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Background: Eucommia ulmoides Oliv. (EUO) was a traditional Chinese herb, its leaves were abundant
in China, and polyphenol compounds were considered to be an important active ingredient in Eucommia
ulmoides Oliv. leaves (EUOL). However, previous research mainly focused on compound identification
and extraction process, there were few reported on the efficient enrichment process and biological activity
evaluation of polyphenols in EUOL.

Methods: The adsorption and desorption characteristics of twelve different 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 investigated
to develop an efficient method for the enrichment of polyphenol from EUOL, and the static adsorption,
kinetics, isotherm and thermodynamics of the polyphenol from EUOL were analyzed. The eluted
component was obtained through dynamic elution, and its main polyphenol compounds were detected by
high-phase liquid chromatography (HPLC) and the inhibitory effects on the enzyme activity of a-amylase
and a-glucosidase was also evaluated for different elution components. Meanwhile, the binding of main
polyphenol compounds to enzyme was also evaluated.

Results: The selected resins (HPD-300, HPD-600, D-3250, X-5, D-140, NKA-9, D-101 and AB-8) showed
adsorption patterns that fitted well to the pseudo second-order kinetics. The intra-particle diffusion model
demonstrated that the diffusion of polyphenol compounds on these resins were divided into three processes.
For HPD-300, HPD-600 and NKA-9, the Freundlich model better described the adsorption isotherm behavior
than the Langmuir model, and the adsorption of polyphenol was a physical, exothermic, and spontaneous
process. Subsequently, dynamic elution was performed yielding a higher polyphenol content in a 60% ethanol-
water elution component, and it also exhibited a higher inhibitory effect on a-amylase and a-glucosidase activity.
Furthermore, as the main polyphenol compounds, chlorogenic acid, rutin, quercetin and kaempferol were used
to simulate the binding to the enzyme protein through molecular docking technology. The results showed that
quercetin had a higher docking score for a-amylase, while rutin displayed superior binding to a-glucosidase.
Conclusions: Therefore, polyphenols of EUOL could be enriched through macroporous resins and have
the potential to be effective enzyme inhibitor.
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Introduction

Eucommia ulmoides Oliv. (EUO) is widely used as a native
traditional medicinal plant, found to be abundant in
China, and its bark, leaves, seeds and flowers can be
applied as the feedstock for the production of bioactive
substances (1). Previously, only Eucommia ulmoides Oliv.
bark (EUOB) was used as medicinal materials. However,
numerous research has indicated that Eucommia ulmoides
Oliv. leaves (EUOL) are rich in natural active ingredients.
Moreover, many phytochemical components identified
in the bark is also found in the leaves (2,3), and a total of
138 kinds of chemical compounds were separated, purified
and identified from EUO bark and leaves. Meanwhile,
EUOL has attracted widespread attention due to its
abundance and availability, easy collection and rapid growth
cycle. Furthermore, EUOL has been recorded oftficially
in Chinese Pharmacopoeia since 2005 (4). Recently,
EUOL has been regarded as a homologue substance of
medicine and food by National Health Commission of the
People’s Republic of China, highlighting their potential
in development value in the food and pharmaceutical
industries. Because EUOL contain many natural active
ingredients, such as polyphenols, lignans, iridoids and
flavonoids, and their biological activity has excellent
efficacy in treating diseases and imporving the quality of
life. Traditionally, the comprehensive utilization rate of
EUO is still very low. Only the bark is used as a medicinal
material, and its chemical composition and pharmacological
research are relatively extensive. In the past few decades,
even in Japan and Korea, EUOL were used in food, but
they were not fully utilized (1). Therefore, based on the
advantages of EUOL, it has broad application prospects in
pharmacological research and food development (tae, wine
and nutritional supplement).

EUQOL is an important raw material for food and drug
development. Its phytochemical composition, biological
activity and pharmacological research have continued to
arouse substantial great interest over the past decades (5,6),
with intense focus on the efficient preparation of extracts,
active compounds and analysis of biological activity. EUOB
has many pharmacological actions such as anti-oxidation (7),
antifungal (8), anti-inflammatory, antihypertensive (9),
inhibiting adipogenic differentiation (10) and low-density
lipoprotein oxidative modification (11). Due to the
difficulties in obtaining EUOB, its leaves, which contain
comparatively equivalent components as the bark (3), have
been the preferred source in medical research. Similar to
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EUOBs, EUOL also have a series of pharmacological effects
including anti-oxidation (7), anti-aging, antimutagenicity (12),
antihypertensive (9), hypoglycemic (13,14), hypolipidemic (15)
and preventing gastric mucosal injury (16). Therefore, the
extraction, enrichment, separation and identification of
bioactive ingredients in EUOL have been widely concerned,
especially polyphenols, flavonoids, iridoids and lignans (1,2,5).

