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Abstract: To increase the effectiveness of using typical biomass waste as a resource, iridoids, chloro-
genic acid, and flavonoids from the waste biomass of Eucommia ulmoides leaves (EULs) were extracted
by deep eutectic solvents (DESs) in conjunction with macroporous resin. To optimize the extract
conditions, the experiment of response surface was employed with the single-factor of DES composi-
tion molar ratio, liquid–solid ratio, water percentage, extraction temperature, and extraction time.
The findings demonstrated that the theoretical simulated extraction yield of chlorogenic acid (CGA),
geniposidic acid (GPA), aucubin (AU), geniposide (GP), rutin (RU), and isoquercetin (IQU) were
42.8, 137.2, 156.7, 5.4, 13.5, and 12.8 mg/g, respectively, under optimal conditions (hydrogen bond
donor–hydrogen bond acceptor molar ratio of 1.96, liquid–solid ratio of 28.89 mL/g, water percentage
of 38.44%, temperature of 317.36 K, and time of 55.59 min). Then, 12 resins were evaluated for their
adsorption and desorption capabilities for the target components, and the HPD950 resin was found
to operate at its optimum. Additionally, the HPD950 resin demonstrated significant sustainability
and considerable potential in the recyclability test. Finally, the hypoglycemic in vitro, hypolipidemic
in vitro, immunomodulatory, and anti-inflammatory effects of EUL extract were evaluated, and the
correlation analysis of six active components with biological activity and physicochemical characteris-
tics of DESs by heatmap were discussed. The findings of this study can offer a theoretical foundation
for the extraction of valuable components by DESs from waste biomass, as well as specific utility
benefits for the creation and development of natural products.

Keywords: Eucommia ulmoides leaves (EULs); deep eutectic solvents; extraction; macroporous resin;
biological activity

1. Introduction

In China, Eucommia ulmoides (E. ulmoides) has been employed as a traditional Chinese
medicine for more than 2000 years [1–3]. It has a variety of biological activities including
antioxidative [4,5], anti-hypertensive [6,7], anti-inflammatory [8,9], and anti-obesity [10,11]
impacts to fortify the immune system and internal organs of humans. When considering
the availability of resources, E. ulmoides leaves (EULs) have been regarded as a very useful
option compared to E. ulmoides bark due to their rich resources and excellent ability to
regenerate and recover [12]. Thus, choosing an efficient extraction agent for EUL is currently
the focus of research.

Because of their low toxicity and excellent biodegradability, deep eutectic solvents
(DESs) are gaining popularity in comparison to traditional organic solvents, particularly
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for the extraction of natural products [13,14]. DESs are a eutectic mixture composed of
two or more hydrogen-bonded components [15,16]. They have sparked great interest
since they are liquid at normal temperature comparable to other solvents. The hydrogen
bond acceptor (HBA) and hydrogen bond donor (HBD) are DES components that can
be biodegraded and satisfy the standards of green chemistry due to providing natural
sources of ingredients, such as in animal feed additives (choline chloride, ChCl), fertilizers
(urea), sweeteners (glycerol), antifreeze (ethylene glycol), and plant metabolites (sugars,
glycols, and organic acids) [17]. Among them, choline chloride and urea were the most
common DESs used for extraction as HBA and HBD, respectively [18,19]. Additionally,
DESs are predicted to replace conventional solvents with a greener alternative due to
their excellent designability and straightforward preparation method [20], despite some
emerging eutrophication problems [21]. The strong hydrogen bonds between two or more
components of DESs can enhance their penetration capacity and accelerate the dissolution
of active ingredients [22,23].

Iridoids, chlorogenic acid, and flavonoids are the main phytochemicals in EULs [24,25].
However, the conventional isolation of bioactive compounds from EUL extract using
activity-guided fractionation and isolation is a time-consuming, laborious, and expensive
process, and their activity could be lost due to dilution effects or decomposition during the
isolation and purification, particularly for antioxidants. Therefore, simple, fast, and efficient
ways to separate and purify potential active components from complicated extracts using
macroporous resin are crucial to avoid the aforementioned issues [26,27].

Currently, few investigations have been completed on the extraction and purification
of EUL extract using macroporous resin and DESs [28], while most studies have reported
ethanol extraction [29,30], choline tryptophan ionic liquid (IL) extraction [31], ionic liquid-
based enzyme-assisted extraction [32], microwave ultrasonic solvent extraction [28], and
mesoporous carbon enrichment [33]. Moreover, there are also issues with the use and
recycling of macroporous resin [34,35]. Therefore, this work aims to investigate an effective
method for enriching and separating iridoids, chlorogenic acid, and flavonoids from
EULs based on macroporous resin. For this purpose, we examined and compared the
adsorption and desorption of 12 different kinds of macroporous resin. Following that,
the recyclability of resins was also taken into consideration. Finally, the hypoglycemic
in vitro, hypolipidemic in vitro, immunomodulatory, and anti-inflammatory effects of EUL
extract were further evaluated, which established and developed an effective strategy for
the application of natural products.

2. Results and Discussion
2.1. Selection of DESs

Since DESs have distinct physicochemical characteristics in terms of pH, polarity, and
viscosity, their structure is critical to extraction efficiency [36]. This study aimed to evaluate
the effectiveness of 10 DESs in extracting iridoids, chlorogenic acid, and flavonoids from
EULs. The high viscosity of DESs has been noted as restricting their usage due to mass
transfer obstruction [37–39]. Therefore, a 20% (v/v) moisture content in combination with
several DESs was employed. Moreover, it is critical to consider the thermal stability and
eutectic point of DESs when assessing their suitability as a solvent [40]. Figure S1 shows the
thermogravimetric analysis (TGA) curves of the DESs. In the temperature range of 353.15 to
393.15 K, the weight loss of both DESs were generally attributed to the evaporation of free
water. The first breakdown of DESs with weight loss was between 393.15 and 573.15 K. As
a result, DESs may maintain their structure and functionality during the separation process
because they are thermally stable. In addition, Figure S2 displays the DSC thermograms;
it can be seen that the melting point (Tm) of DESs is significantly lower than the melting
point of any constituents and consistent with theoretical predictions of a drop in melting
point [41].

