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ABSTRACT: Aucubin (AU) is an active ingredient that exerts
strong antioxidant and anti-inflammatory effects in the treatment of

The antioxidant

several diseases. In order to improve the efficiency of resource | actvily
Biological e
e e ang 3 9 9 The reducing
utilization of traditional biomass waste, Eucommia ulmoides seed- activity 4 capacity

draff (EUSD) waste biomass was used as the raw material, and a | The antifungal

series of deep eutectic solvents were selected to evaluate the ﬂ “activity

extraction efficiency of aucubin from EUSD. A response surface

experiment was designed based on a single-factor experiment to

optimize the extract conditions. The results showed that the best Eucommia ulmoides .

conditions for aucubin extraction were an HBD—HBA ratio of 2.18, seed-draff \Q
Aucubin

Extraction

a liquid—solid ratio of 46.92 mL/g, a water percentage of 37.95%, a

temperature of 321.03 K, and an extraction time of 59.55 min. The 4

maximum amount of aucubin was 156.4 mg/g, which was

consistent with the theoretical value (156.8 mg/g). Then, the performance of 12 resins for adsorption and desorption was
contrasted. The results revealed that HPD950 resin exhibited the best performance, with an adsorption capacity of 95.2% and a
desorption capacity of 94.3%. Additionally, the pseudo-second-order model provided the best match to the kinetics data, the
Langmuir model provided the best fit to the isotherm data, and adsorption was a beneficial, spontaneous, exothermic, and physical
process. In the recyclability test, the HPD9S0 resin had great potential and excellent sustainability in aucubin recovery. In the
antioxidant activity study, the aucubin extract exerted a strong antioxidant ability with scavenging capabilities for four free radicals.
Furthermore, the antifungal activity study found that the aucubin extract exhibited a good antifungal effect against S5 tested
pathogens. The research results can provide a theoretical basis for the extraction of high-value components from waste biomass by
deep eutectic solvent and a certain application value for the development and utilization of natural aucubin products.

1. INTRODUCTION (MAE),”” solid-phase extraction (SPE),”® and supercritical
extraction (SPE).29 Compared to conventional organic
solvents, in recent years, deep eutectic solvent (DES) has
emerged and attracted increasing interest as a family of
formidable green solvents for natural product extraction due to
low toxicity and high biodegradability in recent years. DES is a
eutectic mixture formed by two or more components forming
hydrogen bonds.””*" Since it is liquid at room temperature and
has functions similar to those of traditional solvents, it has
attracted widespread attention. The components of DES

Eucommia ulmoides (E. ulmoides) has a history of more than
2000 years in China as a traditional Chinese medicine.' ™ It
has a wide range of biological activities, including anti-
hypertensive,‘"5 antiobesityf’7 antioxidative,®” and anti-inflam-
matory'”'" effects to strengthen the human immune and
internal systems. E. ulmoides seed-draff (EUSD) waste biomass
is the oily residue of the E. ulmoides seeds (EUS) after oil
extraction; it can be extracted as aucubin (AU) as a high-value

natural product rather than discarded. Aucubin is a C, .
desmethyl-cycloalkenyl terpene compound,'”'* and numerous include the hydrogen bond donor (HBD) and hydrogen bond

. e 8 T acceptor (HBA), which can be biodegraded and meet the
pharmacological activities are carried out by aucubin in : . .
. . 14,15 requirements of green chemistry. Moreover, DES has a simple
different parts of EU, such as anti-inflammatory, ™
et 1617 o 1819 . 2021 .
antioxidative, antiaging, antlosteogorosm, antitu-
22,23 . ; . 2425
mor, and liver-protecting activities. There are many
medications and detergents that contain aucubin as the main
medicinal ingredient, including hair dyes containing aucubin.
A variety of new extraction technologies have gradually been
used in the assessment of aucubin extraction, such as
ultrasound extraction (UAE),26 microwave extraction
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preparation process and strong designability and is expected to
become a green substitute for traditional solvents. There is a
strong hydrogen bonding between two or more components in
DES, which makes them have stronger penetration ability and
the dissolution rate of active ingredients.’”*” Xing et al.
effectually tested the use of DES-based ultrasound for the
extraction of isoliquiritigenin (ISL) and glabridin (GLA) from
Licorice (Glycyrrhiza glabra).”* Liu et al. confirmed the
possibility to apply DES for the Glabridin extraction from
the G. glabra residue.”® Additionally, most active compounds
of flavonoids,>®>’ terpenoids,38 and polyphenol39’40 could be
efficiently extracted from natural plants by DES.

The method of macroporous resin adsorption has been
extensively used in the purification of natural products.’>*'
There are typically two steps in the procedure. First, the resin
directly adsorbed the target component from the crude extracts
with selectivity and concentration properties. Then, the resin
can be reused once the desired component has been eluted
using a tiny amount of organic solvent (usually ethanol). This
method is effective, simple, practical, and environmentally
friendly.

Currently, there are few studies on the extraction and
purification of aucubin with DES and macroporous resins. One
of the major issues is how to enrich and isolate aucubin from
EUSD. Furthermore, there are still concerns about the
utilization and recycling of macroporous resin. Therefore, it
is important and necessary to explore a novel technique for
extracting aucubin from EUSD with a high yield and purity.
Our goal in this study is to explore a macroporous resin-based
efficient technique to enrich and separate aucubin from EUSD.
To find the best resin for aucubin separation, 12 different types
of macroporous resin were examined and contrasted based on
their adsorption and desorption properties. Scale-up purifica-
tion and resin recyclability were also taken into account during
the procedure. The extraction process was optimized to
improve the extraction yield of aucubin, provide theoretical
support for the effective utilization of EUSD, and expand the
application fields of DES and macroporous resin. Finally, the
antioxidant activity and antifungal activity against five tested
pathogens (Rhizoctonia solani, Pyricularia oryzae, Sclerotinia
sclerotiorum, Cercospora arachidicola, and Fusarium oxysporum f.
sp. cucumerinum) of aucubin extract were investigated, which
provide a theoretical reference for the application of natural
product.

