators after

polydatin administration. In addition, polydatin could alleviate damage to the

liver and kidneys. Untargeted metabolomics analysis revealed clear differences

between hyperuricemic rats and the control group. Fourteen potential biomarkers

were identified in the model group using principal component analysis

and orthogonal partial least squares discriminant analysis. These differential

metabolites are involved in amino acid, lipid, and energy metabolism. Of all

the metabolites, the levels of L-phenylalanine, L-leucine, O-butanoylcarnitine,

and dihydroxyacetone phosphate decreased, and the levels of L-tyrosine,

sphinganine, and phytosphingosine significantly increased in hyperuricemic rats.

After the administration of polydatin, the 14 differential metabolites could be

inverted to varying degrees by regulating the perturbed metabolic pathway.

Conclusion: This study has the potential to enhance our understanding of the

mechanisms of hyperuricemia and demonstrate that polydatin is a promising

potential adjuvant for lowering uric acid levels and alleviating hyperuricemia-

related diseases.
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1. Introduction

Hyperuricemia (HUA) is a metabolic disease caused by
the accumulation of excess uric acid (UA) in the serum due
to abnormalities in purine metabolism or UA excretion (1).
Along with the changes in diet and lifestyle, the prevalence
of HUA has been increasing and mostly affects young
people (2, 3). Overproduction of UA in the body can
cause a series of complications, such as gout (4), diabetes,
cardiovascular disease, and chronic kidney disease (5).
Currently, the main therapy for HUA is urate reduction
via the inhibition of UA production or acceleration of UA
excretion. Effective drugs commonly exert rapid effects.
However, the alleviation of symptoms is usually short-lived
and recurs without continued drug treatment, which causes
unwanted side effects (6–8). Therefore, it is necessary to develop
alternative compounds that are more effective and less toxic
for managing HUA.

In recent years, plant-derived natural compounds have been
recognized as efficacious and largely benign and have found
wide acceptance as medicines or lead compounds globally (9).
Polydatin is a polyphenolic monomer compound abundant in
mulberries, grapes, and Polygonum cuspidatum and has been
shown to have a wide variety of bioactivities, such as liver and
kidney protection, anti-inflammatory, antioxidant, and antitumor
effects (10, 11). Many studies have demonstrated that polydatin
has urate-lowering effects by inhibiting xanthine oxidase activity,
reducing the UA synthesis rate, and downregulating mURAT1,
mGLUT9, and mABCG2 expression to promote UA excretion
in renal tissues (12, 13). In addition, polydatin mitigates kidney
injury by inhibiting inflammasome activation (14). However, the
underlying intervention mechanism of polydatin in lowering urate
is complex and requires further investigation.

Small-molecule metabolites directly reflect pathological
processes following external stimuli or disturbances. Alterations in
endogenous metabolites have recently been used to study disease
pathophysiology and evaluate the toxic and therapeutic effects of
drugs (15, 16). Metabolomics provides a method for detecting and
analyzing the types, quantities, and varying patterns of endogenous
small-molecule metabolites (amino acids, lipids, sugars, etc.) from
biological samples in a timely and comprehensive manner (17).
Metabolomics has been successfully employed to screen potential
biomarkers, characterize physiological or pathological conditions
in various diseases, and evaluate metabolic pathway disorders
(18–20). However, few studies have described the urate-lowering
mechanisms of polydatin, focusing on endogenous small-molecule
substances in animal experiments.

In the present study, we employed a metabolomics approach
using UHPLC-Q-Exactive Orbitrap mass spectrometry (MS) to
explore the mechanism underlying the urate-lowering effects of
polydatin in rats. A rat model of potassium oxonate-induced
HUA was established to analyze multiple targets, including a low
concentration of UA, protection of kidney and renal function, and
regulation of blood lipid levels to evaluate the amelioration of
HUA by polydatin. Moreover, we screened potential biomarkers
in serum samples to assess the therapeutic efficacy of polydatin.
The regulation of the metabolic network by polydatin was
illustrated using metabolic pathway analysis. This study elucidated

the potential mechanisms of polydatin in moderating HUA and
provided alternative prevention and treatment options for HUA.

