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ABSTRACT: This research extracted phenolics and terpenoids
from Abelmoschus sagittifolius (Kurz) Merr roots using natural deep
eutectic solvent-based novel extraction techniques. Twelve natural
deep eutectic solvents (NADESs) were produced for recovering
phenolics and terpenoids. Citric acid/glucose and lactic acid/
glucose, with a molar ratio of 2:1, were determined as the most
appropriate NADESs for extracting phenolics and terpenoids,
respectively. Afterward, the proper conditions for NADES-based
ultrasonic-assisted and microwave-assisted extraction were inves-
tigated. Then, the time and liquid-to-solid ratios of ultrasonic- and
microwave-combined extraction methods and the sequence of
ultrasound and microwave treatments were examined. The conditions of ultrasonic-assisted extraction were 40 mL/g liquid-to-solid
ratio, 40% water content, 30°C, 5 min, and 600 W ultrasonic power for the highest terpenoid recovery at 69 ± 2 mg UA/g dw, while
150 W ultrasonic power was suitable for phenolic recovery at 9.56 ± 0.17 mg GAE/g dw. The conditions of microwave-assisted
extraction were 50 mL/g liquid-to-solid ratio, 20% water content, 400 W microwave power, and 2 min to acquire the highest
phenolics and terpenoids at 22.13 ± 0.75 mg GAE/g dw and 90 ± 1 mg UA/g dw, respectively. Under appropriate conditions, the
biological activities, phenolic content, and terpenoid content of obtained extracts from four extraction methods, including ultrasonic-
assisted, microwave-assisted, ultrasonic−microwave-assisted, and microwave−ultrasonic-assisted extraction, were compared to select
the most proper method. The conditions of ultrasonic−microwave-assisted extraction were 40 mL/g liquid-to-solid ratio, 5 min
sonication, and 1 min microwave irradiation to obtain the highest phenolic and terpenoid contents (27.07 ± 0.27 mg GAE/g dw and
111 ± 3 mg UA/g dw, respectively). Ultrasonic−microwave-assisted extraction showed the highest phenolic content, terpenoid
content, and biological activities among the four extraction techniques. The changes in the surface morphology were determined
using scanning electron microscopy. This study demonstrated that ultrasonic−microwave-assisted extraction was an effective and
sustainable method in food and pharmaceutical industries for recovering phenolics and terpenoids from Abelmoschus sagittifolius
(Kurz) Merr.

1. INTRODUCTION
Abelmoschus sagittifolius (Kurz) Merr (A. sagittifolius) is a
typical member of the Abelmoschus genus and belongs to the
Malvaceae family. A. sagittifolius is widely distributed in China,
India, Southeast Asian countries, Africa, and Australia.1 A.
sagittifolius roots are commonly used to treat various illnesses,
such as fever and cough as well as tonic drinking in the
traditional medicine of Asian countries. Additionally, A.
sagittifolius roots have various macronutrients, including lipids,
protein, fatty acids, and bioactive compounds (phenolics and
terpenoids), which offer potential health benefits.2 The
macronutrients provide materials for human metabolism,
while bioactive compounds exhibit various biological activities,
including cytotoxic, antioxidant, anti-inflammatory, anti-cancer,
and antimicrobial properties.3 Therefore, it is necessary to have

a reliable extraction technique for producing enriched phenolic
and terpenoid extracts from A. sagittifolius for further
application in the pharmaceutical industry
The extraction process refers to using solvents to isolate

bioactive compounds in materials. Extraction techniques are
divided into conventional and innovative methods.4 Although
conventional methods are simple and cost-effective, they have
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a long operational time, high energy consumption, and limited
recovery of bioactive compounds due to the decomposition of
thermally sensitive compounds.5 A dispersive micro solid-
phase extraction technique is based on sorbent dispersion into
samples, leading to the approximation of sorbents and targets.
This effect improves the adsorption kinetics of sorbents,
increasing the extraction efficiency. The term micro indicates
the weight of the employed solid phase in the range of
milligrams.6 The properties of sorbents decide the efficiency of
this technique. The sorbents with high porosity and surface
area showed a high extraction efficiency of targets from
samples. This technique is commonly used to extract
bisphenol, atrazine, nitrophenol, carbonyl derivatives, hippuric
acid, methyl hippuric acid, and sulfonamides from various
types of water, such as drinking water, wastewater, and
environmental water.6−13 Innovative methods such as ultra-
sound-assisted extraction (UAE), microwave-assisted extrac-
tion (MAE), and supercritical fluid extraction (SFE) have been
developed to address these disadvantages of conventional
extraction.5 However, one of the disadvantages of SFE is high-
cost devices.5 MAE operates by exposing a polar extraction
medium to microwave irradiation, leading to the absorption of
microwave energy, converted into a thermal one. The
electromagnetic fields of the medium oscillate, causing
collisions among dipoles, leading to friction and heat
generation. The high temperature evaporates water in cells,
causing high pressure and cell wall rupture.14 This rupture
creates numerous pores in cell walls, improving the penetration
of extractants and, thus, improving the recovery of bioactive
compounds. UAE works by inducing ultrasonic dispersion
through the molecules of the liquid medium, creating
cavitation bubbles through many expansion and compression
cycles. The implosion of these bubbles disrupts cell wall
structures, increasing mass transfer and facilitating solvent
penetration.15 UAE and MAE are considered green technol-
ogy, as they use little energy, need low solvent consumption,
increase extraction yield, and reduce extraction time.5 There-
fore, the combination of UAE and MAE is noteworthy as it has
proven effectiveness in extracting pectin from jackfruit peels
and polysaccharide from Camptotheca acuminata to exhibit
antitumor activity.16,17

Natural deep eutectic solvents (NADESs) include hydrogen
bond donors (HBDs) and hydrogen bond acceptors (HBAs),
which are cell metabolites.18 NADESs have benefits over
organic solvents, such as low production cost, biodegradability,
nonvolatile characteristics, and nontoxicity.19 NADESs highly
solubilize bioactive compounds due to generating hydrogen
bonding networks with these compounds. These hydrogen
bonding networks also restrict the mobility of bioactive
compounds and preclude bioactive compounds from reacting
with oxidative agents. Therefore, NADESs maintain the
stability of phenolics and terpenoids during storage.18 The
combination of NADESs with UAE and MAE improves the
extraction yield of phenolics and terpenoids due to the
devastating influence of ultrasound and microwaves on plant
cell walls.20 In previous research, Thuc Dinh Ngoc et al.
extracted abelsaginol from A. sagittifolius using methanol as a
solvent and determined the antioxidant activity of the extract
with different free radicals.21 However, there were no studies
using NADESs as green solvents for recovering phenolics and
terpenoids from A. sagittifolius. Furthermore, the order of
ultrasonic and microwave treatments on extraction efficiency
was not elucidated.