2. MATERIAL AND METHODS

2.1. Raw Material and Chemicals. The raw material for
EUSD was supplied by Jishou University (Jishou, China).
Before use, dried EUSD was ground and sieved through a
mesh size of 200—300 ym while being kept in a vacuum drier.
The macroporous resins ADS-8, HP20, XAD-1, H103, NKA-2,
XAD-1180, LS-A40, EXA-45, ADS-11, S8, LS-305, and
HPD950 were obtained from Beijing Solebo Technology
(Beijing, China). Choline chloride (>98.0%), urea (>99.5%),
acetic acid (>99.8%), propionic acid (>99.0%), citric acid
(299.5%), oxalic acid (>99.0%), malic acid (>99.0%), lactic
acid (>85.0%), levulinic acid (>99.0%), glycerol (>99.0%),
and ethylene glycol (>98.0%) were purchased from Aladdin
Bio-Chem Technology Co., Ltd. (Shanghai, China). Aucubin
standard (>98.0%) was purchased from China National
Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai,
China), and other reagents were purchased from Fuchen
Chemical Reagent Co., Ltd. (Tianjin, China) and used without
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further purification. Fresh deionized water was used during all
of the experimental processes.

2.2. Preparation of Natural Deep Eutectic Solvents.
Different types of HBA (choline chloride, ChCl) and HBD
(urea, acetic acid, propionic acid, citric acid, oxalic acid, malic
acid, lactic acid, levulinic acid, glycerol, and ethylene glycol)
were mixed and stirred with a magnetic stirrer for 30—60 min
at 353.15 K to form a clear liquid. Then, 20% (v/v) of water
was added and stirred for 30 min to obtain homogeneous and
clear DES (ChUre, ChAce, ChPro, ChCit, ChOxa, ChMal,
ChLac, ChLev, ChGly, and ChEG) solvents.”***

2.3. Preparation of Standard Solution. Twenty-five
milligrams of aucubin was accurately weighed, sonicated with
methanol, and fixed in a § mL volumetric flask. Then, it was
filtered using a 0.22 ym microporous membrane (Jinteng Co.
Ltd., Tianjin, China) and was used as a standard solution (S
mg/mL). The solution was diluted to 4.2, 3.4, 2.6, 1.8, 1.0, and
0.2 mg/mL, respectively.

2.4. Selection of Optimal DES Solvent for the
Recovery of Aucubin. Ten grams of EUSD was accurately
weighed and transferred to a flask, and then the DES solvent
was added under the same conditions (DES composition
molar ratio of 1:2, liquid—solid ratio of 40 mL/g, water
percentage of 30%, temperature of 318.15 K, and extraction
time of 60 min). After the reaction, the reactant was filtered,
and the residues were rinsed with water and dried to constant
mass. The extracted solution was filtered through a 0.22 pm
microporous membrane (Jinteng Co. Ltd., Tianjin, China) and
finally was detected by high-performance liquid chromatog-
raphy (HPLC) to detect the aucubin content in the extract.

2.5. Characterization of EUSD before and after
Extraction. Using a Micromeritics TriStar II 3020 analyzer
to measure nitrogen adsorption/desorption isotherms at 77.3
K, the Brunauer—Emmett—Teller (BET) surface areas and
pore volumes of the samples were determined. Before
measurement, the samples were degassed at 373.15 K for 12 h.

2.6. Design of Single-Factor Experiments. Ten grams
of EUSD was accurately weighed and transferred to a flask, and
then the DES solvent was added. The effect of the DES
composition molar ratio (1:1, 1:2, 1:3, and 1:4), liquid—solid
ratio (10, 20, 30, 40, 50, and 60 mL/g), water percentage (0,
10, 20, 30, 40, and 50%), extraction temperature (298.15,
308.15, 318.1S, 328.15, and 338.15 K), and time (30, 60, 90,
and 120 min) on the aucubin yield was designed to test and
analyze. Each of the treatment groups described above was
repeated three times, and the data were collected.

2.7. HPLC Analysis and Quantification. A 0.22 um
microporous membrane was used to filter both the standard
and extract solutions (Jinteng Co. Ltd., Tianjin, China) and
finally taken as a test solution (detailed analysis provided in the
Supporting Information). The HPLC chromatograms of the
standard and extract are depicted in Figure SI. To ensure
precision, three duplicates of each sample were performed.

2.8. Response Surface Optimization Design of
Experiments. According to the results of the single-factor
test, aucubin extraction was optimized using ChAce as the DES
solvent. Five factors—DES composition, molar ratio, liquid/
solid ratio (mL/ g), water percentage (%), extraction temper-
ature (K), and time (min)—were selected as experimental
reference variables, and the aucubin amount was used as the
response value. The specific factor level design of the Box—
Behnken experimental using Design-Expert 13 (Stat-Ease) is
shown in Table S1.

https://doi.org/10.1021/acsomega.3c08332
ACS Omega 2024, 9, 1723-1737
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2.9. Static Adsorption and Desorption Tests.
2.9.1. Resin Screening. One gram of resin and 30 mL of
aucubin extract (4.08 mg/mL) were added to a conical flask. A
thermostated water bath shaker (120 rpm) was used to shake
the flask for 24 h at 298.15 K. A thermostatic water bath shaker
(120 rpm) was used to shake the flask for 24 h at 298.15 K.
Following this, the aucubin-laden resin was first washed
thoroughly with distilled water, and then a 30 mL solution of
95% ethanol was used to desorb it under stirring (120 rpm) for
24 h at 298.15 K. The experiments were conducted in three
parallels. The selection of resin was performed according to the
adsorption/desorption capacity ratio, and its calculation
formula is as follows.™

_ (CO B Ce)‘/i
1= w (1)
GV
9= W ()
C,V,
D (%) = 4 % 100%
(CO - Ce)‘/i (3)

where g, and g4 (mg/g) represent the adsorption capacity and
desorption capacity, respectively; Co, C,, and Cyq (mg/mL)
represent the initial concentration, equilibrium concentration,
and desorption concentration, respectively; V; and V4 (mL)
represent the sample volume and eluate volume, respectively;
D (%) represents the desorption ratio; and W (mg) represents
the dry weight of the resin.