The extraction efficiency of different DESs are depicted in Figure 1a and the physico-
chemical properties are listed in Table 1. The findings showed that ChAce had the highest
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extraction yield for iridoids’, chlorogenic acid, and flavonoids’ extraction. The pH of DESs
could affect the way solutes and solvents interact intermolecularly, resulting in varying
levels of target chemical extraction efficiency from the sample matrix [42]. Therefore, with
a pH of around 3, ChAce exhibited better extraction efficiency than other DESs, as demon-
strated in Table 1. In addition, it was found that the increase in the amount of iridoids,
chlorogenic acid, and flavonoids after extraction was in line with the increased specific
surface area (SBET) and pore volume (Vpore) of EULs. This could be because the structure of
the cell wall was destroyed, making it easier for the DESs to permeate through the cells,
lowering the barrier of mass transfer and accelerating the leaching of iridoids, chlorogenic
acid, and flavonoids.
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Figure 1. The effect of different DESs on iridoids, chlorogenic acid, and flavonoids yield (a) and
single-factor analysis of the extraction procedure (b–f). Extraction conditions: (a) the HBA-HBD molar
ratio was 1:2, the liquid–solid ratio was 30 mL/g, the water percentage was 40%, the temperature
was 318.15 K, and the time was 60 min; (b) the liquid–solid ratio was 30 mL/g, the water percentage
was 40%, the temperature was 318.15 K, and the time was 60 min; (c) the HBA-HBD molar ratio was
1:2, the water percentage was 40%, the temperature was 318.15 K, and the time was 60 min; (d) the
HBA-HBD molar ratio was 1:2, the liquid–solid ratio was 30 mL/g, the temperature was 318.15 K,
and the time was 60 min; (e) the HBA-HBD molar ratio was 1:2, the liquid–solid ratio was 30 mL/g,
the water percentage was 40%, and the time was 60 min; (f) the HBA-HBD molar ratio was 1:2, the
liquid–solid ratio was 30 mL/g, the water percentage was 40%, and the temperature was 318.15 K.

To illustrate the results, the yields of active components were standardized and shown
as a heatmap (Figure 2). The DES samples are divided into three clusters. The ChPro and
ChAce samples are isolated from all other clusters and have a high positive correlation
with each other. Then, the ChOxa, ChMal, and ChCit can be grouped in the same cluster.
Additionally, it is likely to group the ChEG, ChGly, ChLac, ChLev, and ChUre in the same
cluster based on similarities. Compared to all other DESs, it was found that the ChAce
was favorably correlated with the yield of iridoids, chlorogenic acid, and flavonoids, thus
exhibiting significant differences in extraction efficiency.
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Table 1. The physical properties of the DESs and sample before and after extraction.

DESs PH
Viscosity
(mPa·s)

SBET (m2/g) Vpore (cm3/g)

Before
Extraction

After
Extraction

Before
Extraction

After
Extraction

ChUre 7.26 16.5 2.68 18.55 1.15 0.21
ChAce 2.85 15.6 2.68 25.50 1.15 0.26
ChPro 2.26 13.8 2.68 21.04 1.15 0.24
ChCit 0.48 27.6 2.68 12.93 1.15 0.17
ChOxa 0.11 50.8 2.68 11.81 1.15 0.12
ChMal 0.22 560.1 2.68 14.08 1.15 0.18
ChLac 0.85 26.9 2.68 11.11 1.15 0.23
ChLev 1.09 103.0 2.68 18.48 1.15 0.24
ChGly 6.75 876.2 2.68 23.12 1.15 0.22
ChEG 6.89 378.1 2.68 20.92 1.15 0.20
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2.2. Investigation of the Extraction Process by Single-Factor

The surface tension and viscosity of solvents can be impacted by variations in the
molar ratio of choline chloride to hydrogen bond donors [43–45]. Thus, the impact of the
DES composition molar ratio on the extraction yield was examined. Figure 1b illustrates
that the optimal molar ratio of HBA-HBD was 1:2. Moreover, the impact of HBA-HBD
molar ratio on thermal stability and eutectic point of DESs is depicted in Figures S3 and S4;
the results show that all prepared DESs have good thermodynamic stability and exerted
the lower melting point than their pure component.

Figure 1c illustrates the trend of extraction efficiency of six target components, which
increased with the liquid–solid ratio before stabilizing, then an inflection point occurred at
30 mL/g. The extraction of six target components was facilitated by an appropriate ratio of
liquid to solid. In this work, the active components were completely extracted at 30 mL/g.
Therefore, the optimal liquid–solid ratio was 30 mL/g.

The high viscosity of DESs has been noted to restrict their usage due to mass trans-
fer obstruction [37–39]. Thus, the impact of water percentage on extraction efficiency is
demonstrated in Figure 1d. The results show that as the proportion of water increased, the
extraction yield increased as well, reaching its maximum value at 40%. Usually, there was a
transition from the water-in-DES behavior to the DES-in-water behavior with increased wa-
ter content [46,47]. In the range of 0–40% water percentage, the increased in-water content
could efficiently alter the polarity and viscosity of DESs. The hydrogen bonding between
DESs and active components was enhanced, and thus increased the extraction yield [48].
However, when the water percentage increased to 50%, the DESs may be disrupted as the
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water-in-DES behavior predominated, resulting in an aqueous solution of DESs. Therefore,
the interactions between DESs and target components may be weakened and broken by an
excessive amount of water, leading to a reduced extraction efficiency [38,49].

For efficient mass transfer, the extraction temperature is crucial. The extraction yield
rose to 318.15 K and subsequently reduced to 328.15 K (Figure 1e). This phenomenon
can be explained by rising temperatures leading to the increase in thermal impact, which
promoted the leaching of target components and increased the extraction yield. Meanwhile,
the reduced extraction yield of the target components resulted from the degradation of
some target components and increased the dissolution of impurities as the temperature
further increased.

Figure 1f shows the impact of extraction time on extraction efficiency. The extraction
yield initially increased and subsequently decreased. It is possible that the longer extraction
time enhanced the extraction efficiency. However, after the extraction time exceeded 60 min,
it might cause the decomposition of certain components and the exudation of undesirable
components [31]. As a result, 60 min was determined to be the ideal extraction time.

2.3. Response Surface Methodology (RSM)-Based Extraction Condition Optimization
2.3.1. Quadratic Multiple Regression Model Analysis

After fitting regression, the results of the ANOVA analysis were summarized in relation
to each factor (Supplementary Table S1). The p-value of six target chemical extraction
models were less than 0.0001, suggesting a high degree of dependability in the regression
equation. The actual value is extremely consistent with the anticipated value, as indicated
by the lack of fit item p > 0.05, so the model has a high degree of fitting.

2.3.2. Determination and Verification of Optimized Conditions

The model equations for six target components are listed in Table S2 and the response
surface map is depicted in Figures S5–S10. Using a 3D surface diagram and independent
variable regression analysis, the optimal parameters were found. Under the optimized
conditions (HBD-HBA ratio of 1.96, liquid–solid ratio of 28.89 mL/g, water percentage of
38.44%, temperature of 317.36 K, and time of 55.59 min), the theoretical simulated yield
of CGA, GPA, AU, GP, RU, and IQU were 42.8, 137.2, 156.7, 5.4, 13.5, and 12.8 mg/g,
respectively. The verification test was conducted to evaluate the reliability of the data
produced by RSM, and the results are summarized in Table S3. Under the actual verification
conditions (HBD-HBA ratio of 1.96, liquid–solid ratio of 28.89 mL/g, water percentage
of 38.44%, temperature of 317.15 K, and time of 55.60 min), the average yield of CGA,
GPA, AU, GP, RU, and IQU were 42.4, 136.7, 154.9, 5.2, 13.2, and 12.6 mg/g, respectively.
Furthermore, the significance of the prediction model is certified by the relative standard
deviation (RSD%) of 0.73%. Moreover, we compared our work with extraction data from
the previous literature and found that our extraction yield was 10 times greater than that
published in the literature [12,32,50].