The known benefits of EUOL are mainly derived from
its rich natural active ingredients. It is worth noting that
polyphenols are the main type of compounds in EUOL (5).
At present, much focus on polyphenol research pertains to
its effect in delaying the onset of diabetes (17,18). Inhibitors
of a-amylase and o-glucosidase activity are also often
considered as potential active ingredients that delay type 2
diabetes (19,20). Meanwhile, there were few studies on the
systematic study of the enrichment process and biological
activities of polyphenols in EUOL. To obtain the desired
target compound, macroporous resins have been considered
as an effective means for enrichment and purification of active
ingredients from complex extracts. Traditional purification
techniques, such as liquid-liquid extraction and silica gel
column chromatography, have many deficiencies, such as
high solvent consumption, residual organic solvents, and
environmental pollution (21,22). The advantages of using
macroporous resins include easy operation, strong adsorption
capacity, low running cost, low solvent consumption, product
safety, and ease of resin regeneration. It has been successtully
applied in the separation and enrichment of biologically active
compounds from many natural products (23,24). However,
there are few reports on the systematic investigation of
EUOL polyphenol adsorption and desorption characteristics
using macroporous adsorption resin. Consequently,
macroporous resins were the preferred material to develop a
simple and efficient process for the preliminary enrichment
and separation of polyphenol from EUOL.

The aim of this study was to investigate the adsorption
and desorption behaviors of macroporous resins, namely
HPD-100, HPD-300, HPD-600, D-3250, X-5, D-140,
NKA-9, NKA-TI, D-101, AB-8, S-8 and polyamide.
Meanwhile, the static adsorption, kinetics, isotherm and
thermodynamics of the polyphenol from EUOL were
investigated. The target enrichment component was
obtained from resins selected by gradient elution with
different ratios of ethanol:water solution. The inhibitory
effects of the eluates on a-amylase and a-glucosidase
enzyme activity were evaluated, and the optimal active
fraction of the enzyme inhibitor was screened by IC;, value,
meanwhile, the chemical composition of the active site
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Table 1 Physical characteristics of the selected macroporous resins
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Resins Polarity Average pore diameter (nm) Particle size (mm)  Specific surface area (m*/g)  Pore volume (mL/g)
HPD-100 Nonpolar 8.5-9.0 0.3-1.25 650-700 1.35-1.65
HPD-300 Nonpolar 5.0-5.5 0.3-1.2 800-870 -
HPD-600 Polar 8.0 0.3-1.2 550-600 -
D-3520 Nonpolar 8.5-9.0 0.3-1.25 480-520 2.10-2.15
X-5 Nonpolar 29-30 0.3-1.25 500-600 1.20-1.24
D-140 Nonpolar 9.5 - 500-600 1.00-1.50
NKA-9 Polar 15.5-16.5 0.315-1.25 170-250 1.00-1.04
NKA-II Polar 14-16 0.3-1.25 950-1,250 0.62-0.66
D-101 Nonpolar 9-11 0.3-1.25 550-600 1.50-1.70
AB-8 Weak polar 13-14 0.3-1.25 480-520 0.73-0.77
S-8 Polar 28-30 0.3-1.25 100-120 0.78-0.82
Polyamide Polar - - 5-10 -

was analyzed by high performance liquid chromatography
(HPLC). Finally, molecular docking technology was used
to evaluate the interaction strength between the polyphenol
compounds and protein. This work would contribute to
the understanding of polyphenol isolation and preparation
from EUOL. Additionally, these findings have important
reference value for its application to nutritional and
pharmaceutical therapeutic development.

We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5468).

Methods
Materials

EOULs were collected from the Cili Du-zhong Forestry
Centre (Zhangjiajie, China). Fresh leaves were dehydration
dried at 60 °C by electro-thermostatic blast oven
(Shanghai Jing Hong Laboratory Instrument Co., Ltd.
Shanghai, China), and pulverized before storage at 4 °C.
Chromatographic grade methanol was provided by Merch
(Darmstadt, Germany). Deionized water was purified using
a Merck Millipore Synergy UV water purification system
(Billerica, MA, USA). All other chemicals used were of
analytical grade. 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 supplied by
Zhengzhou Qinshi Technology Co., Ltd. (Zhengzhou,
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China). The chemical and physical properties of the tested
resins were provided by the manufacturer and shown in the
Table 1. Macropous resins were pretreated according to the
manufacturer’s recommendation. Prior to use, the resins
were soaked with ethanol for 24 h and washed several times
with deionized water. Subsequently, the resins were soaked
in 1.0 M NaOH for 4 h, then washed before undergoing
another soak in 1.0 M HCI for 4 h. Finally, the resins were
thoroughly washed with deionized water before use.

Extract methods

The crude extract of EUOL was prepared through
ultrasound-assisted extraction (UAE) technology. Briefly,
1.0 kg of dried EUOLs were ground into fine power using
a laboratory mill (FW100, Taisite Instrument Co., Ltd.,
Tianjin, China) and subsequently mixed with 15 L 60%
ethanol before UAE extraction for 30 min. The extraction
solution was collected by filtration. The residual paste
underwent further extraction twice with the same process,
using equal volumes of ethanol. The filtrates were combined
and concentrated under a vacuum rotary evaporator.
Subsequently, EOUL extract was obtained by freeze drying
and stored at -4 °C before use.

