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Acteoside (ACT) is the main component of phenylethanoid glycosides in Cistanche
tubulosa, and it is extremely desirable for obtaining high purification of ACT by molecularly
imprinted polymers (MIPs) from their extracts. In this study, MIPs were designed and
synthetized to adsorb selectively the ACT in C. tubulosa. The effects of different functional
monomers, cross-linkers, and solvents of MIPs were investigated. MIPs were studied in
terms of static adsorption experiments, dynamic adsorption experiments, and selectivity
experiments. The optimal functional monomer, cross-linking agent, and solvent are
4-vinylpyridine, ethylene glycol dimethylacrylate, and the mixed solvent (acetonitrile and
N,N-dimethylformamide, 1:1.5, v/v), respectively. Under the optimal conditions, the
synthesized MIP1 has a high adsorption performance for ACT. The adsorption capacity
of MIP1 to ACT reached 112.60 mg/g, and the separation factor of ACT/echinacoside
was 4.68. Because the molecularly imprinted cavities of MIP1 resulted from template
molecules of ACT, it enables MIP1 to recognize selectively ACT. Moreover, the N-H
groups on MIP1 can form hydrogen bonds with the hydroxyl groups on the ACT,; this
improves the separation factor of MIP1. The dynamic adsorption of ACT accorded with
the quasi-second-order kinetics; it indicated that the adsorption process of MIP1 is the
process of chemical adsorption to ACT. MIPs can be applied as a potential adsorption
material to purify the active ingredients of herbal medicines.

Keywords: molecularly imprinted polymer, Cistanche tubulosa, acteoside, adsorption, hydrogen bond

INTRODUCTION

Cistanche tubulosa is one of the valuable Chinese herbal remedies (Li et al., 2016;
Morikawa et al, 2019). The crude extract of C. tubulosa mainly contains phenylethanoid
glycosides, polysaccharides, oligosaccharides, flavonoids, polyphenols, and proteins, among which
phenylethanoid glycosides are the most effective components of C. tubulosa (Wang et al., 2015,
2017; Yan et al., 2017). Studies have shown that phenylethanoid glycoside compounds have the
effects of tonifying kidney Yang, anti-oxidation, anti-tumor, anti-aging, enhancing memory, etc.
Phenylethanoid glycosides have a wide range of applications in medicine, health care, food, and so
on (Yang et al., 2017; Fu et al., 2018; Wu et al., 2019; Xu et al., 2019). In order to obtain high-purity
products, the highly selective separation of the target substance is the key to the problem. Therefore,
it is of great significance to design and develop a purification method with good selectivity, high
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efficiency, energy saving, and environmental friendliness for the
development and utilization of C. tubulosa.

Phenylethanoid ~glycosides are the most important
pharmacological active ingredients in C. tubulosa, including
echinacoside (ECH), acteoside (ACT), isomeric, and 2-acetyl C.
tubulosa glycosides. ECH and ACT are the main components
of phenylethanoid glycosides, with content up to 90%. At
present, the research of C. tubulosa mainly focuses on its
pharmacological components. The separation and purification
methods mainly include macroporous adsorption resin, high-
speed countercurrent chromatography, membrane separation,
and molecular imprinting (Han et al, 2012; Dong et al,
2015; Zhang et al., 2018a; Pei et al, 2019; Si et al., 2019).
Macroporous adsorption resin is a mature technology, but there
are some shortcomings such as a large amount of solvent, long
time, low yield, and complex process. High-purity monomer
compounds can be extracted from natural products by high-
speed countercurrent chromatography. Membrane separation
is a new kind of separation technology, which can make the
effective components of natural products rich and with few
impurities, but the separation process is complicated (Li et al.,
2015a,b; Wang et al., 2016; Zhang et al., 2016, 2018b; Li X. et al.,
2019). As a new separation technique, molecular imprinting
can make the active components of natural products highly
concentrated with few impurities and effectively improve the
purity of products. Molecularly imprinted polymers (MIPs)
have shown the important applications for the purification and
preconcentration of biomolecules from complex human fluids
such as urine or postmortem blood (Lulinski et al., 2015, 2016).