2. Materials and methods

2.1. Chemical and reagents

Potassium oxonate was purchased from Sigma–Aldrich
(St. Louis, MO, USA). Benzbromarone and polydatin (≥95%
purity) were purchased from Yuan-Ye Biotechnology Technology
(Shanghai, China). Carboxymethyl cellulose sodium was purchased
from Aladdin (Shanghai, China). D-Fructose was obtained from
Solarbio Technology (Beijing, China). HPLC-grade formic acid
and acetonitrile were supplied by Fisher (Waltham, MA, USA).
Deionized water was obtained using a Milli-Q system (Merck,
USA).

2.2. Animals

A total of 32 male Sprague Dawley (SD) rats (200 ± 20 g)
were purchased from Jinan Pengyue Laboratory Animal Breeding
(License No: scxk (Ru) 20190003). All experimental protocols were
approved by the Animal Ethics Committee of Binzhou Medical
University (No. 2022-353).

2.3. Establishment and treatments in a rat
model

The SD rats were acclimated for 3 days prior to the experiments
(24 ± 2◦C and a 12/12 h light/dark cycle). The rats were randomly
divided into four groups: (1) a control group, a model group, a
positive group, and a polydatin group, with eight rats in each group.
Potassium oxonate (300 mg/kg) and 10% fructose water were used
to establish a hyperuricemic rat model (21). Potassium oxonate
was resuspended in a 0.5% sodium carboxymethylcellulose (CMC-
Na) solution and administered by gavage to rats in the model,
positive, and polydatin groups at 8:00 every morning. After 1 h,
the rats in the positive group were intragastrically administered
20 mg/kg benzbromarone, and the rats in the polydatin group were
orally administered 50 mg/kg benzbromarone for 28 consecutive
days. The doses of polydatin were determined based on previous
reports (14, 22, 23). Rats in the control group were administered the
same volume of 0.5% CMC-Na water by gavage. Benzbromarone
and polydatin were dissolved in 0.5% CMC-Na. During the
experiment, the rats in the positive and polydatin groups were fed
10% fructose water.

2.4. Sample collection and preparation

All rats were anesthetized by intraperitoneal injection of chloral
hydrate (30 mg/kg) after fasting for 24 h. Abdominal aortic blood
samples were collected and centrifuged at 3,500 rpm for 15 min
at 4◦C, and the supernatants were collected. Serum (200 µl) was
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used to determine biochemical parameters using an automatic
biochemical analyzer, and the remaining serum samples were
stored at−80◦C for metabolomics analysis.

Intact liver and kidney tissues were removed and washed with
pre-cooled saline, followed by drying with filter paper. Fresh tissues
were fixed in 4% paraformaldehyde for more than 24 h, trimmed,
embedded in paraffin, routinely sectioned, dewaxed in xylene,
dehydrated in gradient ethanol, stained with hematoxylin for 3–
5 min, washed, stained with eosin for 5 min, washed, dehydrated
in gradient ethanol, made transparent in xylene, and sealed with
neutral glue (24). Finally, the pathological states of the liver and
kidneys were observed under a light microscope.

2.5. Sample preparation for a
metabolomic study

The serum sample was thawed at 4◦C. Acetonitrile (400 µl) was
added to 100 µl of a serum sample for protein precipitation. After
vortexing for 1 min, the samples were centrifuged at 14,000 rpm
for 10 min at 4◦C. Subsequently, 150 µl of the supernatant was
separated and evaporated to dryness with nitrogen at 27◦C. The
residue was dissolved in 100 µl of an 80% (v/v) acetonitrile aqueous
solution and then injected for UHPLC-Q-Exactive Orbitrap MS
analysis. Quality control (QC) samples were prepared in the same
manner as described above and were mixed with all samples in
equal volumes (10 µ l).

