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Determining the Adsorption and Desorption Properties
of Flavonoids Found in Eucommia ulmoides Oliv.
Leaves Using Macroporous Resin and
Acetylcholinesterase Inhibitor Screening

Zhihong Wang,*® Zhigang She,®* Mijun Peng,®* Qiuling Yang,” and Tao Huang ®

The adsorption and desorption properties of 12 resins containing flavonoid
compounds found in Eucommia ulmoides Oliv. leaves (EUOL) extracts
were investigated. The static adsorption and desorption, Kkinetic,
adsorption, and thermodynamic properties of the adsorption of the
flavonoids onto macroporous resins were determined. The HPD-300,
NKA-9, and AB-8 resins exhibited a greater adsorption capacity and
desorption characteristics. A pseudo-second-order kinetic model was
suitable to characterize the kinetics of the adsorption of flavonoids onto
the resins selected, and the diffusion of flavonoids was divided into three
stages, with the boundary layer diffusion and intra-particle diffusion being
the rate-controlling factors. The Langmuir model was found to be the best
description of the adsorption behavior of flavonoids. Thermodynamic
studies indicated that the adsorption of flavonoids was a physical,
exothermic, and spontaneous process. The 60% ethanol eluted fraction
from the NKA-9 resin column not only had the highest flavonoid content,
but also possessed the strongest inhibitory effect on acetylcholinesterase.
In addition, the degree of binding of the main flavonoid compounds found
in the EUOL to acetylcholinesterase compounds was investigated via
molecular docking technology. The results showed that the docking total
score of isoquercetin and enzyme proteins were the highest, followed by
kaempferol-3-O-rutinoside.
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INTRODUCTION

Resources from Eucommia ulmoides Oliv. are abundant in China, and mainly
distributed in Hunan, Henan, Shaanxi, and Guizhou providence. Eucommia ulmoides has
high application value in edible, medicinal, and ornamental characteristics. Its leaves, stem,
bark, and even the staminate flower have high development prospects (He et al. 2014;
Hirata et al. 2014; Zhu and Sun 2018). It is noteworthy that the bark of woody plants is
usually rich in active ingredients and has potential biological activity (Tanase et al. 2018,
2019), E. ulmoides bark is widely used as a valuable medicinal material, and it can be used
alone or mixed with other substances for anti-aging, anti-Alzheimer's disease, or anti-tumor
treatments; it also exhibits antioxidant properties and prevents hypertension,
hyperlipidemia, hyperglycemia, and osteoporosis, as well as providing immune system
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enhancement (Kwon et al. 2011; He et al. 2014; Luo et al. 2014; Bai et al. 2015; Li et al.
2017; Hosoo et al. 2017; Cho et al. 2018; Zhu and Sun 2018). However, the collection of
E. ulmoides bark is often affected by the growth cycle and resources, so its applications are
limited (Zhu et al. 2016). The results of research in recent years have shown that E.
ulmoides leaves (EUOL) have a similar chemical composition to the bark, and that EUOL
are richer in resources, have shorter growth cycles, and are easier to collect (Zhu et al.
2016, 2018). Moreover, EUOL were not only listed in the Chinese Pharmacopoeia, they
are used as an important substance for homology of medicine and food in China in 2020
(State Pharmacopoeia Commission of the PRC 2015). EUOL have broad application
prospects in the food and pharmaceutical industries. Therefore, the development and
utilization of EUOL with abundant yield and low price will have certain economic value
and social benefits.

Modern pharmacological investigations indicate that EUOL primarily contain
flavonoids, polyphenols, and iridoids (Kim et al. 2004; He et al. 2014; Hirata et al. 2014).
In addition to having similar effects to E. ulmoides bark, they also have anti-inflammatory,
anti-diabetic, sedative, and weight loss effects (Lee et al. 2005; Zhou et al. 2009; Zhang et
al. 2012; Li et al. 2013). Presently, the research of natural products is primarily focused on
the discovery, preparation, efficacy evaluation, and product development of active
ingredients and components. Therefore, the rapid preparation of the active ingredients in
EUOL, the evaluation of biological activities, the confirmation of target substances, and
the mechanism of action have always been the focus of attention. As a potential feedstock,
EUOL have rich natural bioactive ingredients with multiple functions for healthcare, which
has prompted the development and utilization of E. ulmoides as a human health food, drug,
and animal feed additive (Xu et al. 2010; Zhu and Sun 2018). Among them, flavonoids are
the main compound class found in EUOL (Xing et al. 2019). With the increase in the
number of reports on the application and development of flavonoids to human health,
flavonoids of EUOL have also attracted interest. Flavonoids contain phenyl and hydroxyl
groups, which affect the polarity of the compound. In addition, the polarity difference
between flavonoid aglycone and flavonoids containing glycosides will be more obvious
(Tanase et al. 2019). Therefore, it is necessary to select different polar resins to enrich
flavonoids. And due to their complex composition, their content is usually measured using
the colorimetric method (Hou et al. 2020). The composition of flavonoids has been
explored, and some flavonoids have been discovered and identified, but it is difficult to
achieve complete clarity. The flavonoid compounds that have been discovered are difficult
to achieve complete separation via traditional high performance liquid chromatography
(HPLC) due to their multiple flavonoid aglycones and glycoside types and their complex
structures (He et al. 2014). It is worth nothing that the results of in vivo and in vitro
experiments showed that the EUOL extracts can prevent Alzheimer's disease (AD) (Zhou
et al. 2009). In clinics, acetylcholinesterase (AChE) inhibitors have been used to screen for
the treatment of AD. The screening model for this inhibitor was relatively simple and easy
to operate (Wu et al. 2020). Since flavonoids are abundant in EUOL, it was also meaningful
to use this model to screen for active components with an enzyme inhibitory effect (Hirata
et al. 2014). Therefore, in order to improve the utilization value of the flavonoids extracted
from EUOL, the preparation and activity evaluation of flavonoid fractions from EUOL
needed to be investigated.

