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1. Introduction

Rehmannia glutinosa Libosch. (R. glutinosa), an herbal, belongs
to Scrophulariaceae family is famous for its medicine and
food homology (Zong et al., 2014; Liu et al., 2017). According
to The Grand Compendium of Materia Medica (Bencao Gangmu),
a classical Chinese medical work written in the 16th century,
the roots, tender shoots and young leaves of R. glutinosa can
be used as food (Jia et al., 2020). Porridge, tea, soup and cold
dishes are forms in which R. glutinosa is often consumed (Jia
et al., 2020; Zhang, 2021; Yu, 2013). Additional, main com-
ponents of R. glutinosa leaves (RGL), catalpol, ajugol and ac-
teoside, have obvious antibacterial and antioxidant activities
(Wang et al., 2022; Nogueira and Lopes, 2011, Liu et al., 2017;
Zhou et al., 2017; Piatczak et al., 2020). The main reasons for
food spoilage are oxygen exposure and microbial con-
tamination (Aihaiti et al., 2022). Therefore, total glucosides
from RGL (TGRGL), catalpol, ajugol and acteoside, has the
potential to be used as a natural food preservative (Xu et al.,
2020). This could reduce the risk of liver damage and carci-
nogenicity to consumers from synthetic preservatives
(Kulawik et al., 2013). Meanwhile, according to the reports
that TGRGL also has pharmacological activities such as an-
titumor, liver-protecting, and hypoglycemic et al. (Khan
etal,, 2022; Zhang et al., 2021; Yan et al., 2018). Consequently,
extraction of TGRGL is particularly important from the per-
spective of food and medicine.

The current extraction solvents employed for natural ac-
tive ingredients are mostly traditional organic solvents (me-
thanol, ethyl acetate) (Belandria et al., 2016), ionic liquids
(Hou et al., 2019), eutectic solvents (Bertolo et al., 2021) and
supercritical fluids (Ferrentino et al., 2020). Although these
solvents are widely used, defects are inevitable. For example,
high toxicity, risk of environmental pollution in operation
process, low extraction yield, high cost, complicated pre-
paration and use procedures, non-food grade, non-recycl-
ability, and detection obstacles et al. (Chemat et al., 2010).
Considering the drawbacks of existing solvents, develop-
ment of a green, low-cost, sustainable and easy-to-operate
new alternative solvent has become a hot topic.

Microemulsion is a new type of emulsion system with
great potential developed on the basis of traditional nanoe-
mulsion in recent years. It not only has the characteristics of
traditional nanoemulsion kinetic stability, but also makes up
for the defect of traditional nanoemulsion thermodynamic
instability (Klossek et al., 2014). As a low-viscosity, thermo-
dynamically stable, isotropic transparent or translucent oil-
water mixture system, microemulsions are composed of a
water phase, surfactant, co-surfactant, and oil phase (Hayes
etal., 2017; Wang et al., 2020). Compared with other solvents,
greater interface area, higher selectivity, and higher solubi-
lity of compounds are advantages of microemulsion (Abbasi
and Radi, 2016; Guo et al., 2020; Zhu et al., 2020). Nanoscale
particle size of microemulsions yield a larger specific surface
area than traditional solvents, which enables the target
components to contact the microemulsion more fully (Qin
et al., 2021).

The application of microemulsion involves many fields
such as cosmetics, chemical synthesis, wastewater treat-
ment, new energy and pharmaceuticals (Garcia et al., 2021;
Asgari et al., 2019; Galiano et al., 2015; Leng et al., 2019; Wang
et al., 2022). Nevertheless, the application of microemulsions
to extract active ingredients is still relatively scarce. Some
studies have directly applied it as an extraction solvent for

extraction of lutein (Jivan and Abbasi, 2020), juglone (Li et al.,
2021), and naphthoquinone (Qin et al., 2021). Among the
methods described above, the microemulsion used to extract
lutein was not prepared through gradual screening of com-
ponents. Although the microemulsion used for extraction of
juglone has been optimized, it does not belong to category of
food-grade. The microemulsion used for extraction of
naphthoquinone compounds is neither food-grade nor pre-
pared through gradual screening of components. Vitally im-
portant, none of systems mentioned above achieve
sustainable use of microemulsions. In this study, the ex-
traction yield of TGRGL was used as an index to initially
screen components used in preparation of microemulsions
and optimize the obtained system. Furthermore, a cleaner
microemulsion for TGRGL extraction was established. Sus-
tainability of microemulsion extraction solvents was
achieved by back-extraction.