Therefore, 12 NADESs were designed and prepared in the
present study before evaluating their extraction capacity with
phenolics and terpenoids from A. sagittifolius. NADESs were
prepared by combining three HBDs (acetic acid, citric acid,
and lactic acid) and four HBAs (isopropyl alcohol, glycerin,
glucose, and choline chloride). The HBDs were selected based
on their increasing acidity, while the HBAs were chosen
according to the increasing number of hydroxyl groups.
Additionally, the HBAs and HBDs have low costs. The
research examined the influence of UAE, MAE, ultrasonic−
microwave-assisted extraction (UMAE), and microwave−
ultrasonic-assisted extraction (MUAE) conditions on the
extraction yield of phenolics and terpenoids. The extraction
yield and the biological activities with different extraction
techniques, including UAE, MAE, UMAE, and MUAE, were
compared to select the most effective. The difference in the
surface morphology of A. sagittifolius with different extraction
techniques was investigated using scanning electron micros-
copy (SEM).

2. MATERIALS AND METHODS
2.1. Materials. Dried A. sagittifolius roots were purchased

from Tue Lam company, Dong An, Dong Hoi, Quang Binh,
Vietnam; then, they were pulverized to acquire dried A.
sagittifolius root powder (DAP). Gallic acid monohydrate
(purity ≥ 98%), iron (II) sulfate heptahydrate (purity ≥ 99%),
absolute ethanol (purity ≥ 99.8%), salicylic acid (purity ≥
99%), hydrogen peroxide (purity 34.5−36.5%), 1,1-diphenyl-
2-picrylhydrazyl (DPPH, purity ≥ 97%), sodium acetate
trihydrate (purity ≥ 99%), potassium chloride (purity ≥
99%), acetylcholine esterase (50 units), 2-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt (ABTS,
purity ≥ 98%), 6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid (Trolox, purity 98%), Tris-HCl (purity > 99%),
PNPG (purity ≥ 99%), Folin−Ciocalteu reagent (2.1 N),
acarbose (purity ≥95%), α-amylase (500000 units), α-
glucosidase (750 units), 3,5-dinitrosalicylic acid (DNS, purity
98%), acetylcholine iodine (purity ≥ 98%), tacrine (purity ≥
99%), 4-nirophenyl-α-D-glucosepiranoside (PNPG), and 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB, purity 99%) were
obtained from Sigma-Aldrich Chemical Co., Ltd., Singapore,
Singapore. The chemicals for NADES production were bought
from Xilong Scientific Co., Ltd., Shantou, Guangdong, China,
and HiMedia Laboratories, Thane West, Maharashtra, India.
2.2. NADES Production and Screening. In the present

study, NADESs were produced by the heating method.22 The
mixture of HBAs and HBDs with a proper molar ratio was
heated at 85 °C using heating magnetic stirrers (model: C−
MAG HS 7, IKA Industrie, Humboldtstraße, Königswinter,
Germany). When the mixture of HBAs and HBDs formed a
transparent liquid and had no crystals at room temperature,
NADESs were successfully produced. The acronym, chemicals,
and molar ratios for NADES production are presented in Table
1.
DAP was placed into a dark amber glass jar, and NADES

(20% water content) was poured into one with the liquid-to-
solid ratio at 20 mL/g. The mixture was placed in static
conditions for 15 min. Then, the mixture was treated by a
centrifugal machine (DM0412, DLAB Scientific Co., Ltd.,
Shunyi, Beijing, China) at 2200g and 30 °C for 20 min to
separate the solid part before phenolics and terpenoids were
measured. Ethanol was used as a controlled solvent.
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2.3. Ultrasonic-Assisted and Microwave-Assisted
Extraction. The quantified amount of DAP was mixed with
25 mL of NADES in the amber glass jar. The mixture was
treated by an ultrasonic bath (model: RS22L 40 kHz, Rama
Viet Nam Joint Stock Company, District 9, Ho Chi Minh,
Vietnam) at distinctive liquid-to-solid ratios (LSRs, the survey
ranges from 10 to 50 mL/g), ultrasonic powers (0−750 W
with the interval of 150 W), water contents (10−50%, g/g),
and temperatures (30−80 °C with a gap of 10 °C) for different
extraction times (3, 5, 10, 15, 20, and 25 min).
The specific amount of DAP was blended with 25 mL of

NADES in the amber glass flask. The mixture was processed by
a microwave oven (model: R-205VN 2450 MHz, Sharp
Corporation, Sakai, Osaka, Japan) under different LSRs (10−
60 mL/g), different water contents (10−50%, g/g), and
different microwave powers (0, 240 W, 400 W, and 800 W) for
different retention times (1, 2, 3, and 5 min).
DAP was blended with NADES with different LSRs (20, 30,

40, and 50 mL/g) for different extraction times. Regarding
UMAE, the mixture was pretreated by ultrasound for different
treatment times (3 and 5 min) before being placed in a
microwave oven for extraction times of 1 and 2 min. Regarding
MUAE, the mixture was pretreated by microwave irradiation
for different treatment times (1 and 2 min), and then the
mixture was sonicated for various times (3 and 5 min). Other
conditions were kept at the values with the highest extraction
efficiency of terpenoids and phenolics in the MAE and UAE
processes. After the extraction stages, the solid part of the
mixture was removed by a centrifugal machine at 2200g and 30
°C for 20 min before the figure for phenolics and terpenoids in
extracts was used to evaluate the extraction efficiency.
2.4. Total Phenolic Contents (TPCs), Total Terpenoid