In the field of green chemistry, the utilization of biomass resources has attracted
special interest. Obtaining biologically active compounds that can be used in different
fields through efficient and green methods is an important topic that needs to be explored
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all the time (Tanase et al. 2018). In this process of obtaining the target substance,
undoubtedly, the enrichment of biologically active compounds from crude plant extracts is
a very critical step, which is of particular significance for the comprehensive utilization of
EUOL resources. Several techniques have been used to target compounds, e.g.,
chromatography using a silica gel column or Sephadex LH-20 column or ultrafiltration
using specific membranes and liquid-liquid extraction with ethyl acetate. The main
drawbacks of these techniques are that they can be complex, time-consuming, costly,
harmful to the environment, or not suitable for industrial production systems (Jia and Lu
2008; Zhong et al. 2019). In response to the above mentioned, macroporous adsorption
resin is a synthetic polymer material with good mechanical properties, chemical stability,
and high adsorption capacity. This method is an excellent technology that can enrich
biologically active compounds from crude plant extracts and has many unparalleled
advantages, such as high efficiency, better selectivity, good mechanical properties,
environmental protection, energy saving, low solvent consumption, and easy operation.
More importantly, this approach can be more suitable for industrial applications (Jiang et
al. 2020). Resin adsorption and desorption technology provides an ideal tool for enriching
flavonoids. However, due to different interactions at the solid-liquid interface, it is difficult
to accurately predict the adsorption capacity of the adsorbate/adsorbent system.
Furthermore, the physical properties of the resin and the chemical properties of the solvent
also play a role in the adsorption process. In the enrichment process, polarity is a key factor
to be considered, and macroporous resins include polar, weakly polar and non-polar resins,
which can be used for the enrichment of natural products. The hydrophobicity,
hydrophilicity and functional groups of the resin also have an important influence on the
properties of adsorbed substances (Jin et al. 2015). For this process, the macroporous resin
binds to the target substance through non-covalent bonds (hydrogen bond and van der
Waals force, etc.). In addition, different organic solvents can be used to desorb the
adsorbate from the adsorbent. It is worth considering that the study of multi-component
systems needs to understand every single component of the system. For these reasons, the
adsorption and desorption mechanism of EUOL flavonoids on the macroporous resin still
has many unknown problems to be explored. In order to understand the adsorption behavior
of selected resins towards the target compounds, adsorption studies in aqueous solutions
were performed. The primary aim of this work was to provide a technical and theoretical
basis for the industrial application of EUOL.

The establishment of the macroporous resin enrichment technology mainly depends
on the difference in the interaction between the resin and the target active substance. A
suitable preparation method is essential for the efficient use of resources, and it was
necessary to understand the adsorption and desorption mechanisms of the macroporous
resins. Therefore, kinetic data could be fit to kinetic models (pseudo-first-order kinetics
and pseudo-second-order kinetics models) to clarify the type of adsorption (Yang et al.
2016). Adsorption isotherm models, e.g., Langmuir or Freundlich, were chosen to
speculate on the adsorption mechanisms, and additional thermodynamic parameters, i.e.,
enthalpy change, entropy change, and free energy, can be derived (Lv et al. 2018).

Therefore, the objective of this work was to try to explore a simple, effective and
practical method to enrich total flavonoids from EUOL through macroporous adsorption
resin and determine the type of macroporous resin and operating conditions that yielded
the greatest improvement on the purification of the target compounds extracted from
EUOL. Adsorption Kinetics, static adsorption and desorption, the adsorption isotherm, and
thermodynamic adsorption parameters of the target compounds of interest would be
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evaluated. Different elution components were obtained via gradient elution from the
selected resins, the flavonoid content of the sample was detected, and the
acetylcholinesterase inhibitory effect of different samples was also evaluated. In order to
further understand the binding effect of the EUOL flavonoids and enzymes, the degrees of
docking were evaluated and compared via molecular docking techniques. Based on the
above mentioned, this study systematically investigated the enrichment and activity
evaluation of total flavonoids in EUOL, and the result will provide a valuable theoretical
reference for the comprehensive utilization of E. ulmoides resource.

EXPERIMENTAL

Materials and Chemicals

The macroporous resins (HPD-100, HPD-300, HPD-600, D-3250, X-5, D-140,
NKA-9, NKA-II, D-101, AB-8, S-8, and polyamide) were purchased from Zhengzhou
Qinshi Technology Co., Ltd (Zhengzhou, China). The moisture content of each of the
purchased microporous resins were determined. Before usage, the macroporous resins were
pretreated by soaking in 95% ethanol (1 to 5 ratio, v/v) and eluted with 5% NaOH (1 to 5
ratio, v/v) and 5% HCI (1 to 5 ratio, v/v) and finally thoroughly washed with deionized
water. The physical properties of the macroporous resins were summarized in Table 1.

Table 1. Physical Characteristics of the Macroporous Resins

Resi . Ave_rage Pore Partical Size | Specific Surface | Pore Volume
esins Polarity Diameter 2
(nm) (mm) Area (m?/qg) (mL/g)
HPD-100 Nonpolar 8.5t09.0 0.3 t01.25 650 to 700 1.35 t01.65
HPD-300 Nonpolar 5.0t0 5.5 0.3t01.2 800 to 870 -
HPD-600 Polar 8.0 0.3t01.2 550 to 600 -
D-3520 Nonpolar 8.5t09.0 0.3t01.25 480 to 520 2.10t0 2.15
X-5 Nonpolar 2910 30 0.3t01.25 500 to 600 1.20 t01.24
D-140 Nonpolar 9.5 - 500 to 600 1.00 to 1.50
NKA-9 Polar 15.5t016.5 | 0.315101.25 170 to 250 1.00 to1.04
NKA-T Polar 14 t0 16 0.3t01.25 950 to 1250 0.62 to 0.66
D-101 Nonpolar 91to 11 0.3t01.25 550 to 600 1.50 t01.70
AB-8 Weak polar 1310 14 0.3t01.25 480 to 520 0.73t00.77
S-8 Polar 2810 30 0.3t01.25 100 to 120 0.78 t0 0.82
Polyamide Polar - - 51010 -

Acetylcholinesterase, acetylthiocholine iodide (ACTI), and 5,5-dithiobis [2-
nitrobenzoic acid] (DTNB) were purchased from Sigma (St. Louis, MQO). The rutin
standard was purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai,
China). The other chemical reagents were analytical grade and were obtained from
Sinopharm Chemical Reagent Company (Shanghai, China).