Molecular imprinting technology synthesizes highly cross-
linked MIPs through template orientation, generating cavities
that mimic binding sites of antibodies, enzymes, and other
biological materials, and give priority to bind with template
molecules, providing an effective method for molecular
recognition (Hrobonova et al., 2018; Liang et al., 2018; Hong
et al., 2019; Ma et al., 2019). MIPs have attracted wide attention
in the fields of solid phase extraction, sensors, antibodies, enzyme
simulation, receptors, and catalysts (Zhang et al., 2013; Ansari
and Karimi, 2017; Diltemiz et al., 2017; Xiao et al., 2018; Yu
et al,, 2019). Recently, MIPs have potential applications in drug
delivery devices or chiral resolution (Lulinski, 2017; Marc et al.,
2018; BelBruno, 2019; Sobiech et al., 2019). The main advantages
of MIPs are the ease of preparation and creation of “custom”
possible binding sites, by adjusting the target molecule’s synthesis
process needed as a template in the polymerization process,
as well as the advantages of low production cost, stability,
robustness, and acid and alkali resistance (Speltini et al., 2017;
Wu et al, 2017; Xu et al., 2017; Li F. et al., 2019; Zhang et al.,
2019). In particular, MIPs have been successfully used as a
selective adsorbent for solid phase extraction to extract active
ingredients from natural products (Huang et al., 2019; Li Z.
et al, 2019; Wang Y. et al., 2019). Molecular imprinting is
divided into covalent molecular imprinting and non-covalent
molecular imprinting. Covalent molecular imprinting has the
characteristics of strong adhesion and difficult elution of template
molecules, while non-covalent molecular imprinting has the
characteristics of strong adhesion and easy elution of template

molecules. Therefore, non-covalent molecular imprinting
polymers are often used for the separation and purification of
natural products. The binding mode of non-covalent molecular
imprinting method and target components is generally weak
covalent bond binding, such as hydrogen bond, van der Waals
force, hydrophobic interaction, 7-m accumulation (Yoshikawa
et al., 2016; Vicario et al., 2018), etc. The recent literatures
have reported that the interaction between the components of
prepolymerization complex can be discussed by the theoretical
analysis for design of functional monomers, cross-linking
agents, and solvents (Sobiech et al., 2014, 2017; Cowen et al.,
2016; Giebultowicz et al., 2019). Precipitation polymerization
is the most commonly used method in the synthesis of imprint
materials, but the main disadvantage of this method is that
the steps required for the preparation of imprint materials are
complex and numerous (Phungpanya et al.,, 2018). Therefore,
this study mainly obtained a kind of imprinted material with high
selective adsorption capacity for ACT by bulk polymerization,
which is a simple and rapid synthesis method (Cantarella et al,,
2019; Wang H. et al., 2019).

The aim of this study is to obtain an imprinted material
with high selective adsorption capacity for ACT by a simple
and rapid synthesis method. A series of MIPs of different
functional monomers and different solvents were synthesized by
bulk polymerization. The synthetic materials were characterized
by scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FT-IR). The adsorption performance of
phenylethanoid glycoside aqueous solution was evaluated, and its
binding selectivity was studied in depth. The MIPs with optimal
adsorption performance were used to adsorb and purify ACT
from crude extract of C. tubulosa.

MATERIALS AND METHODS

Materials

Echinacoside (ECH, >98%) and Acteoside (ACT, >98%) were
obtained from Sunny Biotech Co., Ltd. (Shanghai, China). C.
tubulosa was obtained from Cistanche Rongtang Biotechnology
Co., Ltd. (Xinjiang, China). 4-Vinylpyridine (4-VP, 98%),
methacrylic acid (MAA, 98%), 2-hydroxyethyl methacrylate
(HEMA, 98%), ethyleneglycol dimethacrylate (EGDMA, 98%),
azodiisobutyronitrile (AIBN, 98%), divinylbenzeneare (DVB,
98%) and N, N-dimethylformamide (DME, 99.5%) were obtained
from Adamas Reagent Co., Ltd. (Shanghai, China). Acetonitrile
(ACN, >99.9%), methanol (>99.9%), and acetic acid (>99.9%)
were obtained from ThermoFisher Scientific Co., Ltd. (Shanghai,
China). Ethanol (>99.7%) was obtained from Yong sheng Fine
Chemical Co., Ltd. (Tianjin, China). Deionized water is prepared
from laboratory pure water Smart-S15 system (Shanghai, China).

Instruments

The surface morphology and microstructure were examined by
scanning electron microscopy (SEM, SU8010, Hitachi, Japan).
The chemical structure of MIPs (FT-IR, icolet AVATAR360,
Nikolai, USA) was measured by FT-IR. FT-IR test conditions: the
step length is 2 cm™! and the scanning range is 4,000-500 cm ™!,
and attenuated total reflection method is used to prepare the MIP.

