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In this study, the yield, content of piperine, and antioxidant activity of pepper

oleoresin obtained with the methods of maceration, ultrasound-assisted

extraction (UAE), microwave-assisted extraction (MAE), and ultrasound-MAE

(UMAE) were analyzed, and the microstructure of pepper residue was

observed. For the yield and piperine content, the UMAE method had the best

extraction capacity among the four methods. While, the oleoresin obtained

with maceration had the highest total phenolic content, and the antioxidant

activity of the oleoresin obtained by maceration was higher than that of the

extracts acquired by UAE, MAE, and UMAE, and a high positive correlation

was observed between the antioxidant activity and total phenolic content of

the oleoresin obtained by these extraction methods. The ideal parameters

for UMAE were an 80-mesh particle size and a 1 g/10mL solid–liquid ratio.

The kinetic parameters and models of the UMAE extraction process were also

compared using first- and second-order models. The second-order kinetic

equation with the lowest root mean square deviation and highest adjusted

correlation coe�cient proved to bemore suitable for describing the extraction

kinetics of pepper oleoresin. This study showed that UMAE is a fast, e�cient,

and cost-e�ective technique for the extraction of green pepper oleoresin.

KEYWORDS

freeze-dried pepper, pepper oleoresin, ultrasonic-microwave extraction, antioxidant

activity, extraction kinetics

Introduction

Herbs and spices play an important role in human nutrition, and

spices are natural food additives that are used to enliven and improve food

flavor. Pepper (Piper nigrum L.), a common food additive and an important

tropical spice crop in the world (1), is an essential spice in people’s lives.
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Pepper is not only a food additive but also a medicine whose

value has gained widespread attention in the medical field. In

food production and processing, pepper is a common food

flavoring with preservative and antioxidant effects, and it is

widely used as a preservative spice for cured products, such as

the storage of fresh pork (2).

Oleoresins are concentrated extracts derived from a variety

of plant components, spices, and herbs. They are more

complex extracts than essential oils because they include non-

volatile components, colors, and irritant compounds, such as

carotenoids and alkaloids, in addition to volatile chemicals (3).

Given that they display a more complete aroma and flavor,

oleoresins can be used in smaller quantities than essential oils

and fragrances. The food industry is interested in oleoresin

additions because they are rich in chemicals that offer aroma,

flavor, color, and pungency. Spices offered as oleoresin and

essential oils contribute to the product’s value (4). Turmeric

oleoresin is used for coloring, whereas pepper oleoresin is

commonly employed for its spicy properties.

Pepper oleoresin, one of the main components of pepper,

is an oily substance obtained by extracting pepper powder

with organic solvents. Pepper oleoresin is a viscous dark

green liquid with a spicy scent and flavor. It has a spicy

and bitter flavor with a hint of lemon and clove. Its main

components are volatile oil and piperine, containing the total

aromatic components and pungent stimulating substances

of peppers (5). Pepper oleoresin is utilized in a variety of

foods, including meats, sauces, chutneys, soups, and snacks,

due to its distinctive scent. The easy storage method and

transportability of piper oleoresin enable its wide use in the

food processing industry. Several studies have determined the

functional health benefits of piperine, the main source of

pungent substances in pepper oleoresin (6). It is reported that

piperine exhibits a wide range of activities including anti-

inflammation, anticancer, antimicrobial and anti-diabetic effect

(7–10). It is also reported that piperine is a potent inhibitor

of severe acute respiratory syndrome coronavirus 2 (COVID-

19) though high biding affinity toward the RNA-binging site

(11). Thus far, China has been mainly processing and producing

the primary products of pepper, whereas most of the expensive

deeply processed products, such as pepper oleoresin, pepper

essential oil, and pepper capsules, rely on imports from abroad

(12, 13).

Traditional extraction methods, such as Soxhlet and

maceration, are simple to operate and offer the benefits

of accuracy and precision in the extraction of piperine in

samples; however, it presents several disadvantages such as

higher extraction times and solvent consumption and bioactive

compounds degradation (14). Ultrasound-assisted extraction

(UAE), microwave-assisted extraction (MAE), and ultrasonic-

MAE (UMAE) techniques have become well established.

UMAE have the advantages and disadvantages of microwave

and ultrasonic extraction methods to complement each

other. Microwaves can effectively compensate for the lack

of heat production by ultrasound, and ultrasound can

effectively compensate for the uneven heating by microwave,

thus making the UMAE more efficient compared with

the other extraction methods (15). UMAE has a short

extraction time, moderates the extraction temperature, avoids

the use of excessive solvents, and has certain energy-

saving advantages.

Previous literatures have compared the yields of various

extraction methods for the extraction of oleoresin from pepper.