Sample Preparation

Fresh Eucommia ulmoides leaves were collected from Cili (Zhangjiajie, Hunan)
during July 2019. All the plant raw materials were sterilized via a microwave oven and
then dried at 55 °C, and stored at 4 °C before use with voucher number 20190702. The
dried sample was ground into a fine power using a laboratory mill (DFY-1000C, Wenling
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Linda Machinery Co., Ltd., Zhejiang, China) and stored at room temperature in a desiccator
until used. The extraction of the EUOL compounds was carried out by following previous
literature (Wang et al. 2020) with slight modifications. The milled samples were extracted
with 50% ethanol (in a solvent ratio of 1 to 15 (w/v)), and then evenly stirred, sonicated (at
50 °C for 30 min) and filtered. Solvents were added to the residue after filtration, and the
process was repeated three times. After that, all filtrates were collected, and the solvent
was recovered via rotary evaporation (R-300, BUCHI Labortechnik AG, Flawil,
Switzerland) under a partial vacuum at 60 °C. The resulting yield was dry frozen (Alpha
2-4 LD plus, Marin Christ, Osterode, Germany) and stored in the fridge at -20 °C for further
use.

Determination of the Total Flavonoid Content

The total flavonoid content was determined using the method previously reported
by Meda et al. (2005) with some modification. An appropriate amount of sample was added
to the colorimetric tube, and 2.0 mL of AICIs was used to react with the flavonoids present
in the samples, which was then diluted with 70% ethanol solution to bring the total volume
up to 6.0 mL. The absorbance was measured at 408 nm after allowing the reaction to run
for 10 min. The total flavonoid content was determined using a standard curve with rutin
as the standard, and the calibration curve was obtained (Y = 0.0259X - 0.0133) and the
linear correlation coefficient was R? = 0.9999.

Static Adsorption and Desorption Investigation

The static adsorption capacities of the purchased resins (HPD-100, HPD-300, HPD-
600, D-3250, X-5, D-140, NKA-9, NKA-II, D-101, AB-8, S-8, and polyamide) were
evaluated by the following procedure. The sample solutions were prepared by mixing the
extract with the solvent in a proportion unique to each resin. An amount of fresh resin
(equivalent to 1.0 g of dry resin) was weighed and added to a 150 mL flask, followed by
50 mL of the previously prepared sample solutions. The flasks were then shaken (at 120
rpm) for 24 h at 25 °C to reach the adsorption equilibrium. Then the resin was filtered with
a Buchner funnel, and the total flavonoid content in the filtrate solution was determined
via the colorimetric method. Next, the residual solution on the surface of the resin was
washed off with deionized water, and different concentrations of an ethanol aqueous
solution (40%, 70%, and 100%) were used for desorption. The total content of the target
compounds in the desorbed solution were also analyzed via the above method. The
equations used were presented as Eq. 1 (adsorption capacity), Eq. 2 (adsorption ration),
and Eq. 3 (desorption ratio),

(Co—CV;i
Q: = —w (1)
E(%) = % x 100% ()
0
_ CqVgq
DOA) = emcom: )

where Qe is the adsorption capacity at equilibrium (mg/g of dry resin), D is the desorption
ratio (%), Co is the initial flavonoid content in the solutions (mg/mL), Ce is the flavonoid
content in the solutions at equilibrium (mg/mL), Vi is the initial sample solution volume
(mL), W is the dry resin weight (g), Cq is the flavonoid content in the desorption solution
(mg/mL), and V4 is the desorption solution volume (mL) (Yang et al. 2016; Lv et al. 2018).
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Adsorption and Desorption Kinetics of Selected Resins

The adsorption kinetics of the selected resins were determined as follows. First, 20
mL of the previously obtained sample solution, based on the above methodology, was
added to a 100 mL flask loaded with one of the selected fresh resins (equivalent to 5.0 g of
dry resin). Then, the flask was shaken at 25 °C with a thermostatic oscillator at 120 rpm.
Ultraviolet analysis for each of the 1.0 mL resin samples were conducted at 0 min, 5 min,
15 min, 35 min, 55 min, 85 min, 115 min, 145 min, and 175 min. The Kinetic adsorption
curve was plotted using the total flavonoid content determined by the adsorption solution
method described above. After reaching adsorption equilibrium, the resin was washed
according to the previously described method. The desorption solvent was 60% ethanol,
and the total flavonoid concentration of the sample was detected at the following time
points: 0 min, 5 min, 15 min, 25 min, 45 min, 65 min, 95 min, 125 min, and 155 min. Based
on the different flavonoid content in the solvents at different times, the desorption kinetic
curve was also obtained. Simultaneously, to better understand the adsorption behaviors and
mechanisms, pseudo-first-order and pseudo-second-order models were tested to predict the
adsorption mechanism calculated using kinetic models. The kinetic parameters were
calculated using Eq. 4 (pseudo-first-order kinetic model), Eq. 5 (pseudo-second-order
kinetic model), and Eq. 6 (particle diffusion kinetics model),

ln(Qe - Qt) = _klt + ane (4)
1 _ 1 1.1

% mZ it ®)
Qe =kq- tY2 4+ ¢ (6)

where Qe (mg/g) is the adsorption capacity at equilibrium, Q: (mg/g) is the adsorption
capacity at time t, ki (min™!) is the rate constant of the pseudo-first-order, which is
determined by plotting log (Qe -Qt) versus t at various target compound concentrations, and
k2 (g/mg min) is the rate constant of the pseudo-second-order model, which is determined
by plotting 1/Qt versus 1/t, and kq is the rate constant of particle diffusion (Wu et al. 2015).

Adsorption Isotherms and Thermodynamics

The different isotherm models were used to explain the adsorption relationship
between the solid and liquid phases and further elaborate on the adsorption mechanism. A
series of sample solutions were prepared; 10 mL of different concentration EUOL extract
solutions were poured into the flasks and mixed with the pre-treated resins (equal to 0.50
g of dry resin). The flasks were incubated in a water bath shaker (at 120 rpm) at
temperatures of 25 °C, 35 °C, and 45 °C, respectively, until the absorption equilibrium was
reached. Then the total flavonoid content of each solution was determined and the
equilibrium concentration of the flavonoids for each flask was calculated.