Frontiers in Chemistry | www.frontiersin.org

January 2020 | Volume 7 | Article 903


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhao et al.

Adsorption Acteoside Molecularly Imprinted Polymers

TABLE 1 | The gradient elution program of HPLC.

TABLE 3 | Ratio of raw materials for molecularly imprinted polymerization.

T (min) A (%) B (%)
0-8 13 87
8-20 13-20 87-80
20-23 20-50 80-50
23-25 50-13 50-87
25-28 13 87

TABLE 2 | Calibration curves of ECH and ACT.

Component Regression equation R? Linear range (ng/ml)
ECH Y =1.32 x 10X - 1.50 x 10* 0.999988 1.6-2,000
ACT Y =1.71 x 10X - 1.57 x 10° 0.999987 1.6-2,000

The pore size, distribution and specific surface area of MIPs are
measured using a special physical adsorption device (Mike, ASAP
2460). Adsorbent test conditions: degassing at 60°C for 12 h, N,
adsorption and desorption curves were measured at —196°C. 'H
nuclear magnetic resonance (*H NMR) spectra were recorded in
DMSOd6 on an AV-300 spectrometer (Bruker, Switzerland) with
TMS as internal standard and values are shown in ppm (8).

High-performance liquid chromatography (HPLC) with
ultraviolet (UV) ray detector was performed with a 2695 solution
system (Waters, USA). A chromatography was performed on
a reverse-phase C18 column (Symmetry, 250 x4.6 mm, 5 pum).
The analytical methods were as follows: the mobile phase was
acetonitrile (A) and acetic acid/water (1:44, v/v) (B) at a flow
rate of 1 ml/min with 10-ul injection volumes and the UV
detector wavelength was set at 330 nm. The column temperature
was maintained at 30°C (Yang et al., 2018). Gradient elution
conditions are listed in Table 1.

HPLC analysis using ECH and ACT standard solutions (2
mg/ml, 1 mg/ml, 0.2 mg/ml, 0.04 mg/ml, 0.008 mg/ml, and
0.0016 mg/ml) gave ECH and ACT calibration. The linear
regression equation is shown in Table 2.

The limits of detection for ACT and ECH were 0.528 and
0.528 jLg/ml, respectively. The limits of quantification for ACT
and ECH were 1.60 and 1.60 pg/ml, respectively. The accuracy
of ACT and ECH were 1.40 and 1.89%, respectively. The same
sample was injected five times to obtain ACT and ECH precision
of 1.40 and 1.71%, respectively.

Synthesis of MIPs

The preparation process of MIP1 as follows: firstly, the template
molecule ACT (125.00mg) and the functional monomer 4-
VP (210.00 mg) were dissolved sufficiently in mixed solution
(2.50ml) of acetonitrile and N,N-dimethylformamide (1:1.5,
v/v). Then, the prepolymerization reaction of the mixture
was carried out at 25°C for 20 min. Subsequently, EGDMA
(1.12g) and AIBN (15.00mg) were added and dissolved fully
into the pre-polymerization mixture. The obtained prepolymer
solution was evacuated and filled with argon gas. The process of

Polymers Template Functional Cross-linker Solvent
monomer

MIP1 ACT 4-VP EGDMA ACN:DMF (1.5:1, v/v)
MIP2 ACT MAA EGDMA ACN:DMF (1.5:1, v/v)
MIP3 ACT HEMA EGDMA ACN:DMF (1.5:1, v/v)
MIP4 ACT 4-VP DVB ACN:DMF (1.5:1, v/v)
MIP5 ACT 4-VP EGDMA Methanol

NIP1 - 4-VP EGDMA ACN:DMF (1.5:1, v/v)
NIP2 - MAA EGDMA ACN:DMF (1.5:1, v/v)
NIP3 - HEMA EGDMA ACN:DMF (1.5:1, v/v)
NIP4 - 4-VP DvB ACN:DMF (1.5:1, v/v)
NIP5 - 4-VP EGDMA Methanol

The molar ratio of template molecule to monomer in MIPs is 1:10, and the molar ratio of
monomer to cross-linker of MIPs and NIPs is 1:3.

polymerization was carried out at 60°C for 24 h. Finally, the pale-
yellow bulk polymers were obtained and grounded to powder,
which was sieved through a 200-mesh screen.