According to their results, the new methods always have a

higher piperine content or are less time-consuming than the

conventional methods (16, 17). However, to the best of our

knowledge, there is no available literature reporting the kinetics

of pepper oleoresin extraction using ultrasound and microwave

assisted extraction technologies.

This study aimed to compare innovative extraction methods

with the conventional and investigate UMAE in depth to fit

the kinetic model of UMAE extraction, optimize the extraction

process of UMAE, and reduce the extraction cost. In the first

part of this study, the extraction efficiency, antioxidant activity,

and total phenolics of the pepper oleoresins was compared

using maceration, UAE, MAE, and UMAE. In the second

part, the effects of sample size and solid–liquid ratio on the

yield of pepper oleoresin were investigated, and the extraction

conditions were optimized. This study can provide an efficient

alternative and “green” technique for the deep processing of

pepper oleoresin.

Materials and methods

Materials and chemicals

Freeze-dried green pepper with a moisture content

of 9.66 ± 0.12 g/100 g DW was obtained in July 2021

from Spice & Beverage Research Institute in Wanning

(Hainan, China) and stored in an ultra-low temperature

refrigerator (−80◦C). Green pepper was powdered using a

high-speed herbal crusher (Global Pharmaceutical Machinery

Factory, Rui’an, China) and then passed through an 80-

mesh sieve. The piperine and cyclohexanone standards

used for identification and quantification were purchased

from Aladdin Biochemical Technology (Shanghai, China).

The analytical-grade ethanol used for extraction was

purchased from Xilong Scientific Co., Ltd. (Guangdong,

China). The high-performance liquid chromatography

(HPLC)-grade organic solvents methanol and acetonitrile

were purchased from Merck (Darmstadt, Germany). Other

reagents were of analytical grade. The ultrapure water used

in this study was purified by a Milli-Q system (Millipore,

Milan, Italy).
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Extraction methods

Maceration

A total of 20 g powdered green pepper was placed in a

500mL conical flask, and 200mL anhydrous ethanol was added

into the conical flask. The conical flask was sealed and placed

in a water bath at the temperature of 60◦C ranged from 120 to

720min. The extract solvent was filtered and collected in brown

reagent bottles sealed for further testing.

UAE

A total of 20 g green pepper powder was mixed with

200mL anhydrous ethanol. The mixture was sonicated at

room temperature (25 ◦C) by an ultrasonic microwave synergy

extractor (CW-2000, Xintuo, Shanghai, China). The treatment

time ranged from 15 to 90min. The extract solvent was filtered

and collected in brown reagent bottles sealed for testing.

MAE

A total of 20 g green pepper powder was mixed with 200mL

anhydrous ethanol. Themixture was treated bymicrowave using

the CW-2000 extractor at a microwave temperature of 60◦C

and a microwave power of 300W. The treatment time ranged

from 3 to 18min. The extract solvent was filtered and collected

in brown reagent bottles sealed for testing. The MAE process

consisted of two parts, including a 25 s microwave treatment and

a 5 s interval.

UMAE

A total of 20 g green pepper powder was mixed with 200mL

anhydrous ethanol. The mixture was subjected to UMAE by the

CW-2000 extractor with the ultrasonic function, a microwave

temperature of 60◦C, and a microwave power of 300W. The

treatment time ranged from 3 to 18min. The extract solvent

were filtered and collected in brown reagent bottles sealed for

testing. The method was labeled as UMAE. For the kinetic

analysis, different microwave powers ranging from 100W to

500W were used, and the extraction times ranged from 3min

to 18min. Different parameters were also set for the solid–liquid

ratio and sample powder size.

Yield

The extracts were filtered into a constant-weight rotary

evaporation flask and concentrated using a rotary evaporator (R-

215, Buchi, Switzerland) in a constant-temperature water bath at

55◦C until no solution dripped out. The flask was then dried to a

constant weight in a vacuum dryer at 50◦C. The contents of the

flask were then converted into pepper oleoresin.

Four methods were used for the extraction of green pepper

powder, and the yield of pepper oleoresin was calculated

as follows:

C(%) =
ya × 100

yb
(1)

where ya(g) and yb(g) are the weight of pepper oleoresin

and the DW basis of freeze-dried green pepper, respectively, and

C(%) is the yield of pepper oleoresin.

Piperine content

A HPLC (Agilent 1260 series HPLC, USA) equipped with

a ZORBAX SB-C18 column (4.6 × 100mm, 3.5µm, Agilent)

was used to determine the piperine content, as described by

Lee’s work (18) with slight modification. First, 20mL anhydrous

ethanol was poured into a rotary evaporator flask to dissolve

oleoresin, and 1mL mixture was drawn into a 100mL brown

volumetric flask and diluted to the scale with anhydrous ethanol.