The Langmuir equation and its variable form, described by Pompeu et al. (2010),
are shown in Eq. 7 and Eq. 8,

_ qmKCe
Qe = 1+K1.Ce )
T o L+ — (8)

Qe N Qm e AmKL

where Kv (g/L) is the constant of the Langmuir model.
The Freundlich equation and its variable form, described by Wu et al. (2016), are
shown in Eq. 9 and Eg. 10,
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Q. = KzC,”" 9)
1
InQ, = — InC, + InKp (10)

where Kr and n are the constants of the Freundlich model.
The Sips model, described by Xiong et al. (2019), are shown in Egs. 11 and 12,

_ qm(KSCe)‘B
€ 14(KsCo)P (11)

qm _ 1
de =1+ (KSCe)B (12)

where Krs (L/g), a, and g are the Sips model constants.

Determining the adsorption thermodynamic properties is necessary to reveal the
inherent energy change of the adsorbent after adsorption, and the mechanism involved in
the adsorption process (Liu et al. 2016). The Gibbs free energy change (AG, kJ/mol),
enthalpy change (AH, kJ/mol), and entropy change (AS, J/(mol-K)) are used to describe the
SF adsorption thermodynamics at different temperatures. The enthalpy changes (AH) was
calculated by the Van’t Hoff equation, described by Wu et al. (2016), and shown in Eq. 13,
Egs. 14, and 15,

AG = —RTInK (13)

AS = =22 (14)

Ink = — 22 42 (15)
RT R

where K is the thermodynamic equilibrium constant, which is determined by plotting In
(Qe/Ce) versus Qe and extrapolating to zero Qe, 1/n is the adsorption intensity of the resin,
R is the universal gas constant (8.314 J/(mol-K)), and T (K) denotes the absolute
temperature.

Dynamic Adsorption and Desorption

Dynamic adsorption and desorption experiments were performed via glass column
chromatography. The glass columns (2.5 cm by 40 cm) were wet-packed with the
previously selected resins (bed volumes of 150 mL). Then, 10 g of crude extract (from
Eucommia ulmoides leaves) was dissolved in 100 mL of distilled water (yielding a final
concentration of 10 mg/mL) and the solution was carefully loaded onto the top of the
column. The column was left at a constant temperature overnight until the adsorption
equilibrium was reached. An ethanol-water solution was used as the elution solvent, and
the volume of each solution was 3.0 BV. During the dynamic desorption testing, an aliquot
of distilled water, 20% (v/v) ethanol, 40% (v/v) ethanol, 60% (v/v) ethanol, 80% (v/v)
ethanol, and 100% (v/v) ethanol was loaded sequentially into the column at room
temperature and eluted with a constant flow rate of 1.5 BV/h. The different concentration
eluents were collected separately, and each fraction was separately condensed at reduced
pressure and 50 °C, using a rotary evaporator. After evaporation, all the obtained fractions
were lyophilized in a freeze-dryer, weighed, and stored at -20 °C prior to further analysis.

Acetylcholinesterase Inhibitory Activity
The acetycholine esterase inhibitory activity was measured using Ellman’s method
(Sallam et al. 2016; Raza et al. 2019). The reaction substrate acetylthiocholine iodide
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(ACTI) can be hydrolyzed to acetate and thiocholine by AChE. Under neutral or alkaline
conditions, thiocholine can react with DTNB, and the reaction product is yellow, and the
absorbance of the solution can be detected via spectroscopy at 412 nm. Briefly, 2.65 mL
of a Tris/HCI buffer solution (pH 8.0, 1.0M) and 100 uL of the different concentration test
sample solutions were added to 50 uL of 0.85 U/mL acetylcholinesterase for each sample.
The solutions were incubated at 37 °C for 10 min, then 100 uL of 15 mM DTNB was added
and uniformly mixed. Subsequently, the reaction was continued at 37 °C for 20 min, and
then a 4% SDS solution was immediately added to stop the reaction. The absorbance of the
resulting solution was recorded at 412 nm, and the inhibition rate was calculated according
to the absorbance of the different samples. The 1Cso value can be calculated based on the
curve obtained from the inhibition concentration and inhibition rate. In addition, to avoid
the effects of changes in absorbance due to the color of the compound or spontaneous
hydrolysis of the substrate, the absorbance of the solution should be deducted before adding
the enzyme. All experiments were carried out under their own control condition and
repeated three times.

Docking Studies

The docking experiment was used to investigate the binding affinity of the target
compounds to the binding residues of the active site of AChE. The crystal structure of
AChE (PDB: 6cqy) was downloaded from the RCSB Protein Data Bank (PDB)
(https://www.rcsb.org/) and was used for the docking studies. All cofactors, ligands, and
water molecules were removed from the protein structure before docking. The three-
dimensional structures of the ligands were obtained from PubChem data (NCBI, USA)
(https://www.ncbi.nlm.nih.gov/), and the ligands structures should be saved in the mol2
format before use. Docking studies were carried out via SYBYL X 2.0, according to its
operating methodology. When the docking experiment was completed, the degree of
binding between the small molecules and proteins was estimated, which was based on the
docking scores of the different small molecules and proteins.

Statistical Analysis

The test data was collected in Microsoft Excel 2010. All values are the means +
SDs of the three independent experiments, and the figures were built in Origin 2019b
(Originlab Corporation, Northampton, MA).

RESULTS AND DISCUSSION

Static Adsorption and Desorption Investigation

Macroporous resin is often used for the enrichment of natural active ingredients,
because the macroporous resins not only has good enrichment ability, but also it is lower
in terms of cost and can be recycled. In addition, ethanol and water are usually used as
elution solvent, which are non-toxic, easy to recycle and environmentally friendly (Yang
et al. 2016). It is worth nothing that the adsorption behavior of macroporous resins are not
only associated with the polarity of the resin, but are also affected by the specific surface
and the pore size, as well as being possibly affected by its physical properties, i.e.,
viscosity, density, etc. (Sandhu and Gu 2013). When the polarity of the adsorbent is similar
to that of the adsorbed substance, it exhibits a high adsorption capacity. In addition, resins
with a larger specific surface area and pore size usually have higher adsorption
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performance (Jia et al. 2011). In this study, the adsorption and desorption abilities of HPD-
100, HPD-300, HPD-600, D-3250, X-5, D-140, NKA-9, NKA-I1I, D-101, AB-8, S-8, and
polyamide resins, in terms of the total extracted flavonoid content from EUO, were
investigated, as shown in Fig. 1. The polyamide resin had the highest adsorption capacity
(19.19 mg/qg), followed by the AB-8 resin (17.50 mg/g), and the NKA-9 resin (17.05 mg/g).
The results of the static adsorption experiments showed that the order of the resins, in terms
of highest static adsorption, were as follows: S-8 was greater than HPD-300, which was
greater than D-3250, which was greater than HPD-100, which was greater than HPD-600,
which was greater than D-101, which was greater than X-5, which was greater than D-140,
which was greater than NKA-II. Although the specific surface area of NKA-II was
relatively large, the adsorption amount was lower in this resin type, which may suggest a
relationship with its pore volume. Resins with a larger specific surface area exhibited an
adsorption capacity of greater than 16 mg/g. This also showed that due to the different
structures of the target compounds, the adsorption capacity of the resin was closely related
to the polarity, surface area, pore size, and volume of the adsorbent. This is probably due
to flavonoid compounds containing a benzene ring structure. Therefore, the composition,
physical structure, and polarity of the adsorbent were key factors that affected the
adsorption performance.