2.4. Adsorption Capacity and Desorption Ratio

Figure 3a shows the absorption capacity of six target components in different macrop-
orous resins. It was discovered that the polar resins had a higher absorption capacity than
the other resins due to their bigger surface area and pore size according to Table 2. The
process of adsorption was enhanced by resins with similar polarity and greater average
pore diameters and surface areas [51]. Also, investigations into the desorption capacity are
depicted in Figure 3b. The desorption ratio of active components was directly proportion-
ate to the pore size of resins, among which the HPD950 resin exerted the best desorption
performance. This can result from the physical force (such as the van der Waals force)
and the influence of phenolic hydroxyl groups. Therefore, the HPD950 resin was most
effective in recovering target compounds, and the recovery yields of 80.8%, 82.9%, 81.2%,
80.6%, 85.3%, and 79.8% were obtained for AU, GPA, GP, CGA, RU, and IQU (Figure 3c),
respectively. Meanwhile, the fifth cycle in Figure 4 demonstrated extraordinary stabil-
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ity and repeatability. Therefore, the HPD950 resin had great sustainability and showed
considerable promise for use in the recovery of iridoids, flavonoids, and chlorogenic acid.
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Table 2. The textural parameters of macroporous resin.

Resins Surface Area
(m2/g)

Pore Size
(Å) Polarity Composition

ADS-8 450 130 Non-polar Polystyrene
HP20 600 290 Non-polar SDVB

XAD-1 900 95 Non-polar Polystyrene
H103 1000 95 Non-polar SDVB

NKA-2 200 150 Middle-polar Polystyrene
XAD-1180 600 150 Middle-polar SDVB

LS-A40 700 150 Middle-polar SDVB
EXA-45 1000 35 Middle-polar SDVB
ADS-11 210 280 Polar Sulfonic group

S8 550 100 Polar Polystyrene
LS-305 1000 55 Polar SDVB

HPD950 1350 100 Polar SDVB
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Figure 4. Recyclability results of HPD950 resins on adsorption (a), desorption (b), and recovery (c).

2.5. In Vitro Hypoglycemic and Hypolipidemic Effect
Inhibition of α-Glucosidase and α-Amylase Activity

The two main enzymes involved in the body’s metabolism of glucose are α-glucosidase
and α-amylase. They can accurately lower blood glucose levels by limiting enzyme activity,
lowering glucose absorption, as well as delaying the transformation of glucose into blood
glucose [52]. Figure 5a,b depict the inhibitory impacts of EUL extract on α-glucosidase and
α-amylase. It can be seen that the EUL extract had a substantial concentration-dependent
inhibitory impact on α-glucosidase and α-amylase, which was a significant improvement
over the positive control, acarbose.
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Figure 5. In vitro hypoglycemic and lipid-lowering activity of EUL extract: (a) α-glucosidase inhibi-
tion; (b) α-amylase inhibition; (c) sodium glycinate binding capacity; and (d) sodium taurocholate
binding capacity.

The effectiveness of medicine in relation to hypolipidemic activity has been frequently
assessed using the cholate binding technique. According to the theory, the concentration
of bile salts in the body could decrease once the medication was combined with bile salts,
in order to sustain the bile acid balance in the body, encourage the fat-breaking in the
liver, and ultimately help lower blood lipid levels [53]. Sodium glycocholate and sodium
taurocholate comprise the majority of bile salts, which play a significant role in human bile
production and lipolysis. With an increase in concentration, the ability of the EUL extract
to adsorb taurocholate and glycocholate increased, demonstrating a substantial dose–effect
relationship, as shown in Figure 5c,d. Overall, EUL extract exhibited notable hypolipidemic
effects in vitro.

2.6. Immunomodulatory Activity and Anti-Inflammatory Test

Macrophages are essential to the innate immune system. The majority of immunolog-
ical functions, including host inflammation, are controlled by these cells. Therefore, the
extract was used to examine the effects on cell activity and proliferation of RAW264.7 cell.
It was found that the EUL extract boosted RAW264.7 cell proliferation within a certain
concentration range, as shown in Figure 6a. At the concentration of 200 µg/mL, the EUL ex-
tract greatly increased RAW264.7 cell proliferation to the same extent as LPS in comparison
to uninfected controls.
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Figure 6. The impact of EUL extract on cell viability (a) and anti-inflammatory (b–d).

Aiming to test the anti-inflammatory activity of EUL extract, the inhibitory capability
of NO, IL-6, and TNF-α in LPS-stimulated RAW264.7 cells was evaluated. As depicted
in Figure 6b–d, LPS stimulation substantially enhanced the production of NO, IL-6, and
TNF-α in macrophages. Then, the release of NO, IL-6, and TNF-α in macrophages was
considerably reduced following the EUL extract culture, which suggested that the EUL
extract has an inhibitory impact on macrophage inflammatory factors.

2.7. Correlation Analysis

In order to examine the link between six active components with the biological activity
of EUL extract and the physicochemical characteristics of DESs, the correlation coefficients
of Pearson were obtained and the results are displayed as a heatmap (Figure 7). A strong
association between active components and biological activity was found by correlation
analysis. The α-glucosidase activity, α-amylase activity, and cell viability were positively
correlated with all six active components (p < 0.01). The sodium taurocholate binding
capacity was positively associated with RU (p < 0.01), CGA (p < 0.05), GPA (p < 0.05), AU
(p < 0.05), GP (p < 0.05), and IQU (p < 0.05). While the NO amount, IL-6 amount, and TNF-α
amount was negatively associated with all six active components (p < 0.01).
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3. Material and Methods
3.1. Raw Materials and Chemicals

The EUL raw material was acquired from Zhangjiajie (Hunan, China). Before use, the
EUL raw material was dried at 333.15 K for 12 h in a vacuum drying oven, ground, sieved
through a 200–300 µm mesh, and then kept in a vacuum drier. The macroporous resins were
purchased from Beijing Solebo Technology (Beijing, China). Choline chloride, urea, acetic
acid, oxalic acid, propionic acid, lactic acid, citric acid, malic acid, levulinic acid, glycerol,
ethylene glycol, simvastatin, glucosidase, amylase, sodium taurocholate, and sodium
glycocholate were acquired from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai,
China). Chlorogenic acid (CGA), geniposidic acid (GPA), aucubin (AU), geniposide (GP),
rutin (RU), isoquercetin (IQU), and ascorbic acid (Vc) standards were purchased from
the China National Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai, China),
and other reagents were utilized without additional purification after being bought from
Fuchen Chemical Reagent Co., Ltd. (Tianjin, China). Throughout the whole experimental
process, fresh deionized water was utilized.