2.6. UHPLC-Q-Exactive Orbitrap MS
analysis

Liquid chromatography was performed using a Q-Exactive
Focus Orbitrap MS (Thermo Electron, Bremen, Germany)
connected to a Thermo Scientific Dionex Ultimate 3000 RS
(Thermo Fisher Scientific, CA, USA) equipped with an ACQUITY
UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 µm, Waters
Corp., USA). The flow rate was 0.28 mL/min, and the column
temperature was maintained at 45◦C. The mobile phases were 0.1%
formic acid in water (solvent C) and acetonitrile (solvent D). The
gradient elution program was as follows: 0–1 min, 95% C; 1–
5 min, 95–55% C; 5–10 min, 55–35% C; 10–15 min, 35–20% C;
15–15.1 min, 20–5% C; 15.1–17 min, 5% C; 17–17.1 min, 5–95%
C; 17.1–20 min, 95% C. The injection volume was 2 µ l.

The electrospray ionization (ESI) source was operated in both
positive and negative ion models for MS analysis. The following
operating parameters were used: capillary voltage of 35 V; capillary
temperature of 320◦C; the tube lens voltage of 110 V; auxiliary gas
flow rate of 10 arb. The m/z range was set at 100–1,000 Da.

2.7. Data analysis and identification of
potential biomarkers

All data acquired from UHPLC-Q-Exactive Orbitrap MS
were normalized using Compound Discover 3.0 (Thermo Fisher)
software for pre-processing (peak identification, peak matching,

data alignment, and experimental grouping design). Retention
times and MS fragments were generated by analysis. Subsequently,
the obtained data matrices were analyzed by principal component
analysis (PCA) and orthogonal partial least squares discrimination
analysis (OPLS-DA) using SIMCA-P 13.0 (Umetrics, Umeå,
Sweden) (25–27). Metabolites with significant differences between
different groups were screened based on variable importance
in the projection (VIP) values (VIP>1.0) and Student’s t-test
(p < 0.05). The structural identification of differential metabolites
was conducted using the HMDB1 (and PubChem databases
(28–31).2

2.8. Pathway analysis

Metabolic pathway analysis was performed using
MetaboAnalyst.3 Biochemical interpretation of the metabolic
pathways was performed using the KEGG database4 and
relevant references.

3. Results

3.1. Effects of polydatin on weight and
serum biochemical indicators in
hyperuricemic rats

An increased serum uric acid (SUA) level is considered a typical
indicator of HUA. Blood urea nitrogen (BUN) and serum creatinine
(Scr) are the final nitrogenous products of protein metabolism, and
their levels indicate impaired or normal renal function. Alanine
transaminase (ALT) and aspartate aminotransferase (AST) are
valuable markers of liver function. As shown in Figure 1A, the
changes in rats’ body weight were insignificant, implying that
the dose of polydatin used in the study was safe for HUA rats.
Compared to the control group, at 28 days, the levels of SUA,
Scr, AST, TG, and blood glucose were significantly higher, and
the levels of BUN and ALT were significantly lower in the model
group at 28 days (p < 0.05). After administering polydatin and
benzbromarone as positive controls, there was a recovery trend
in SUA, BUN, AST, TG, blood glucose, Scr, and ALT levels. This
indicated that polydatin could have a urate-lowering effect in a rat
model.

3.2. Effects of polydatin on liver and renal
injury in hyperuricemic rats

Histopathological hallmarks of liver cells were vacuolar
degeneration, local hepatocyte necrosis, and hepatic cords arranged
less neatly in the liver of hyperuricemic rats compared with those

1 https://hmdb.ca/

2 https://pubchem.ncbi.nlm.nih.gov/

3 http://www.metaboanalyst.ca

4 http://www.kegg.com/
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FIGURE 1

Effects of polydatin on biochemical indicators in serum from HUA rats. (A) Weight change of rats in 28 days. (B) Serum uric acid (SUA). (C) Serum
creatinine (Scr). (D) Blood urea nitrogen (BUN). (E) Serum triglyceride (TG). (F) Alanine transaminase (ALT). (G) Aspartate aminotransferase (AST).
(H) Blood glucose. Values are given as the mean ± SEM (n = 8) (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, vs. model group; #p < 0.05, ##p < 0.01,
###p < 0.001, ####p < 0.0001, vs. control group).

in normal rats. These pathological states were attenuated when
treated with polydatin (Figure 2A). In addition, the histological
analysis showed significant pathological changes in the kidneys
of model rats. Noticeable pathological changes in renal tubular
epithelial cells included atrophy of the glomerulus and vacuolar
degeneration compared with the control group. As was observed
for the pathological states in the liver, those in the kidneys were also
ameliorated by treatment with polydatin (Figure 2B). The results
indicated that the injuries induced by high UA levels were improved
to varying degrees by polydatin. The histological results were in
accordance with the levels of UA observed above in hyperuricemic
rats.