The dilutions were filtered through a 0.45µm filter membrane

and quantified by the external standard method. The following

mobile phases were used: A was methanol, B was acetonitrile,

and C was water. The ratio was 80% A, 10% B, and 10% C

(V/V/V) with a flow rate of 0.5mL min−1, column temperature

of 30 ◦C, detector wavelength of 343 nm, and injection volume

of 10 µL.

The standard solutions of piperine at different mass

concentrations (0.4–2.0 mg/L) were prepared with ethanol

and filtered through a 0.45µm filter membrane. Next, 10 µL

standard solutions were injected into the HPLC equipment, and

the standard curves were determined and plotted. Data analysis

was performed using an Agilent chromatography management

system (OpenLab CDS C.01.07, Agilent Technologies). All

processes were protected from light and repeated thrice.

Analysis of total phenols

Phenolic content was determined by the Folin–Ciocalteu

method (19). The dried concentrated oleoresin in the round

bottom flask was redissolved, removed to volumetric flask, and

fixed with ethanol to 20ml, and 100 µl oleoresin solution

was obtained and diluted to 10ml with ethanol. A total of

1mL dilution was mixed with 1mL Folin-Ciocalteu reagent and

3mL 7.5% Na2CO3 solution. After 60min incubation at room

temperature, a 200 µL aliquot was added into individual well of

a 96-well plate and measured at 765 nm using a Hybrid Multi-

Mode Microplate Reader (BioTek, SynergyH1, USA). The mass

fraction of total phenols in the sample was expressed as gallic

acid equivalent (mg GAE/g DW).
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Scanning electron microscopy analysis

The microstructural changes in the pepper residue before

and after extraction by maceration, ultrasound, microwave, and

ultrasonic-microwave leaching were analyzed by SEM (Phenom,

Phenom Prox, Netherlands). Briefly, a small amount of the

sample was placed on a carbon tape and attached to the

sample tray. Then, a thin layer of gold was sputtered. The

structure was examined using a scanning electron microscope

at various magnifications under standard vacuum conditions

with an accelerating voltage of 10.0 kV and a secondary electron

detector (20).

Antioxidant activity

DPPH radical-scavenging assay

The DPPH radical-scavenging capability was referenced

from reported literature with slight modifications (21). The

dried concentrated oleoresin in the round bottom flask was

redissolved, removed to volumetric flask, and fixed to 20ml

with ethanol. A total of 150 µL sample solution and 150 µL

DPPH working solution for the sample group, 150 µL sample

solution and 150 µL 80% methanol for the control group, and

150 µL 80% methanol and 150 µL DPPH working solution for

the blank group were prepared. The reaction was carried out

at room temperature (25 ◦C) for 30min, and the samples were

centrifuged for 5min at room temperature. A 200 µL aliquot of

each solution was added to individual wells of a 96-well plate,

and the absorbance values were read at 517 nm and labeled as

Acontrol, Asample, and Ablank. The amount of antioxidant Trolox

obtained from the standard curve (µg Trolox/mL) was used to

express the DPPH radical-scavenging capability of the samples

by plotting the standard curves for different concentrations of

Trolox. The scavenging of DPPH radicals is calculated by the

following formula:

DPPH scavenging capacity(%) =



1−

(

Asample − Acontrol

)

Ablank





×100 (2)

where Acontrol, Asample, and Ablank are the absorbances of

the control, sample, and blank, respectively. The experiment was

repeated thrice.

ABTS radical-scavenging assay

The ABTS free radical-scavenging capacity test was

referenced from Chanioti’s method (22). The dried concentrated

oleoresin in the round bottom flask was redissolved, removed

to volumetric flask, and fixed to 20mL with ethanol. The ABTS

radical-scavenging capability was determined by mixing 10

µL sample solution and 190 µL ABTS working solution. The

mixture was left to stand for 6min at room temperature, and the

absorbance value was read at 734 nm and labeled as Asample. The

sample solution with 190 µL anhydrous ethanol was used as the

control group, and 10 µL anhydrous ethanol 190 µL working

solution of ABTS was used as the blank group. The reaction was

carried out at room temperature for 6min, and the absorbance

values were read at 734 nm and labeled as Acontrol and Ablank,

respectively. The ABTS radical-scavenging capability of the

samples was expressed in terms of the amount of antioxidant

Trolox (µg Trolox/mL) obtained from the standard curve after

plotting the standard curves for different concentrations of

Trolox. The scavenging of ABTS radical was calculated using

the following equation:

ABTS scavenging capacity (%) =



1−

(

Asample − Acontrol

)

Ablank





×100 (3)

where Acontrol, Asample, and Ablank are the absorbances of

the control, sample, and blank, respectively. The experiment was

repeated thrice.