Static adsorption and desorption experiments

The static adsorption and desorption characteristics on the
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selected resins were performed as follows: 1.0 g of pretreated
macroporous resin (equal to 0.50 g dry resin) was placed
with 50 mL of 10.0 mg/mL extracts solution in a 250 mL
conical flask. Target compounds of the EUOL extract was
analyzed before adsorption. The sealed flasks were shaken at
25 °C for 24 h at 120 rpm. After adsorption, the absorbance
of total polyphenols in the sample solution was detected.
The adsorption capacity and ratio were calculated using the
following equations (25,26):

Adsorption capacity:
C _Ct Vz
Qz :( 0 o ) [1]

Adsorption ration:
E(%):L0 S 100% 2]
CO

After the adsorption equilibrium was achieved, the
resins were washed with 50 mL distilled water. The
wash procedure was repeated twice before discarding the
distilled water. The resin was desorbed with 50 mL 40%,
70% and 100% (v/v) ethanol solution, respectively, using
a thermostatic oscillator at 25 °C (120 rpm). A circulating
water bath with a thermostat was applied to maintain
the temperature within +0.1 °C. The concentration of
polyphenols in the desorption solutions were determined
after 24 h. The desorption ratio was calculated according to
the following formula:

Desorption ration:

Cd Vd

D(%): (CO_Ce)Vz [3]

Where Q. is the adsorption capacity at adsorption
equilibrium (mg/g dry resin), C, is the initial concentration
of crude extract solutes (mg/mL), C, is the concentration
of equilibrium solutes (mg/mL), C, is the concentration of
target compounds in the desorption solution (mg/mL), V;
is the volume of the initial extraction solution (mL), and W
is the weight of the dry macroporous resin (g), and V, is the
volume of the desorption (mL).

Adsorption and desorption kinetics

The hydrated resin (equal to 5.00 g dry resin) were mixed
with 20 mL of extracts solution from EUOLs. Adsorption
was performed on a thermostatic oscillator (120 rpm) at
25 °C, where 1.0 mL of each solution was withdrawn at the
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time points of 0, 5, 15, 35, 55, 85, 115, 145 and 175 min.
The total target compounds were subsequently measured.
Meanwhile, the kinetic behavior was evaluated.

The pseudo-first-order kinetic model was presented as:

In(Q,-Q,) =~k +InQ, [4]
The pseudo-second-order kinetic model was shown as:

1t 1.1
0 KOt 0 Bl

The particle diffusion kinetic model was expressed as:
0 =k, 1" +C (6]

In the adsorption kinetic and thermodynamics model
equations, ky, k, and k; refer to the rate constants of pseudo-
first-order, pseudo-second-order, and particle diffusion
kinetic models in the adsorption process, respectively. C is
the constant in the particle diffusion kinetic model (27).

In kinetic experiments, after adsorption equilibrium,
these resins were washed twice through distilled water. Sixty
percent ethanol solution was used as a desorption solvent.
The total polyphenol concentration in the sample was
detected at the time points of 0, 5, 15, 25, 45, 65, 95, 125
and 155 min. The desorption curves were obtained, based
on the concentration in the solvent.

Adsorption isotherms and thermodynamics of the selected
resins

The adsorption isotherm was a function of the equilibrium
concentration of the adsorbed substance and the adsorbent
content in a solution at a specific temperature. The
selected resins were added to stoppered flasks containing
10 mL polyphenol solutions of different concentrations.
Adsorption was conducted at three different temperatures
(25, 35 and 45 °C) in a 25 mL flask with a stopper. The
adsorption isotherms for total polyphenols were determined
using Langmuir and Freundlich equation (28).
The Langmuir equation and its variable form:

quLCe
- Le 7
O 1+K,C, 7]
Ce — LCK + 1 [8]
0 90, 9K,

The Freundlich equation and its variable form:
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0,=K.C" 9]

InQ, = 1 InC, +Ink,. [10]
n

Where K; is the affinity parameter between resin and
target compounds. Ky is the adsorption capacity of the resin.

Adsorption thermodynamics is necessary to determine
the mechanism involved in the adsorption process and the
inherent energy change of the resin after adsorption (29).
The Gibbs free energy change (AG), enthalpy change (AH)
and entropy change (AS) were evaluated to describe the
total flavonoids adsorption thermodynamics at different
temperatures. Enthalpy changes (AH) were calculated by
the Van’t Hoff equation:

AH AS

InK = —=— + 22 [11]
RT R

_AH-AG
T

AS [12]

Where 1/n was the adsorption intensity of the resin. R is
the universal gas constant [8.314 J/(mol K)]. T denotes the
absolute temperature (K) and A refers to a constant. K is
thermodynamic equilibrium constant, which is determined
by plotting In (Q./C,) versus Q. and extrapolating to zero

Q. (30).

Enrichment of target compounds by resin column

Dynamic adsorption and desorption experiments were
performed in glass column (length 30 cm x @ 2.5 cm), wet-
packed with the selected resin (150 mL, 25 °C). The aqueous
extract solutions (10.0 mg/mL) were adsorbed and then
eluted by increasing concentrations of ethanol (0, 20%,
40%, 60%, 80% and 100%). The volume of each solution
was 3.0 BV. Eluates were collected and concentrated
under reduced pressure in a rotary evaporator, and the
total polyphenol content in the samples were detected by
colorimetry. Additional target components in the sample
were simultaneously detected by HPLC.

Determination of total phenolic content

"Total phenolic content was determined using the method of
Wang [2019] (31), with some modifications. Two hundred
microliters of each sample were transferred to a 10 mL
of volumetric flask, to which 0.5 mL of undiluted Folin-
Ciocalteu reagent was added. After 1 min, 1.5 mL of 15%
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(w/v) Na,CO; was added and the volume was made up
to 10 mL with H,O. After 60 min of incubation at 25 °C,
the absorbance was measured at 760 nm. Total phenolic
content was calculated on the basis of the standard curve for
gallic acid and expressed as mg of gallic acid equivalents/g
of sample. The calibration curve Y=0.0912X+0.0455 (six
data points) was linear with R* =0.9995.