In addition to extraction solvent, choice of auxiliary
means is another important factor that affects extraction
yields of target compounds. Traditional extraction methods
such as Soxhlet extraction and heating reflux extraction are
time-consuming, laborious, and consume large amounts of
organic solvents (Qi et al,, 2015; Mohamed et al., 2015). To
overcome the above shortcomings, extraction methods such
as microwave-assisted extraction (MAE), ultrasonic-assisted
extraction (UAE), supercritical fluid extraction (SFE), and
pulsed power-assisted extraction (PPAE) have been succes-
sively developed for the extraction of active ingredients
(Kwiatkowski et al., 2020; Ullah et al., 2019; Soldan et al., 2021;
Khursheed et al., 2021). Although these techniques improve
extraction efficiency and reduce the volume of organic sol-
vents required, expensive equipment, complicated opera-
tion, and loss of solvents, have become new challenges. In
this situation, negative pressure cavitation assisted extrac-
tion (NPCAE) is proposed, which can make extraction solvent
and extracted material more intimately contact each other,
such that target compounds can be released into extraction
solvent more efficiently (Kou et al., 2021; Roohinejad et al.,
2016; Cui et al., 2020). Consequently, as a new technology
involving high efficiency, simple device, simple operation,
and low solvent loss (Wang et al., 2018; Roohinejad et al,,
2016), NPCAE has been increasingly widely used in the ex-
traction of active ingredients in recent years (jiao et al., 2014;
Roohinejad et al., 2016; Cui et al., 2020).

In this study, a food grade and sustainable peppermint oil
microemulsion was prepared through gradual screening of
components. To optimize sustainability of microemulsion,
NPCAE was used as an auxiliary method. Additionally, ad-
justability of NPCAE tank capacity, ease of operation and
high efficiency of extraction make microemulsion extraction
suitable for large-scale production. Consequently, a novel
and effective microemulsion-based NPCAE (MB-NPCAE)
technology for the extraction of TGRGL was developed.

2. Materials and methods
2.1. Plant materials and reagents
RGL was obtained from Kanghui Huaiyao Planting

Professional Cooperative (Jiaozuo City, Henan Province,
China) and identified by Prof. Chunjian Zhao. After drying at
40 °C, RGL was crushed through 40-mesh sieve for use.
Acteoside, catalpol, and ajugol standards (98 %) were
purchased from Shanghai Maclean Biochemical Technology
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Co., Ltd. (Shanghai City, China). Sorbitan monooleate (Span
80), sodium bis-(2-ethylhexyl) sulfosuccinate (AOT), di (2-
ethylhexyl) phosphoric acid (P,04), and other chemicals were
purchased from Shanghai Dibai Biotechnology Co., Ltd.
(Shanghai City, China).

2.2. Determination of TGRGL

A Kromasil 100-5 Cyg column (250 mm x 4.6 mm, 5 pm), with
acetonitrile (A) and formic acid aqueous solution (B) was
used for the determination of acteoside, ajugol, and catalpol
using High performance liquid chromatography (Agilent
1200, Agilent TechnologiesInc., USA). Gradient elution of ac-
teoside, ajugol, and catalpol was performed over 0-15 min,
1-18 % A (v/v); 15-30 min, 18-31 % A (v/v); 30-35 min, 31-1% A
(v/v); 35-40 min, 1 % A (v/v). The detection conditions were
203 nm of wavelength, 35 °C of column temperature, and an
injection volume of 20 pL.