Contents (TTCs), and Antioxidant Activities. TTC was
quantified by the Biswajit Biswas method, and TPC was
determined using the Folin−Ciocalteu reagent.22,23 TPC and
TTC were presented as milligrams of gallic acid equivalent per
gram of dried weight (mg GAE/g dw) and milligrams of
ursolic acid per gram of dried weight (mg UA/g dw),
respectively.
DPPH free radical-quenching ability (DPPH) was measured

using an ethanolic DPPH solution.24 ABTS free radical-
quenching ability (ABTS) was examined using ABTS+ working
solution, and hydroxyl free radical-quenching ability (OH) was
determined by the Hongjie Yuan method.24,25 DPPH and
ABTS were expressed as micromole Trolox equivalent per
gram of dry basis (μM TE/g dw), while OH was expressed as

millimole Trolox equivalent per gram of dry basis (mM TE/g
dw).
2.5. Enzymatic Inhibitory Activities. The enzymatic

inhibitory capacity of DAP extracts was evaluated against
tyrosinase, α-amylase, α-glucosidase, and acetylcholine esterase
(AChE). The α-amylase inhibition assay was conducted using
MingxiaWu with slight modifications.26 Samples (0.1 mL)
were mixed with soluble starch (0.1 mL, 1%, m/v) in
phosphate buffer (PB, 0.02 M, pH 6). The mixture was
immersed in a water bath (SH-WB-6GAN, SH Scientific,
Yeondong-myeon, Sejong-si, Republic of Korea) at 37 °C for
10 min. After 0.1 mL of α-amylase (20 U/mL) was blended,
the mixture was kept at 37 °C for 10 min. The DNS reagent
(0.2 mL) was added to the mixture and then maintained at 100
°C for 5 min. Deionized water (0.9 mL) and PB (2.1 mL) were
mixed, and the absorbance was recorded at 540 nm. Acarbose
was used as a standard substance, and the results were shown
as milligram acarbose equivalent per gram of dry basis (g
ACE/g dw).
In tyrosinase inhibition experimentation, samples (0.1 mL)

were blended with 1.8 mL of PB (pH 6) and tyrosinase (0.4
mL, 1 U/mL), and then the mixture was placed at ambient
temperature for 5 min. Afterward, L-DOPA (1 mL, 2.5 mM in
PB) was added to the mixture, which was continuously
incubated for 1 min. The absorbance was recorded at 492 nm.
Ascorbic acid was employed as a positive control in the
tyrosinase inhibitory assay, and the results were expressed as
milligram ascorbic acid equivalent per gram of dry basis (mg
AE/g dw).27

AChE inhibition capacity was quantified using the Ellman
method with slight modifications. 0.2 mL of samples were
mixed with 3 mL of Tris-HCl buffer (pH 8.5), DTNB (0.1 mL,
0.9mM), and AChE (0.25 mL, 0.1 U/mL) in Tris-HCl buffer;
then the mixture was incubated at ambient temperature in a
dark place for 5 min. After incubation, acetylcholine iodine
(0.25 mL, 4.5 mM in Tris-HCL) was mixed, and the mixture
was maintained at the same conditions for 15 min. The
absorbance was determined at 405 nm. Tacrine was used as a
standard substance, and the results were shown as milligram
tacrine equivalent per gram of dry basis (g TCE/g dw).27

2.6. Determination of Energy Consumption and
Recovery Yield. Soxhlet extraction was used to determine
DAP′s entire phenolic and terpenoid contents. The Soxhlet
extraction procedure was conducted based on the Steven B.
Hawthorne method.28 The recovery yield of phenolics and
terpenoids from UAE, MAE, UMAE, and MUAE was
determined using eq 1, and the energy consumption of the
four novel extraction methods was calculated using eq 2.

(1)

where Ca is the phenolic or terpenoid content obtained from
the four novel extraction methods and Cb is the phenolic or
terpenoid content obtained from the Soxhlet extraction
method.

(2)

where P1 is the ultrasonic power used, t1 is the sonication time,
P2 is the microwave power used, and t2 is the microwave
irradiation time.
2.7. Surface Morphology of A. sagittifolius Root

Powder. The surface morphology of DAP before and after

Table 1. NADESs Used in the Present Research

no. HBD HBA abbreviation molar ratio

1 citric acid isopropyl alcohol Ci-Iso 2:1
2 citric acid choline chloride Ci-Cho 2:1
3 citric acid glycerin Ci-Gly 2:1
4 citric acid glucose Ci-Glu 2:1
5 lactic acid isopropyl alcohol Lac-Iso 2:1
6 lactic acid choline chloride Lac-Cho 2:1
7 lactic acid glycerin Lac-Gly 2:1
8 lactic acid glucose Lac-Glu 2:1
9 acetic acid isopropyl alcohol AA-Iso 2:1
10 acetic acid choline chloride AA-Cho 2:1
11 acetic acid glycerin AA-Gly 2:1
12 acetic acid glucose AA-Glu 2:1
13 ethanol
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extraction was identified using scanning electron microscopy
(SEM, model: Prisma E SEM, Thermo Fisher Scientific,
Waltham, Massachusetts). The sample preparation procedure
was conducted according to the Patil method.29 Samples were
placed on carbon tape (to prevent sample loss) and enclosed
on the sample plate. Then, the samples were coated with a gold
metal layer. The procedure was carried out under vacuum; the
samples were relocated and directly observed under SEM at
different magnifications and 5 kV.
2.8. Statistical Analysis. Analysis of variance (ANOVA)

was performed by Minitab (v19.1, Minitab Inc, Pennsylvania)
with the α value at 5%. The experimental results were
conducted three times and shown as mean ± standard
deviation (SD). The plots were built by OriginPro (version
2022, OriginLab, Northampton, Massachusetts).

3. RESULTS AND DISCUSSION
3.1. Evaluating the Extraction Performance of

NADESs. NADES components play an integral role in the
extractability of terpenoids and phenolics, since they decide on
polarity, viscosity, solvation, and extractability.30 Twelve
NADESs were prepared from acetic acid, citric acid, and lactic

acid as HBDs and four HBAs (choline chloride, glucose,
isopropyl alcohol, and glycerin) with the addition of 20%
water. NADES extraction performance with phenolics and
terpenoids from DAP was examined and is shown in Figure
1A. The results presented that the extraction efficiency of
terpenoids and phenolics from DAP strongly relied on NADES
components. Six types of NADESs had the higher extractability
of phenolics, while five types of NADESs had that of
terpenoids than ethanol (the obtained TPC and TTC are
1.40 ± 0.08 mg GAE/g dw and 3.73 ± 0.41 mg UA/g dw,
respectively). Ci-Glu (4.55 ± 0.16 mg GAE/g dw) and AA-
Cho (4.70 ± 0.66 mg GAE/g dw) extracted the highest TPC,
followed by Lac-Glu (3.70 ± 0.35 mg GAE/g dw). Lac-Glu
performed the highest terpenoid extraction (15.79 ± 1.74 mg
UA/g dw) among used NADESs. The results indicated that
the polarity of phenolics and terpenoids from DAP is high, and
phenolics have higher polarity than terpenoids. It can be
ascribed to the higher polarity of citric acid than that of lactic
acid.31−33 Although Ci-Glu and Lac-Glu have high viscosity,
they show the most significant extraction efficiency, probably
due to having the highest number of hydroxyl groups. The
polarity can significantly influence extracting bioactive
compounds from plants more than viscosity because it can