HPLC analysis

Based on previous reports (32), the concentrations of
compounds determined by HPLC with UV/Vis detection,
employing a SHIMADZU HPLC system (Japan) contained
a Smart line DGU-20A online degasser, a Smartline LC-
20AB quaternary pump, and the diode array detection.
The analytical column was an ODS C18. The injection
volume was 10 pL for each analysis. The temperature of
the auto-sampler (SIL-20AC) was maintained at 30 °C.
Chromatograms were run at 0.8 mL/min with isocratic
elution. Gradient elution was performed as follows:
0.00-6.00 min, 6.0% A, 94% B; 6.00-13.00 min, 6.0-13%
A, 94-87% B; 13.00-14.50 min, 13-18% A, 87-82% B;
14.50-22.00 min, 18-20% A, 82-80% B; 22.00-30.00 min,
20-40% A, 80-60% B; 30.00-32.00 min, 40-45% A, 60—
55% B; 32.00-45.00 min, 45% A, 55% B; 45.00—46.00 min,
45-63% A, 55-37% B; 46.00-66.00 min, 63% A, 37% B;
66.00-68.00 min, 63-30% A, 37-70% B; 68.00~70.00 min,
30-6.0% A, 70-94% B; 70.00-90.00 min, 6.0% A, 94% B.

Enzyme inbibition activity assay

The a-glucosidase inhibition activity assay was conducted
based on the method described from previous literature
reports with some modifications (33,34). a-Glucosidase
solution (0.5 mg/mL) was prepared in phosphate buffer
and stored at low temperature before use. Briefly, 200 pL.
of 0.5 mg/mL a-glucosidase solution and 150 pL of target
compound solutions at various concentrations were added
to each tube containing 2.0 mL phosphate buffer. Before
the p-nitrophenyl-a-D-glucopyranoside (PNPG) solution
(150 pL of 5.0 mmol/L) was added to initiate reaction, the
mixture system was incubated at 37 °C for 10 min. Samples
were again subjected to incubation at 37 °C for another
10 min, before termination by the addition of 2.5 mL of
Na,CO; (0.1 mol/L). The absorbance of each tube was
measured at 405 nm by a UV-visible spectrophotometer.
For this test, acarbose was used as a positive control.

The o-amylase inhibition activity assay was performed,
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Figure 1 Adsorption capacity and adsorption ratio of different

resins.

using a method previously reported with a slight
modification (33,34). The substrate solution was prepared
by heating starch in phosphate buffer at 100 °C, until
transparent. The a-amylase solution was also prepared using
phosphate buffer (pH 6.9) before the experiment. Briefly,
the reaction system was composed of a-amylase solution and
sample solution at different concentrations. Following pre-
incubation at 37 °C for 10 min, 300 pL of the substrate was
pipetted into each tube to start the reaction. Subsequently,
the reaction was undertaken at 37 °C for 10 min before
termination with 1.0 mL of 96 mM 3,5-dinitrosalicylic acid
(DNS) colour reagent. All samples were placed in boiling
water for 5.0 min and cooled to room temperature. The
final volume of reaction solution was made up to 10 mL
using distilled water, and the absorbance was recorded
at 540 nm through the UV-visible spectrophotometer.
Acarbose was used as a positive control. The value of IC;,
was calculated to evaluate the effect of enzyme inhibitors.

Docking analysis

Docking studies were performed with SYBYL X 2.0
software. The a-glucosidase (2ZEQ) and a-amylase (1CLV)
structures were obtained from the Protein Data Bank
(PDB), and the polyphenol three dimensional structures
were generated from PM3 semi-empirical calculations using
Chem3D Ultra 14.0. The docking tool was used to remove
solvent water molecules and adjusted atoms and charges,
based on the three-dimensional structures of the proteins.
The entire protein was selected for potential binding sites.
The docking runs on the SYBYL X 2.0 docking engine

© Annals of Translational Medicine. All rights reserved.

Wang et al. Enrichment of polyphenols and screening of enzyme inhibitors

with regular accuracy and 100 candidate poses. The binding
of various compounds to proteins were evaluated upon
completion of docking. The degree of binding was based on
the score, with data from the enzyme inhibition test used
for comprehensive analysis.

Statistical analysis

All the tests were carried out in the triplicate and the results
were expressed as mean = standard deviation.

Results
Static adsorption and desorption capacities

The adsorption and desorption capabilities of the resin
depend on the target compound and the adsorbent.
Different resins exhibit varying polarity, particle size, specific
surface area, pore diameter and chemical structure (35).
The target compound, adsorbent and solvent interact
when a solute undergoes the adsorption process (36). The
adsorption of phenolic compounds on macroporous resin
is via physical mechanisms through van der Waals force,
or hydrogen bonding. Additionally, the n-m conjugation
between phenolics and benzene rings of resins cannot be
overlooked (37). Polyphenols containing benzene rings
and hydrogen groups may be non-polar or polar (38).
Therefore, twelve resins including HPD-100, HPD-300,
HPD-600, D-3250, X-5, D-140, NKA-9, NKA-II, D-101,
AB-8, S-8 and polyamide, with surface area and average
pore diameter ranging from non-polarity to polarity, were
screened to adsorb and desorb phenolic compounds from
EUOL. The parameters of resins are shown in Table 1.