The adsorption rate and adsorption capacity showed similar trends, and except for
the NKA-I11 resin, the adsorption rate was approximately 80% or higher. The NKA-9 and
AB-8 resins are cross-linked polystyrene resins, and they also showed a high adsorption
capacity. In addition to the physical properties of the adsorbent, the effect of the polarity
of the substance on the enrichment effect was also obvious. Among the selected resins,
HPD-600, NKA-9, NKA-II, S-8, and polyamide were considered polar resins. Except for
NKA-II, they all showed good adsorption capabilities, and in addition, the adsorption
capacity of the weakly polar AB-8 resin was only lower than polyamide resins. These
results indicated that the EUOL samples prepared by the method mentioned above were
primarily polar or weakly polar flavonoid compounds.
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Fig. 1. Adsorption capacities and adsorption ratios of different resins in terms of flavonoids found
in EUOL
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Fig. 2. Desorption ratios with different solvents and different resins in terms of flavonoids found in
EUOL

The results of the static desorption experiment with different solvents are shown in
Fig. 2. Except for NKA-II, S-8, and polyamide, the desorption rate of the other resins could
reach greater than 80% for different desorption solvents. The desorption rate of the 70%
ethanol solution was significantly higher than the desorption rate of the 40% and 100%
ethanol solutions. Polyamide is considered to be a good adsorbent for enriching flavonoids,
due to its special structure, but this is often related to the composition and structure of raw
materials. In this experiment, polyamide resin showed a high adsorption capacity, but the
desorption effect was not optimal compared to the other resins. The adsorption rate of S-8
was greater than 80%, but the desorption of different solvents was relatively low. Among
these resins, it may be that the resin is suitable for adsorbing flavonoids, but it is not easily
desorbed due to its strong binding force. For the NKA-II resin, the adsorption rate and
desorption rate were inferior to other resins in this experiment, especially the adsorption
amount, which may not be suitable for enriching the flavonoids in the above-prepared
samples, due to the special characteristics of the resin. Therefore, evaluation of the
enrichment performance of a resin requires a comprehensive analysis of both the
adsorption and desorption rates. The adsorption performance of macroporous resins were
affected by many factors. When the polarities of the resin and the adsorbed compounds
were the same or close to each other, a high adsorption efficiency could be achieved. In
addition, resins with a large specific surface area generally achieved higher adsorption
capabilities, but this also depended on the material composition and characteristics of the
sample of interest (Deosarkar and Pangarkar 2004; Dong et al. 2015). Based on the above
test results, resin AB-8 was selected for further analysis.

Adsorption Kinetics

The adsorption kinetics and equilibrium of the target component for the selected
resins were investigated. The adsorption kinetic curves of the selected resins are shown in
Fig. 3A. All of the resins exhibited a similar adsorption change with time, and the
adsorption processes of all the resins were divided into three stages. During the first stage,
the adsorption capacities of the selected resins showed a rapid increased trend within 20
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min, and although this process was fast adsorption, there were still differences between the
different resins. During the second stage, the increase in the adsorption capacity of all the
resins was slower than the first stage, and adsorption equilibrium was reached after 45 min.
The difference in adsorption capacities at this stage was more obvious for each resin. After
45 min of adsorption, the adsorption kinetics curve had basically stabilized. At this stage,
the adsorption capacities of the different resins in terms of flavonoids could be clearly
observed. Due to the differences in resin structure and composition, the adsorption effect
on target substances was also different. The adsorption amount was between 8 to 12 mg/g,
which was also consistent with the previous test results. Rapid achievement of adsorption
equilibrium can be regarded as beneficial for practical separation operations.

It was worth noting that the desorption rate was also an important factor in terms
of the enrichment process. The kinetic desorption curves of the eight tested resins are
shown in Fig. 3B. The desorption process could be basically divided into two stages. The
concentration of the desorbed solution rapidly increased at the beginning, and then the
change became balanced. Except for the D-3250 resin, the resins could complete rapid
desorption within 40 min, and HPD-300, HPD-600, AB-8, and X-5 could complete rapid
desorption within 20 min, with the AB-8 resin yielding the best results. The time for the
desorption effect to reach equilibrium for the other resins were ranked as follows: NKA-9
was greater than D-101, which was greater than D-140. This result indicated that the
adsorption and desorption of flavonoids by these resins were able to rapidly reach
equilibrium.
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Fig. 3. Static adsorption and desorption curves of flavonoids for the selected resins: A -
adsorption curves; B - desorption curves; and C - intra-particle diffusion curves
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The adsorption kinetic curve is an important parameter in defining the adsorption
efficiency and the equilibrium time, which is related to the adsorption mechanism in the
process. Therefore, it is important to utilize adsorption kinetic models that fit the data
obtained in the laboratory, so the contact time of the sorption reaction could be precisely
governed. In this work, the pseudo first-order, pseudo second-order, and intra-particle
diffusion kinetics models were applied to clarify the adsorption process. The fitting
equations and kinetic parameters at 25 °C and correlation coefficients of the pseudo-first-
order and pseudo-second-order kinetic models and particle diffusion were calculated and
listed in Table 2. In the kinetic experiment, the pseudo-first-order model was primarily
used to describe the initial stage of adsorption, while the second-order equation was used
to predict the adsorption behavior of the entire adsorption process (Lv et al. 2018). It was
found that the pseudo-second-order kinetic model was better at depicting the kinetics of
the adsorption of flavonoids onto resins, The coefficient of determination (R?) of the
pseudo second-order model was greater than that of the pseudo first-order model, which
meant the pseudo second-order model had a better linear correlation with the adsorption
kinetics, and the theoretical Qe values estimated from the pseudo-second-order Kkinetic
model were close to the measured results. This indicated that the pseudo-second-order
model was better at explaining the flavonoid adsorption of the selected resins.