The mixed solution of methanol and acetic acid (9:1, v/v) was
used to elute template molecules of ACT. The ACT molecules
were eluted and repeated to wash until no ACT molecules were
found in MIP1. The residual acetic acid in MIP1 was washed with
methanol, and then MIP1 were dried at 40°C.

ACT was used as the template molecule, and different
functional monomers, cross-linkers, and solvents are listed in
Table 3 and used to synthesize MIPs and NIPs.

Static Adsorption Experiments

Ten milligrams of ACT MIPs was accurately weighed and placed
in a 10-ml black cap bottle. Ten milliliters of ACT standard
solution with 0.50 mg/ml concentration was added. The black cap
bottle was placed in a thermostatic shaker. The temperature was
set at 30°C, the speed was 150 rpm, and the adsorption process
was 24 h. One milliliter of the solution was used to determine the
content of ACT in the filtrate by HPLC.

Dynamic Adsorption Experiments
Fifty milliliters of sample solution (standard solution or
C. tubulosa extract) was placed in a cap bottle, and 20.00 mg
MIPs was added and placed in a shaker at 30°C for 24 h. The
samples were sampled at a set time within 24 h. Compared with
SPE, d-SPE was more valuable, because the process of d-SPE
can avoid the problems on variations of pressure and flow rate.
One milliliter of solution was taken from each sample and the
concentration of ACT in the solution was determined by HPLC.
In order to investigate the adsorption process, the pseudo-
first-order reaction model equation and pseudo-second-order
reaction model equation were used to describe the adsorption
process of ACT on adsorbents. The pseudo-first-order reaction
model equation was as follows:

Ky

—t 1
2.303 0

log (4e — q:) = logqe —
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where K is the adsorption rate constant of pseudo-first-order
kinetic model; ¢ (min) is time; g¢ is the adsorption capacity of
time £.

The quasi-second-order reaction model equation is as follows:

1 1
= +— )
9 Kaq g

where K is the adsorption rate constant of the pseudo-second-
order kinetic model.

Selectivity Experiments
The standard solutions of ACT and ECH with a concentration
of 0.50 mg/ml were put into the black cap bottle for adsorption
experiments, such as the static adsorption conditions above. One
milliliter was extracted from the adsorbed solution, and the ACT
and ECH content in the filtrate were determined by HPLC.

The adsorption capacity Q (mg/g) for the template bound to
MIPs was calculated according to the following equation (Zhao
etal., 2017):

_ (Co _CI)V
m

Q 3)

where Cy (mg/ml) and C; (mg/ml) are the initial concentration
and equilibrium concentration of standard solutions (Wang H.B.
etal., 2019), V (ml) is the volume of standard solution, and m (g)
is the weight of the MIP.

The adsorption selectivity of MIPs was evaluated by tow
parameters such as the imprinting factor (IF) and adsorption
separation factor («).

The calculation of the imprinting factor is as follows:

_ Qumrp
Qnip

IF

)

where Qpp and Qupp are the adsorption capacity Q. (mg/g)
of the bound analyte at equilibrium on the MIP and the
NIP, respectively.

The calculation of the adsorption separation factor is
as follows:

o= KD,template (5)
KD,anulog
C—C)V
Kp = (Co e) (6)
Cem

where C, (mg/ml) is the concentration of the solution after
absorbed, Cy (mg/ml) is the initial concentration of the solution,
V (ml) is the volume of the solution in the absorbed process, and
m (g) is the mass of the sorbent. Kp rempiate and Kp gualog are the
static distribution coefficients toward the template molecules and
analog, respectively (Singh et al., 2013).

200 nm

(DMIP5

v

FIGURE 1 | SEM of (A) MIP1, (B) NIP1, (C) MIP2, (D) NIP2, (E) MIP3, (F)
NIP3, (G) MIP4, (H) NIP4, (I) MIP5, and (J) NIPS.