Overall score of the four extraction
methods

The yields of pepper oleoresin, piperine content, and total

phenolic content were utilized as indicators, and the data for

each indication was standardized and weighted before being

analyzed. The weights were evaluated using reduced factor

analysis in Statistical Package for the Social Sciences (SPSS)

(version 26.0, IBM, New York, USA), and the weighted scores

of the samples were produced as an evaluation index of sample

quality. The higher the overall score, the better the quality. The

formula for calculating the overall score is as follows:

Overall Score = F∗oleoresina+ F∗piperineb+ F∗phenolc (4)

where Foleoresin, Fpiperine, and Fphenol denote of oleoresin

yield, piperine content, and total phenolic content of

each sample, respectively, and scores a, b, and c represent

their weights.

Kinetic model

First-order extraction kinetic model

The differential form of the first-order kinetic model (23)

can be written as Eq. (5):

dyt

dt
= k1(ys − yt) (5)
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where k1 (L/g·min) is the extraction rate constant, ys (%)

represents the yield of pepper oleoresin at saturation, and yt (%)

denotes the yield of pepper oleoresin at a given extraction time

(t, min). Eq. (6) is integrated under the boundary conditions of

yt = 0 at t = 0 and yt = yt at t = t:

ln(
yS

ys − yt
) = k1t (6)

Eq. (6) may be rearranged to obtain a linear form:

log(ys − yt) = log(ys)−
k1

2, 303
(7)

Plotting log(ys − yt) vs. t for different experimental

conditions, k1 can be obtained from the slope and the

concentration at saturation (ys) from the intercept.

Second-order extraction kinetic model

The second-order kinetic equation (20) for the extraction

rate can be written as follows:

dyt

dt
= k2(ys − yt)

2 (8)

where k2 (L/g·min) is the second-order extraction rate

constant, yt (%) represents the yield of pepper oleoresin at a

given extraction time (t, min), and ys (%) refers to the yield of

oleoresin at saturation.

By integrating Eq. (8), the following formula was obtained:

dyt

(ys − yt)
2 = k2dt (9)

At the boundary condition of t = 0 yt = 0 and at t = t yt =

yt integrating Eq. (9), the following integrated rate equation

was obtained:

yt =
y2s k2t

1+ ysk2t
(10)

By transforming Eq. (11), a linear form shown in Eq. (11) can be

obtained, and the extraction rate can be written as Eq. (12):

t

yt
=

1

y2s k2
+

t

yS
(11)

yt

t
=

1

(1/k2y2s )+ (t/ys)
(12)

The initial extraction rate, h, which is yt
t when t approaches 0,

can be defined as follows:

h = ky2s (13)

The oleoresin extraction rate at any time can be presented as

Eq. (13):

yt =
t

(1/h)+ (t/ys)
(14)

The initial extraction rate h, extraction capacity ys, and the

second-order extraction rate constant k2 can be determined

experimentally from the slope and intercept by plotting t/yt vs. t.

The root mean square deviation (RMSD) and the adjusted

correlation coefficient (R2
adj

) were used to evaluate the models.

Low RMSD and high R2
adj

values indicate a good fit.

R2 = 1−
(n− 1) ×

∑n
i=1

(

ypv − yev
)2

(n− 1−m) ×
∑n

i=1
(

yev − yev
)2 (15)

RMSD =

√

√

√

√

1

n

n
∑

i=1

(

ypv − yev
)2 (16)

where ypv and yev are respectively the predicted and

experimental yields of pepper oleoresin, the number of

independent variables ism, and the number of experimental data

is n.

Statistical analysis

All analyses were carried out in triplicate, and the results

were expressed as means ± standard deviation (SD). Analysis

of variance by SPSS version 26.0 (IBM, New York, USA) was

used to test the model significance and calculate the optimal

conditions for pepper oleoresin extraction. The extraction

kinetics curves of each method based on the first-order

and second-order kinetic models were fitted using OriginPro

2021 software (OriginLab, Massachusetts, USA). Statistical

significance was set at p < 0.05.

Results and discussion

Comparison of the four kinds of
extraction methods

Pepper oleoresin yield

Figure 1A shows the yields of piper oleoresin by the four

extractionmethods based on the extraction time. UMAE had the

highest extraction yield of 12.14% and shortest extraction time

(18min) compared with the other three methods because the

process of extraction reached equilibrium. UAE showed a higher

yield (11.40%), theMAE yield exhibited no significant difference

frommaceration (10.22%), whereas the extraction time required

to reach equilibrium (90min for UAE and 18min for MAE) was

considerably less than that required for maceration (600min for
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FIGURE 1

Comparison of yield, piperine content, and total phenolic content of extract from maceration, UAE, MAE, and UMAE at di�erent extraction times

(3–720min). (A) Yield of pepper oleoresin. (B) Piperine content of pepper oleoresin. (C) Total phenolic content expressed mg GAE/g DW.

Di�erent letters in the same treatment indicate a statistical di�erence (p < 0.05).

maceration). UAE and MAE were favorable for the extraction of

piper oleoresin.