Table 2. Equations of the Pseudo-First-Order, Pseudo-Second-Order, and
Particle Diffusion Kinetics Models and the Dynamic Parameters for Different
Resins

Resins Dynamic Equation Dynamic Parameters Coeffic_ient. of

Qe (Mmg/qg) k Determination
HPD- Pseudo-first-order 8.8995 0.0037 0.6929
300 Pseudc_)-secpnd-_order 10.8260 0.0149 0.9876
Particle diffusion 5.2429 0.4789 0.7980
HPD- Pseudo-first-order 8.2665 0.0039 0.6663
600 Pseudc_)-secpnd-_order 10.1958 0.0118 0.9998
Particle diffusion 4.4051 0.4704 0.7620
Pseudo-first-order 8.1042 0.0034 0.6412
D-3250 Pseudo-second-order 10.7817 0.0178 0.9977
Particle diffusion 5.9113 0.4122 0.7440
Pseudo-first-order 9.0789 0.0039 0.7412
X-5 Pseudo-second-order 9.3572 0.0097 0.9987
Particle diffusion 3.1860 0.4977 0.8254
Pseudo-first-order 6.9682 0.0044 0.6970
D-140 Pseudo-second-order 9.7040 0.0146 0.9971
Particle diffusion 4.4963 0.4357 0.7800
Pseudo-first-order 9.7385 0.0041 0.6828
NKA-9 Pseudo-second-order 12.1729 0.0092 0.9999
Particle diffusion 5.0340 0.5772 0.7725
Pseudo-first-order 8.6634 0.0037 0.6815
D-101 Pseudo-second-order 9.4841 0.0110 0.9995
Particle diffusion 3.7029 0.4672 0.7846
Pseudo-first-order 11.6440 0.0042 0.7351
AB-8 Pseudo-second-order 12.1271 0.0054 0.9999
Particle diffusion 3.3067 0.6746 0.8243

Adsorption kinetics may be controlled by the rate limiting step of the process and
the adsorption mechanism. Generally, the experimental data fit via the intra-particle
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diffusion model was shown in Fig. 3C. With an increasing adsorption time, the diffusion
curves of Qt versus tY2 presented multi-linearity and the adsorption process could be
divided into three stages. The first stage (0 min to 20 min) exhibited boundary layer
diffusion, where phenolic compound molecules diffused from the solvent to the surface of
the resin particles. The second stage (20 min to 50 min) was the gradual adsorption stage,
when the internal diffusion had a rate limitation, and the third stage (50 min to 175 min)
was the final equilibrium stage. In this research, the plots of Q: versus t*/2 were multi-linear,
which was due to the broad pore size distribution of the selected resins. The first linear plot
was ascribed to the adsorption of flavonoids over the shell and macropores, and therefore
was the fastest adsorption stage. The second plot was due to the intra-particle diffusion
through the mesopore. The third plot was attributed to diffusion through the micropores,
which was followed with establishing the adsorption equilibrium (Liu et al. 2010; Duran
etal. 2011).

Therefore, the adsorption performance of the macroporous resins in terms of
flavonoids was associated with the synergistic effects of their chemical compositions and
physical properties (Lv et al. 2018). The selected resins with larger specific surface areas
possessed a slightly stronger desorption capacity than the other three resins, which
suggested that the specific surface area might be one of the critical factors that affect the
desorption process (Scordino et al. 2003). In summary, all the above results showed that
the eight resins exhibited similar adsorption behaviors and possessed good adsorption
capacities. This suggested that all the chemical constitutions of the eight resins were
suitable for adsorption of the flavonoids found in Eucommia ulmoides Oliv. leaves.
Meanwhile, the similar adsorption capacities of the eight resins indicated that both the
chemical constituents and the physical structures were important in terms of the adsorption
capabilities of the resins.

Adsorption Isotherm

Isothermal adsorption data can be used to investigate the affinity between the
adsorbent and the adsorbate. The Langmuir and Freundlich equations are the most popular
equations for evaluating adsorption isotherms due to their relative simplicity and
reasonableness, and their accurate description (Buran et al. 2014). The Langmuir equation
can be used to describe a monolayer adsorption, whereas the Freundlich equation, known
as an empirical equation, can be used to describe a multilayer and heterogeneous surface
adsorption (Yang et al. 2016). In addition, as a typical extended form of the Langmuir
model, the Sips model investigates the high-energy heterogeneous adsorption
characteristics of the adsorbent surface by introducing heterogeneous parameters.
Therefore, based on the results obtained from the above kinetics, through comprehensive
analysis of the adsorption and desorption performances, the NKA-9, AB-8, and HPD-300
resins were selected for further analysis. Meanwhile, the adsorption isotherm models,
including the Langmuir, Freundlich, and Sips models, were selected to analyze the
adsorption mechanisms of the selected resins in terms of flavonoids.