The static adsorption capacity and adsorption rate of
polyphenols from EUOL on twelve macroporous resins
were initially investigated, with the results displayed in
the Figure 1. The HPD-300 and NKA-9 resins showed
high adsorption capacity of 39.29 and 39.91 mg/g,
respectively. This was slightly higher than that of HPD-
100 and AB-8 (37.18 and 37.78 mg/g), while D-140 showed
poorer performance compared to other resins. Among
macroporous adsorption resins, non-polar type D-3250,
X-5 and S-8 displayed similar adsorption capacity (33.20,
33.07 and 32.50 mg/g). The polar type HPD-600 and
NKA-II (35.10 and 34.94 mg/g) displayed slightly higher
adsorption capacity than these three resins. However, the
adsorption capacity of polyamide and D-101 were 30.50
and 30.39 mg/g, respectively, they were only displayed
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Figure 2 Desorption ratio of different resins with varying ethanol

concentrations.

superiority to D-140 (27.50 mg/g). It is worth noting
that the adsorption rate and resin amount exhibited the
same trend. The adsorption ratios of polyphenol for all
resins used in this study decreased in the order of NKA-9
> HPD-300 > AB-8 > HPD-100 > NKA-II > HPD-600 >
D-3250 > S-8 > polymide > D-101 > D-140. Based on the
physical properties of the resins, the results suggest that
macroporous cation resin is superior to that of microporous-
anion and adsorption resins. The adsorption of phenolic
compounds mainly depends on the chemical and physical
properties of the resin, including interaction forces, surface
polarity, particle size and surface area (26). Non-polar type
HPD-300 has the highest specific surface area compared
to other adsorption resins, which is consistent with our
results. Additionally, van der Waals forces and hydrogen
bonds are the common mechanisms in the adsorption
process (25,26). Resins of varying characteristics exhibit
different effects under the same conditions. The adsorption
and desorption of resins to polyphenols from EUOL were
affected by many factors, such as the polarity and specific
surface area of resin, solution properties. For example,
polyamide resin is a common adsorbent widely used in the
separation of effective components of plants or Chinese
medicines, especially for the enrichment of polyphenols and
flavonoids (39). However, due to the composition of the raw
materials, the actual adsorption capacity is often affected
by the physical and chemical properties of the other
components.

The desorption ratio of EUOL phenolics on all selected
resins, using different desorption solvents (40%, 70% and
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100% ethanol solution) are shown in Figure 2. A desorption
rate of over 90% was observed for the D-3250, D-140,
D-101 and AB-8 resins, using 40% ethanol, whilst AB-8
exhibited a similar desorption rate with 60% ethanol.
In addition to the NKA-II resin and polyamide, the
desorption rate of other resins at 40% and 70% ethanol was
significantly better than that of 100% desorption solutions.
The desorption rate of NKA-II was also significantly lower
compared to other resins. Therefore, comprehensive
consideration of the static adsorption and desorption
characteristics of different resins HPD-300, HPD-600,
D-3250, X-5, D-140, NKA-9, D-101 and AB-8 resins were
applied for the following study.

The above results showed that the material, polarity,
specific surface area and pore diameter of these resins were
important for the adsorption and desorption capacities of
EUOL polyphenol. The polarities of different macroporous
resins depended on their materials. Generally, non-polar
macroporous resins were mainly composed of styrene and
divinylbenzene polymers; medium polar macroporous resins
were mostly polyacrylate polymers, and multifunctional
methacrylates were used as crosslinking agents; the polar
macroporous resin mainly contains sulfur and oxygen
and amide group; for the strong polar macroporous resin,
it mainly contain nitrogen oxide group strongly polar
compounds generally needed to be enriched with medium
polar resins, and non-polar resins could be used for the
separation of weak polar compounds. The pore diameters
of the macroporous resin would affect the movement of
active compounds in the resin, which would also determine
the rate of adsorption and desorption. Resins with higher
adsorption and desorption ratios had large specific surface
areas, which was another critical factor that affected the
adsorption and desorption of polyphenol in EUOL when
macroporous resins were used.

Static adsorption kinetic of target compounds

The adsorption kinetic curves of resins selected are shown
in Figure 3A4. The adsorption capacities reached equilibrium
after 80 min. The adsorption processes for all the resins
exhibited three stages, including fast-, slow adsorption and
equilibrium. At the initial stage, the adsorption capacities
of the resins were linear and rapid over the first 15 min.
The adsorption of NKA-9, D-3250 and HPD-300 resin
were the most swift compared to the other resins. The
adsorption capacity rates of all the resins decreased at
the second stage, finally achieving equilibrium at 80 min.

Ann Transl Med 2020;8(16):1004 | http://dx.doi.org/10.21037/atm-20-5468
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Figure 3 Adsorption and desorption properties of different resins. (A) Adsorption curves, (B) desorption curves, (C) internal particle

diffusion.

Whilst the adsorption curves of different resins displayed
similar trends, the differences between the adsorption rate
and the adsorption amount was notable. Among these
resins, the adsorption rate and equilibrium adsorption
capacity of X-5 and D-101 were relatively low. Thus, these
were considered as rapid adsorption resins. At the same
time, the desorption kinetic curves of different resins were
also investigated. As shown in the Figure 3B, the difference
between the desorption curves of different resins is more
pronounced, compared with Figure 3A4. All resins essentially
achieved desorption equilibrium after 45 min. D-3250 was
shown to exhibit the slowest desorption rate , whilst AB-8
demonstrated the most rapid, achieving desorption within
15 min. The desorption amount of NKA-9 was the highest
among all tested resins. The concentration of desorption
solution ranged between 0.9-1.1 mg/mL. Based on the
adsorption and desorption curves, the appropriate resin
can be selected, based on the required adsorption rate or
amount.