2.3. Establishment of microemulsion for TGRGL

0.02 mol/L KCl solution was added drop by drop to the mix-
ture of peppermint oil and ethanol while maintaining mag-
netic stirring at 500 r/min to prepare microemulsion for
TGRGL. The mass ratio of Tween 80, ethanol, peppermint oil
and 0.02 mol/L KCl solution was 6:3:1:25.71. The establish-
ment process and specific optimization of microemulsion
system were shown in Section S1 of Supplementary material.

2.4. Extraction of TGRGL by MB-NPCAE

2.4.1. Extraction procedure for TGRGL by MB-NPCAE

RGL powder and microemulsion were added from inlet of
negative pressure cavitation (NPC) device. Intake valve was
opened to form environment of negative pressure. After ex-
traction was completed, intake valve and power supply were
turned off in sequence (Qi et al., 2015)

2.4.2. Optimization of MB-NPCAE by single factors

The effects of various factors on TGRGL extraction yields
were explored, and the operation process is described in
Section 2.4.1. Single-factor parameters of each group are
shown in Table 1.

2.4.3. Response surface analysis of MB-NPCAE

Interactions between various factors on TGRGL extraction
yields were explored using response surface method and
Box-Behnken design (BBD) based on single-factor experi-
ments. The parameter levels of BBD are shown in Table 2.

2.4.4. Comparison of TGRGL yields obtained by microemulsion
and individual component in microemulsion

RGL powder was mixed with microemulsion and individual
components (ethanol, Tween 80, peppermint oil, and
0.02 mol/L KCI solution) at a liquid-solid ratio of 10 mL/g.
Under the optimal extraction conditions identified in
Sections 2.4.2 and 2.4.3, TGRGL was extracted by NPC based
on Section 2.4.1 operation method.

2.4.5. Comparison of different extraction methods for TGRGL
TGRGL yields obtained using different extraction methods
were compared. The types of extraction methods and their
respective extraction conditions are listed in Table 3.
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Table 2 - Level design of various factors in BBD
experiment.

Factor Parameter level

-1 0 1
KCl concentration (mol/L) 0 0.02 0.04
Water content of pool (%) 60 70 80
pH of microemulsion 4 5 6
Extraction time (min ) 25 35 45

2.5. Reusability of microemulsion

Microemulsions used for extraction were recovered by back-
extraction and reconstituted in 0.02 mol/L KCl solution. After
diluting microemulsion extract solution which dissolves
TGRGL to four times the original concentration, the pH was
adjusted to 7.5. It was then mixed with 7 times the volume of
the KCl solution and shaken for 30 min at a speed of 180 rpm.
Subsequently, the mixed solution was transferred to a se-
paration funnel and allowed to stand for. Upper liquid phase
was removed after separation, then 0.02 mol/L KCl solution
was added dropwise while maintaining magnetic stirring at
500 r/min to restore microemulsion (Tween 80: peppermint
oil: ethanol: 0.02 mol/L KCl, 6:3:1:25.71, w-w:w:w).

The reconstituted microemulsion was purified. After the
reconstituted microemulsion was shaken in shaker at speed
of 180 rpm for 30 min, it was allowed to stand in separation
funnel for 24 h and the excess liquid from lower layer was
released. This process was repeated twice to complete pur-
ification of the reconstituted microemulsion. Reusability of
the reconstituted microemulsion based on extraction yields
of the reconstituted microemulsion for TGRGL was eval-
uated.

3. Results and discussion

3.1. Mechanism of microemulsion extraction

RGL powder and the prepared peppermint oil microemulsion
were added to the extraction tank of NPC to carry out MB-
NPCAE for TGRGL. Operational flowchart of MB-NPCAE and
diagram of TGRGL extraction mechanism are shown in Fig. 1
and Fig. 2, respectively.

In the process of NPCAE, the high energy in microemul-
sion bubbles was released while cavitation bubbles were
disrupted or contracted. This caused the pressure inside cell
to be greater than that outside cell. The pressure difference
between the interior and exterior of cell enlarged the mesh of

Table 3 - Extraction conditions of each extraction method.