3.2. Preparation and Characterization of Deep Eutectic Solvents

The HBA (choline chloride, ChCl) and different types of HBD (urea, acetic acid,
propionic acid, citric acid, oxalic acid, malic acid, lactic acid, levulinic acid, glycerol, and
ethylene glycol) were added and stirred with a magnetic stirrer at 353.15 K for 30 to 60 min
to generate a clear liquid [43,54]. After that, 20% (v/v) of water was added and stirred
for 30 min to form homogeneous and clear DESs (ChUre, ChAce, ChPro, ChCit, ChOxa,
ChMal, ChLac, ChLev, ChGly, and ChEG). The viscosity of DESs were measured by a
viscometer (NDJ-5S, China). Thermogravimetric analysis (TG) curves were performed
in an N2 atmosphere using a thermal analyzer (Mettler TGA-2; Switzerland) from room
temperature to 873.15 K. Additionally, differential scanning calorimetry (DSC) curves were
obtained by a DSC instrument (Netzsch STA 449C; Selb, Germany).
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3.3. Preparation of Standard Solution

The standard was accurately weighed and sonicated with methanol. Subsequently,
it was filtered by 0.22 µm microporous membrane (Jinteng Co. Ltd., Tianjin, China) and
employed as the standard solution [12,55].

3.4. Characterization of EUL after Extraction

The Brunauer–Emmett–Teller (BET) surface areas and pore volumes of samples were
determined by the Micromeritics TriStar II 3020 analyzer. Before determination, the samples
were subjected to degassing for 12 h at 373.15 K.

3.5. Selection of Optimal DESs

A total of 5 g of EULs was added to a flask, then DESs were added under the identical
factors (1:2 for the HBA-HBD molar ratio, 30 mL/g for the liquid–solid ratio, 40% for the
water percentage, 318.15 K for the extract temperature, and 60 min for the extraction time).
Subsequently, the extract was filtered, and the residue was washed with water before being
dried to a constant weight. After filtering through the 0.22 µm microporous membrane,
the extracted solution was ultimately tested by high-performance liquid chromatogra-
phy (HPLC).

3.6. Single-Factor Experiment Design

A total of 10 g of EUL extract was added to a flask. Next, the DESs were added. The
effects of the following factors on the extraction efficiency were evaluated: liquid–solid
ratio (10, 20, 30, 40, and 50 mL/g), water percentage (0, 10, 20, 30, 40, and 50%), extraction
temperature (298.15, 308.15, 318.15, 328.15, and 338.15 K), and time (30, 60, 90, and 120 min).
In particular, 20% of water is always added apart in research on the effect of water. All data
were recorded three times in each experiment.

3.7. HPLC Analysis and Quantification

Before analysis, the standard and extract solutions were filtered by 0.22 µm micro-
porous membrane. A Shimadzu LC-20A chromatographic system, equipped with an
Amethyst C18-H (4.6 mm × 250 mm, 5 µm) series HPLC column (Sepax Technologies,
Newark, NJ, USA), a DGU-20A 3 degasser, a SIL-20A auto sampler, an SPD-20A UV de-
tector, and a Shimadzu LC-20AB binary pump, was used for the HPLC quantification. A
gradient elution with the mobile phase of 0.5% phosphoric acid (A) and methanol (B) solu-
tion was conducted for the run time of 60 min. The specific parameters were as follows [12]:
10 µL for the injection volume; 1.0 mL/min for the flow rate; 0–18 min, 6–20% B; 18–30 min,
20–28% B; 30–40 min, 28–30% B; 40–55 min, 30–55% B; 55–60 min, 55–60% B; 60–65 min,
60–6% B; 298.15 K for the column temperature; 206 nm (AU), 238 nm (GPA and GP), 254 nm
(RU and IQU), and 320 nm (CGA) for the detection wavelength. The HPLC chromatograms
of standard compounds and EUL extract are displayed in Figure S11.

3.8. The Design of Response Surface Optimization

Based on the previous results of single-factor experiment, ChAce was selected as the
optimal DES for EUL extraction. The specific design is shown in the Supplementary Materials.

3.9. Static Adsorption and Desorption Tests

A total of 30 mL of EUL extract (4.08 mg/mL) and 1 g of resin were mixed in a conical
flask. Then, the flask was vibrated by a thermostatic water bath shaker for 24 h. The
vibrating speed and temperature were 120 rpm and 298.15 K, respectively. After that,
the resin was carefully cleaned with distilled water, and desorbed in 30 mL 95% ethanol
solution for 24 h at 298.15 K with a stirring speed at 120 rpm.
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3.10. Recyclability Tests

The resin was continuously loaded and recycled under the best procedure for the
adsorption and desorption of EUL extract.

3.11. Hypoglycemic In Vitro
3.11.1. Inhibition of α-Glucosidase Activity

A 96-well plate was filled with a total of 100 µL of potassium phosphate buffer (pH 6.8),
20 µL of 0.2 U/mL α-glucosidase (produced with potassium phosphate buffer), and 10 µL of
1.0 mg/mL reduced glutathione [40]. Then, 20 µL of various concentrations of EUL extract
(0.5–2.5 mg/mL) were added, mixed, and incubated at 310.15 K for 15 min. Next, 20 µL of
2.5 mmol/L p-nitrophenyl-α-D-glucopyranoside (PNPG) and 80 µL of 0.2 mol/L Na2CO3
solution were added in sequence, the absorbance value was determined by the visible
spectrophotometer at 405 nm. The inhibition rate was determined employing acarbose as
the reference [52]:

α-glucosidase activity inhibition rate (%) = [1 − (Ai − Ai0)/(Aj − A0)] × 100% (1)

where Aj represents the absorbance of enzyme, buffer, and substrate; A0 represents the
absorbance of enzyme and buffer; Ai represents the absorbance of enzyme, sample, buffer,
and substrate; and Ai0 represents the absorbance of enzyme, sample, and buffer.

3.11.2. Inhibition of α-Amylase Activity

A total of 100 µL of 0.2 U/mL α-amylase solution (pH 6.8) was made with phosphate
buffer solution, and pipetted into a centrifuge tube. Then, 500 µL of various concentrations
of EUL extract (2.0–10.0 mg/mL) were added, mixed, and maintained for 20 min at 310.15 K.
Next, 100 µL of 10 g/L starch solution was added and stirred at 310.15 K for 10 min.
Following that, 375 µL of 3,5-dinitrosalicylic acid (DNS) reagent was added, stirred, and
allowed to react for 5 min in a bath of boiling water, then cooled by flowing water and
centrifuged for 5 min. Finally, the value of optical density (OD) was determined at 540 nm.
The inhibition rate was obtained using acarbose as the control:

α-amylase activity inhibition rate (%) = [1 − (Ai − Ai0)/(Aj − A0)] × 100% (2)

where Ai represents the absorbance of sample, enzyme, starch, and DNS; Ai0 represents the
absorbance of sample, enzyme, and DNS; Aj represents the absorbance of enzyme, starch,
and DNS; A0 represents the absorbance of enzyme and DNS.