© Annals of Translational Medicine. All rights reserved.

The adsorption process is widely recognized as an unstable
state, and the rate is closely related to the duration, solvent,
and type of adsorbent. The adsorption of solutes is generally
divided into three stages: (I) mass transfer of adsorbate
molecules through the boundary layer, (II) internal particle
diffusion in the pores of the adsorbent, (III) adsorption at a
site on the adsorbent surface (40). In order to elucidate the
adsorption behaviors and mechanisms of all resins, pseudo-
first-order, pseudo-second-order and particle diffusion
kinetics models were chosen to evaluate the adsorption
processes. The pseudo-first-order model is generally
applicable over the initial stage of an adsorption process.
However the pseudo-second-order model assumes that the
rate-limiting step is chemisorption and predicts the behavior
over the whole range of adsorption (41). These equations,
including derived parameters such as correlation coefficient
and dynamic parameters, are summarized in Table 2.

The pseudo-second-order kinetic model were chosen
as most favorable for exhibiting the adsorption processes
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Table 2 Equation of pseudo-first-order, pseudo-second-order and particle diffusion kinetics model and dynamic parameters for different resins

Dynamic parameters

Resins Dynamic equation Correlation of coefficient
Q. (mg/g) K

HPD-300 Pseudo-first-order 21.11556 0.00723 0.82780
Pseudo-second-order 31.7965 0.003831 0.97256
Particle diffusion 12.04512 1.71734 0.86634
HPD-600 Pseudo-first-order 17.89623 0.00592 0.70354
Pseudo-second-order 29.15452 0.003483 0.99938
Particle diffusion 11.49744 1.40214 0.76062
D-3250 Pseudo-first-order 14.05756 0.00812 0.76261
Pseudo-second-order 29.57705 0.004931 0.99533
Particle diffusion 13.85397 1.32204 0.77845
X-5 Pseudo-first-order 21.00037 0.00555 0.79271
Pseudo-second-order 24.9066 0.002951 0.99591
Particle diffusion 6.75386 1.46058 0.85803
D-140 Pseudo-first-order 16.13983 0.02029 0.99121
Pseudo-second-order 27.2257 0.003908 0.99331
Particle diffusion 9.73643 1.47167 0.87328
NKA-9 Pseudo-first-order 19.77048 0.00726 0.78331
Pseudo-second-order 33.89831 0.003506 0.99533
Particle diffusion 13.75996 1.68062 0.81578
D-101 Pseudo-first-order 17.69019 0.00693 0.84031
Pseudo-second-order 24.78929 0.003533 0.99624
Particle diffusion 7.7738 1.39645 0.86379
AB-8 Pseudo-first-order 25.24025 0.00694 0.83823
Pseudo-second-order 34.47087 0.001122 0.99713
Particle diffusion 5.56654 1.98757 0.87013

of EUOL polyphenols on these resins, due to the strong
correlation obtained (7able 2). At the same time, the
calculated values of the adsorption capacity fitted well with
the experimental results for every elected resin. This result
suggested that the pseudo-second-order kinetic model was
fit for evaluating the adsorption capacities of polyphenols in
EUOL using these eight resins.

In addition, although the particle diffusion kinetic models
could not represent the entire adsorption processes for
the weak linear trends, they could describe the adsorption
mechanism at one stage of the adsorption process. The
diffusion curves of three resins (Q, versus t"?) were shown

© Annals of Translational Medicine. All rights reserved.

in Figure 3C. The plots exhibit weak linear trends over the
duration selected. Thus, the whole process was divided
into three stages, suggesting that the adsorption of the
polyphenol in EUOL on these resins might comprise of
multiple processes. The first stage (0—15 min), pertained to
boundary layer diffusion, while the second phase (15-65 min)
described the gradual adsorption stage, where intra-particle
diffusion was rate-limited. The third stage (65-175 min
for all resins) represented the final equilibrium stage. The
plots did not pass through the origin, indicating that both
boundary layer diffusion and intra-particle diffusion were
the rate-controlling factors of adsorption (42). Above all,
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Table 3 The parameters of Langmuir and Freundlich models for three resins

Langmuir Freundlich
Resins T (°C)
Q. (Mmg/qg) K. R® n Ke R
HPD-300 25 111.9821 0.5207 0.9799 1.1945 42.4268 0.9946
35 79.6178 0.8710 0.9815 1.2718 36.9612 0.9812
45 35.7654 2.8271 0.9140 1.5488 31.1867 0.9258
HPD-600 25 77.5795 0.7434 0.9952 1.2850 33.6977 0.9934
35 69.1563 0.6757 0.9982 1.3578 31.2347 0.9989
45 48.1928 1.3233 0.9793 1.4074 29.0126 0.9970
NKA-9 25 406.5041 0.0935 0.9997 1.0589 34.2744 0.9987
35 72.3066 0.6605 0.9833 1.2108 30.2895 0.9947
45 58.3090 0.9166 0.9949 1.2955 29.1143 0.9997
Table 4 Thermodynamic parameters of three resins on the adsorption process
Resins T (K) AS [J/(mol K)] AH (kJ/mol) AG (kJ/mol)
HPD-300 298 -0.4756 -3.8148 -3.6731
308 -3.6683
318 -3.6636
HPD-600 298 -0.4398 -3.6848 -3.5538
308 -3.5494
318 -3.5450
NKA-9 298 -0.9220 -3.7061 -3.4314
308 -3.4222
318 -3.4129

eight resins exhibited similar adsorption behaviors and
possessed good adsorption capacities. Additionally, this
result illustrated that the phenolics possessing benzene rings
and hydrogen groups could be absorbed by weak polar and
non-polar resins with proper particle size, specific surface
area and average pore diameter. The n-n conjugation
between phenolic compounds and the benzene rings of
these resins may be an important force in the adsorption
processes of phenolics on these resins (26).