2.9.2. Adsorption Kinetics. One gram portion of resin and
30 mL of aucubin extract (4.08 mg/mL) were added to a
conical flask under stirring (120 rpm) at 298.15 K. A sample of
0.2 mL was collected, and it was examined at specific intervals.
The experiments were conducted in three parallels. The
adsorption process was analyzed by three adsorption kinetic
models as follows.**

pseudo-first-order model: In (q, — g,) = —kit + Ingq,

(4)

t 1 t

pseudo-second-order model: — = >+ —
9@ k4. 4 (s)
intraparticle diffusion model: g, = Kt + C, (6)

where q. (mg/g) and g, (mg/g) represent the adsorption
capacity at equilibrium and time t (min), respectively; k,
(min™"), k, [g/(mg'min)], and k; [mg/(g:min®*)] represent
the rate constants of the pseudo-first-order model, pseudo-
second-order model, and intraparticle diffusion model,
respectively. C; (mg/g) is a constant that depends on the
thickness of the boundary layer.

2.9.3. Adsorption Isotherm and Thermodynamics. One
gram of resin was put into conical flasks with 30 mL of aucubin
extract (1.02, 2.04, 3.06, 4.08, 5.10, and 6.12 mg/mL) under
stirring (120 rpm) at 298.15, 308.185, and 318.15 K. Three
parallel experiments were conducted. Adsorption isotherms
were produced in accordance with the predicted C, and g,
once adsorption equilibrium had been reached. In this paper,
the Langmuir, Freundlich, and Temkin equations were used to
simulate the equilibrium data.*’

Langmuir equation
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C_ t &

9. K, a, (7)
Freundlich equation

Ing, = %ln C. + InKg (8)
Temkin equation

q, = BrIn C, + Byln Ky (9)

where Ki (L/mg), Ky [(mg/g)-(L/mg)"""], and K7 (L/mg)
represent the equilibrium constant for the Langmuir,
Freundlich, and Temkin model, respectively; gq,, (mg/g)
represents the maximum adsorption capacity; n is the
Freundlich constant related to the heterogeneity of the
adsorbent surface; and By = RT/b, b (J/mol) is the Temkin
constant related to the heat of adsorption.

The Gibbs free energy (AG), entropy (AS), and enthalpy
(AH) were calculated for the thermodynamic analysis of the
adsorption process, and the formula is as follows.**

AG = —RT InK° (10)
mK=2S _ AH
R RT (11)

where R (8.314 J-mol™"-K™") is the universal gas constant, T is
the absolute temperature (K), and K° is the standard
adsorption equilibrium constant (dimensionless).

The value of K° can be calculated using the equilibrium
constant K; for the Langmuir model, and the formula is as
follows.*>*¢

K° = K;(L-mg™") X 1000 (mg/g) X M (g-mol ")

x C’(mol-L") (12)

2.10. Dynamic Adsorption and Desorption Tests. Ten
grams of resin (dry weight basis) was placed in a glass column
with an inner diameter of 12 mm X 500 mm (a BV of 15 mL).
After all bubbles were drained, an appropriate amount of
quartz sand was placed on top of the column to prevent the
resin from loosening. At room temperature, the sample
solution containing the appropriate concentration of aucubin
(4.08 mg/mL) was passed through the resin bed at different
flow rates (1.5, 3, and 4.5 BV/h). The effluent was gathered
and analyzed at 30 mL intervals. Then, the sample-laden
columns were eluted under different ethanol concentrations
(30, 40, 50, 60, 70, 80, and 90%) at 1.5 BV/h and elution rates
(1.5, 3.0, and 4.5 BV/h) using the optimal elute agent,
respectively. The desorption solution was collected in sections
at 10 mL intervals, and then the concentration was detected by
HPLC and the dynamic desorption curve was created.

2.11. Scale-up Purification and Recyclability Tests.
Aucubin was purified on a larger scale using a glass column
(100 mm X 1500 mm) packed with HPD950 resin (a BV of
6.9 L) based on the improved results of the previous small-
scale purification. The column was loaded with 8 BV of an
aqueous aucubin extract solution (4.08 mg/mL) for adsorption
at a rate of 1.5 BV/h. The column was initially eluted with §
BV of water for desorption and then with 6 BV of 60% EtOH
at 1.5 BV/h. The 60% EtOH was concentrated under lowered
pressure and 328.15 K. Finally, the purity and recovery of
aucubin were determined. The recovery yield of aucubin was
calculated as follows

https://doi.org/10.1021/acsomega.3c08332
ACS Omega 2024, 9, 1723-1737
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Table 1. Aucubin Yield with Different Solvents and the Textural Parameters of the Sample before and after Extraction”

Sper (m*/g) Viore (em*/g)