3.12. Hypolipidemic In Vitro

To replicate the gastric digesting process, 0.5 mL of EUL extract (2.0–10.0 mg/mL),
and 1.5 mL of artificial gastric fluid were pipetted into a centrifuge tube, and oscillated at
310.15 K for 1 h. After that, the pH of the mixture was adjusted to 6.3 using the 0.1 mol/L
NaOH solution. To simulate the intestinal environment, 2.0 mL of artificial intestinal fluid
was supplied for digestion at 310.15 K for 1 h. Following that, 2.0 mL of 0.3 mmol/L sodium
glycocholate and sodium taurocholate were added to each sample, and then oscillated
at 310.15 K for 1 h. The supernatant was utilized to determine the amounts of sodium
glycocholate and sodium taurocholate by colorimetry after centrifugation. The calculation
used simvastatin as the reference:

Cholate binding rate (%) = (Ai − A0)/Ai × 100% (3)

where Ai represents the absorbance of cholate addition; A0 represents the absorbance of
cholate residual.
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3.13. Immunomodulatory Activity of Extract
3.13.1. Cell Culture

RAW264.7 cells were cultivated in a humid atmosphere with 5% CO2 in RPMI-1640
complete medium at 310.15 K in a box. The 10% fetal bovine serum (FBS), 100 u/mL
penicillin, 1 mmol/L sodium pyruvate, and 100 mg/mL streptomycin were included in
this medium.

3.13.2. Cell Viability

The RAW264.7 cell viability was assessed using the MTT assay [45]. Specifically, the
RAW264.7 cell suspension (1 × 105 cells/mL) was pipetted into a 96-well plate (100 µL),
where it was cultivated for 24 h at 310.15 K in a humid incubator with 5% CO2. The cells
were treated with 100 µL of different concentrations (12.5, 25, 50, 100, and 200 µg/mL) of
the EUL extract, and cultivated for an additional 24 h after discarding the supernatant. A
blank control group and a positive control group (lipopolysaccharide, 1 µg/mL) were used
at the same time. Then, the supernatant was aspirated. After adding 10 µL of 5 mg/mL
MTT solution, the mixture was incubated for 4 h at 310.15 K. Finally, the medium was
properly aspirated before each well was given 100 µL of DMSO, shaken for 10 min, and the
optical density (OD) was determined at 570 nm using a microplate reader. The calculation
formula is as follows:

Cell viability% = Asample/Ablank × 100% (4)

3.14. Anti-Inflammatory Activity of EUL Extract

To further investigate the anti-inflammatory activity of EUL extract, the RAW264.7 cell
in logarithmic growth period was counted and their cell density was adjusted. Then, 1 mL
of cell suspension was added to a 24-well cell culture plate with 2 × 105 cell per well, and
incubated for 24 h at 310.15 K with 5% CO2. To induce macrophage polarization, 1.0 µg/mL
of lipopolysaccharide (LPS) was added for 8 h, followed by 24 h of EUL extract solution
(12.5, 25, 50, 100, and 200 µg/mL). After centrifuging, the cell supernatant was collected to
detect the amounts of nitric oxide (NO), interleukin 6 (IL-6), and tumor necrosis factor-α
(TNF-α) by a NO kit and a mouse cytokine (IL-6, TNF-α) ELISA kit.

4. Conclusions

Ten types of eco-friendly, low-cost, and environmentally favorable DESs were created
to extract iridoids, chlorogenic acid, and flavonoids from Eucommia ulmoides seed-draff, and
the ChAce DES demonstrated the greatest extraction yield of all of them. The extraction
yield of CGA, GPA, AU, GP, RU, and IQU were 42.8, 137.2, 156.7, 5.4, 13.5, and 12.8 mg/g,
respectively under the optimized parameters (HBD-HBA molar ratio of 1.96, liquid-solid
ratio of 28.89 mL/g, water percentage of 38.44%, temperature of 317.36 K, and time of
55.59 min). In addition, the HPD950 resin was the most efficient macroporous resin with
excellent reuse stability for recovering desired compounds, as well as a recovery yield
of 80.8%, 82.9%, 81.2%, 80.6%, 85.3%, and 79.8% for AU, GPA, GP, CGA, RU, and IQU,
respectively. Moreover, the EUL extract had significant hypoglycemic and hypolipidemic
activity. At the same time, EUL extract was able to boost macrophage proliferation and reg-
ulate immunological activity, and the immunomodulatory activity assay showed that EUL
extract exerted notable anti-inflammatory effects. The correlation analysis demonstrated
that biological activity was strongly associated with six active compounds. We believe
that our work may open up new avenues for the eventual development of an innovative,
sustainable, and highly effective method for the specific extraction as well as the utilization
of natural products from waste biomass.
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.3390/molecules29030737/s1, Figure S1: The DTA curves of 10 kinds of DESs, Figure S2: the DSC
curves of 10 kinds of DESs; Figure S3: the DTA curves of ChAce with HBA-HBD molar ratio of 1:1,
1:2, 1:3, and 1:4; Figure S4: the DSC curves of ChAce with HBA-HBD molar ratio of 1:1, 1:2, 1:3, and
1:4; Figure S5–S10: response surface for the interactions of independent variables on CGA, GPA,
AU, GP, RU, and IQU amount; Figure S11: HPLC chromatograms of standard components and EUL
extract; Table S1: ANOVA analysis results of the quadratic model; Table S2: model equations with
coded factors for the amounts of 6 target components; Table S3: repeatability of the extraction; Table
S4: design factor levels and codes for extraction; Table S5: the specific factor level design for iridoids,
chlorogenic acid, and flavonoids extraction.