RESULTS AND DISCUSSION

Characterization of MIPs

The SEM images of MIPs and NIPs are shown in Figure 1.
As can be seen from Figure 1, MIPs and NIPs show different
loose structures in different monomers, cross-linking agents,
and solvents. MIP1-MIP4 and NIP1-NIP4 are heterogeneous
particles with irregular shape and different size. MIP5 and NIP5
are heterogeneous lamellar with irregular shape and different
size. The structure of MIP1 prepared in EGDMA is looser than
that MIP4 prepared in DVB (Figures 1A,G). The structure of
MIP1 with ACN and DMF as solvent (1:1.5, v/v) is looser than
that of MIP5 with methanol as solvent (Figures 1A,I). The loose
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FIGURE 2 | (A) FT-IR spectra of MIPs with different functional monomers: (1) 4-VP of MIP1; (2) MAA of MIP2, and (3) HEMA of MIP3; (B) FT-IR spectra of MIPs with
different cross-linkers: (1) DVB of MIP4 and (2) EGDMA of MIP1; (C) FT-IR spectra of MIPs with different solvents: (1) MIP5 and (2) MIP1; (D) FT-IR spectra of (1) NIP1,
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structure can speed up the molecular mass transfer and improve
the binding speed of MIPs and ACT.

Figure 2 shows FT-IR spectra of MIPs with different
functional monomers (A), cross-linkers (B), and solvents (C).
As shown in Figure 2A, the C=N stretching vibration peak and
the C=C stretching vibration peak appeared in 4-VP at 1,637
cm™! and 1,456 cm™!, respectively (Figure 2A, tracel). The
C=O0 stretching vibration peak and the C-O stretching vibration
peak appeared in MAA at 1,730 and 1,260 cm™!, respectively
(Figure 2A, trace2). The stretching vibration peak of 3-hydroxy
and the stretching vibration peak of methylene appeared in
HEMA at 3,436 and 2,958 cm™!, respectively (Figure 2A,
trace3). The results indicate that 4-VP, MAA, and HEMA were
successfully polymerized into the MIPs. As shown in Figure 2B,
the stretching vibration absorption peaks of unsaturated C-
H bond and skeleton vibration absorption peaks of benzene
ring appeared in DVB at 3,021 and 1,600 cm™!, respectively
(Figure 2B, tracel). The stretching vibration absorption peaks
of C=0 and the stretching vibration absorption peaks of O-C-
O appeared in EGDMA at 1,730 and 1,160 cm™!, respectively
(Figure 2B, trace2). The results indicate that MIP4 and MIP1
were successfully polymerized. As shown in Figure 2C, it can be

seen that MIP1 and MIP5 had no peculiar characteristic peak,
indicating its chemical structure is similar.

Figure 2D is the FT-IR spectra of NIP1, MIP1-ACT, and
MIPI1. The infrared spectrum of the NIP1 and the infrared
spectrum of the MIP1 have the same characteristic peak,
indicating that its chemical structure is similar (Figure 2D, tracel
and trace3). The infrared spectrum of the MIP1-ACT produced
a new peak at 2,956 cm~! compared to the infrared spectrum
of the MIP1 (Figure 2D, trace2 and trace3), due to the acyl
group of ACT that interacts with 4-VP to form a hydrogen bond
association on the MIP1, indicating that the template molecule
has been adsorbed to the MIP1 through hydrogen bonding.

The hysteretic curve and pore size distributions of MIPs and
NIPs are shown in Figure 3. The hysteretic curves of MIPs and
NIPs exhibited “type IV” isotherm (Figures 3A,B). The pore size
distributions of MIPs and NIPs were distributed in the range
of 5-50 nm, which indicated that the pores of MIPs and NIPs
belonged to mesopores (Figures 3C,D).

The data of specific surface area, pore volume, and pore size
for MIPs and NIPs are listed in Table 4. The specific surface
area of MIP1 was 593.91 m?/g with a pore size of 10.91 nm. The
specific surface area of NIP1 was 427.12 m?/g with a pore size of
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TABLE 4 | BET data for MIPs and NIPs.

Polymers Hysteresis Pore size (hnm) Pore volume Surface area
curve (cm?®/g) (m?/g)
MIP1 H4 10.91 1.08 539.91
MIP2 H4 10.01 0.81 317.76
MIP3 H4 9.09 0.54 232.76
MIP4 H4 8.91 0.74 327.49
MIP5 H4 10.06 0.13 51.88
NIP1 H4 8.41 0.89 42712
NIP2 H4 7.94 0.57 206.95
NIP3 H4 7.11 0.28 159.88
NIP4 H4 8.12 0.44 215.24
NIP5 H4 10.29 0.11 41.83

7.94 nm. Obviously, the specific surface area and pore size of the
MIP1 were larger than that of the NIP1. This can be attributed to
the presence of imprinted holes on the surface of MIP1. The high
specific surface area and large pore size of MIP1 are favorable for
increasing the adsorption capacity of MIP1 for ACT.