It can be seen from the experimental results that the adsorption capacity of these
resins in terms of flavonoids found in EUOL was greater at 25 °C than at other
temperatures. The different isotherm models for the NKA-9, AB-8, and HPD-300 resins
were evaluated in this experiment, and the isotherm parameters for the adsorption capacity
of flavonoids are shown in Table 3.
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Table 3. Parameters of the Langmuir, Freundlich, and Sips models For the Three
Selected Resins

Parameters
Models HPD-300 NKA-9 AB-8
298K | 308K | 318K | 298K | 308K | 318K | 298K | 308K | 318 K

KL

= (g/L) 4.7631 | 3.6480 | 3.0829 | 3.0743 | 2.3711 | 2.0862 | 4.2716 | 3.7913 | 3.4683
IS
g (m%n;g) 10.752 | 5.4639 | 4.8938 | 13.774 | 12.095 | 7.3014 | 6.9142 | 6.5206 | 4.8610
- R? 0.9688 | 0.9899 | 0.9792 | 0.9570 | 0.9822 | 0.9478 | 0.9751 | 0.9710 | 0.9972
‘g (5;) 7.0974 | 4.5752 | 3.2331 | 2.4059 | 1.5766 | 1.1816 | 7.8428 | 3.4614 | 2.4945
S
o 1/n 0.5422 | 0.5494 | 0.6611 | 0.6488 | 0.7629 | 0.8308 | 0.5071 | 0.6283 | 0.6702
TR

R? 0.9481 | 0.9770 | 0.9790 | 0.9638 | 0.9597 | 0.9661 | 0.9301 | 0.9362 | 0.9669
Ks 3.7963 | 5.9475 | 7.5182 | 4.1010 | 5.1297 | 6.1238 | 6.4064 | 7.7795 | 8.4272
41.005 | 29.753 | 17.136 | 24.856 | 23.285 | 19.118 | 20.132 | 19.051 | 14.633
B 2.4036 | 2.4594 | 1.7302 | 1.6846 | 2.3798 | 2.3572 | 2.5960 | 3.4095 | 2.2500
R? 0.9174 | 0.8988 | 0.9701 | 0.9025 | 0.9551 | 0.9719 | 0.9066 | 0.9435 | 0.9672

Sips
0
3

For the Langmuir equation, K is the key factor for the affinity of the binding site.
During this adsorption process, as the temperature increased, the value of KL decreased.
However, the Freundlich model is often used to analyze the internal surface adsorption
mechanism of solid-liquid to obtain the desired analysis results, however, its scope of
application is not as extensive as the Langmuir model. The constants Kr and n represent
the indicators of adsorption capacity and intensity of the resins selected, respectively. A
value of 1/n between 0 and 1 indicated that this condition was favorable for the occurrence
of adsorption, but when its value is greater than 1.0, the adsorption process is more difficult
(Wu et al. 2016). As shown in Table 3, when the adsorption temperature was greater at 25
°C, the value of 1/n increased as the temperature increased. This indicated that high
temperatures were not conducive to the adsorption of flavones by the selected resins. It
also confirmed that temperature is a key factor affecting the amount of adsorption. Higher
temperatures may accelerate the frequency of thermal motion of the molecules in the
solution, thereby reducing the interaction between the target compound and the active sites
on the resin, leading to a reduction in the amount of adsorption (Lv et al. 2018). From the
analysis results, it can be found that the Langmuir model had a good coefficient of
determination at different temperatures compared with other models, which means that it
can be used as a good adsorption model to reflect the adsorption equilibrium of the selected
resins in terms of flavonoids. It also showed that the adsorption process involved single-
layer adsorption equivalent non-interacting monomeric sites, and it was also accompanied
by other adsorption models. For different adsorption resins, the correlation coefficients of
the different adsorption isothermal models were significantly different, and it was inferred
that there are differences in the adsorption mechanisms of different resins in terms of
EUOL, which is also an important reason for the differences in adsorption and desorption
characteristics.

Adsorption Thermodynamics

Determining the adsorption thermodynamics is necessary to reveal in-depth
information about the consumed energy and adsorbing mechanism. The adsorption
behavior and mechanism for the adsorption process of flavonoids by the selected resins can
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be understood by thermodynamic parameters (Chen et al. 2014). The Gibbs free energy
(AG), enthalpy changes (AH), and entropy changes (AS) were calculated and employed to
describe the adsorption thermodynamics at different temperatures in this work (as shown
in Table 4). For the selected resins, the adsorption free energy changes were negative,
which implied the adsorption could occur spontaneously (Yousef et al. 2011). The negative
AH values (-3.75 kJ/mol, -3.44 kJ/mol, and -3.25 kJ/mol) at different temperatures
demonstrated that the adsorption process was of an exothermic nature (Gokmen and Serpen
2002). Since the AS values were negative for the three selected resins, this suggested that
the randomness of the adsorption process decreased at the solid—liquid interface (Lv et al.
2016). The absolute value of the AH, which was lower than 43 kJ/mol, indicated that the
adsorption reaction was primarily controlled by physical adsorption rather than a chemical
mechanism (Yang et al. 2016). This result declared that the predominant force between the
adsorbate and adsorbent was primarily electrostatic (Wang et al. 2012).

Table 4. Thermodynamic Parameters of the Three Selected Resins on the
Adsorption Process

Resins T (K) AS (J/(mol K)) AH (kJ/mol) AG (kJ/mol)
298 -3.19
HPD-300 308 -1.87 -3.75 3.17
318 -3.15
298 3.22
NKA-9 308 -0.760 -3.44 -3.21
318 -3.20
298 -3.16
AB-8 308 -0.300 -3.25 -3.16
318 -3.15

The negative AH values indicated that the adsorption process was exothermic, and
that lower temperatures facilitated the adsorption process. As described above, the kinetic
data of the flavonoids adsorbed by the selected resins had a good fit with the pseudo
second-order model, which suggested the adsorption was chemisorption. However, the AH
values (-3.75, -3.44, and -3.25 kJ/mol) suggested a physisorption mechanism. This further
indicated that flavonoids had multiple adsorption methods by the selected resins. The
results of kinetic and thermodynamic analyses are consistent with those described in the
recent articles, and most of the adsorption systems conforming to the pseudo-second-order
kinetic model are actually governed by diffusion-controlled kinetics and reversible
physical adsorption (Hubbe et al. 2019).

Dynamic Adsorption and Desorption of the Columns for the Selected Resins

Based on the above experimental results, the NKA-9 resin was selected for dynamic
elution to obtain different elution fractions from the crude extract. The dynamic elutes for
the EUOL flavonoids from the NKA-9 resin columns were constructed to further evaluate
the composition and biological activity of different eluted samples. The detection results
of the flavonoid content in different eluted fractions are presented in Table 5. The results
of the gradient elution showed that the desorption amount in the different elution solutions
changed as the ratio of ethanol to water in the eluent changed. The total flavonoid content
was highest in the 60% eluted fraction (483.9797 + 1.9961 mg/g) compared to the other
fractions and was ten times higher than the original crude extract. In addition, the 40% and
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80% ethanol eluted fractions were also rich in flavonoids, but the flavonoid content in the
40% ethanol eluted fraction was higher than the 80% eluted fraction. Although the total
flavonoid content in the 20% ethanol eluent was higher than the 100% elution sample, their
content was relatively low compared to the other fractions. The flavonoid content was the
lowest in the water eluting fraction, only 2.4721 + 0.5429 mg/g. From the results, it was
determined that 95% of the total flavonoid content was contained in the 40%, 60%, and
80% ethanol elution fractions for all the eluted samples in this experiment. Thus, the 60%
ethanol elution was selected to elute and collect the target compounds.