Given that most of the active ingredients in plants

are intracellular products, cell fragmentation is required for

extraction. In addition to free diffusion, microwave radiation

and ultrasonic cavitation will increase the degree of cell

fragmentation, thus affecting the extraction process (24). With

regard to maceration, ethanol can cause cell breakage or

deformation by penetrating the cell and causing dehydration

or dissolving cell membranes. Ultrasound uses cavitation to

improve the permeability of the cell membrane and cell

wall, facilitating the dissolution of chemical components in

the plant in the solvent (25). The microwave radiation

effect improves the flow rate and mass transfer rate of the

solvent with the increase in temperature, and the volatility

and diffusion coefficient of active substances increase, which

improves the extraction rate of active plant components (26).

Similar to the present study, ultrasound-microwave technique

had better yield for lavender essential oil (27), pectin from

jackfruit peel (28) and bioactive compounds from brown

macroalgae (29).

Piperine content

Figure 1B shows the results of piperine content in the

extracts of pepper powder obtained by different extraction

methods. The content of piperine in the oleoresins of extracts

acquired by maceration, MAE, and UMAE increased first

and then decreased with the extension of extraction time,

whereas the content of piperine in the oleoresin obtained by

UAE increased to its maximum value (19.25 %) at 90min

and then decreased with the extension of extraction time.

The piperine content in oleoresin was higher (25.66%) during

240min of maceration, and the piperine content in the

oleoresin extracted by MAE (19.81%) was significantly lower

than that obtained with UMAE. The highest piperine content

(28.32%) was obtained by UMAE extraction. This result can

be due to the microwave’s unique thermal effect, which caused

the temperature to rise, affecting the difference in piperine

content with extraction time amongst the four methods. As

the temperature rose, internal membrane components may be

withdrawn more rapidly and easily, speeding up the breakout of

piperine in oleoresin. However, more volatile components were

reduced or eliminated with the rise in temperature (30). Piperine
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is a relatively unstable substance that is sensitive to light, heat,

and oxygen. Temperature can improve the release of chemicals

bound to cell wall macromolecules by increasing the solubility of

the component (31). Thus, the extraction temperature is crucial

for the extraction of oleoresin and piperine.

The yield of pepper oleoresin was favorably linked with

the extraction temperature; however, the piperine content

was negatively connected with the extraction temperature,

indicating that piperine is affected by the extraction temperature

(32). The UAE was only ultrasonically cavitated in the

trials, and it was held at a low extraction temperature to

protect piperine from thermal degradation but not from the

extraction of volatile compounds in pepper, such as the

pepper oleoresin examined in this article. A similar study also

found that combination of microwave- and ultrasound-assisted

extraction can improve the yield of oligosaccharides sweet

potatoes (33).

Total phenolic content

The antioxidant effects of plant phenolics have been proved

for the prevention of coronary heart disease, cancer, and age-

related degenerative brain diseases (34). Furthermore, phenolic

substances have been linked to antioxidant activity and have

been shown to have a role in lipid antioxidation. Figure 1C

shows that the total phenolic content of oleoresin extracted

by maceration was the highest and consistently higher than

those of the other three methods. The total phenolic contents

of oleoresin extracted by MAE and UMAE increased and

then decreased as the extraction time increased. In addition,

the total phenolic contents of the extracts treated with MAE

and reached the maximum at the extraction times 9 (3.71mg

GAE/g DW) and 15 (3.86mg GAE/g DW) min, respectively.

However, the total phenolic content of oleoresin extracted

by UAE decreased as the extraction time increased. Possibly,

the ultrasonic waves destroyed the structure of phenolics;

similar conclusions were obtained in a study on the changes

in gallic acid mediated by ultrasound in a model extraction

solution by Zhang et al. (35). Ultrasonic treatment induced

the significant degradation of phenols dissolved in the ethanol

solution, resulting in the decreased total phenolic content of

the oleoresins extracted by UAE. At 15min extraction time,

the total phenolic content of UAE (3.75mg GAE/g DW)

reached its maximum. With the extension of the extraction

process, the total phenolic content of UAE decreased. When

maceration was utilized at 240min, the highest total phenol

content was obtained (4.99mg GAE/g DW), which was the

highest value obtained for the four extraction procedures. It

can be explained that microwave and ultrasound extraction

way might have sped up the fragmentation of the pomace

tissues and made it easier for the phenolics to drain from the

cells (36).