The 'H NMR spectra of ACT, monomers, and prepolymers
are shown in Figure 4. The proton peaks of different phenolic
hydroxyl groups on ACT appeared at 7.50, 6.75, 6.20, 5.02,
4.35, and 3.52 ppm (Figures 4A-C). As shown in Figure 4A,
the proton peaks on the pyridine groups of 4-VP exhibited at
8.64, 7.45, 6.75, 6.17, and 5.54 ppm. Compared with the proton
peaks of ACT and 4-VP, prepolymer of MIP1 appeared new
proton peaks at 8.52, 8.01, 7.49, 6.67, 6.13, and 5.54 ppm, which
resulted from the formed hydrogen bonds between ACT and 4-
VP. As shown in Figure 4B, the proton peaks of MAA exhibited
at 5.94, 5.53, and 1.47 ppm. Compared with the proton peaks
of ACT and MAA, prepolymer of MIP2 presented new proton
peaks at 7.95, 5.98, 5.67, and 1.03 ppm, which resulted from the
formed hydrogen bonds between ACT and MAA. As shown in
Figure 4C, the proton peaks of HEMA exhibited at 6.04, 5.56,
4.85, 4.11, and 3.75 ppm. Compared with the proton peaks of
ACT and HEMAA, prepolymer of MIP3 exhibited new proton
peaks at 7.95, 6.15, 5.76, 4.32, and 3.66 ppm, which resulted from
the formed hydrogen bonds between ACT and HEMA.

Adsorption Experiment
In the process of MIPs preparation, the appropriate functional
monomers determine whether molecularly imprinted polymers
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TABLE 5 | Adsorption data of MIPs and NIPs.

Polymers Qnct (Mg/g) IF

MIP1 168.05 £+ 4.65 2.69 +0.13

MIP2 113.58 + 5.64 242 £ 0.15
MIP3 124.01 £ 4.39 0.87 +0.008
MIP4 124.59 + 5.64 0.84 + 0.005
MIP5 5.79 £ 6.34 0.32 £ 0.21

NIP1 62.58 + 4.85 -

NIP2 46.91 £ 5.76 -

NIP3 143.13 £ 5.83 -

NIP4 147.77 £ 6.32 -

NIP5 17.96 + 5.34 -

-, not available for data (n = 3).

have excellent recognition ability. This is because different
functional monomers contain different functional groups and the
interaction between template molecules is different. According
to the acidity and alkalinity, functional monomers can be
further divided into acidic functional monomers, basic functional
monomers, and neutral functional monomers, and acidic
template molecules should be selected as basic functional

180
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. ]
%ﬁ 100
\E/ 80
O B
60 -
40
20
0 T T 1 T 1 1
1 2 3 4 5 6 7 8 9
pH
FIGURE 5 | The effect of pH on the adsorption experiments of MIP1 and NIP1
for ACT.

monomers. Hydrogen bonds can be formed between different
functional groups of monomers and hydroxyl groups of the
template molecules in MIPs (Hammam et al., 2018; Panjan et al,,

Frontiers in Chemistry | www.frontiersin.org

7 January 2020 | Volume 7 | Article 903


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhao et al.

Adsorption Acteoside Molecularly Imprinted Polymers

2018). 4-VP contains pyridine groups, and the pyridine groups
can form hydrogen bonds with the hydroxyl groups in the
template molecule of ACT. MAA contains carboxyl groups, and
carboxyl groups can form hydrogen bonds with the hydroxyl
groups in the template molecule of ACT. HEMA contains
hydroxyl groups, and hydroxyl groups can form hydrogen bonds
with template molecules of ACT (Yesilova et al., 2018; Haginaka
et al,, 2019; Luo et al,, 2019). The static adsorption data of MIPs
and NIPs are listed in Table 5. According to the data listed in
Table 5, MIP1 has the highest adsorption capacity and the highest
imprinting factor. The adsorption capacity of MIP1 was 168.05
mg/g, and the imprinting factor was 2.69. On one hand, MIP1
had large amounts of imprinted holes, which can match the
spatial configuration of ACT, achieving selective adsorption for
ACT. On the other hand, the hydroxyl groups on ACT contacted
with the N-H groups of MIP1 in the adsorption process to
form hydrogen bonds, which can increase adsorption capacity
of ACT.