Figure 1. Effect of solvents in solid-to-liquid extraction and extracting conditions using Ci-Glu for phenolic recovery and Lac-Glu for terpenoid
recovery in the MAE process: (A) solvent types, (B) liquid-to-solid ratios, (C) water content in NADES, (D) microwave power, and (E) extraction
time. Different characters (a, b, c, d, e, f, g, h, and i) presented significant statistical differences.
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directly affect the solubility of target analytes in solvents. The
high solubility of target analytes in solvents conformed to the
″like dissolve like″ rule.31 Additionally, the lower extraction
performance of phenolics and terpenoids of other NADESs can
be attributed to their lower polarity than Ci-Glu and Lac-Glu.
The polarity of NADESs is decided by HBA and HBD polarity.
Ci-Glu has the highest polarity, followed by Lac-Glu because
citric acid had the highest polarity among HBDs, and a similar
trend was true in the case of glucose (HBA).31,34−37 Therefore,
Ci-Glu was suitable for phenolic recovery and Lac-Glu was
proper for terpenoid extraction from DAP to ensure further
application in food products.
3.2. Effect of Microwave-Assisted Extraction Con-

ditions. The parameters of NADES-based MAE play essential
roles in deciding the extraction yield of terpenoids and
phenolics from DAP. This present study examined the
influence of LSR, water content, microwave power, and
extraction time on the extraction yield, and the results are
expressed in Figure 1B−E.
3.2.1. Effect of Liquid-to-Solid Ratios in the NADES-Based

MAE Process. This research studied the effects of different
LSRs (10, 20, 30, 40, 50, and 60 mL/g) under microwave
power, water content, and time at 240 W, 20%, and 2 min,
respectively. As presented in Figure 1B, TPC, and TTC
experienced an increase of 6.7 and 9.6 times, respectively,
when LSR increased from 10 to 50 mL/g. The increasing LSR
can reduce the overall viscosity of the extraction medium and
generate a high gradient concentration. The high LSR can
improve the contact area between extractants and solutes and
ensure the uniform distribution of materials and exposure to
microwave irradiation. These phenomena can facilitate the
mass transfer of phenolics and terpenoids from DAP into an
extraction medium, increasing extraction yield.6,38 However, a
further increase in LSR at 60 mL/g decreased TPC and TTC
by 1.7 and 1.2 times, respectively, compared to the LSR at 50
mL/g. It can be attributed to solvents′ insufficient agitation
when microwave irradiation is applied to a large volume.39

Therefore, LSR at 50 mL/g was proper for NADES-based
MAE to obtain the highest TPC and TTC at 18.28 ± 2.00 mg
GAE/g dw and 78.06 ± 0.93 mg UA/g dw from DAP,
respectively.
3.2.2. Effect of Water Content in the NADES-Based MAE

Process. Figure 1C shows the effect of water content (10−
50%) in NADESs on the extraction yield of terpenoids and
phenolics under NADES-based MAE conditions at an LSR of
50 mL/g, a microwave power of 240 W, and 30 °C for 2 min.
TPC peaked at 18.28 ± 2.00 mg GAE/g dw with 20% water
content in Ci-Glu, while TTC reached the highest point at
51.82 ± 4.82 mg UA/g dw with 40% of water content in Lac-
Glu. The increase in water content in NADESs can reduce
viscosity. The vicious reduction can improve the mobility of
polar molecules, accelerating their dipole rotation in the
electromagnetic field. Accelerated dipole rotation increases the
collision of molecular particles and friction, producing more
heat inside DAP. This phenomenon ruptures cell walls,
promoting the release of terpenoids and phenolics into Lac-
Glu and Ci-Glu.38 Additionally, water addition to Lac-Glu and
Ci-Glu can raise the number of hydrogen bonds that improve
surface tension. Extensive hydrogen bond networks in solvents
can generate a stronger attractive force than external force,
increasing mutual interaction on the NADES surface and
enhancing surface tension. The high surface tension can favor
the mutual interplay between NADESs and DAP, which allow

the development of hydrogen bonds among NADESs with
terpenoids and phenolics. This phenomenon can promote the
dissolvability of terpenoids and phenolics to NADESs,
improving extraction yield from DAP.40 However, TPC and
TTC decreased to 10.00 ± 1.26 mg GAE/g dw and 45.41 ±
0.74 mg UA/g dw when the water content in Ci-Glu and Lac-
Glu increased over 20 and 40%, respectively. Regarding Ci-
Glu, the excessive temperature inside DAP can destroy
phenolics when the water content is too high.38 Regarding
Lac-Glu, the supramolecular structures of NADESs can be
devastated at water contents over 40%, which may reduce
interaction between solvents and terpenoids in DAP,
negatively affecting extraction yield.31 Therefore, the water
contents in Ci-Glu at 20% and in Lac-Glu at 40% were suitable
for NADES-based UAE to recover the highest TPC and TTC
at 18.28 ± 2.00 mg GAE/g dw and 84.52 ± 1.46 mg UA/g dw
from DAP, respectively.
3.2.3. Effect of Microwave Power in the NADES-Based

MAE Process. The effect of microwave power (0, 240, 400, and
800 W) on the extraction yield of phenolics was investigated at
50 mL/g LSR and 20% water content in Ci-Glu for an
extraction time of 2 min, while the fixed extracting conditions
for terpenoids were 50 mL/g LSR and 40% water content in
Lac-Glu for an extraction time of 2 min. As presented in Figure
1D, the extraction yield of phenolics and terpenoids increased
when microwave power ranged from 0 to 400 W. An increase
in microwave power can increase systematic temperature and
pressure, accelerating plant cell wall destruction, vicious
decrease, and enhancing solute desorption from the plant
matrix, solvent penetration, and solute dissolvability. These
phenomena can improve the diffusivity of terpenoids and
phenolics into NADESs, promoting extraction yield.38

However, with a continuous increase in microwave power to
800 W, TPC and TTC decreased. The high microwave power
can degrade phenolic compounds in DAP, leading to low
extraction yield.38 Therefore, microwave power at 400 W was
suitable for the NADES-based MAE to obtain the highest TPC
and TTC at 22.13 ± 0.75 mg GAE/g dw and 89.78 ± 1.41 mg
UA/g dw from DAP, respectively.
3.2.4. Effect of Time in the NADES-Based MAE Process.