3.3. Serum metabolic analysis

To systematically describe the underlying mechanisms of
polydatin-ameliorating HUA, UHPLC-Q-Exactive Orbitrap MS
was used to analyze serum samples from rats in positive
and negative ion modes. Representative serum base peak ions
(BPI) of serum samples from the control, model, positive,
and polydatin groups were obtained (Supplementary Figure 1).
All peaks in the serum samples from each group of rats
were well separated at 20 min in both ESI+ and ESI−

modes. The metabolic profiles of each group were different,
indicating changes in the endogenous metabolic profiles between
different groups.

Principal component analysis score plots were used to
understand the differences in the serum metabolic profiles of rats
in each group. We noticed a clear separation trend in the different
groups in both ESI+ and ESI− mode experiments, suggesting that
endogenous metabolites differed significantly among the control,
model, positive, and polydatin groups, and the group difference
was more evident than the individual difference (Figure 3). In

addition, the QC samples aggregated significantly, indicating good
repeatability and stability (Figures 3A, B).

3.4. Identification of potential biomarkers

To maximize class differentiation, supervised OPLS-DA was
applied to differentiate among the control, model, positive, and
polydatin groups to obtain potential biomarkers to evaluate the
therapeutic effects of polydatin. As shown in Figures 4A, B, the
control and model groups were clearly separated into different
areas in both positive and negative ion modes, indicating significant
metabolic changes in the HUA rat model. The R2Y and Q2

parameters were used to evaluate the OPLS-DA model. R2Y and
Q2 were 0.986 and 0.982, respectively, in ESI+ mode, and 0.998
and 0.987, respectively, in ESI− mode (Supplementary Table 1).
These values were close to 1, suggesting that the model was in
good agreement with the experiment data. The model was validated
by 200 rounds of permutation tests (Supplementary Figure 2A,
B), and all R2 or Q2 values on the left were reliable and not
over-fitted. To assess the urate-lowering effects of polydatin, the
serum metabolic profiles of the positive and polydatin groups
were compared with those of the model based on the OPLS-DA
model (Figures 4C–F), and the scatter plots were significantly
separated. Meanwhile, R2Y and Q2 (Supplementary Table 1)
and permutation tests (Supplementary Figures 2C–F) confirmed
that the models were successful. These results demonstrated that
polydatin exhibits urate-lowering properties.

The S-plot (Supplementary Figure 3) was derived from the
OPLS-DA, and each spot represented a substance that was used
to screen endogenous biomarkers by detecting high contributions
and correlations. Of all the metabolites, only those with VIP>1 and
p < 0.05 by t-test were identified as potential biomarkers between
the control and model groups. The structural information of the
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FIGURE 2

Histopathological evaluation of rat liver (A) and kidney (B) in different treatment groups. Scale bar = 100 µm.

FIGURE 3

PCA score plots of QC and four groups based on serum metabolic profiles (A) ESI+ mode; (B) ESI− mode.

metabolites, such as molecular weight and MS/MS fragmentation,
was confirmed using freely accessible public databases (HMDB
and KEGG). According to the criteria above, potential biomarkers
were chosen and identified between the control and model groups
(Table 1). A total of 14 endogenous altered metabolites were
identified in the serum of the model rats compared to that of
the control group, related to lipid and amino acid metabolism
and other metabolic pathways. The identified biomarkers are
summarized in Table 1.