Microstructure of pepper powder

The surface morphology of pepper powder before and

after extraction was examined using SEM to ascertain the

mechanisms of maceration extraction, UAE, MAE, and UMAE

during pepper oleoresin extraction. Although several cells

were dehydrated or killed during the lyophilization procedure,

the cell structure of a substantial number of tissue cells

(before extraction) was visible (Figures 2A1−3) (27). The

tissue cells of the samples handled with different extraction

procedures, on the other hand, were destroyed to varying

degrees (Figures 2B1−3). Evident holes were observed in

the pellets following ultrasonication (Figures 2C1−3), more

severe breaking occurred in the microwave-treated pellets

(Figures 2D1−3), and essentially no intact cells in the pellets

were obtained after synergistic ultrasonic microwave treatment

(Figures 2E1−3) (37). The ultrasonic-microwave co-treatment

caused extensive cell breakage and bioactive chemical release

into the solvent (38).

Antioxidant activity

DPPH free-radical scavenging assay

Several in vitro assays were utilized to assess the antioxidant

activity of pepper oleoresin extracted using different procedures,

and the amount of the antioxidant Trolox was used to calculate

the samples’ DPPH and ABTS free radical-scavenging capacities

(Figures 3A,B).

DPPH scavenging capacity analysis is a simple chemical

analysis of the reaction of antioxidants by scavenging DPPH

radicals, which always results in a decrease in absorbance at

517 nm (39). The extract obtained by maceration at 240min

(Figure 3A) had the highest DPPH-scavenging capability

(8,291.43 µg Trolox/mL), and it notably exceeded those of

the other three extracts. The DPPH-scavenging capability of

maceration extract declined with the increase in extraction time,

although it was still higher than the highest value of UMAE

(5,463.87 µg Trolox/mL). The DPPH-scavenging capacity of

the extract of UAE decreased with the increase in extraction

time and was the best at 15min (7,108.46 µg Trolox/mL). The

DPPH-scavenging capacity of the extracts of MAE and UMAE

increased and then decreased with the increase in extraction

time. At 15min, the extract of MAE had the best DPPH

radical-scavenging capacity (6,239.55 µg Trolox/mL). Similarly,

the extract of UMAE had the best DPPH-radical scavenging

capacity at 15min (5,463.867µg Trolox/mL). Previous literature

reported that ultra-micro extraction techniques can also produce

high yield of edible oils with high antioxidant capacity from

the seeds of Allanblackia parviflora (37). The results of DPPH

radical-scavenging capacity and total phenolic content of the

extracts obtained from the four extraction methods treatments

were highly correlated. The decrease in antioxidant capacity can

be attributed to the high temperature and prolonged ultrasonic
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FIGURE 2

Microstructure of pepper powder (A) and maceration (B), UAE (C), MAE (D), and UMAE (E) after treatment. Subscripts 1, 2, and 3 represent

magnifications of 1000x, 3000x, and 7000x, respectively.

FIGURE 3

Antioxidant capacity of oleoresins obtained by di�erent extraction methods. (A) DPPH radical-scavenging capacity. (B) ABTS radical-scavenging

capacity. Di�erent letters in the same treatment indicate a statistical di�erence (p < 0.05).
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TABLE 1 Comparison of factors and the overall score of oleoresins extracted by four kinds of methods.

Indicator Weight (%) Maceration UAE MAE UMAE

Foleoresin 46.64 49.19± 3.55c 87.18± 0.66a 45.35± 1.26d 81.53± 0.70b

Fpiperine 40.75 43.21± 1.521b 39.07± 1.16c 38.47± 0.93c 99.26± 0.94a

Fphenol 12.61 12.67± 1.07b 0.76± 0.86c 39.96± 1.41a 39.61± 0.91a

Overall score 100 42.15± 1.19c 56.68± 0.13b 41.86± 0.51c 83.47± 0.58a

Analytical results are the means ± standard deviation (n = 3). Different letters in a row indicate significant differences in the mean (p < 0.05). UAE-ultrasonic assisted extraction;

MAE-microwave assisted extraction; UMAE–ultrasonic-microwave-assisted extraction.

treatment, which led to the destruction and decomposition of

the structure of several active substances.

ABTS assay

ABTS staining assay is another extensively used technique

for the evaluation of the antioxidant activity of different

substrates in vitro. As shown in Figure 3B, the extract of

maceration showed the best ABTS radical-scavenging capacity,

which reached the maximum (8,488.59 µg Trolox/mL) in

the extract at 120min and then decreased with the extended

extraction time probably due to the destruction of several

active substances as a result of prolonged heating. The ABTS

radical-scavenging capacity of the extract of UAE decreased

with the increase in extraction time and reached a maximum

(6,216.69µg Trolox/mL) at the beginning of extraction (15min).

The ultrasound treatment possibly disrupted the structure of

the active substance, which resulted in a decrease in ABTS

scavenging capacity. The ABTS radical scavenging capacity

of the extracts of MAE and UMAE increased and then

decreased with extraction time. The extract of UMAE reached

the maximum ABTS radical-scavenging capacity (6,571.77 µg

Trolox/mL) at 15min. The scavenging capacity of UMAE was

better than that of MAE and UAE due to the coupling effect of

ultrasound and microwave on the sample increasing the ABTS

scavenging capacity of the sample with time (40).