The effect of microwave irradiation time (1, 2, 3, and 5 min)
on the recovery of phenolics was studied at 50 mL/g LSR, 20%
water content in Ci-Glu, and 400 W microwave power, while
fixed conditions for extracting were 50 mL/g LSR, 400 W
microwave power, and 40% water content in Lac-Glu. As
illustrated in Figure 1E, as the irradiation time increased to 2
min, TPC and TTC increased to 22.12 ± 0.75 mg GAE/g dw
and 46.89 ± 2.67 mg UA/g dw, respectively. Increasing
microwave irradiation time increases temperature, enhancing
plant cell tissue destruction. Damaged plant cells improve the
swelling effect and contact area between solvents and solutes,
which improves extraction yield. However, TPC and TTC
decreased to 7.52 ± 1.30 mg GAE/g dw and 32.69 ± 3.34 mg
UA/g dw, respectively, when the microwave irradiation time
was prolonged to 5 min.38 It can be attributed to overheating,
which degrades terpenoids and phenolics in DAP. Therefore,
microwave irradiation time at 2 min was appropriate for
reaching the highest TPC and TTC at 22.13 ± 0.75 mg GAE/
g dw and 89.78 ± 1.41 mg UA/g dw from DAP, respectively.
3.3. Effect of Ultrasonic-Assisted Extraction Condi-

tions. The parameters of NADES-based UAE have vital roles
in determining the extraction yield of terpenoids and phenolics
from DAP. This work investigated the effect of LSR, water
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content, ultrasonic power, temperature, and extraction time on
the extraction yield, and the results are expressed in Figure
2A−E.
3.3.1. Effect of Liquid-to-Solid Ratios in the NADES-Based

UAE Process. Figure 2A illustrates the effect of different LSRs
(10−50 mL/g) on the extraction yield of terpenoids and
phenolics under NADES-based UAE conditions at 150 W, 20%
water content, and 30 °C for 5 min. The extraction yield of
phenolics and terpenoids reached the highest at 9.67 ± 0.33
mg GAE/g dw and 39.23 ± 1.86 mg UA/g dw, respectively,
with 40 mL/g LSR, which agrees with previous studies.27

When LSR is appropriately increased, the large solute
concentration differences between materials and NADESs
facilitate the mass transfer.27 It can be ascribed to decreasing
the viscosity of the extraction medium at high LSRs. The
reduced viscosity can decrease the cavitation threshold, which
is the minimum acoustic pressure to start cavity development
during rarefaction cycles. Decreasing the cavitation threshold
increases the intensity of cavitation bubbles, which improves
the destruction of plant cell walls.29 These phenomena can

enhance the driving force for releasing terpenoids and
phenolics into Lac-Glu and Ci-Glu, increasing extraction
yield. However, when LSR increased to 50 mL/g, TTC and
TPC decreased to 6.76 ± 0.27 mg GAE/g dw and 31.76 ±
2.78 mg UA/g dw, respectively. It is shown that if LSR is too
high, the excessive NADES can absorb more ultrasonic power.
This phenomenon decreases the power absorption of DAP,
reducing the destructive effect of cavitation bubbles on cell
walls and extraction yield.27 Therefore, the LSR at 40 mL/g
was suitable for NADES-based UAE to acquire TPC and TTC
at 9.67 ± 0.33 mg GAE/g dw and 39.23 ± 1.86 mg UA/g dw
from DAP, respectively, which were lower than those for
NADES-based MAE by 1.90 and 2.02 times, respectively.
3.3.2. Effect of Water Content in the NADES-Based UAE

Process. Figure 2B demonstrates the effect of water content
(10−50%) in Ci-Glu and Lac-Glu on the extraction yield of
terpenoids and phenolics under UAE conditions at 40 mL/g,
300W, and 30 °C for 5 min. TPC and TTC reached the
highest point at 9.67 ± 0.33 mg GAE/g dw and 51.83 ± 4.82
mg UA/g dw when the water contents were 20 and 40%,

Figure 2. Effect of extracting conditions using Ci-Glu for phenolic recovery and Lac-Glu for terpenoid recovery in the UAE process: (A) liquid-to-
solid ratios, (B) water content in NADES, (C) ultrasonic power, (D) temperature, and (E) extraction time. Different characters (a, b, c, d, and e)
presented significant statistical differences.
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respectively. Increasing water content can improve acoustic
cavitation intensity due to reducing viscosity. Increasing the
cavitation effect can promote cell wall elimination and
turbulence, facilitating the extraction of phenolics and
terpenoids from DAP.29 However, when water content
continuously increased by over 20% in Ci-Glu and 40% in
Lac-Glu, the extraction yield of phenolics and terpenoids
decreased. The decrease in TPC can be attributed to increasing
the polarity of NADESs, which is not favorable for extracting
phenolics from DAP. Moreover, the increased water content
can break hydrogen bond networks, reducing the interaction
between NADESs and terpenoids.25 Therefore, water contents
at 20% in Ci-Glu and 40% in Lac-Glu were proper for NADES-
based UAE to obtain TPC and TTC at 9.67 ± 0.33 mg GAE/g
dw and 51.83 ± 4.82 mg UA/g dw from DAP, respectively,
which were lower than those for NADES-based MAE by 1.90
and 1.62 times, respectively.41

3.3.3. Effect of Ultrasonic Power in the NADES-Based UAE
Process. The effect of ultrasonic power (0−750 W) on
phenolic extraction yield was investigated at 40 mL/g LSR, 30
°C, and 20% water content in Ci-Glu for an extraction time of
5 min. At the same time, the fixed extracting conditions for
terpenoids were 40 mL/g LSR, 30 °C, and 40% water content

in Lac-Glu for an extraction time of 5 min. As illustrated in
Figure 2C, TPC and TTC reached the highest point at 9.56 ±
0.17 mg GAE/g dw and 68.86 ± 1.86 mg UA/g dw when
ultrasonic power was at 150 and 600 W, respectively. The
increased extraction yield of phenolics and terpenoids can be
ascribed to accelerated disruption and sonoporation in plant
tissues, resulting from microshearing, localized pressure, and
high temperature during ultrasonic treatment, which leads to
the promotion of diffusivity and extraction yield.5 However,
when ultrasonic power was at 750 W, TPC and TTC
decreased to 5.55 ± 0.60 mg GAE/g dw and 57.01 ± 1.54
mg UA/g dw, respectively. The increase of ultrasonic power
increases the figure for cavitation bubbles, which results in the
deformation, coalescence, and rupture in non-spherical
directions of cavitation bubbles. These phenomena reduce
the intensity of collapsing bubbles, decreasing the cavitation
effect and leading to a drop in extraction yield.5 Therefore,
ultrasonic powers at 150 and 600 W were appropriate for the
NADES-based UAE to receive TPC and TTC at 9.56 ± 0.16
mg GAE/g dw and 68.86 ± 1.86 mg UA/g dw from DAP,
respectively, which were lower than those for NADES-based
MAE by 2.28 and 1.30 times, respectively.