Author Contributions: Conceptualization, Y.L. and F.C.; methodology, Y.L. and H.T.; software, Y.L.
and F.C.; validation, H.T. and W.D.; formal Analysis, Y.L.; investigation, Y.L. and F.C.; resources, Z.Q.;
writing—original draft preparation, Y.L. and H.T.; writing—review and editing, Y.L., W.D. and Z.Q.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Natural Science Foundation of Hunan Province
(grant no. 2018WK2093).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: This work was financially supported by the Natural Science Foundation of Hu-
nan Province (grant no. 2018WK2093) and the construct program of applied characteristic discipline
in Hunan Province.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ma, L.; Meng, N.; Liu, B.; Wang, C.; Chai, X.; Huang, S.; Yu, H.; Wang, Y. Quantitative Analysis and Stability Study on Iridoid

Glycosides from Seed Meal of Eucommia ulmoides Oliver. Molecules 2022, 27, 5924. [CrossRef] [PubMed]
2. Tian, S.; Zou, Y.X.; Wang, J.; Li, Y.; An, B.Z.; Liu, Y.Q. Protective effect of Du-Zhong-Wan against osteoporotic fracture by targeting

the osteoblastogenesis and angiogenesis couple factor SLIT3. J. Ethnopharmacol. 2022, 295, 115399. [CrossRef] [PubMed]
3. Sayed, S.M.A.; Siems, K.; Schmitz-Linneweber, C.; Luyten, W.; Saul, N. Enhanced healthspan in Caenorhabditis elegans treated with

extracts from the traditional Chinese medicine plants Cuscuta chinensis Lam. and Eucommia ulmoides Oliv. Front. Pharmacol. 2021,
12, 604435. [CrossRef] [PubMed]

4. Liu, Z.; Ma, W.; Chen, B.; Pan, H.; Zhu, M.; Pang, X.; Zhang, Q. Deep eutectic solvents in the extraction of active compounds from
Eucommia Ulmoides Oliv. leaves. J. Food Meas. Charact. 2022, 16, 3410–3422. [CrossRef]

5. Ren, N.; Gong, W.W.; Zhao, Y.C.; Zhao, D.G.; Xu, Y.W. Innovation in sweet rice wine with high antioxidant activity: Eucommia
ulmoides leaf sweet rice wine. Front. Nutr. 2023, 9, 1108843. [CrossRef]

6. Chen, Y.; Pan, R.; Zhang, J.; Liang, T.; Guo, J.; Sun, T.; Fu, X.; Wang, L.; Zhang, L. Pinoresinol diglucoside (PDG) attenuates
cardiac hypertrophy via AKT/mTOR/NF-κB signaling in pressure overload-induced rats. J. Ethnopharmacol. 2021, 272, 113920.
[CrossRef]

7. Xu, X.; Tian, W.; Duan, W.; Pan, C.; Huang, M.; Wang, Q.; Yang, Q.; Wen, Z.; Tang, Y.; Xiong, Y.; et al. Quanduzhong
capsules for the treatment of grade 1 hypertension patients with low-to-moderate risk: A multicenter, randomized, double-blind,
placebo-controlled clinical trial. Front. Pharmacol. 2023, 13, 1014410. [CrossRef]

8. Yang, P.; Zhang, Q.; Shen, H.; Bai, X.; Liu, P.; Zhang, T. Research progress on the protective effects of aucubin in neurological
diseases. Pharm. Biol. 2022, 60, 1088–1094. [CrossRef]

9. Liang, X.; Zhou, K.; Li, P.; Wan, D.; Liu, J.; Yi, X.; Peng, Y. Characteristics of endophytic bacteria and active ingredients in the
Eucommiae cortex from different origins. Front. Microbiol. 2023, 14, 1164674. [CrossRef]

10. Peng, M.F.; Tian, S.; Song, Y.G.; Li, C.X.; Miao, M.S.; Ren, Z.; Li, M. Effects of total flavonoids from Eucommia ulmoides Oliv.
leaves on polycystic ovary syndrome with insulin resistance model rats induced by letrozole combined with a high-fat diet. J.
Ethnopharmacol. 2021, 273, 113947. [CrossRef]

11. Yan, J.; Hu, R.; Li, B.; Tan, J.; Wang, Y.; Tang, Z.; Liu, M.; Fu, C.; He, J.; Wu, X. Effect of Eucommia ulmoides leaf extract on growth
performance, carcass traits, parameters of oxidative stress, and lipid metabolism in broiler chickens. Front. Vet. Sci. 2022, 9,
945981. [CrossRef] [PubMed]

12. Yu, L.; Cao, L.; Chang, Y.H.; Duan, C.J.; Liu, C.; Zhao, X.L.; Yue, G.L.; Wang, X.Q.; Fu, Y.J. Enhanced extraction performance of
iridoids, phenolic acids from Eucommia ulmoides leaves by tailor-made ternary deep eutectic solvent. Microchem. J. 2021, 161,
105788. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules29030737/s1
https://www.mdpi.com/article/10.3390/molecules29030737/s1
https://doi.org/10.3390/molecules27185924
https://www.ncbi.nlm.nih.gov/pubmed/36144657
https://doi.org/10.1016/j.jep.2022.115399
https://www.ncbi.nlm.nih.gov/pubmed/35649495
https://doi.org/10.3389/fphar.2021.604435
https://www.ncbi.nlm.nih.gov/pubmed/33633573
https://doi.org/10.1007/s11694-022-01427-w
https://doi.org/10.3389/fnut.2022.1108843
https://doi.org/10.1016/j.jep.2021.113920
https://doi.org/10.3389/fphar.2022.1014410
https://doi.org/10.1080/13880209.2022.2074057
https://doi.org/10.3389/fmicb.2023.1164674
https://doi.org/10.1016/j.jep.2021.113947
https://doi.org/10.3389/fvets.2022.945981
https://www.ncbi.nlm.nih.gov/pubmed/35968002
https://doi.org/10.1016/j.microc.2020.105788


Molecules 2024, 29, 737 14 of 15

13. Ijardar, S.P.; Singh, V.; Gardas, R.L. Revisiting the physicochemical properties and applications of deep eutectic solvents. Molecules
2022, 27, 1368. [CrossRef] [PubMed]

14. Plastiras, O.-E.; Samanidou, V. Applications of deep eutectic solvents in sample preparation and extraction of organic molecules.
Molecules 2022, 27, 7699. [CrossRef] [PubMed]

15. Yan, X.Y.; Cai, Z.H.; Zhao, P.Q.; Wang, J.D.; Fu, L.N.; Gu, Q.; Fu, Y.J. Application of a novel and green temperature-responsive deep
eutectic solvent system to simultaneously extract and separate different polar active phytochemicals from Schisandra chinensis
(Turcz.) Baill. Food Res. Int. 2023, 165, 112541. [CrossRef] [PubMed]

16. Husanu, E.; Mero, A.; Rivera, J.G.; Mezzetta, A.; Ruiz, J.C.; D’Andrea, F.; Pomelli, C.S.; Guazzelli, L. Exploiting Deep Eutectic
Solvents and Ionic Liquids for the Valorization of Chestnut Shell Waste. ACS Sustain. Chem. Eng. 2020, 8, 18386–18399. [CrossRef]

17. Francisco, M.; van den Bruinhorst, A.; Kroon, M.C. Low-transition-temperature mixtures (LTTMs): A new generation of designer
solvents. Angew. Chem. Int. Ed. 2013, 52, 3074–3085. [CrossRef]

18. Hikmawanti, N.P.E.; Ramadon, D.; Jantan, I.; Mun’im, A. Natural deep eutectic solvents (NADES): Phytochemical extraction
performance enhancer for pharmaceutical and nutraceutical product development. Plants 2021, 10, 2091. [CrossRef]