DES pH viscosity (mPa-s) aucubin yield (mg/g)® before extraction after extraction before extraction after extraction
ChUre 7.26 16.5 78.6 + 1.02 1.32 14.38 0.08 0.17
ChAce 2.85 15.6 143.5 + 0.56 1.32 23.16 0.08 0.23
ChPro 2.26 13.8 1372 + 1.12 1.32 22.08 0.08 0.23
ChCit 0.48 27.6 48.4 + 0.62 1.32 10.75 0.08 0.13
ChOxa 0.11 50.8 31.5 £ 0.78 1.32 8.68 0.08 0.10
ChMal 0.22 560 37.3 £ 095 1.32 9.12 0.08 0.11
ChLac 0.85 26.9 62.4 + 0.13 1.32 11.18 0.08 0.15
ChLev 1.09 103 70.3 + 0.58 1.32 12.75 0.08 0.16
ChGly 6.75 876 112.5 + 0.76 1.32 20.78 0.08 0.21
ChEG 6.89 378 103.8 + 0.89 1.32 18.35 0.08 0.19

“Extraction conditions: DES composition molar ratio of 1:2, liquid—solid ratio of 40 mL/g, water percentage of 30%, temperature of 318.15 K, and
extraction time of 60 min. The aucubin amount (mg/g) is expressed based on mg of aucubin equivalent per g of raw material (mg aucubin/g raw
material) and the results are expressed as mean + standard deviation (n = 3).
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Figure 1. Single-factor investigation of the extraction process (a) liquid—solid ratio of S0 mL/g, water percentage of 40%, temperature of 318.15 K,
and extraction time of 60 min; (b) DES composition molar ratio of 1:2, water percentage of 40%, temperature of 318.15 K, and extraction time of
60 min; (c) DES composition molar ratio of 1:2, liquid—solid ratio of 50 mL/g, temperature of 318.15 K, and extraction time of 60 min; (d) DES
compositions: molar ratio of 1:2, liquid—solid ratio of SO mL/g, water percentage of 40%, and extraction time of 60 min; (e) DES composition:
molar ratio of 1:2, liquid—solid ratio of 50 mL/g, water percentage of 40%, and temperature of 318.15 K.

Cy X V;
Y (%) =|—24= 4 | x100%
(Co—CI XV, (13)
where Y (%) represents the recovery yield of aucubin, C4
represents the concentration of aucubin in the desorption
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solution (mg/L), Vg represents the volume of desorption
solution (mL), C, represents the initial concentration of
aucubin (mg/L), C, represents the concentration of aucubin in
the eluent after adsorption (mg/L), and V, represents the

processing volume of the sample solution (mL).

https://doi.org/10.1021/acsomega.3c08332
ACS Omega 2024, 9, 1723-1737
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Table 2. ANOVA and Fit Statistics of the Aucubin Amount

aucubin amount source sum of sq. df M. sq. F-value P-value prob > F index mark value
model 31519.13 20 1575.96 5944.39 <0.0001 significant std. dev. 0.5149
A—HBD—HBA ratio 329.42 1 329.42 1242.56 <0.0001 mean 106.49
B—liquid—solid ratio 1944.81 1 1944.81 7335.68 <0.0001 C.V. % 0.4835
C—water percentage 3155.63 1 3155.63 11902.80 <0.0001 R? 0.9998
D—temperature 2.33 1 2.33 8.77 0.0066 adjusted R* 0.9996
E—time 1624.09 1 1624.09 6125.94 <0.0001 predicted R? 0.9992
AB 19.36 1 19.36 73.02 <0.0001 A. Prec. 273.2020
AC 3.42 1 342 1291 0.0014

AD 75.69 1 75.69 285.50 <0.0001

AE 11.22 1 11.22 42.33 <0.0001

BC 68.89 1 68.89 259.85 <0.0001

BD 5.29 1 5.29 19.95 0.0001

BE 3.24 1 3.24 12.22 0.0018

CD 89.30 1 89.30 336.84 <0.0001

CE 11.90 1 11.90 44.90 <0.0001

DE 0.2500 1 0.2500 0.9430 0.3408

A? 14212.00 1 14212.00 53606.60 <0.0001

B? 8218.67 1 8218.67 31000.20 <0.0001

c? 916.16 1 916.16 3455.70 <0.0001

D? 4177.73 1 4177.73 15758.07 <0.0001

E? 12871.68 1 12871.68 48551.00 <0.0001

residual 6.63 25 0.2651

lack of fit 5.95 20 0.2977 221 0.1934 not significant

pure error 0.6733 S 0.1347

cor total 31525.76 45

The recyclability test was conducted according to the
optimal process for the adsorption and desorption of aucubin,
and the resin was continuously loaded and reused.

2.12. Antioxidant Activity Test. See the Supporting
Information for further details.

2.13. Antifungal Activity Test. See the Supporting
Information for further details.

3. RESULTS AND DISCUSSION

3.1. Screening of DES. Since DES has different
physicochemical properties, such as viscosity, polarity, and
pH, its structure is important for extraction eﬂiciency.47 The
purpose of this study is to screen 14 DES systems for their
performance in extracting aucubin from EUSD. According to
reports, the high viscosity of DES could impede mass transfer
and limit its use.*® Hence, different DESs blended with a
moisture content of 20% (v/v) were employed, and the
physicochemical properties and extraction yields are summar-
ized in Table 1. The results show that ChAce performed the
highest extraction efficiency in extracting aucubin compared to
other DESs. The pH value of DES may affect the
intermolecular interaction between the solute and solvent,
resulting in a different extraction efficiency of the target
compound from the sample matrix.*” Table 1 shows that the
extraction efficiency of DES with a pH of about 3 is higher
than that of other DES. This may be due to the existence of
alcoholic O—H group in aucubin. In addition, it was found that
the increment of aucubin amount coincided with growing Sgpr
and V. after extraction. There was damage to the cell wall
structure, which made it easier for the DES solvent to
penetrate the cells, thereby reducing mass transfer resistance
and accelerating aucubin leaching.

3.2. Single-Factor Investigation of the Extraction
Process. Different molar ratios of choline chloride to
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hydrogen bond donors can affect the surface tension and
viscosity of solvents, thus affecting the extraction efficiency.
Therefore, the effect of the DES composition molar ratio on
the extraction efficiency was studied, and Figure 1a shows that
the optimal DES composition (HBA—HBD) molar ratio is 1:2.