Figure 3. Effect of extraction conditions using Ci-Glu for phenolic recovery and Lac-Glu for terpenoid recovery: (A) effect of liquid-to-solid ratios
in NADES-based MUAE, (B) effect of liquid-to-solid ratios in NADES-based UMAE, (C) effect of time in NADES-based MUAE, and (D) effect of
time in NADES-based UMAE. Different characters (a, b, c, d, and e) presented significant statistical differences.
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3.3.4. Effect of Temperature in the NADES-Based UAE
Process. The effect of temperature (30−70°C) on the
extraction yield of phenolics was investigated at 40 mL/g
LSR, 150 W ultrasonic power, and 20% water content in Ci-
Glu for an extraction time of 5 min, while the fixed extracting
parameters for terpenoids were 40 mL/g LSR, 600 W
ultrasonic power, and 40% water content in Lac-Glu for an
extraction time of 5 min. As demonstrated in Figure 2D, TPC
was the highest at 30 and 40°C, while TTC peaked at 30 °C.
The temperature increase can promote the solubility of
phenolics and terpenoids, raising the extraction yield.5 TPC
and TTC decreased by 2.1 and 1.8 times, respectively, at 70
°C, compared to those at 30 °C. It can be accounted for the
reduction of cavitation bubble sizes and surface tension at
elevated temperatures, reducing the intensity of collapsing
bubbles. The weakened bubble implosion can decrease the
mass transfer of terpenoids and phenolics from DAP to
NADESs. Additionally, high temperatures can also decompose
these compounds, decreasing the extraction yield.15 Therefore,
the proper temperature for NADES-based UAE was 30 °C to

obtain TPC and TTC from DAP at 9.56 ± 0.16 mg GAE/g dw
and 68.86 ± 1.86 mg UA/g, respectively.
3.3.5. Effect of Time in the NADES-Based UAE Process.

The effect of time (3, 5, 10, 15, 20, and 25 min) on TPC was
examined at 40 mL/g LSR, 30 °C, 150 W ultrasonic power,
and 20% water content in Ci-Glu, while the fixed extracting
parameters for terpenoids were 40 mL/g LSR, 600 W
ultrasonic power, 30 °C and 40% water content in Lac-Glu.
As shown in Figure 2E, the extraction yield of phenolics and
terpenoids was the highest at 5 min. It can be ascribed to the
higher concentration distinction at the beginning and the
cavitation effect imposed on plant cell walls.42 However, TPC
and TTC decreased to 4.83 ± 0.27 mg GAE/g dw and 29.11 ±
1.28 mg UA/g dw, respectively, when extraction time was at 25
min. The long time exposure of DAP to ultrasound can cause
the destruction of phenolics and terpenoids, decreasing the
extraction yield.43 Therefore, extraction time at 5 min was
proper for NADES-based UAE to acquire TPC and TTC at
9.56 ± 0.16 mg GAE/g dw and 68.86 ± 1.86 mg UA/g dw
from DAP, respectively, which were lower than those for
NADES-based MAE by 2.30 and 1.30 times, respectively.

Table 2. Comparing TPC, TTC, Biological Activities, Recovery Yield, and Energy Consumption in Four Different Extraction
Techniquesa

criteria/extraction techniques NADES-based UMAE NADES-based MAE NADES-based UAE NADES-based MUAE

Ci-Glu
conditions
LSR (mL/g) 40 50 40 40
water content (%) 20 20 20 20
ultrasonic power (W) 150 150 150
temperature (°C) 30 30 30
sonication time (min) 5 5 5
microwave power (W) 400 400 400
microwave irradiation time (min) 1 2 1
TPC (mg GAE/g dw) 27.07 ± 0.27a 22.13 ± 0.75c 9.56 ± 0.17d 23.88 ± 0.46b
recovery yield (%) 77.52 ± 0.78a 63.37 ± 2.15c 27.38 ± 0.49d 68.38 ± 1.32b
ABTS (μM TE/g dw) 755 ± 50a 606 ± 21b 529 ± 45c 637 ± 11b
DPPH (μM TE/g dw) 123 ± 3a 91 ± 4c 87 ± 2c 115 ± 4b
OH (mM TE/g dw) 104 ± 0.31a 100 ± 0.67b 87 ± 0.8c 104 ± 0.29a
tyrosinase inhibition (mg AE/g dw) 648 ± 29a 379 ± 33c 259 ± 43d 566 ± 43b
α-amylase inhibition (g ACE/g dw) 10.39 ± 0.06a 9.1 ± 0.37c 8.59 ± 0.1d 9.71 ± 0.08b
AChE inhibition (g TCE/g dw) 3.83 ± 0.12a 3.31 ± 0.08c 2.94 ± 0.08d 3.59 ± 0.04b
energy consumption (Wh) 19.2 13.3 12.5 19.2
Lac-Glu
conditions
LSR (mL/g) 40 50 40 40
water content (%) 40 40 40 40
ultrasonic power (W) 600 600 600
temperature (°C) 30 30 30
sonication time (min) 5 5 5
microwave power (W) 400 400 400
microwave irradiation time (min) 1 2 1
TTC (mg UA/g dw) 111 ± 3a 90 ± 1c 69 ± 2d 104 ± 3b
recovery yield (%) 82.71 ± 2.23a 67.06 ± 0.75c 51.42 ± 1.49d 77.50 ± 2.21b
ABTS (μM TE/g dw) 900 ± 17a 722 ± 23c 663 ± 17d 842 ± 21b
DPPH (μM TE/g dw) 120 ± 1a 87 ± 1c 87 ± 3c 110 ± 3b
OH (mM TE/g dw) 52 ± 0.33a 44 ± 0.15c 36 ± 0.89d 48 ± 0.31b
tyrosinase inhibition (mg AE/g dw) 309 ± 17a 232 ± 14b 121 ± 31c 285 ± 25b
α-amylase inhibition (g ACE/g dw) 15.78 ± 0.10a 9.5 ± 0.38c 8.03 ± 0.05d 14.86 ± 0.14b
AChE inhibition (g TCE/g dw) 4.36 ± 0.09a 4.21 ± 0.11a 3.36 ± 0.07b 4.25 ± 0.04a
energy consumption (Wh) 56.67 13.3 50 56.67