3.5. Metabolic pathway analysis of
identified biomarkers

3.5.1. Alteration in metabolic pathways in
hyperuricemic rats

As shown in Figures 5A–C, comparing the signal intensity
of differential metabolites, 14 metabolites changed significantly
in the model group compared to that in the control group.
The levels of L-tyrosine, sphinganine, phytosphingosine, and
valerenic acid increased in the model group, whereas the

levels of alpha-methylstyrene, L-leucine, L-phenylalanine,
3-phenyl-2-propen-1-ol, nona-2,6-dienal, dihydroxyacetone
phosphate, O-butanoylcarnitine, mono-(2-ethylhexyl) phthalate,
6-gingerol and 1,4-bis (2-ethylhexyl) sulfosuccinate were decreased
in the model rats. To investigate the metabolic pathways in
hyperuricemic rats, metabolites with apparent alterations were
imported into MetaboAnalyst 5.0. The metabolic networks were
mainly involved in phenylalanine, tyrosine, and tryptophan
biosynthesis, phenylalanine metabolism, sphingolipid metabolism,
aminoacyl-tRNA biosynthesis, and tyrosine metabolism in rats
treated with potassium oxonate (Figure 6A).

3.5.2. Alteration in metabolic pathways in
hyperuricemic rats treated with benzbromarone
and polydatin

The heatmap (Figure 5D) represents the changes in 14 altered
metabolites in the four groups. Figure 5D shows the information
of metabolites as the ordinate and the information of groups as the
abscissa. Each cell represents one metabolite, and deep red and deep
blue represent upregulation and downregulation, respectively. The
results showed that 14 metabolites varied significantly in the model
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FIGURE 4

OPLS-DA score plots of serum samples in different groups. Control and model groups in ESI+ mode (A) and ESI- mode (B); positive and model
groups in ESI+ mode (C) and ESI− mode (D); polydatin and model groups in ESI+ mode (E) and ESI− mode (F).

group, and the levels of the endogenous differential metabolites
were reversed in hyperuricemic rats after the administration of
benzbromarone and polydatin. Of all the differential metabolites,
12 metabolites associated with HUA were reversed significantly
by polydatin and had a tendency to return to the levels of the
normal group (Figures 5A–C). Furthermore, metabolic network
analysis comprehensively demonstrated that polydatin interfered
with pathways in the hyperuricemia group (Figure 6B). Taken
together, the above results demonstrate that polydatin is an effective
urate-lowering therapy.

4. Discussion

Sustaining high serum and UA levels can contribute to
serious diseases. However, UA concentration is the only

diagnostic indicator for HUA, and there are no satisfactory
ways to reduce UA levels without harmful side effects. Polydatin
(3,4,5-trihydroxystilbene-3-β-D-glucoside) is a natural resveratrol
glucoside derived from plants. Containing three phenolic hydroxyl
groups, it acts as an oxygen radical scavenger.

Polydatin is found in Polygonum cuspidatum, grapes, red wine,
peanuts, and many other commonly consumed foods. Several
studies have suggested that polydatin has many pharmacological
activities, including effectively decreasing UA levels (10). In this
study, we explored the interventional effects of polydatin in
an HUA rat model using the UHPLC-Q-Exactive Orbitrap MS
metabonomic approach, which provided a deep understanding of
the urate-lowering effects of polydatin. We screened 14 metabolites
related to HUA (Table 1). Analysis of the metabolites showed
that they were mainly involved in amino acid, lipid, and energy
metabolism.
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TABLE 1 Identification of different metabolites and the change trends of metabolites in different groups.