It can be seen from Figure 1b that the yield of the aucubin
amount showed a trend of first increasing and then stabilizing
with the increase of the liquid—solid ratio, and an inflection
point appeared when the liquid—solid ratio was 50 mL/g. An
appropriate liquid—solid ratio is conducive to the extraction of
chemical components. The aucubin was extracted completely
when the liquid—solid ratio reached 50 mL/g, so the optimum
liquid—solid ratio was 50 mL/g.

Figure lc shows the effect of water percentage on aucubin
extraction. Aucubin yield increased with the increased water
volume fraction, which reached the highest at a percentage of
40%. The reason may be that the high water content could
increase the polarity of the extraction medium, which
destroyed the hydrogen bonding between the DES solvent
and aucubin, thus causing a negative impact on the extraction
of aucubin.*’

The extract temperature is an important factor for the
effective mass transfer. Figure 1d shows that the aucubin
amount increased until 318.15 K and then decreased from
328.15 K onward. The possible reason is that the thermal effect
increased with an increase in temperature, which accelerated
the dissolution of aucubin in the cells and increased the
extraction amount. As the temperature further increased, some
aucubin destructed, and the dissolution of impurities increased,
thereby reducing the extraction yield of aucubin.

As depicted in Figure le, the aucubin yield first increased
and then decreased with the increase in the extract time. The
reason may be that the extension of extract time helped to
improve the concentration of solvent and solute. However,
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Table 3. Model Equations with Coded Factors for Aucubin Amount

model equation

aucubin amount

aucubin amount (mg/g)
= 155.73 + 4.54A — 11.02B — 14.04C + 0.3812D — 10.07E — 2.20AB
+ 0.9250AC — 4.35AD + 1.68AE + 4.15BC + 1.15BD + 0.9000BE
— 4.73CD — 1.72CE + 0.2500DE — 40.35A2 — 30.69B2 — 10.25C2
— 21.88D2 — 38.40E2

(a)

Aucubin (mg/g)

Aucubin (mg/g)

Aucubin (mg/g)

B Liquid-sold ratio (mi/g) ** A HBD-HBA ratio

(e)

Aucubin (mg/g)
Aucubin (mg/g)

C: Water percentage (%) ** 8 Liquid-solid ratio (mL/g)

(i)

Aucubin (mg/g)

Aucubin (mg/g)

€ Water percentage (%) P15 D: Temperature (K)

10" o815

Aucubin (mg/g)

Aucubin (mg/g)
&

A: HBD-HBA ratio E Time (min)

(h)

Aucubin (mg/g)

nass

45 g: Liquid-solid ratio (mL/g) D: Temperature (k) "1 ¥ C: Water percentage (%)

Figure 2. Response surface for the interactions of independent variables on aucubin amount (a) HBD—HBA ratio and liquid—solid ratio; (b)
HBD—HBA ratio and water percentage; c: HBD—HBA ratio and temperature; (d) HBD—HBA ratio and time; (e) liquid—solid ratio and water
percentage; (f) liquid—solid ratio and temperature; (g) liquid—solid ratio and time; (h) water percentage and temperature; i: water percentage and

time; (j) temperature and time.

with the prolongation of time, the local temperature of the
extraction system was too high, so that part of the aucubin was
decomposed, and the extraction rate decreased. Therefore, the
optimal extract time is selected as 60 min.

3.3. Optimization of Extraction Conditions by
Response Surface Methodology (RSM). 3.3.1. Analysis
of Quadratic Multiple Regression Model. After fitting
regression, the quadratic response surface regression equation
of the aucubin extraction rate relative to the actual value of
each factor is obtained in Tables 2 and 3. It can be seen that
the model of aucubin extraction rate P < 0.0001 indicates that
the regression equation has high reliability and the result is
effective. The lack of fit item P > 0.05 indicates that it is not
significant relative to the pure error, thus suggesting that the
model has a high degree of fitting, the actual value is highly
consistent with the predicted value, and the error of the
experimental result has little influence on the experimental
result.
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The response surface map (Figure 2) visually shows the
relationship between the impact factors. As can be seen from
Table 2, the order of the effect on the aucubin amount is as
follows: C—Water percentage> B—Liquid—Solid ratio > E—
Time> A—HBD—HBA ratio> D—Temperature.

3.3.2. Determination and Verification of Optimal
Conditions. According to the optimal conditions (HBD—
HBA ratio of 2.18, liquid—solid ratio of 46.92 mL/g, water
percentage of 37.95%, temperature of 321.03 K, and time of
59.55 min) by the response surface methodology, a maximum
aucubin amount of 156.8 mg/g was obtained. To test the
reliability of the results obtained by the response surface
methodology, a verification test was carried out, and the
highest aucubin amount was 156.4 mg/g. The relative standard
deviation (RSD%) is 0.19%, indicating that the prediction
model is good and the parameters of the experimental
optimization process are reliable (Supporting Table S2).