aDifferent characters (a, b, c, and d) showed significant statistical differences.
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3.4. Effect of NADES-Based UMAE and MUAE. UMAE
and MUAE are innovative extraction techniques that combine
ultrasound with microwaves. These combinations offer several
benefits, such as shortening the extraction time, increasing the
extraction yield, and reducing the cost of the extraction
process.44 UMAE and MUAE refer to sequential combinations
in this study. In UMAE, DAP was first treated by ultrasound
before microwave treatment, while the reverse sequence is in
MUAE. The effect of NADES-based MUAE and UMAE
conditions (LSR and time) on the extraction yield of phenolics
and terpenoids and the results are shown in Figure 3A−D.
3.4.1. Effect of LSR in NADES-Based MUAE and UMAE.

The effect of LSR (20, 30, 40, and 50 mL/g) on TPC and
TTC in NADES-based MUAE and UMAE was investigated.
For NADES-based UMAE and MUAE, the ultrasonic
conditions for extracting TPC and TTC were fixed at 30 °C
for 5 min, 400 W microwave power, and microwave irradiation
time at 1 min. Sonication power and water content were set at
150 W and 20%, respectively, in Ci-Glu for phenolic extraction,
while these conditions were fixed at 600 W and 40% in Lac-
Glu for terpenoid extraction, respectively. TPC and TTC
increased with an increase in LSR up to 40 mL/g for MUAE
(Figure 3A) and UMAE (Figure 3B). An increase in LSR
improves the distribution of ultrasonic waves and microwaves
due to a vicious decrease in the extraction medium. This
improvement can enhance the acoustic cavitation effect and
the heating capacity of microwaves, which promotes
fragmentation and the thermal desorption of solute. These
phenomena can facilitate solvent penetration and solute
diffusion into solvents, improving the extraction yield.5,38 On
the other hand, at higher LSRs (>40 mL/g), TPC and TTC
decreased. It can be ascribed to the high absorption of
ultrasonic and microwave energy of extractants, which
deteriorates terpenoids and phenolics. Therefore, 40 mL/g
LSR was appropriate for NADES-based MUAE and UMAE to
recover phenolics and terpenoids from DAP.
3.4.2. Effect of Time in NADES-Based MUAE and UMAE.

The effect of sonication time (3 and 5 min) and microwave
irradiation time (1 and 3 min) on TPC and TTC in NADES-
based MUAE and MUAE on TPC was studied at 40 mL/g
LSR, 30 °C ultrasonic temperature, and 400 W microwave
power. Sonication power and water content were set at 150 W
and 20%, respectively, in Ci-Glu for phenolic extraction, while
these conditions were fixed at 600 W and 40% in Lac-Glu for
terpenoid extraction, respectively. The MUAE time was
abbreviated 1−3, 2−3, 1−5, and 2−5, corresponding to
microwave irradiation and sonication times at 1 and 3, 2 and 3,
1 and 5, and 2 and 5 min, respectively. The acronyms for
UMAE were 3−1, 3−2, 5−1, and 5−2, corresponding to
sonication and microwave irradiation times at 3 and 1, 3 and 2,
5 and 1, and 5 and 2 min, respectively. As shown in Figure
3C,D, an increase in sonication time promoted the extraction
yield of phenolics and terpenoids, while the reverse trend was
true in microwave time. It can be explained that microwaves
can have a higher thermally destructive effect on phenolics and
terpenoids than ultrasound, probably due to the generation of
high temperatures during microwave treatment.5,38 Addition-
ally, an increase in sonication time can enhance sonoporation,
which promotes NADES penetration into DAP during
ultrasonic and microwave treatments, improving the recovery
of terpenoids and phenolics.15 Therefore, sonication time (5
min) and microwave irradiation time (1) were proper for

NADES-based UMAE and MUAE to extract terpenoids and
phenolics from DAP.
3.5. Comparison of UAE, MAE, UMAE, and MUAE

Techniques. TTC, TPC, and biological activities obtained
from DAP by NADES-based UMAE, MAE, UAE, and MUAE
at proper conditions are illustrated in Table 2. The results
indicated that TPC and TTC from NADES-based UMAE and
MUAE were higher than those recovered using NADES-based
UAE and MAE. This result can be accounted for the
synergistic effects of microwaves and ultrasound on the plant
matrix, which improves the diffusion and solubilization of
terpenoids and phenolics. Moreover, TPC and TTC recovered
by NADES-based UMAE were higher than those by MUAE.
For NADES-based UMAE, the cavitation effect generates
numerous microchannels on a material surface when ultra-
sound is first applied to DAP. These channels can accelerate
mass and heat transfer when microwaves are used. Addition-
ally, the elevated temperature generated by microwaves can
decrease viscosity and cause cell rupture, improving the release
of terpenoids and phenolics. On the other hand, NADES-based
MUAE can form extensive hydrogen bond networks with high-
molecular-weight polysaccharides in DAP, increasing the
overall viscosity of extraction media. After microwave treat-
ment, DAP is sonicated at ambient temperature; thus, the
viscosity of extraction media can return. The high viscosity can
increase the cavitation threshold and decrease the intensity of
cavitation bubbles, impairing the release of terpenoids and
phenolics.29 It can be concluded that NADES-based UMAE
had a higher extraction yield than NADES-based MUAE.
In terms of antioxidant activity, NADES-based UMAE had

the highest ABTS, DPPH, and OH at 755 ± 50 μM TE/g dw,
123 ± 3 μM TE/g dw, and 104 ± 0.31 mM TE/g dw,
respectively, followed by NADES-based MUAE, MAE, and
UAE when using Ci-Glu as a solvent. A similar trend was true
in the case of using Lac-Glu. The combination of ultrasound
and microwaves can facilitate the degradation of glycosidic
bonds between bioactive compounds and macromolecules
(proteins and polysaccharides) more than merely ultrasonic or
microwave treatment, producing more free bioactive com-
pounds. The presence of free bioactive compounds can
enhance the quenching of ABTS, DPPH, and OH radicals.45