No. Metabolites Formula Rt (min) ESI mode Theoretical
mass m/z

Experimental
mass m/z

Error (ppm) VIP score MSn Trend

Model Positive Polydatin

1 Alpha-methylstyrene C9H10 9.69 [M+H]+ 119.0853 119.0851 −3.58 2.29 103,92,78 ↓
####

↑**** ↑****

2 L-Leucine C6H13NO2 1.45 [M+H]+ 132.1017 132.1015 −2.91 3.51 87,86,56 ↓
###

↑**** ↑****

3 3-Phenyl-2-propen-
1-ol

C9H10O 9.69 [M+H]+ 135.0800 135.0798 −4.60 1.30 108,54 ↓
####

↑**** ↑****

4 Nona-2,6-dienal C9H14O 19.99 [M+H]+ 139.1114 139.1112 −3.39 1.35 83,69,56 ↓
#### — ↑****

5 L-Phenylalanine C9H11NO2 2.07 [M+H]+ 166.0858 166.0856 −3.82 2.33 149,120,91 ↓
###

↑**** ↑****

6 Dihydroxyacetone
phosphate

C3H7O6P 19.12 [M+H]+ 171.0052 171.0050 −1.64 1.40 97,89,72 ↓
####

↑**** ↑****

7 L-Tyrosine C9H11NO3 1.16 [M+H]+ 182.0807 182.0805 −3.40 1.81 165,154,136 ↑
### — —

8 O-Butanoylcarnitine C11H21NO4 3.28 [M+H]+ 232.1537 232.1534 −3.63 1.35 173,144,86,57 ↓
###

↑** ↑****

9 Mono-(2-
ethylhexyl)phthalate

C16H22O4 19.99 [M+H]+ 279.1584 279.1580 −3.71 1.30 164,112,99,57 ↓
####

↑**** ↑****

10 Sphinganine C18H39NO2 10.09 [M+H]+ 302.3045 302.3041 −4.02 11.91 284,85,71,57 ↑
####

↓**** ↓****

11 Phytosphingosine C18H39NO3 8.53 [M+H]+ 318.2994 318.2990 −3.77 15.82 155,85,71,57 ↑
####

↓**** ↓****

12 Valerenic acid C15H21O2 11.61 [M-H]− 233.1545 233.1545 1.48 1.18 193,165,121,110 ↑
###

↓**** —

13 6-Gingerol C17H26O4 8.74 [M-H]− 293.1762 293.1788 1.08 2.69 237,222,210,142 ↓
####

↑**** ↑****

14 1,4-Bis
(2-ethylhexyl)
sulfosuccinate

C20H37O7S 13.73 [M-H]− 421.2271 421.2272 1.54 1.95 283,227,80 ↓
####

↑**** ↑****

**p < 0.01, ****p < 0.0001, compared with model group; ###p < 0.001, ####p < 0.0001, compared with control group. −Denotes no statistically significant difference.
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FIGURE 5

The relative levels of differential metabolites in serum from control group, model group, positive group and polydatin group. Comparison of signal
intensity of significant metabolites related with lipid metabolism (A), amino acid metabolism (B) and other metabolism (C) in different groups (D).
The hierarchical clustering heatmap of differential metabolites in serum from different groups. Deeper red represents up-regulation and deeper blue
represents down-regulation, and each cell stands for one metabolite (∗∗p < 0.01, ∗∗∗∗p < 0.0001, vs. model group; ###p < 0.001, ####p < 0.0001,
vs. control group).

Moreover, these changes in hyperuricemic rats were reversed
after oral administration of polydatin. Some possible mechanisms
are summarized in Figure 7. The results indicated relevant
metabolic pathways that were directly associated with HUA and
proved that polydatin could ameliorate the related indicators, as
discussed below.

(1) Hyperuricemia-induced changes in amino acid metabolism
were reversed by polydatin.

Amino acids play important roles in vital activities, and amino
acid metabolism regulates both protein and energy metabolism.
The levels of L-leucine and L-phenylalanine decreased, whereas
those of L-tyrosine significantly increased in HUA model rats
(Figure 5B), indicating imbalances between protein and amino acid

synthesis. These include phenylalanine, tyrosine, and tryptophan
biosynthesis, phenylalanine metabolism, and aminoacyl-tRNA
biosynthesis.

Leucine is a ketogenic amino acid that can be degraded
to acetyl-CoA and acetoacetic acid in the body, entering
glycolysis or other metabolic pathways through the tricarboxylic
acid cycle, and participating in the regulation of the body’s
normal metabolic processes. It has been shown that leucine
is associated with the PIK3 and protein kinase C signaling
pathways, which regulate glucose uptake and utilization in the
cell and are related to insulin resistance and the development
of type 2 diabetes (32). Leucine, valine, and isoleucine are
branched-chain amino acids (BCAAs). BCAAs and their catabolic
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FIGURE 6

Summary of metabolic pathway analysis. (A) Control group vs. model group; (B) model group vs. polydatin group.