300

—=— MIP1

Q (mg/g)

The effect of pH on the adsorption performance of MIP1
and NIP1 for ACT is shown in Figure 5. It can be seen from
Figure 5 that the optimal pH value was 7 for adsorption of ACT
by MIP1 and NIP1. The reasons are as follows: ACT had a
large number of phenolic hydroxyl groups and belonged to the
weak acidic molecules, and the different pH values affected the
stability of ACT. The stability of phenolic hydroxyl groups on
ACT molecules would decrease at pH>7 and pH<7. This will
reduce the amount of ACT adsorbed by MIP1 and NIP1. Thus,
the optimum pH was 7 for MIP1 and NIP1 adsorption.

Isothermal Adsorption Experiment

The isotherm adsorption curves of MIP1 and NIP1 for ACT
were shown in Figure 6. It can be seen that the adsorption
capacity of MIP1 for ACT increases with the increase of the
initial ACT concentration, and this might be the reason that
the amount of ACT was not enough to saturate the specific
binding cavities. The adsorption curve reached the saturation
and tended to be stable when the initial concentration exceeded
1.50 mg/ml, and the maximum adsorption capacity of MIP1 was
250.00 mg/g, which indicated that a great many ACT specific
binding sites were produced during imprinting process. Figure 4
also shows that the amounts of ACT bound to the MIPs were
in a high level compared with those of the NIPs under the
same conditions.

Scatchard Plot Analysis
The Scatchard plot of MIP1 and NIP1 for ACT is shown in
Figure 7. The binding properties of MIPs were determined

by Scatchard plot analysis, which was based on the
following equation:
& _ Bmax — e (7)
c K
0 1 T T M T M T M T v T M T M € 4
00 05 10 15 20 25 30 35 40 . o . ' .
/L where c. is the equilibrium concentration of ACT in the solution,
Ce (mg/mL) ge is the amount of ACT bound to the MIPs at equilibrium,
FIGURE 6 | Adsorption isotherms of MIP1 and NIP1 for ACT. Brmax is the apparent maximum binding amount, and K, is the
dissociation constant.
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FIGURE 7 | Scatchard plot of MIP1 (A) and NIP1 (B) for ACT.
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The Scatchard plot of MIP1 contained two different linear
regression lines, suggesting two types of binding sites. As shown
in Figure 7A, the left line suggested that the MIP1 had high
binding affinity with ACT in the concentration range of 0.005-
0.25 mg/ml. The K, and Bmax were found to be 1.94 mg/ml
and 18,080.15 mg/g for dry polymer, respectively, and they were
calculated from the intercept and slope of the regression equation
Gelce = —86.54q + 9310.66 (R* =0.98). The right line indicated
that MIP1 had low binding affinity in the concentration range
of 0.25-4.00 mg/ml. The K, and Bp,,x were found to be 127.31
mg/ml and 54,316.81 mg/g for dry polymer, respectively, and they
were calculated from the regression equation ge/ce = —1.32g.
+ 426.65 (R*> = 0.91). Meanwhile, it can be seen from the two
equations that the slope of the straight line on the left side was
small, and the slope of the straight line on the right side was large.
The small slope had high binding affinity with ACT for MIP1.

The Scatchard plot of NIP1 shows a straight line, indicating
that there is only one type of binding site in NIP1. The
K, and Bp.x were found to be 12.19 mg/ml and 10,689.41
mg/g for dry polymer, respectively, and they were calculated
from the regression equation ge/cc = —5.13g.+ 876.91
(R* =0.89).

Adsorption Kinetics Study

Figure 8 shows the adsorption kinetics curve of MIP1 for
ACT. The dynamic adsorption experiments were carried out
in ACT solution with an initial concentration of 0.50 mg/ml;
it can be seen that the adsorption capacity of MIP1 for ACT
increases rapidly in 20 min and slowly in 100 min, but it does
not change much after 150 min. Therefore, the equilibrium
adsorption time of MIP1 is 150 min and the equilibrium
adsorption capacity is 204.08 mg/g. At the beginning of dynamic
adsorption, there are more free ACT molecules in ACT solution
and more specific recognition sites in MIP1, so the hydrogen

250 bonding rate between MIP1 and ACT is fast. After 20 min,
the number of specific recognition sites of MIP1 and the
- = . number of free radicals in the ACT solution decreased, which

200 1 = + reduced the binding rate of MIP1 and ACT, eventually reaching

dynamic equilibrium.