Additionally, extracts attained by UMAE had higher
antioxidant activity than MUAE. The initial application of
ultrasound can cause cell wall degradation, fragmentation, and
particle size reduction, improving the contact between
microwaves and materials. This contact can increase heat
distribution during microwave treatment, which enhances the
mass transfer and release of bioactive compounds, increasing
antioxidant activity. On the other hand, microwave treatment
is first applied, causing a decrease in particle size, which can
reduce the effect of ultrasound on the material surface. This
phenomenon can decrease in extraction yield of bioactive
compounds, decreasing antioxidant activity.15,46

Regarding enzyme inhibitory activity, Ci-Glu-based and Lac-
Glu-based UMAE showed the highest tyrosinase, α-amylase,
and AChE inhibitory capacity, followed by NADES-based
MUAE, MAE, and UAE. UMAE treatment can break the
glycoside bonds between polysaccharides and bioactive
compounds, which generate their mono and oligo forms.
These forms are more flexible than polymeric ones, which can
easily bind with the catalytic triad in enzyme active sites. This
binding can prevent the accessibility of substrates to enzyme
active sites, improving the inhibitory capacity of extracts
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obtained by UMAE.47 Additionally, the high inhibitory
capacity of extracts from UMAE can be attributed to the
difference in the phenolic and terpenoid profiles. Alu′datt et al.
2017 demonstrated that extractable and non-extractable
phenolic recovered from lemon juice increased α-amylase
activity in lieu of inhibition.48 Lemon had differences in the
phenolic profile relying on species and part of a fruit, and the
profile can directly influence α-amylase inhibitory capacity.49
Ioanna Stamogiannou et al. 2021 demonstrated that quercetin
and kaempferol had a cellulase inhibitory effect, while the
reverse trend was true in the case of sinapic acid and vanillic
acid. OCH3 groups can enhance enzyme activity, modify
cellulose structure, and improve enzyme attachment. The
aromatic rings can bind with the enzyme active site, reducing
the contact between the enzyme and the substrate, which can
increase inhibitory capacity.47

3.6. Surface Morphology Variation of DAP. The
destruction of plant cells can promote the diffusion of
phenolics and terpenoids from plant materials, improving the
extraction yield.25 Therefore, the DAP surface morphology
variations after treatment with different extraction techniques
were examined using SEM. As shown in Figure 4A1−A5, the
surface morphology of DAP was smooth before treatment
(Figure 4A1), while that of treated DAP was rough and had
numerous pores. The destructive level of the DAP surface was
in the following order: A5 > A4 > A2 > A3 > A1. For NADES-
based UMAE and MUAE, the cell wall could be destroyed
more severely than that for NADES-based UAE and MAE,
probably due to the synergistic effect of ultrasound and
microwaves.5,38 SEM results also agreed with the explanation
(Section 3.5) for the higher extraction yield and antioxidant
activity of NADES-based UMAE than NADES-based MUAE,
MAE, and UAE.
3.7. Choice of Extraction Methods. The choice of the

extraction method is one of the most crucial steps in the
recovery of phenolics and terpenoids from DAP. Table 2 also
shows the energy consumption and recovery yield of the four
extraction methods. Regarding the extraction of phenolics,

although the energy consumption of UAE was the lowest at
12.5 Wh, the recovery yield of phenolics was the lowest at
27.38 ± 0.49%. Regarding the recovery of terpenoids, the
energy expenditure of the UAE was quite high; however, the
recovery yield was the lowest. MAE showed high energy
efficiency in the extraction of phenolics and terpenoids. The
UMAE and MUAE showed the same energy expenditure;
however, the UMAE expressed a higher recovery yield of
phenolics and terpenoids than MUAE. In addition to energy
efficiency, other criteria, such as biological activities, the
amount of solvent used, and recovery yield, are considered
important factors in selecting the extraction method for
phenolics and terpenoids from DAP. Although MAE showed
the highest energy efficiency, the above criteria were lower
than those for UMAE. Therefore, UMAE was suitable for
attaining phenolics and terpenoids from DAP.

4. CONCLUSIONS
In this research, TPC obtained using Ci-Glu at (4.55 ± 0.16
mg GAE/g dw) and TTC acquired using Lac-Glu (15.79 ±
1.74 mg UA/g dw) from DAP were highly efficient compared
to those using ethanol (TPC at 1.40 ± 0.08 mg GAE/g dw and
TTC at 3.73 ± 0.41 mg UA/g dw). Regarding NADES-based
MAE, the appropriate conditions for phenolic extraction were
50 mL/g LSR, 20% water content in Ci-Glu, and 400 W
microwave power, while those of terpenoids were 50 mL/g
LSR, 400 W microwave power, and 40% water content in Lac-
Glu for 2 min. In terms of NADES-based UAE, the appropriate
conditions for phenolic extraction were 40 mL/g LSR, 30 °C,
150 W ultrasonic power, and 20% water content in Ci-Glu,
while those of terpenoids were 40 mL/g LSR, 600 W
ultrasonic power, 30 and 40% water content in Lac-Glu for 5
min. Regarding NADES-based UMAE and MUAE, LSR at 40
mL/g, sonication time at 5 min, and microwave time at 1 min
were suitable for extracting phenolics and terpenoids from
DAP. Additionally, NADES-based UMAE extracts had the
highest biological activities, TPC, and TTC. SEM images
showed that NADES-based UMAE had the most destructive

Figure 4. Variations of DAP surface morphology before and after treatment; (A1): non-treatment (500 magnification, resolution: 1536 × 1094);
(A2) ultrasonic treatment (500 magnification, resolution: 1536 × 1094); (A3): microwave treatment (120 magnification, resolution: 1536 ×
1094); (A4): microwave−ultrasonic treatment (500 magnification, resolution: 1536 × 1094); (A5): ultrasonic−microwave treatment (500
magnification, resolution: 1536 × 1094).
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effect on the DAP surface among the four extraction
techniques. NADES-based UMAE was the combination of
green solvents, UAE, and MAE, which presented a higher
extraction yield of phenolics and flavonoids than that using a
single method. The sequence of applying ultrasound and
microwave irradiation is also determined that has not been
elucidated in previous studies. The advantages of NADES-
based UAE result from the material surface destruction of
ultrasound and NADESs and the mass transfer improvement of
microwave-based heating. These effects significantly improve
extraction yield via mass transfer, reduce solvent consumption,
and shorten extraction time. Therefore, NADES-based UMAE
could be considered a green, sustainable, and effective method
for recovering phenolics and terpenoids from DAP. DAP
extracts can be a potential source of bioactive compounds for
food products.
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