FIGURE 7

The intervention metabolisms of polydatin on HUA rats. The red arrow represents the changes of metabolites in hyperuricemic rats, and the blue
arrow represents the changes of metabolites after oral administration of polydatin.

products participate in the regulation of numerous physiological
processes in the body. Zhang et al. showed that leucine and
isoleucine could be potential biomarkers for patients with HUA
and gout (33). BCAAs are key factors in the development of
metabolic diseases, and altered BCAAs may be indicators of
type 2 diabetes mellitus (34, 35). However, since high UA levels
are closely associated with the development of type 2 diabetes
mellitus and other metabolic diseases, leucine may be a key

indicator of HUA and other related diseases. In our study, after
the administration of polydatin, the level of leucine reversed
significantly compared with that of the untreated HUA group,
implying that lowering UA by polydatin was related to the
adjustment of background leucine levels.

The essential amino acids L-tyrosine and L-phenylalanine
participate in phenylalanine, tyrosine, and tryptophan biosynthesis
and phenylalanine metabolism. Phenylalanine can be hydroxylated

Frontiers in Nutrition 09 frontiersin.org
143

https://doi.org/10.3389/fnut.2023.1117460
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-10-1117460 April 28, 2023 Time: 10:16 # 10

Ge et al. 10.3389/fnut.2023.1117460

to produce tyrosine by phenylalanine hydroxylase, which is
involved in synthesizing essential neurotransmitters and hormones
related to glucose and lipid metabolism (36). Increased tyrosine
stimulated by monosodium urate (MSU) is correlated with the
activation of neutrophils and tyrosine kinase Tec, leading to the
release of inflammatory factors such as IL-1β, IL-8, IL-1, and
tyrosine. It is thought to be a potential biomarker for MSU-induced
gout (37). A study also showed that the level of tyrosine increased
in acute gout in hyperuricemic rats (38).

Moreover, high UA levels cause the accumulation of MSU
in the body, leading to the development of gouty arthritis,
indicating that high tyrosine levels may be associated with
the development of gout. Elevated tyrosine levels in the body
can affect the functions of enzymes, such as citrate synthase,
malate dehydrogenase, and succinate dehydrogenase, in the
tricarboxylic acid cycle, leading to disturbances in energy
metabolism and oxidative stress in the mitochondria (39). In
our experiments, the level of tyrosine was elevated, whereas
that of phenylalanine decreased in the model group, suggesting
that overproduction of UA disturbed phenylalanine, tyrosine,
and tryptophan biosynthesis and phenylalanine metabolism
by accelerating the conversion of phenylalanine to tyrosine.
However, polydatin decreased and increased the levels of tyrosine
and phenylalanine, respectively. Phenylalanine, tyrosine, and
tryptophan biosynthesis and phenylalanine metabolism were also
altered by polydatin treatment compared with those in the
untreated HUA group (Figure 6B), indicating that the restoration
of a low UA level by polydatin involved regulation of phenylalanine
and tyrosine metabolic pathways.

Aminoacyl-tRNA biosynthesis plays a vital role in the synthesis
of proteins by recognizing the correct amino acids with tRNAs,
including the corresponding anticodon for mRNA in the ribosome
(40). Zhang et al. found that aminoacyl-tRNA biosynthesis was
abnormal in patients with HUA and gout (33). Furthermore,
aminoacyl-tRNA synthetases (AARSs) play an important role in
aminoacyl-tRNA biosynthesis and have been verified in various
human diseases (41). High UA levels may disturb aminoacyl-tRNA
biosynthesis by acting on AARSs. In our experiment, aminoacyl-
tRNA biosynthesis was restored after the oral administration of
polydatin, suggesting that the mechanisms of polydatin may be
associated with inhibiting AARSs’ activities. However, further
studies are required to verify this hypothesis.

(2) Hyperuricemia-induced changes in lipid metabolism were
reversed by polydatin.