Liquid-solid ratio ( mg/g) Temperature (°C) Time (min) pH Powder (W) Negative pressure (MPa)
Ethanol-HRE 10 75 150 5.5 = =
Methanol-HRE 10 75 150 5.5 = =
Ethanol-UAE 10 40 37 5.5 200 —
Methanol-UAE 10 40 37 5.5 200 =
MB-UAE 10 40 37 5.5 200 =
Ethanol-NPCAE 10 25 37 5.5 — -0.06
Methanol-NPCAE 10 25 37 5.5 = -0.06
MB-NPCAE 10 25 37 5.5 = -0.06
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Fig. 2 - Mechanism of TGRGL extraction.

three-dimensional network structure of cell wall. The en-
larged cell wall pores and the higher pressure inside the cell
compared to the outside increased the release of TGRGL from
the inside of the cell to the extracellular microemulsion. The
microemulsion used as TGRGL carrier outside of RGL cells is
composed of a co-surfactant, surfactant, oil phase, and water
phase. Alcohols are often used as co-surfactants in micro-
emulsions. The type and concentration of alcohol have sig-
nificant impact on type and “pool” capacity of
microemulsions. Ethanol, as the co-surfactant in peppermint
oil microemulsion, acts as a regulator between interfacial
membrane and surfactant. Ethanol was distributed at oil-
water interface or embedded in Tween 80 molecules when
the concentration of ethanol in microemulsion was low. This
avoided the shortcomings of tight oil-water interface ar-
rangements and increased microemulsion particle size
caused by the large amount of high-concentration co-sur-
factant aggregated and adsorbed on the surfactant. Strong
fluidity of interface film can improve efficiency of TGRGL
entering the microemulsion solubilization “pool”. The
smaller particle size of microemulsion resulted in greater
specific surface area, which increased the probability of mi-
croemulsion contacting TGRGL. It has been reported that
short-chain alcohols are used as co-surfactants and are more
likely to be distributed on hydrophilic side to form W/O-type
microemulsions (Wan et al., 2015). TGRGL is water-soluble,
which is consistent with the characteristics of W/O, which is
more suitable for solubilizing water-soluble components.
Therefore, TGRGL released into extracellular microemulsion
can be solubilized into “pool” through interactions with
Tween 80. When the pH of microemulsion was 5.5, the liquid
environment was weakly acidic. The diffusion electric double
layer formed near the polar head of surfactant was adjusted
by KCl aqueous solution, and free H" in microemulsion ac-
cumulated near negatively charged polar tip of microemul-
sion core. This made it easier for acteoside, catalpol, and
ajugol to be solubilized to the “pool” under the action of static
electricity. The oxygen on carbonyl in acteoside molecule

coordinated with the oxygen on ether group or the hydroxyl
oxygen in Tween 80. The oxygen on carbonyl in Tween 80
can coordinate with the oxygen on ether and hydroxyl in
catalpol and ajugol. In addition, the hydrogen on hydroxyl in
TGRGL and the oxygen on Tween 80, as well as the oxygen on
TGRGL and the hydrogen on hydroxyl in Tween 80 also form
intermolecular hydrogen bonds, which further increased the
solubilization of TGRGL to “pool”.

3.2 Extraction of TGRGL by MB-NPCAE

3.2.1. Single factor optimization for TGRGL yield

3.2.1.1. Effect of KCI concentration on extraction yield. In
addition to the type of electrolyte, the concentration of
electrolytes is a parameter that affects ionic strength which
plays a crucial role in the extraction performance of
microemulsions (Wan et al., 2015). Thus, KCl concentration
in the microemulsion was optimized. As shown in Fig. 3A,
the yield of ajugol, catalpol, acteoside, and TGRGL increases
with the increase of KCl concentration when KCl
concentration is 0-0.02 mol/L. However, the yield of ajugol,
catalpol, acteoside, and TGRGL decreases with the increase
of KCl concentration when KClI concentration is
0.02-0.08 mol/L. This is consistent with the reports that the
a little amount of salt ions added can promote the
dissolution of the target component, while, excessive salt
ions will promote the salt-out effect and reduce the solubility
of target components (Zhang et al.,, 2019; Falade et al., 2003).
This is because the low concentration of salt ions can
increase the ionic activity of the target component, while
the high concentration of salt ions neutralize the surface
charge of the target component to make the target
component gather, resulting in salt-out effect (Falade et al.,
2003; Zhang et al., 2019). Therefore, 0.02 mol/L is the optimal
KCl concentration.