19. Della Posta, S.; Gallo, V.; Gentili, A.; Fanali, C. Strategies for the recovery of bioactive molecules from deep eutectic solvents
extracts. TrAC Trend. Anal. Chem. 2022, 157, 116798. [CrossRef]

20. Mero, A.; Koutsoumpos, S.; Giannios, P.; Stavrakas, I.; Moutzouris, K.; Mezzetta, A.; Guazzelli, L. Comparison of physicochemical
and thermal properties of choline chloride and betaine-based deep eutectic solvents: The influence of hydrogen bond acceptor
and hydrogen bond donor nature and their molar ratios. J. Mol. Liq. 2023, 377, 121563. [CrossRef]

21. Vieira Sanches, M.; Freitas, R.; Oliva, M.; Mero, A.; De Marchi, L.; Cuccaro, A.; Fumagalli, G.; Mezzetta, A.; Colombo Dugoni, G.;
Ferro, M.; et al. Are natural deep eutectic solvents always a sustainable option? A bioassay-based study. Environ. Sci. Pollut. Res.
2022, 30, 17268–17279. [CrossRef]

22. Pontes, P.V.d.A.; Czaikoski, A.; Almeida, N.A.; Fraga, S.; Rocha, L.d.O.; Cunha, R.L.; Maximo, G.J.; Batista, E.A.C. Extraction
optimization, biological activities, and application in O/W emulsion of deep eutectic solvents-based phenolic extracts from olive
pomace. Food Res. Int. 2022, 161, 111753. [CrossRef]

23. Lou, R.; Zhang, X. Evaluation of pretreatment effect on lignin extraction from wheat straw by deep eutectic solvent. Bioresour.
Technol. 2022, 344, 126174. [CrossRef] [PubMed]

24. Wang, X.S.; Peng, M.J.; He, C.T. The antihypertensive effects of Eucommia ulmoides leaf water/ethanol extracts are chlorogenic
acid dependent. J. Funct. Foods 2022, 94, 105129. [CrossRef]

25. Han, R.; Yu, Y.; Zhao, K.; Wei, J.; Hui, Y.; Gao, J.-M. Lignans from Eucommia ulmoides Oliver leaves exhibit neuroprotective effects
via activation of the PI3K/Akt/GSK-3β/Nrf2 signaling pathways in H2O2-treated PC-12 cells. Phytomedicine 2022, 101, 154124.
[CrossRef] [PubMed]

26. Liu, X.; Yan, S.; Zhou, H.; Wu, H.; Wang, S.; Yong, X.; Zhou, J. Separation and purification of glabridin from a deep eutectic solvent
extract of Glycyrrhiza glabra residue by macroporous resin and its mechanism. Sep. Purif. Technol. 2023, 315, 123731. [CrossRef]

27. Tang, W.; Yao, W.; Lei, X.; Zhou, Y.; Liu, M.; Zeng, Z.; Zhao, C. Efficient enrichment and purification of anti-inflammatory
nuezhenoside G13 from Osmanthus fragrans fruit by macroporous resin adsorption. Ind. Crops Prod. 2023, 192, 116092. [CrossRef]

28. Wu, M.; Zhuang, Q.; Lin, J.; Peng, Y.; Luo, F.; Liu, Z.; Farooq, U.; Zhang, Q. Enrichment of the flavonoid fraction from Eucommia
ulmoides leaves by a liquid antisolvent precipitation method and evaluation of antioxidant activities in vitro and in vivo. RSC
Adv. 2023, 13, 17406–17419. [CrossRef] [PubMed]

29. Shen, Z.; Ji, X.; Yao, S.; Zhang, H.; Xiong, L.; Li, H.; Chen, X.; Chen, X. Solid-liquid extraction of chlorogenic acid from Eucommia
ulmoides Oliver leaves: Kinetic and mass transfer studies. Ind. Crops Prod. 2023, 205, 117544. [CrossRef]

30. Jiang, H.; Li, J.; Zhang, N.; He, H.Y.; An, J.M.; Dou, Y.N. Optimization of the extraction technology and assessment of antioxidant
activity of chlorogenic acid-rich extracts from Eucommia ulmoides Leaves. Nat. Prod. Commun. 2021, 16, 1–10. [CrossRef]

31. Wang, R.; Yang, Z.; Lv, W.; Tan, Z.; Zhang, H. Extraction and separation of flavonoids and iridoids from Eucommia ulmoides leaves
using choline tryptophan ionic liquid-based aqueous biphasic systems. Ind. Crops Prod. 2022, 187, 115465. [CrossRef]

32. Liu, T.; Sui, X.; Li, L.; Zhang, J.; Liang, X.; Li, W.; Zhang, H.; Fu, S. Application of ionic liquids based enzyme-assisted extraction
of chlorogenic acid from Eucommia ulmoides leaves. Anal. Chim. Acta 2016, 903, 91–99. [CrossRef]

33. Qin, G.; Ma, J.; Wei, W.; Li, J.; Yue, F. The enrichment of chlorogenic acid from Eucommia ulmoides leaves extract by mesoporous
carbons. J. Chromatogr. B 2018, 1087–1088, 6–13. [CrossRef]

34. Vaz, B.M.C.; Martins, M.; de Souza Mesquita, L.M.; Neves, M.C.; Fernandes, A.P.M.; Pinto, D.C.G.A.; Neves, M.G.P.M.S.; Coutinho,
J.A.P.; Ventura, S.P.M. Using aqueous solutions of ionic liquids as chlorophyll eluents in solid-phase extraction processes. Chem.
Eng. J. 2022, 428, 131073. [CrossRef]

35. Haghi, M.; Ranjbar, Z.; Kazemian, H.; Aghili, M. Synthesis, characterization and corrosion resistance behavior of waterborne
cationic acrylic resins. Prog. Color Color. Coat. 2023, 16, 31–45.