Adsorption isotherms

The Langmuir and Freundlich models are often chosen to
describe adsorption isotherm due to their simplicity and
accuracy (30). Unlike the Langmuir model, the Freundlich

© Annals of Translational Medicine. All rights reserved.

isotherm model, which is an empirical model, assumes
that the adsorption is multilayer, and the ratio of adsorbed
solute to its concentration is a function of the total solute
concentration (43,44).

The Langmuir and Freundlich equations were used
for curve fitting by Origin 2019b, and the corresponding
parameters of the different equations are displayed in Table 3.
By comparing the correlation coefficients (R’), the Freundlich
isotherm model best described the adsorption characteristics
of polyphenol on these resins, followed by the Langmuir
model (7iable 3). In addition, the decrease in Q,, with increasing
temperature indicated that high temperature suppressed
flavonoid adsorption, consistent with the results from previous
reports (45). For Freundlich model, the constant n can be used
to explain the adsorption isotherm type. The adsorption is
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Table 5 Total polyphenol content and enzyme inhibitory activity of the fraction eluted from column packed with HPD-300 resin

Ethanol concentration

ICs (Mmg/mL)

Content of polyphenol (mg/g)

a-Amylase inhibition a-Glucosidase inhibition

Water 8.6451+0.0193
20% ethanol 60.7134+1.2209
40% ethanol 1,084.0614+2.1384
60% ethanol 1,680.3304+2.0861
80% ethanol 1,004.3971+0.3390
100% ethanol 32.5891+1.0296
Crude extract 152.4123+0.5989

Acarbose -

10.27+0.3385 11.49+0.1992
6.71+0.1361 5.98+0.1874
2.05+0.0287 1.93+0.2103
1.37+0.0963 1.15+0.1010
3.54+0.2984 3.09+0.0090
5.31+0.2827 5.17+0.1123
8.44+0.1898 8.21+0.0381

0.136+0.0019 0.098+0.002

favorable when O< 1/n <1 and unfavorable when 1/n >1 (46).
The results obtained from this study showed that the
adsorption process was favorable because n>1.

Adsorption thermodynamics of target compounds on the
selected resins

Adsorption thermodynamics can be used to further
reflect changes in the internal structure and energy of the
adsorption process. A plot of InK, against 1/T yielded
a straight line. The AG and AS values obtained from
the slope and intercept of the plot are listed in Tuble 4.
Essentially, the heat generated during physical adsorption
is of the same order of level as the heat of condensation,
i.e., 2.1-20.9 kJ/mol, while the heat of chemical adsorption
is in the range of 80-200 kJ/mol (47). The absolute value
of AH was lower than 20 kJ/mol, and showed that the
adsorption was attributed to physical adsorption, rather
than chemisorption. Furthermore, negative AG and AH
values were obtained for the adsorption of polyphenol
on the resins surfaces, indicating that the adsorption was
exothermic and spontaneous. The AG increased with
temperature from 298 to 318 K, which illustrated that
adsorption was favored at lower temperatures (29,48).

Analyses of polyphenol from different fraction eluted by
column chromatography

Based on the above experimental results, HPD-300
was selected for dynamic column chromatography. The
polyphenol in EUOL was dynamically enriched and eluted
with ethanol solutions of different concentrations. The

© Annals of Translational Medicine. All rights reserved.

polyphenol content in different eluents from the selected
resins is shown in the 7able 5. The content of polyphenols
in 40% and 80% ethanol was similar, and both were at
higher levels than the crude extract. The highest content
of polyphenol (1,680.3304 mg/g) was observed in sample
solutions eluted with 60% aqueous ethanol, which was eight
times that of the crude extract. About 95% of polyphenol
were presented in 40%, 60% and 80% ethanol fractions.
The total polyphenol content in the water eluent and
100% ethanol elution solution was lower than the original
crude sample solution. The original concentration of the
target compounds in the EUOLs were 152.4123 mg/g.
After treatment with the selected resin, the polyphenol
concentration substantially increased by approximately
eleven times. This may be due to the scarcity of relatively
large or small polar polyphenols in the extract sample,
with the majority of polyphenols found to be of medium
polarity. HPD-300 might be used as an effective resin for
enrichment of polyphenol in EUOL.

The eluates obtained from the above column
chromatography were assessed for their inhibitory effect
on o-amylase and o-glucosidase activity. The results were
presented in the 7able 5, and indicated that the eluates have
inhibitory activity on a-amylase and o-glucosidase activity.
Furthermore, the calculation result of IC;, value showed
that high inhibitory activity were found to be in fractions
eluted with 40%, 60% and 80% ethanol. The inhibitory
effect of 60% ethanol was the most pronounced, although it
was less than that of the positive control group. This result
may be attributed to the complex composition of the sample
components, and these compounds had an excellent inhibitory
effect on a-amylase and a-glucosidase activity. Components
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Figure 4 HPLC chromatograms of reference materials (A) and samples (B). a, aucubin; b, geniposide; ¢, chlorogenic acid; d, geniposide; e,

pinoresinol diglucoside; f, genipin; g, rutin; h, quercetin; i, kaempferol. HPLC, high-phase liquid chromatography.