Table 5. Total Flavonoid Content and Enzyme Inhibitory Activity of the Fraction
Eluted from the Column Packed with NKA-9 Resin

Eth . Content of Flavonoids Acetylcholinesterase Inhibition
anol Concentration
(mg/g) ICso (mg/mL)
Water 2.4721 + 0.5429 -

20% ethanol 23.8709 + 0.0396 3.3359 + 0.0634

40% ethanol 330.3241 + 1.6820 0.7712 £ 0.0219

60% ethanol 483.9797 + 1.9961 0.5893 + 0.0079

80% ethanol 304.0226 + 2.0938 0.9966 + 0.0489

100% ethanol 16.0071 + 0.5482 4.6278 + 0.1090

Crude extract 48.2780 + 1.0069 1.4480 + 0.0022

Table 5 displays the acetylcholinesterase inhibitory effect of the different elution
components. As shown by the results, the trends of the acetylcholinesterase inhibition
activity for the different eluted fractions was similar to the flavonoid content trends. The
greatest inhibitory effects on the enzyme activity were by the 40%, 60%, and 80% ethanol-
eluting fractions, and the 60% eluting component had the greatest inhibitory effect on the
enzymes. This also demonstrated that as a potential inhibitor of enzyme activity, it could
be effectively enriched under these conditions. Enrichment to obtain a higher target
ingredient content or to obtain a synergistic effect between different ingredients can
effectively inhibit the activity of acetylcholinesterase.

Based on the above experimental results, the NKA-9 resin had good enrichment
effects on the flavonoid found in EUOL. Considering the content and biological activity of
the target flavonoids in the different eluted fractions, a stepwise elution scheme should be
used when preparing the required target components, such as the following test steps: the
substances that were not adsorbed by the resin are removed using deionized water, then
additional undesired components were removed via elution with 20% ethanol. Elution
fractions can then be collected in stages and further analyzed.

In order to further understand the effects of the flavonoids found in EUOL and
acetylcholinesterase, the primary flavonoid types were determined. Based on previous
literature reports (He et al. 2014; Hirata et al. 2014; Zhu and Sun 2018), EUOL flavonoids
primarily included rutin, quercetin, kaempferol, hypericin, terpinein, astragalin,
isoquercetin, isorhamnetin, isorhamnetin-3-0-p-D-glucoside, kaempferol-3-O-rutinoside,
etc., and the primarily flavonoid aglycones were quercetin and kaempferol. Therefore, in
this experiment, molecular docking technology was used to investigate the affinity of the
main flavonoids in EUOL with acetylcholinesterase.

Because the sample components found in the different eluting fractions were
complicated, different compounds could synergistically inhibit acetylcholinesterase
activity. Based on the known flavonoids found in Eucommia ulmoides, the scoring results
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of the enzyme protein molecule dockings are shown in the Table 6, and the results
suggested that the binding degree of different flavonoid compounds and enzymes were
drastically different. Kaempferol-3-O-rutinoside had the highest score, followed by
Isoquercetin, while hypericin had the lowest docking score (the docking results are shown
in Fig. 4.). The scores for the other compounds ranged from 3 to 5. For the flavone aglycon,
the docking score of quercetin was higher than kaempferol. For compounds with flavone
aglycon linked to different glycoside groups, the degree of docking affinity was different.
This also showed that due to the different structures of the compounds, when docking with
macromolecules, the conformation and interaction force at the active site would be
different, so the degree of binding to the protein molecule would eventually be different.

Table 6. Structural Information and Molecular Docking Scores of the Primary
Flavonoids in EUOL

No. Molecular Formula Molecular Weight Structure Scores
1 Rutin 610.5 Ca27H30016 4.9264
2 Quercetin 302.2 C15H1007 4.6462
3 Kaempferol 286.2 C15H1006 3.0288
4 Hypericin 504.4 C30H160s8 1.3382

Quercetin-3-0-D-
5 glucopyranoside 464.4 C21H20012 3.7143
6 Astragalin 448.4 C21H20011 3.9688
7 Isoquercetin 464.4 C21H20012 5.3324
8 Isorhamnetin 316.3 C16H1207 4.4370
9 ISorhar;'llraigr;SéO-B-D- 478.4 C22H22012 3.1659
10 | Kaempferol-3-O-rutinoside 594.5 Ca7H30015 6.4614

Fig. 4. Molecular docking of (a) Isoquercetin and (b) Kaempferol-3-O-rutinoside with
acetylcholinesterase

CONCLUSIONS

1. The adsorption and desorption characteristics of twelve macroporous resins in terms of
the flavonoids found in Eucommia ulmoides Oliv. were investigated. Eight resins were
selected for further analysis through static adsorption and desorption experiments.

2. The pseudo-second-order kinetics and Langmuir isotherm models were demonstrated
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to be appropriate to describe the entire exothermic and physical adsorption processes
of the antioxidants by the resins. Furthermore, according to the research results of
adsorption and desorption characteristics, NKA-9 resin and 60% ethanol were
confirmed to be the best sorbent and desorption solvent, respectively. In addition, the
Eucommia ulmoides Oliv. 60% ethanol eluted fraction using NKA-9 resin possessed a
better inhibitory effect of acetylcholinesterase when compared to the other fractions.
Nearly 90% of the total flavonoids were detected in the 40%, 60%, and 80% eluent
fractions.

3. The difference in binding between the different flavonoid compounds and the target
protein could be found through molecular docking technology, and this method could
also facilitate screening for excellent enzyme activity inhibitors.

4. The enrichment process of the flavonoids found in Eucommia ulmoides Oliv. using
NKA-9 resin was efficient and economical and has a great industrial production
potential. Meanwhile, the production of highly concentrated flavonoids might expand
the applications of E. ulmoides as a bioactive ingredient in functional foods and the
pharmaceutical industry.
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