3.2.1.2. Effect of liquid-solid ratio on extraction yield. The
relationship between the liquid-solid ratio and extraction
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Fig. 3 - The effect of various factors on TGRGL extraction yields.

yield of TGRGL was explored. Extraction of TGRGL with
microemulsions is a process of leaching equilibrium. The
greater the liquid-solid ratio, the lower the concentration of
TGRGL in the microemulsion, which was more conducive to
the equilibrium shift in the direction of TGRGL leaching.
Therefore, the TGRGL yield obtained at a liquid-solid ratio of
10 mL/g was higher than that obtained at 5 mL/g. However, as
the liquid-solid ratio continued to increase, the extraction
yield of TGRGL declined. This may be because the large
amount of microemulsion increased the resistance of
NPCAE to the mass transfer process, which weakened the
cell wall-rupturing ability of NPC. In this case, the
microemulsion could not penetrate the cell wall to combine
with TGRGL, which caused the extraction yield of TGRGL to
drop slightly when the liquid-solid ratio was> 10mlL/g
(Fig. 3B). Therefore, 10mlL/g was selected as the optimal
liquid-solid ratio for TGRGL extraction.

3.2.1.3. Effect of water content on extraction yield. The higher
the water content of microemulsion, the larger the “pool.”
The larger the “pool”, the greater its ability to solubilize
TGRGL. Therefore, the extraction yield of TGRGL increased
with increasing water content during the initial stages
(Fig. 3C). However, the higher the water content, the better
the performance of the microemulsion. The particle size and
surface tension of the microemulsion increased with
increasing water content (Wan et al., 2015). As the particle
size of the microemulsion increases, it becomes more
difficult for the microemulsion to enter the cell interior.
Meanwhile, an increase in surface tension also reduces the
stability of the microemulsion (Wan et al., 2015). The
increase in particle size and surface tension of the
microemulsion had a gradually stronger negative effect on
the extraction yield of TGRGL than the positive effect of
increasing the water content of the microemulsion on the
solubilization ability of TGRGL. Thus, when the water
content of the microemulsion was> 70%, the extraction
yield of TGRGL decreased. Therefore, 70% was determined
to be the optimal microemulsion water content for obtaining
TGRGL.

3.2.1.4. Effect of pH on extraction yield. When the solution
was acidic, H" in the microemulsion was coordinated with
oxygen atoms on the hydroxyl and ether groups of ajugol,
catalpol, and acteoside, which made ajugol, catalpol, and
acteoside present positive charge. The positively charged
ajugol, catalpol, and acteoside were easily attracted to polar
heads negatively charged on the surface of the
microemulsion reverse colloidal nucleus. This made it
easier for ajugol, catalpol, and acteoside to enter the
microemulsion "pool" and be extracted by the
microemulsion. When the pH was > 5.5, the yield of TGRGL
decreased. When the pH was< 5.5, H" levels in the
microemulsion were excessive. Except for H* involved in
coordination, the free H* still in the microemulsion competes
with ajugol, catalpol, and acteoside, which are positively
charged due to coordination. TGRGL and free H* can be
attracted to the polar head with a negative point in the
reverse colloidal nucleus. Therefore, the capacity of the
microemulsion "pool" to accommodate ajugol, catalpol, and
acteoside was reduced. For this reason, TGRGL yields also
declined when the pH was < 5.5. It could be seen that pH 5.5
was the most suitable for obtaining TGRGL from
microemulsions (Fig. 3D).