Table 6 Information on the main polyphenol compounds and their molecular docking results

Total score
Compounds Molecular formula Molecular weight, g/moL
a-Amylase a-Glucosidase
Chlorogenic acid Ci6H1504 354.3 2.7140 3.9591
Rutin CyprH30s6 610.5 4.3419 4.3419
Quercetin C15H100; 302.2 4.0134 5.2114
Kaempferol CisH1006 286.2 2.5705 2.7611

with inhibition effect on enzymes and high polyphenol content
can be used for the development of antioxidants, nutritional
supplements, or pharmaceutical therapies. Therefore, the
composition of this fraction was analyzed for quantitation
by HPLC. And the chromatogram was showed in Figure 4.
Chlorogenic acid, rutin, quercetin and kaempferol were found
to be the predominant polyphenols.

Furthermore, the SYBYL X 2.0 molecular docking software
was used to simulate the protein interactions with four small
polyphenols. The docking scores are presented in Table 6.
The various compounds displayed different scores for the
degree of docking with a-amylase and o-glucosidase. Rutin
displayed the highest docking score with a-amylase, followed
by quercetin, chlorogenic acid, and kaempferol. However,
quercetin exhibited a higher docking score for a-glucosidase,
compared to rutin. The degree of kaempferol binding was
relatively weak among these compounds Figure 5. Figure SA,B
illustrate the docking results of rutin and quercetin with
amylase, respectively. The docking results of glucosidase

© Annals of Translational Medicine. All rights reserved.

and the target compound (quercetin and rutin) are shown
in Figure 5C,D. To achieve the best binding mode between
the compound and the enzyme, each compound could dock
with the macromolecular in many different conformation,
and the molecular conformation with higher docking score
was considered to be the best optimized state. Due to the
differences in the active sites of the enzymes, the binding
methods of the same compounds would differ. Similarly,
for the same active site, the molecular size, structure, and
conformation of the target compound would also affect its
affinity with the enzyme. The results of this study indicate
that quercetin and rutin were more suitable active sites for
these two enzymes. This may provide some theoretical
reference for further explaining the results of the above
enzyme activity inhibition test.

Discussion

EUO is an important plant resource and belongs to precious
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Figure 5 Molecular docking results of different compounds with a-amylase (A,B) and a-glucosidase (C,D).

traditional Chinese medicinal materials. At present, 132
compounds have been obtained from bark, leaves, flowers
and seeds of EUO. Among them, EUOL has attracted
attention due to its easy collection, short growth cycle and
high application value. There have been reports on the
enrichment, separation and purification of active ingredients
in EUOL, but there are few reports on the systematic
study of the enrichment of polyphenols as the main type
of compound in EUOL. At the same time, current studies
have found polyphenols substances as dietary additives can
effectively delay diabetes. Therefore, based on the systematic
investigation of the adsorption and desorption characteristics
of polyphenols, this study screened enzyme inhibitors based
on the active sites of polyphenols, and obtained interesting
results. However, the characteristic component composition
or synergistic effect of the enzyme inhibitory effect on the
active site still needs to be further studied.

The purpose of the preparation of active ingredients
and the study of biological activity is to achieve high-
value utilization of resources. Active substances are
also the material basis for biological effects. EUOL
resources are very abundant in our country. In order to

© Annals of Translational Medicine. All rights reserved.

strengthen the deep processing and utilization of EUOL
resources, we should simplify the preparation process of
active ingredients, expand the scope of biological activity
investigation, accurately screen the target active fractions
and clarify the material basis, and ensure the safety and
effectiveness of the composition of EUOL. Meanwhile, the
source of raw materials should also be strictly controlled to
ensure product quality.

Conclusions

In summary, a simple, environmentally sustainable
and efficient approach for the enrichment polyphenols
compounds from EUOL was established. Twelve resins
were screened for superior adsorption and desorption
performance. The static adsorption data including kinetics
and isotherms were analyzed with empirical equations. It
was found that the kinetic data could better fit the pseudo-
second-order kinetics model, and the isotherms were
appropriately described by Freundlich isotherm models.
These results indicated that the adsorption mechanism
was multimolecular layer adsorption. The parameters (AG,
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AH and AS) of adsorption thermodynamics indicated that
this process was spontaneous, physical, and exothermic.
Dynamic elution results showed polyphenols of EUOL
was enriched in 40%, 60% and 80% ethanol fractions.
Additionally, this method significantly increased the total
polyphenol content from 152.4123% to 1,680.3304%.
Furthermore, chlorogenic acid, rutin, quercetin and
kaempferol were considered the main polyphenolic
compounds by HPLC. The results of molecular docking
suggested that rutin and quercetin played an important
role in the inhibition of a-amylase and a-glucosidase.
Therefore, the macroporous resin enrichment established
in this study is a sustainable technique for enrichment
of polyphenol from EUOL without using toxic solvents.
This method, therefore, has wide applications in food and
pharmaceutical studies, with a manufacturing potential at
an industrial scale.
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