36. Shang, X.C.; Dou, Y.Q.; Zhang, Y.J.; Tan, J.N.; Liu, X.M.; Zhang, Z.F. Tailor-made natural deep eutectic solvents for green extraction
of isoflavones from chickpea (Cicer arietinum L.) sprouts. Ind. Crops Prod. 2019, 140, 111724. [CrossRef]

37. Fan, Y.; Wu, H.; Cai, D.; Yang, T.; Yang, L. Effective extraction of harmine by menthol/anise alcohol-based natural deep eutectic
solvents. Sep. Purif. Technol. 2020, 250, 117211. [CrossRef]

https://doi.org/10.3390/molecules27041368
https://www.ncbi.nlm.nih.gov/pubmed/35209161
https://doi.org/10.3390/molecules27227699
https://www.ncbi.nlm.nih.gov/pubmed/36431799
https://doi.org/10.1016/j.foodres.2023.112541
https://www.ncbi.nlm.nih.gov/pubmed/36869454
https://doi.org/10.1021/acssuschemeng.0c04945
https://doi.org/10.1002/anie.201207548
https://doi.org/10.3390/plants10102091
https://doi.org/10.1016/j.trac.2022.116798
https://doi.org/10.1016/j.molliq.2023.121563
https://doi.org/10.1007/s11356-022-23362-5
https://doi.org/10.1016/j.foodres.2022.111753
https://doi.org/10.1016/j.biortech.2021.126174
https://www.ncbi.nlm.nih.gov/pubmed/34737047
https://doi.org/10.1016/j.jff.2022.105129
https://doi.org/10.1016/j.phymed.2022.154124
https://www.ncbi.nlm.nih.gov/pubmed/35487038
https://doi.org/10.1016/j.seppur.2023.123731
https://doi.org/10.1016/j.indcrop.2022.116092
https://doi.org/10.1039/D3RA00800B
https://www.ncbi.nlm.nih.gov/pubmed/37313520
https://doi.org/10.1016/j.indcrop.2023.117544
https://doi.org/10.1177/1934578X211046105
https://doi.org/10.1016/j.indcrop.2022.115465
https://doi.org/10.1016/j.aca.2015.11.029
https://doi.org/10.1016/j.jchromb.2018.04.036
https://doi.org/10.1016/j.cej.2021.131073
https://doi.org/10.1016/j.indcrop.2019.111724
https://doi.org/10.1016/j.seppur.2020.117211


Molecules 2024, 29, 737 15 of 15

38. Fan, X.H.; Wang, L.T.; Chang, Y.H.; An, J.Y.; Zhu, Y.W.; Yang, Q.; Meng, D.; Fu, Y.J. Application of green and recyclable menthol-
based hydrophobic deep eutectic solvents aqueous for the extraction of main taxanes from Taxus chinensis needles. J. Mol. Liq.
2021, 326, 114970. [CrossRef]

39. Liu, B.; Tan, Z. Separation and Purification of Astragalus membranaceus Polysaccharides by Deep Eutectic Solvents-Based Aqueous
Two-Phase System. Molecules 2022, 27, 5288. [CrossRef] [PubMed]

40. Martins, M.A.R.; Pinho, S.P.; Coutinho, J.A.P. Journal of Solution ChemistryInsights into the nature of eutectic and deep eutectic
mixtures. J. Solut. Chem. 2018, 48, 962–982. [CrossRef]

41. Mero, A.; Moody, N.R.; Husanu, E.; Mezzetta, A.; D’Andrea, F.; Pomelli, C.S.; Bernaert, N.; Paradisi, F.; Guazzelli, L. Challenging
DESs and ILs in the valorization of food waste: A case study. Front. Chem. 2023, 11, 1270221. [CrossRef] [PubMed]

42. Duan, L.; Dou, L.L.; Guo, L.; Li, P.; Liu, E.H. Comprehensive evaluation of deep eutectic solvents in extraction of bioactive natural
products. ACS Sustain. Chem. Eng. 2016, 4, 2405–2411. [CrossRef]

43. Xing, C.; Cui, W.Q.; Zhang, Y.; Zou, X.S.; Hao, J.Y.; Zheng, S.D.; Wang, T.T.; Wang, X.Z.; Wu, T.; Liu, Y.Y.; et al. Ultrasound-assisted
deep eutectic solvents extraction of glabridin and isoliquiritigenin from Glycyrrhiza glabra: Optimization, extraction mechanism
and in vitro bioactivities. Ultrason. Sonochem. 2022, 83, 105946. [CrossRef] [PubMed]

44. Yuan, Z.; Liu, H.; Yong, W.F.; She, Q.; Esteban, J. Status and advances of deep eutectic solvents for metal separation and recovery.
Green Chem. 2022, 24, 1895–1929. [CrossRef]

45. Huang, R.; He, Y.; Yao, X.; Yu, Y.; Song, W.; Yang, W.; Cheng, J. Disintegration of wet microalgae biomass with deep-eutectic-
solvent-assisted hydrothermal treatment for sustainable lipid extraction. Green Chem. 2022, 24, 1615–1626. [CrossRef]

46. Roldán-Ruiz, M.J.; Jiménez-Riobóo, R.J.; Gutiérrez, M.C.; Ferrer, M.L.; del Monte, F. Brillouin and NMR spectroscopic studies of
aqueous dilutions of malicine: Determining the dilution range for transition from a “water-in-DES” system to a “DES-in-water”
one. J. Mol. Liq. 2019, 284, 175–181. [CrossRef]

47. Ali Redha, A. Review on Extraction of Phenolic Compounds from Natural Sources Using Green Deep Eutectic Solvents. J. Agric.
Food. Chem. 2021, 69, 878–912. [CrossRef]

48. Zhang, J.; Ye, Z.; Liu, G.; Liang, L.; Wen, C.; Liu, X.; Li, Y.; Ji, T.; Liu, D.; Ren, J.; et al. Subcritical Water Enhanced with Deep
Eutectic Solvent for Extracting Polysaccharides from Lentinus edodes and Their Antioxidant Activities. Molecules 2022, 27, 3612.
[CrossRef]

49. Ozturk, B.; Parkinson, C.; Gonzalez-Miquel, M. Extraction of Polyphenolic Antioxidants from Orange Peel Waste using Deep
Eutectic Solvents. Sep. Purif. Technol. 2018, 206, 1–13. [CrossRef]

50. Hou, P.; Wang, Q.; Qi, W.; Zhang, Y.; Xie, J. Comprehensive determination of seven polyphenols in Eucommia ulmoides and its
anti-oxidative stress activity in C. elegans. J. Food Meas. Charact. 2019, 13, 2903–2909. [CrossRef]

51. Silva, E.M.; Pompeu, D.R.; Larondelle, Y.; Rogez, H. Optimisation of the adsorption of polyphenols from Inga edulis leaves on
macroporous resins using an experimental design methodology. Sep. Purif. Technol. 2007, 53, 274–280. [CrossRef]

52. Jiang, F.; Sheng, Y.; Wang, F.; Pan, H.; Chen, W.; Kong, F. Characterization and biological activity of acidic sugarcane leaf
polysaccharides by microwave-assisted hot alkali extraction. Food Biosci. 2023, 54, 102852. [CrossRef]

53. Zhao, C.; Yang, F.; Lin, F.; Qu, Q.; Li, Z.; Liu, X.; Han, L.; Shi, X. Process optimization in ginseng fermentation by Monascus ruber
and study on bile acid-binding ability of fermentation products in vitro. Prep. Biochem. Biotechnol. 2021, 51, 120–126. [CrossRef]
[PubMed]

54. Abbott, A.P.; Capper, G.; Davies, D.L.; Rasheed, R.K.; Tambyrajah, V. Novel solvent properties of choline chloride/urea mixtures.
Chem. Commun. 2003, 1, 70–71. [CrossRef] [PubMed]
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