Overall score

The effects of the four extraction methods on the yield

of oleoresin, piperine content, and total phenol content were

compared and showed inconsistent results. Thus, oleoresin

yield, piperine content, and total phenol content were obtained

for SPSS factor analysis and analyzed for a preliminary judgment

on the advantages and disadvantages of the four extraction

methods. The overall scores were determined using the weights

coefficient of the three factors, which were 46.64 % (oleoresin

yield), 40.75% (piperine content), and 12.61% (total phenol

content) (41). Table 1 shows that UMAE had the greatest

overall score, indicating that the oleoresin extracted by UMAE

was of the highest quality and that UMAE was the best

extraction procedure.

E�ect of particle size and solid–liquid
ratio on pepper oleoresin extraction

The effect of particle size and solid–liquid ratio on the yield

of piper oleoresin was not examined in the first part. The optimal

particle size and solid–liquid ratio should be determined for the

better characterization of extraction kinetics.

In this study, extraction was performed by using three

different particle sizes (60, 80, and 100 mesh) of pepper powder

and three different solid–liquid ratios (1/8, 1/10, and 1/12 g/mL)

at z microwave power of 300W and anhydrous ethanol (42); the

results are shown in Figures 4A,B.

When the particle size of the pepper powder was 60 mesh,

the greatest oleoresin yield was 11.13%. The low extraction yield

may be due to the insufficient crushing of pepper, which is

not conducive to the extraction of useful substances. The yield

of oleoresin increased with the decrease in the mesh size. The

oleoresin yield reached 12.51%, which was the maximum yield

when the pepper particles reached 80 mesh. This finding may be

the reason why at the smaller the particle size of the rawmaterial,

the more fully obtained extraction solvent can contact the raw

material’s surface area, the higher the degree of destruction of

the plant cell wall, the greater the solvent penetration capability,

and the easier the extraction of effective substances, resulting

in a higher oleoresin yield (43, 44). When the particle size was

100 mesh, the greatest extraction rate was 11.9%, which can be

related to the extremely fine raw materials agglomerating and

hindering the flow of beneficial chemicals and increasing the

difficulty of crushing.

The solid–liquid ratio has a major effect on piper oleoresin

yield. When the solid–liquid ratio was changed from 1/8 g/ml

to 1/10 g/ml, the extraction yield increased, but as the solid–

liquid ratio decreased further, the yield declined. According to

previous studies, the yield of coffee oil increased as the solid-to-

liquid ratio decreased until it reached the maximum extraction

rate (20).When the solid–liquid ratio was decreased beyond 1/12

g/ml, the yield was lower due to the diminished ultrasonic energy
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FIGURE 4

Yields of pepper oleoresin under di�erent extraction conditions and second-order extraction kinetics for di�erent microwave powers. (A)

Di�erent particle sizes. (B) Di�erent solid–liquid ratios. (C) Di�erent microwave powers (solid–liquid ratio fixed at 1 g/10mL and particle size

fixed at 80 mesh). (D) Second-order extraction kinetics of 100W. (E) Second-order extraction kinetics at 300W. (F) Second-order extraction

kinetics at 500W.

dispersion in the solvent, which hampered the dissolution of

active component outflow. The same trend was observed for

microwave extraction of medicinal oleoresin from black and

white pepper (45) and with use of the UAE method (46).

Kinetics of pepper oleoresin extraction

In this study, an appropriatemodel should be used to analyze

the UMAE process. To select the best model for describing the

UMAE of green pepper oleoresin, the extraction process was

performed at three particle sizes (60, 80, and 100 mesh) and

three solid-to-liquid ratios (1/8, 1/10, and 1/12 g/mL). First-

order and second-order kinetic models were used to fit the

experimental data. Table 2 presents the extraction capacity ys,

R2
adj

, and RMSD. The second-order kinetic equations had higher

R2
adj

values (0.9937–0.9998) than the first-order kinetic equation.

Furthermore, the second-order kinetic equation’s RMSD values

(0.0066–0.0337) were notably lower than those of the first-order

kinetic equation. Thus, the second-order kinetic equation is the
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TABLE 2 RMSD and R2
adj

values for first-order kinetics and second-order kinetics under the extraction conditions studied.

Factors First-order model Second-order model

yS (%) RMSD R2adj yS (%) RMSD R2adj

Particle size

(mesh)

60 10.361 0.1112 0.9128 12.069 0.0337 0.9937

80 11.996 0.0184 0.9974 12.980 0.0131 0.9989

100 11.576 0.0232 0.9909 12.209 0.0066 0.9998

Solid-liquid ratio

(g/mL)

1:8 11.153 0.0126 0.9917 11.614 0.0097 0.9995

1:10 11.918 0.0725 0.9748 12.657 0.0080 0.9996

1:12 11.210 0.0287 0.9956 11.589 0.0098 0.9995

best mathematical equation to represent the kinetics of UMAE

of green pepper oleoresin (47).