Many researchers have reported that serum UA is associated
with serum lipids in many diseases, such as HUA, gout, and
cardiovascular and cerebrovascular diseases (33, 42). High serum
TG levels were observed in a model of HUA (Figure 1).
Moreover, a previous study showed that altered lipid metabolism
is closely linked to HUA and gout (33). Our findings showed that
lipid metabolism was disordered in hyperuricemic rats, which is
consistent with the findings of previous studies, as discussed below.

Sphingolipids are amphiphilic lipids that include a sphingosine
backbone and phospholipids, such as sphingol (Sph), ceramide
(Cer), sphingomyelin (SM), gangliosides, and others. Intracellular
sphingolipid metabolism plays a vital role in various metabolic
diseases (43, 44). Sphinganine and phytosphingosine are involved
in sphingolipid metabolism. Sphinganine can be converted
into phytosphingosine by sphinganine C4-monooxygenase.

Sphinganine and fatty acids of different chain lengths can form
ceramides, which are central to sphingolipid synthesis and
degradation. Studies have shown that ceramides mediate the
conversion of NO to H2O2 in coronary microcirculation, thereby
causing proinflammatory, prothrombotic, and atherogenic effects
(45, 46). In this study, serum UA levels were elevated in HUA-
model rats. The levels of sphinganine and phytosphingosine
in the serum samples were elevated, which greatly promoted
ceramide synthesis and caused abnormal sphingolipid metabolism
in vivo. Therefore, abnormal sphingolipid metabolism may be the
causative factor of cardiovascular disease caused by HUA. These
trends were reversed compared to those found in normal rats after
polydatin administration, indicating that polydatin might regulate
sphingolipid metabolism to exert a UA-lowering effect.

(3) Hyperuricemia-induced changes in energy metabolism
were reversed by polydatin.

Carnitine is essential for transporting long-chain fatty acids
across the mitochondrial membrane. It also modulates the
proportion of acyl-CoA/CoA and transfers some toxic acyl-
CoA compounds. Derangement in the ability to transport long-
chain fatty acids leads to the accumulation of harmful fatty acyl
metabolites, which hinder gluconeogenesis and the citric acid
cycle (47, 48). Therefore, carnitine is a powerful tool to identify
whether energy metabolism is perturbed. Furthermore, carnitine
transporters participate in the uptake and excretion of organic
cations in the kidneys, and abnormal carnitine metabolism affects
UA excretion in the kidneys (49). In this study, the level of
O-butanoylcarnitine significantly decreased in the HUA model
group. Treatment with polydatin resulted in a significant elevation
in the levels of O-butanoylcarnitine, indicating that polydatin
reversed the UA-induced disturbance of carnitine metabolism.

Dihydroxyacetone phosphate is an important component
in gluconeogenesis and lipid metabolism. Dihydroxyacetone
phosphate can be converted into glucose 6-phosphate and enter the
gluconeogenic pathway. Moreover, dihydroxyacetone phosphate
can be aerobically oxidized to produce acetyl CoA and enter the
lipid metabolism pathway. The results showed that the level of
dihydroxyacetone phosphate was decreased in hyperuricemic rats,
indicating possible abnormalities in glucose and lipid metabolism.
Aberrant dihydroxyacetone phosphate might be another important
factor leading to changes in hyperuricemic rats’ blood glucose and
triglyceride levels. However, polydatin caused dihydroxyacetone
phosphate to return to normal levels, demonstrating good
regulation of energy metabolism.

5. Conclusion

Polydatin is a functional compound derived from mulberries
and grapes, with multiple bioactivities, including lowering the level
of UA in serum and tissues. In this study, a UHPLC-Q-Exactive
Orbitrap MS-based metabolomics approach was applied to explore
the potential molecular mechanisms underlying the urate-lowering
of polydatin in hyperuricemic rats. A total of 14 differential
metabolites were identified in response to the therapeutic effects of
polydatin, which were associated with amino acid metabolism, lipid
metabolism, and energy metabolism. After polydatin intervention,
the results showed that differential metabolites and the metabolic
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network were restored, approaching the levels observed in normal
rats. This study has the potential to enhance our understanding
of the mechanisms of HUA and demonstrate that polydatin is a
promising adjuvant for lowering UA levels and alleviating HUA-
related diseases.
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