3.4. Adsorption Capacity and Desorption Ratio. Table
4 shows the adsorption capacity of aucubin on different
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Table 4. Physical Properties of Macroporous Resins and Their Adsorption Properties

resin surface area (m?/g) pore size (A) polarity composition adsorption capacity (mg/g) desorption ratio (%)
ADS-8 450 130 nonpolar polystyrene 85.9 + 2.6 72.3 £ 3.5
HP20 600 290 nonpolar SDVB 95.6 + 2.1 73.8 £ 2.3
XAD-1 900 95 nonpolar polystyrene 103.5 + 2.2 72.8 £ 12
H103 1000 95 nonpolar SDVB 106.8 + 1.8 732 £ 1.8
NKA-2 200 150 middle-polar polystyrene 86.8 + 1.6 712 £ 12
XAD-1180 600 150 middle-polar SDVB 108.6 + 1.2 76.8 + 1.6
LS-A40 700 150 middle-polar SDVB 110.5 + 1.6 783 = 1.5
EXA-45 1000 35 middle-polar SDVB 116.8 + 2.2 79.5 £ 1.6
ADS-11 210 280 polar sulfonic group 102.8 + 1.6 702 £ 2.1
S8 550 100 polar polystyrene 113.5 + 2.1 783 £ 1.7
LS-305 1000 SS polar SDVB 130.5 + L.S 80.2 + 1.6
HPD950 1350 100 polar SDVB 153.6 + 1.2 823 £ 1.5
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Figure 3. (a) Adsorption kinetics curve and linear correlations on the basis of (b) pseudo-first-order, (c) pseudo-second-order, and (d) intraparticle
diffusion models for aucubin on EXA-45, LS-305, and HPD950 resins at 298.15 K.

macroporous resins. It was found that the polar resins with a
larger surface area and pore size have a greater adsorption
capacity than those of the other resins. This may be explained
by the fact that the adsorption process was improved by resins
with similar polarity, larger surface areas, and larger average
pore sizes.”' In addition, the desorption ratios on these
macroporous resins were investigated, and the results are given
in Table 4. The desorption ratio of aucubin was proportional
to pore size, and the desorption performance of EXA-45, LS-
305, and HPD9S0 resins was superior, which could be due to
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the presence of phenolic hydroxyl groups and physical force
(for example, van der Waals force) and large surface areas.
Therefore, the EXA-45, LS-305, and HPD950 resins were
chosen for the separation of aucubin in further study.

3.5. Adsorption Kinetics. As depicted in Figure 3a, the
aucubin capacity increased rapidly within 120 min on three
tested resins and then plateaued at around 150 min. This
suggests that there were sufficient sites on the surface of resins
for the adsorption of aucubin during the earlier stages. As the
process progressed, the number of active sites on the surface of
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Table 5. Adsorption Kinetics Equations and Parameters of Aucubin on EXA-45, LS-305, and HPD950 Resin

EXA-45

kinetics models

equations

parameters

pseudo-first-order

In (g, — ) = — 0.0151¢ + 4.0530

k; = 0.0151 min™"

q. = 55.5 mg/g

R* = 0.984

pseudo-second-order

t/q, = 0.0015¢ + 0.6963

k, = 3231 X 107* g'mg™"min™"

q. = 66.6 mg/g
R* = 0.9974
intraparticle diffusion q, = 3.8588t™ + 5.7507 ki) = 3.8588 mg-g~'-min "%
C,, = 5.7 mg/g
R? = 0.9946
q, = 1.5409t*° + 32.8388 k;; = 1.5409 mg-g~"-min~"%
C,, = 32.8 mg/g
R? = 0.9848
q, = 0.5091¢** + 49.0330 ki; = 0.5091 mg-g~'-min~"*
C;, = 49.0 mg/g
R? = 09728
LS-305
pseudo-first-order In (‘le - ‘lt) = — 00188t + 4.2829 k; = 0.0188 min™"'
4. = 724 mg/g
R? = 09913

Pseudo-second-order

t/qt = 0.0121t + 0.4589

ky = 3.1904 X 107* gmg™"-min™"

q. = 82.6 mg/g

R? = 0.9961

Intraparticle diffusion

q, = 6.0503t*° + 0.3756

k1,1 = 6.0503 mg-g*l.min—o.s

C;; = 0.37 mg/g

R* = 0.9957

q, = 0.7991t** + 59.6336

k; = 0.7991 mg-g”"-min~"*

C;, = 59.6 mg/g

R* = 0.9779

q, = 02720t*° + 67.9552

ki,l = 0.2720 mg-g*l.min—o.s

C;, = 67.9 mg/g

R* = 0.9888

HPD950

pseudo-first-order

In (g, — q,) = — 0.0164t + 4.6725

k; = 0.0164 min™"

q. = 106.9 mg/g

R* = 09212

pseudo-second-order

t/q, = 0.0091t + 0.4319

= 1.875 X 107* g-mg~!min™"
g'mg

q. = 111.1 mg/g

R* = 0.9979

intraparticle diffusion

q, = 6.6273t*° + 7.0240

k; = 6.6273 mg-g~ " min~%

C, =7.0 mg/g

R* = 0.9975

q, = 44683t* + 29.1594

k,; = 44683 mg-g”"-min~"*

C =29.1 mg/g

R* = 0.9999

q, = 12758¢*° + 72.8008

1 = 1.2758 mg-g~'min~"

C, =728 mg/g
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Table S. continued
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Figure 4. (a) Adsorption isotherms of aucubin and the fitting result by (b) Langmuir, (c) Frendlich, and (d) Temkin models on EXA-45, LS-30S,
and HPD9S0 resins at different temperatures.

Table 6. Adsorption Isotherms Equations and Parameters of Aucubin on HPD950, LS-305, and EXA-45 Resins