The optimal conditions for the rapid extraction of freeze-

dried green pepper oleoresin by UMAE were determined by

single-factor optimization experiments. The extraction process

was carried out under ideal circumstances at three different

microwave powers (100, 300, and 500W) for the kinetic study.

The extraction of pepper oleoresin showed an evident second-

order process the extraction rate of oleoresin increased and

then stabilized with the increase in extraction time (48). As

shown in Figure 4C, first, at the beginning of the extraction

process, increasing the microwave power allowed the solid–

liquid system to absorb more energy and the temperature

to rise rapidly, which can accelerate the solvent–solid matrix

interaction. The molecular mobility and diffusion coefficients

increased dramatically as the temperature rose.

Furthermore, when the microwave power increases, the

boiling point of the combination is achieved faster, and the

boiling intensity increases. Given that the boiling solvent causes

friction between the substrate and the solvent, the solute is

washed away from the surface and fractures the plant substrate.

At this point, the majority of the extraction occurs. Second,

a slower phase, during which internal diffusion is slower than

exterior diffusion, serves as the limiting process. The microwave

energy speeds up molecular movement and internal diffusion,

causing a breach in the plant material’s structure. Given that the

substrate has been damaged, it becomes softer, allowing more

solvents to infiltrate the plant matrix (49).

The experimental results and the second-order kinetic

model were consistent, indicating that the ethanol extraction of

green pepper oleoresin followed the previously described model

(20). The analytical results of the experiment were plotted t/yt
vs. time using a second-order model (Figures 4D–F). Therefore,

the saturation extraction capacity ys, the extraction rate constant

k, the initial extraction rate h, and the adjusted correlation

coefficient R2
adj

were determined at different microwave powers

according to the linear fitting equation given by Origin software

(OriginLab, Massachusetts, USA) (y = ax+b, where y = t/yt, a

= 1/ys, b= 1/ky2s , and x is the extraction time).

Table 3 shows the parameters of the second-order kinetics.

In regard to the second-order extraction rate constant (k)

obtained from the second-order kinetic model, the second-

order extraction rate constant (k) for microwave power of

500W was notably higher (2.66 times) than that of 300W. The

initial extraction rate (h) for microwave power of 500W was

considerably higher (2.31 times) than that of 300W. In addition,

microwave power of 300W extraction capacity value (ys) was

slightly higher than 500W (1.07 times). Although the ys of

oleoresin extracted by 500W was slightly lower than that of

300W, the k and h values of 500W were evidently higher than

that of 300W. The results showed that the optimal microwave

power for the extraction of green pepper oleoresin by UMAE

was 500W, and all the predicted values were consistent with

the experimental finding with a certain accuracy. The model

can be used to predict the extraction process of green pepper

oleoresin, thus optimizing the extraction process and reducing

the extraction cost.

Conclusion

In this study, the differences in pepper oleoresin extracted

by the four extraction methods were compared by experimental

analysis, and a kinetic model was fitted to the UMAE method

using two models. When the yields of pepper oleoresin and

piperine contents were compared, the UMAE method had the

best extraction capacity of the four methods. UAE and MAE

yielded slightly higher yields of oleoresin than maceration,

and both methods consumed considerably less time to extract

than the maceration method. The oleoresin obtained with

maceration had the highest total phenolic content of 4.99 ±

0.12mg GAE/g DW, and that obtained with UAE had the

lowest total phenolic content of 2.42 ± 0.15mg GAE/g DW.

However, the total phenolic contents of the oleoresins obtained
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TABLE 3 Second-order kinetic model parameters for UMAE of pepper oleoresin at di�erent microwave powers.

Microwave power Slope yS (%) Intercept h k R2adj

100W 0.0904 11.063 0.0213 47.0588 0.3845 0.9988

300W 0.0819 12.209 0.0255 39.2311 0.2632 0.9997

500W 0.0879 11.373 0.0111 90.4977 0.6997 0.9998

byMAE and UMAE were close. In the DPPH and ABTS radical-

scavenging capacity assays, the antioxidant activity of pepper

oleoresin by maceration was higher than that of the extracts

of UAE, MAE, and UMAE, and a high positive correlation

was observed between the antioxidant activity and the total

phenolic content of the oleoresin obtained by the four extraction

methods. The overall scores through the weights coefficient of

the main factors verified that UMAE had the greatest overall

score, indicating that the oleoresin extracted by UMAE was

of the highest quality and that UMAE was the best extraction

procedure. These findings demonstrated the potential of UMAE

as a considered promising technique for the extraction of

spice oleoresin.
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