3.2.1.5. Effect of time on extraction yield. The relationship
curve between extraction time and TGRGL yield showed that
the yield of TGRGL first increased and then tended to be
stable (Fig. 3E). The mass transfer was limited because the
extraction time was too short, which was insufficient to
completely release TGRGL from RGL. The extraction yield of
TGRGL gradually increased with the extension of extraction
time, and the yield of TGRGL reached a maximum at 45 min.
When the extraction time was further extended, the
extraction yield of TGRGL did not increase. From the
perspective of extraction yield and energy saving, 45min
was used as the best extraction time for subsequent
experiments.

3.2.1.6. Effect of negative pressure on extraction yield. With
increases in the negative pressure from —0.02 to - 0.06 Mpa,
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Fig. 4 - The interaction influence of various factors on the extraction yield of TGRG.

the extraction yield of TGRGL increased gradually (Fig. 3F).
The extraction yield of TGRGL then no longer increased
significantly with further increased in negative pressure
until it reached a maximum at -0.06 Mpa. When the
negative pressure was< -0.06 Mpa, RGL powder was not
well dispersed in the microemulsion because the low
negative pressure resulted in insufficient contact between
RGL powder and microemulsion, and incomplete extraction.
When negative pressure was> —-0.06 Mpa, the RGL powder
was more vigorously dispersed. The turbulence generated
made the extraction of TGRGL reach equilibrium at -0.06
Mpa of negative pressure. Consequently, -0.06Mpa was
selected as the optimum negative pressure for subsequent
tests.

3.2.2. Response surface analysis of MB-NPCAE

Based on single-factor experimental results, response sur-
face optimization of the liquid-solid ratio, KCl concentration,
water content, and time was carried out using the TGRGL
extraction yield as the response value. The quadratic re-
gression equation between the variable and the response
value established through the BBD experiment is shown in

Eq. (1).

Y = 45.01 — 0.3150A + 2.39B — 0.605C + 1.35D
+ 0.7125AB + 0.7775AC + 2.01AD + 1.61BC
— 0.7987BD + 0.9725CD — 5.03A? — 6.31B?
— 4.39C? — 3.33D?

(1)

where A is the KCl concentration (mol/L), B is the water
content (%), C is the pH, D is the time (min), and Y is the yield
of TGRGL (mg/g).

The relationship between TGRGL yield and each variable
was investigated using analysis of variance. The R? value of
the model coefficient was 0.9742, the p-value of the model
was < 0.05, and the p-value for the lack of fit was > 0.05. The
model is true and effective and accurately reflects the re-
lationship between variables and response values.

A 3D model diagram of the interactive influence of various
factors on TGRGL yield is shown in Fig. 4. The optimal MB-
NPCAE conditions for obtaining TGRGL were 0.020 mol/L KCl,
71.83 % water content, pH 5.49, and 36.83 min. Considering
the convenience of actual operation, the conditions were
adjusted as follows: KCl concentration 0.02mol/L, water
content, 72%; pH 5.5, and time, 37 min. After adjusting the
conditions, the actual yield of TGRGL was 45.13 mg/g, which
was consistent with the TGRGL yield of 45.36 mg/g predicted
by the model.

3.2.3. Comparison of TGRGL vyields obtained
microemulsion and individual component in microemulsion
To verify the performance of the microemulsion solvent, the
TGRGL yield obtained using microemulsion and that using
individual component in the microemulsion was compared.
Under the same extraction conditions, the TGRGL yield ob-
tained by microemulsion was 45.13 mg/g, which was 34.72-,
125.36-, 7.71- and 1.82-fold of the TGRGL yields obtained by
peppermint oil, Tween 80, 0.02mol/L KCl and ethanol, re-
spectively (Fig. 5A). Consequently, peppermint oil, ethanol,
Tween 80 and 0.02mol/L KCl were combined to prepare a
microemulsion, the yield of TGRGL increased. This implies
that compared to the individual components in microemul-
sion, the preparation of microemulsion is meaningful for the
extraction of TGRGL.

by

3.24.
methods
As shown in Fig. 5B, MB-UAE increased the yield of TGRGL by
1.97- and 1.89-fold compared to ethanol-UAE and methanol-
UAE, respectively. The extraction yields of TGRGL and MB-
NPCAE were 1.82- and 1.72-fold higher than those of ethanol-
NPCAE and methanol-NPCAE, respectively. It can be seen
that microemulsions can achieve higher yields of TGRGL
than traditional extraction solvents (ethanol and methanol).
Ethanol-NPCAE yields were 1.08- and 3.31-fold higher
than those of ethanol-UAE and ethanol-HRE, respectively.