Langmuir Freundlich Temkin
resins T (K) equation R? equation R? equation R?
EXA-45 298.15 C./q, = 0.0108C, + 16.7052 0.9987 In g, = 04457In C, + 0.5292 0.9199 q, = 199173In C, — 98.9851 0.9122
308.15 C./q, = 0.0144C, + 23.0212 0.9946 In g, = 0.3545In C, + 0.9487 0.9858 q, = 17.4679In C, — 94.0062 0.8354
318.15 C./q, = 0.0185C, + 37.7112 0.9932 Ing, = 0.3516In C, + 0.6577 0.9344 q, = 14.0715In C, — 78.3318 0.7732
LS-305 298.15 C./q, = 0.0105C, + 5.7722 0.9918 In g, = 04224 In C, + 1.0930 0.8313 q, = 20.7209In C, — 83.2947 0.9438
308.15 C./q, = 0.0104C, + 13.5722 0.9958 Ing, = 04751In C, + 0.3996 0.9901 q, = 19.9067In C, — 94.0171 0.9707
318.15 C./q, = 0.0153C, + 15.5165 0.9993 In g, = 0.44261In C, + 0.3446 0.9449 q, = 18.8151In C, — 99.9043 0.8729
HPD950 298.15 C./q, = 0.00736C, + 2.9020 0.9934 In g, = 0.46281n C, + 1.3228 0.8676 q, = 29.8157In C, — 110.3428 0.9745
308.15 C./q, = 0.0090C, + 6.2610 0.9952 In g = 043211n C, + 1.1272 0.8494 q, = 22.8742In C, — 91.8427 0.9535
318.15 C./q, = 0.0105C, + 7.1564 0.9903 In g, = 04424In C, + 0.8765 0.8656 q, = 20.9012In C, — 88.7060 0.9635
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Table 7. Thermodynamic Parameters for the Adsorption of Aucubin on the EXA-45, LS-305, and HPD950 Resins

resins T (K) K, (L/mg) K° AG (kJ/mol) AH (kJ/mol) AS (kJ/mol)
EXA-45 298.15 0.00082 283.99 —14.003 —20.08 —-0.02
308.15 0.00063 218.19 —13.797
318.15 0.00049 169.7 —13.58
LS-305 298.15 0.00169 585.3 —15.795 —-21.34 —-0.019
308.15 0.00124 429.45 —15.532
318.18 0.00099 342.87 —15.44
HPD950 298.15 0.00254 879.68 —16.805 —21.61 —0.016
308.15 0.0018S 640.71 —16.557
318.15 0.00147 509.11 —16.486
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Figure S. (a) Breakthrough curves of aucubin with different flow rates for the dynamic process on columns packed with HPD950 resin, (b) effects
of ethanol concentrations on the desorption ratio at 1.5 BV/h, and (c) dynamic desorption curves.

resins decreased. This resulted in the formation of increasingly
difficult conditions for the adsorption of adsorbed molecules
because of larger repulsive interactions between adjacent
adsorbed molecules and mass transfer resistance.

The linear correlations of the pseudo-first-order (Figure 3b),
pseudo-second-order (Figure 3c), and intraparticle diffusion
(Figure 3d) models for aucubin on the EXA-45, LS-30S, and
HPD950 resins were evaluated, and the adsorption kinetic
parameters are summarized in Table S. The R* value of the
second-order model was higher than that of the first-order
model for all three tested resins, which indicates that the
second-order model is better fit with the collected data by
kinetics. In terms of adsorption, it can be divided into three
phases: film diffusion, intraparticle diffusion, and final
adsorption on the active sites. The rate-limiting stage can be
identified using the intraparticle diffusion model. According to
Figure 3d, when the intraparticle diffusion model was used, the
fitting result displayed a multilinear relationship, and the plots
did not pass through the origin, suggesting that the
intraparticle diffusion was not the sole rate-limiting step and
the adsorption rate was simultaneously controlled by film
diffusion.

3.6. Adsorption Isotherms. Three isotherm models
(Langmuir, Freundlich, and Temkin models) were employed
to reveal the distribution of the adsorbate between the liquid
phase and solid phase. As shown in Figure 4a, the equilibrium
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adsorption capacity of HPD950 resin clearly reduced with
increasing temperature, indicating that this adsorption was an
exothermic process.

At 298.15, 308.15, and 318.15 K, the linear correlations
based on the Langmuir (Figure 4b), Freundlich (Figure 4c),
and Temkin (Figure 4d) models for aucubin on HPD950 resin
were assessed. The R* values of the Langmuir model were
higher than those of the Freundlich and Temkin model as
shown in Table 6, demonstrating that the Langmuir model was
more appropriate to describe the adsorption process of
aucubin on HPD9S0 resin. Another conclusion that could be
drawn was that adsorption was restricted to a single molecular
layer.>>

The thermodynamic parameters for the adsorption of
aucubin on EXA-45, LS-305, and HPD950 resins are listed
in Table 7. AG < 0 suggested that the adsorption of aucubin
on all three resins was spontaneous. Additionally, when the
temperature increased, the absolute value of AG decreased,
showing that the adsorption process was better suited for low
temperatures. AH < 0 suggested an exothermic adsorption
mechanism, and AH < 43 kJ/mol demonstrated that the
process was a physical adsorption process. The negative value
of AS during aucubin adsorption on all three resins was a result
of reduced randomness at the solid/solution interface.

3.7. Dynamic Adsorption and Recyclability Tests.
Since the target analytes could rapidly leak from the resin once
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Figure 6. Scale-up verification results of purification processes and recyclability results of the HPD950 resin.

the breakthrough point was reached, the breakthrough point
(10% of the initial concentration) was frequently utilized as a
marker of the adsorption saturation for the dynamic adsorption
process. Figure Sa shows the effect of different flow rates on
the dynamic adsorption of aucubin. In general, the smaller the
flow rate, the later the breakthrough point occurs and the
larger the fully treated volume. As a result, when operating at a
faster flow rate, the residence time of the fluid in the resin is
short and the solution does not fully contact the resin bed,
resulting in insufficient solute diffusion. Since the processing
volume of the sample solution at a flow rate of 1.5 BV/h was
higher than that at a rate of 3 or 4.5 BV/h, we deduced that
enough particle diffusion was achieved at the lowest flow rate.
The next experiments will employ a flow rate of 1.5 BV/h and
a loading volume of 150 mL (10 BV) of sample solution to
improve adsorption while reducing sample solution waste.

In order to fully recover aucubin, it is necessary to select a
suitable desorbent that can dissolve the resin-enriched aucubin
as much as possible in a small volume of desorbent. Under the
same conditions, the solubility of aucubin in ethanol is higher
than that in water.”® Besides, ethanol can be recycled and
reused. On the basis of this, ethanol was selected as the
desorbent in the desorption test. In addition, different
concentrations of ethanol would affect the van der Waals
force between aucubin and the resin, leading to different
desorption properties; therefore, the influence of different
ethanol concentrations on the desorption rate of HPD950
resin was investigated. It can be seen from Figure 5b that the
desorption rate of the resin continues to increase as the ethanol
concentration increases and reaches the highest value when the
ethanol concentration reaches 70%. Subsequently, the
desorption rate of resin began to show a downward trend
with a further increase in the ethanol concentration. The
explanation is that the polarity of the desorbent decreased with
increasing ethanol content, which facilitated the dissolution of
aucubin. However, the competitive dissolution of alcohol-
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soluble contaminants was more likely to occur at higher
ethanol concentrations with a lower polarity. As a result, 70%
ethanol was chosen as the best desorbent.

When aucubin was absorbed and saturated by the resin, the
appropriate desorption flow rate was conducive to diffusion of
the desorbent in the resin and enhanced the desorption effect
of the resin. Therefore, the desorption curve of the resin at
different flow rates was investigated. It can be seen from Figure
Sc that all aucubin were desorbed with a flow rate of 1.5 BV/h
and the amount of ethanol was 120 mL (8 BV), and the
desorption curve is single, symmetrical, and does not have an
obvious tailing phenomenon. On the contrary, with an increase
in the flow rate, the amount of ethanol gradually increases, the
peak shape becomes wider and wider, and the desorption curve
shows an obvious tailing phenomenon. This occurred because
there was no enough time for the ethanol solution to fully
contact with the aucubin absorbed by the resin. Therefore, the
ethanol was washed out of the column before the adsorbed
aucubin could fully dissolve due to an excessively fast flow rate.
The peak height also showed that the desorption result at 1.5
BV/h was superior to that at the other two flow rates. The
target analytes and the desorption solution had sufficient
contact time due to the decreased flow rate. Therefore, the
optimal flow rate for dynamic adsorption and desorption was
1.5 BV/h.

3.8. Scale-up Purification and Recyclability Tests. As
shown in Figure 6a, the purified extracts produced by this
small-scale purification had an aucubin content of 72.6%,
which was 2.52 times higher than that of the crude extract.
After scale-up purification, it can be seen in Figure 6b that the
purity of aucubin (72.1%) was 2.50 times higher compared to
that of the crude extract, and the recovery of aucubin was
75.6%. Therefore, it is possible to draw the conclusion that the
developed scale-up purification process is an effective way to
purify aucubin on a wide scale.
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Figure 8. Antifungal activity of the aucubin extract.

In addition, the regeneration performance of macroporous
resin is crucial to its practical applicability. The dynamic
adsorption capability of aucubin on HPD9S0 resin along with
the five recycles was 95.2, 94.8, 94.3, 94.1, and 93.7%. The fifth
adsorption capacity showed remarkable stability and repeat-
ability; these results supported the hypothesis that HPD950
resin had great potential and excellent sustainability for
utilization in aucubin recovery.

3.9. Antioxidant Activity Test. The antioxidant activity of
aucubin extract was evaluated by using four free radicals, and
the results are shown in Figure 7. Studies have shown that the
aucubin extract has strong antioxidant abilities with scavenging
capabilities for four free radicals (DPPH free radical, *OH free
radical, ABTS free radical, and O, free radical). It can be
seen from Figure 7b that the total antioxidant capacity and
reducing capacity of aucubin extract showed a dose-dependent
effect within a certain concentration range (0.5—3 mg/mL).
The total antioxidant capacity of the aucubin extract with a
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concentration of 3 mg/mL is equivalent to that of 0.12 mg/mL
V. solution. Based on the above results, it can be seen that the
total antioxidant capacity and reducing capacity of aucubin
extract are relatively strong within a certain concentration
range.

3.10. Antifungal Activity Test. The antifungal activity of
aucubin extract was evaluated against five pathogens, and the
results are shown in Figure 8. The study showed that the
aucubin extract exerted a strong antifungal activity against all
tested pathogens and the antifungal effect of aucubin extract
followed the order of R. solani (44.6 + 1.08 mm)> P. oryzae
(36.6 =+ 1.29 mm)> S. sclerotiorum (31.5 + 1.12 mm)> C.
arachidicola (27.3 + 1.0S mm) > F. oxysporum f. sp.
cucumerinum (19.6 + 1.26 mm) with the concentration of 40

mg/mL.
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4. CONCLUSIONS

Ten kinds of green, environment-friendly, and low-cost DES
were synthesized for the aucubin extraction from E. ulmoides
seed-draff waste biomass. Among them, ChAce exerted the
highest extraction efficiency. The maximum aucubin amount of
156.4 mg/g was obtained under optimal conditions (HBD—
HBA ratio of 2.18, liquid—solid ratio of 46.92 mL/g, water
percentage of 37.95%, temperature of 321.03 K, and time of
59.55 min). Moreover, the Langmuir and pseudo-second-order
models accurately described the static adsorption equilibrium
data for aucubin on HPD950 resin, and this adsorption was
discovered to be a favorable, spontaneous, exothermic, and
physical process. A 72.1% pure aucubin product was generated
with a 75.6% recovery after the separation parameters were
optimized using the HPD950 resin column with scale-up
purification. Besides, the aucubin extract exerted a strong
antioxidant ability with scavenging capabilities for four free
radicals (DPPH free radical, *OH free radical, ABTS free
radical, and O,"” free radical). The antifungal activity study
found that the aucubin extract exhibited a good antifungal
effect against all tested pathogens. We believe that this work
could expand possibilities to ultimately develop a novel, green,
and high-efficiency technique for the certain extraction and
application of natural product from waste biomass.
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