Comparison of TGRGL yield by different extraction
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Compared with methanol-UAE and methanol-HRE, the
TGRGL yield was increased by methanol-NPCAE by 1.10- and
3.37-fold, respectively. MB-NPCAE increased the yield of
TGRGL by 1.23-fold compared to MB-UAE.

After MB-NPCAE and MB-UAE were first used, the re-
covery yield of the microemulsion, particle size, and TGRGL
yield of the reconstituted microemulsion were explored.
From the perspective of the recovery yield of the micro-
emulsion, there was almost no loss of microemulsion after
extraction by MB-NPCAE (99.91 % of recovery yield).
Compared with MB-NPCAE, MB-UAE exhibited a lower re-
covery yield of the microemulsion (98.03 % of recovery yield)
(Fig. 5C). This may be due to the volatilization of peppermint
oil and ethanol resulting from the non-sealed environment
and heat released during the ultrasonication process. The
particle size of the purified microemulsion used in MB-
NPCAE (18.9nm) was almost unchanged, whereas the par-
ticle size of the microemulsion used in MB-UAE (46.3 nm) was
enlarged. This may be related to the loss of peppermint oil
during ultrasound treatment. The loss of peppermint oil
caused the microemulsion to be restored to the original ratio,
resulting in a higher water ratio. The interfacial tension in-
creased, which led to an increase in the microemulsion
particle size (Wan et al., 2015). This increase in microemul-
sion particle size led to a decrease in the specific surface area
of the microemulsion, which decreased the yield of TGRGL.
This was also consistent with the results obtained using re-
constituted microemulsion to extract TGRGL (Fig. 5C). The
TGRGL yield obtained by MB-NPCAE (44.92 mg/g) was much
greater than that obtained by MB-UAE (30.02 mg/g). There-
fore, from a sustainability perspective, MB-NPCAE has
greater potential than MB-UAE.

When MB-NPCAE, ethanol-HRE, and methanol-HRE were
used to extract TGRGL, it was found that the TGRGL yield
obtained by MB-NPCAE was 6.03- and 5.80-fold that by
ethanol-HRE and methanol-HRE, respectively (Fig. 5B).

3.3. Reusability of microemulsion

The recyclability of solvents is one of the criteria for sus-
tainable solvents. The microemulsion can be recovered and
reused via back-extraction. The recovered microemulsion
was purified according to the method described in Section
2.5, and then used as a solvent to extract TGRGL again. It was
found that TGRGL yield obtained using five times re-
generated microemulsion was 45.13, 44.02, 40.96, 36.31 and
21.24 mg/g, respectively. The TGRGL yield obtained from the
fifth regenerated microemulsion was significantly lower than
that obtained from the first used microemulsion. Therefore,

the microemulsion solvent can be used as sustainable sol-
vent at least 4 cycles to ensure TGRGL yield.

4. Conclusion

After screening and optimization, a food-grade and sustain-
able peppermint oil microemulsion was established for the
first time and used as a novel and efficient solvent for the
extraction of TGRGL. To overcome the volatility of pepper-
mint oil in microemulsion, optimize the sustainability of
microemulsion, and make the extraction more suitable for
large-scale production, NPCAE as an auxiliary means, MB-
NPCAE technology was proposed. Under the optimized MB-
NPCAE conditions, TGRGL was obtained with a high yield of
45.13mg/g. By back-extraction, the microemulsion solvent
could be used at least 4 cycles. As a food-grade, sustainable
and efficient solvent, peppermint oil microemulsion opens
up a new field of microemulsion applications for the ex-
traction of natural products. Furthermore, MB-NPCAE tech-
nology not only further develops the utilization value of RGL,
but also is expected to be used as a guideline for biomass
utilization.
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