1504 Figure 9 shows the quasi-first-order kinetic model and
) quasi-second-order kinetic model of ACT adsorption on
%’) MIP1, and Table6 shows the data fitted by the kinetic
‘5 100 model. The equilibrium adsorption capacity in the dynamic

adsorption equilibrium experiment of MIP1 was 204.08
50
TABLE 6 | Fitting of quasi-first-order and quasi-second-order dynamic models.
0 T T T T T Adsorbent  Quasi-first-order kinetic fit Quasi-second-order
0 100 200 300 400 500 600 curve dynamic fitting curve
t (min) Ki  Q.(mgfe) R® K, Q.(mg/) RE
FIGURE 8 | Adsorption kinetics of MIP1 on ACT. MIP1 0.0044 21.39 015  0.0052 204.08 0.99
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FIGURE 9 | Adsorption dynamic curves of ACT with the fitting to (A) the pseudo-first-order model and (B) the pseudo-second-order model.
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FIGURE 10 | The relationship between effluent volume and effluent concentration in (A) MIP1 and (B) NIP1 adsorption process.

mg/g. The experimental data are consistent with the pseudo-
second-order kinetic fitting data, which proves that the
adsorption behavior of MIP1 conforms to the pseudo-
second-order kinetic model (R*> > 0.99). The dynamic
adsorption equilibrium accords with the quasi-second-
order kinetics; it indicates that chemical adsorption is a
speed-control step in the adsorption process. Therefore,
the adsorption behavior of ACT on MIP1 may be
hydrogen bonding.

Purification of ACT From C. tubulosa
Preparation of the Extracts of C. tubulosa

Twenty grams of C. tubulosa powder was dispersed in a 50%
ethanol solution at 70°C. The extraction was carried out for 2 min
under a high shear homogenizer at 16,000 rpm. The extracts
were filtered through a 0.22-pm filter to obtain the extract of
C. tubulosa.

Preparation of Solid Phase Extraction Column and
Solid Phase Extraction of ACT in the Extracts of

C. tubulosa

One hundred milligrams of MIP1 was dispersed in the 50%
ethanol solution and loaded into a solid phase extraction column,
and the SPE column of MIP1 was then rinsed with a 50%
ethanol solution at a flow rate of 2.00 ml/min for 10 min. The
extracts of C. tubulosa were injected into the SPE column at
a flow rate of 2.00 ml/min, and the sample concentration of
the effluent was measured. The eluate was collected after the
SPE column of MIP1 was eluted with 90% ethanol solutions
and 10% ethanol solutions, respectively (Gao et al, 2016).
The collected eluent was dried and dissolved in water for
constant volume, and then the content of ACT was measured
by HPLC.

Figure 10 shows the relationship between effluent volume
and effluent concentration in the adsorption process of MIP1
and NIP1, respectively. The contents of ECH and ACT in the
extract of C. tubulosa were 2.44 and 0.53 mg/ml, respectively.
As can be seen from Figure 10, when the effluent volume is

40.00 ml, the concentrations of ACT and ECH in the effluent
are the same as those in the extract of C. tubulosa, indicating
that MIP1 reaches the adsorption equilibrium. When the effluent
volume was 23.00ml, the concentrations of ACT and ECH in
the effluent were the same as those in the extract of C. tubulosa,
indicating that NIP1 reached the adsorption equilibrium. The
binding amount of ACT by MIP1 solid phase extraction
column is larger than that by NIP1 solid phase extraction
column; it indicated that MIP1 has excellent imprinting effect
on ACT.

The content of ECH in the extract of C. tubulosa was 4.58
times that of ACT. The adsorption capacity of MIP1 on ACT
and ECH was 36.86 and 88.67 mg/g, respectively. After the
eluent is eluted, the recovery rate of ACT was 90.09%. The
purity of ACT increased from 1.99 to 27.88%, and the increasing
amplitude of purity is 1301.00%, which was higher than the
increment of 960.00% by adsorption of microporous resins
(HPD300) (Liu et al,, 2013). The increase in purity of ACT
results from the selective adsorption of ACT by molecularly
imprinted cavity.

CONCLUSIONS

An imprinting material with a high selective adsorption capacity
is used for simple and rapid separation of ACT. MIPs
were investigated in terms of static adsorption experiments,
dynamic adsorption experiments, and selectivity experiments.
The experimental results showed that MIP1 exhibited the optimal
adsorption performance to ACT. MIP1 was prepared with ACT
as template molecule, 4-VP as a functional monomer, EGDMA
as a cross-linking agent, the volume ratio of ACN and DMF of
1:1.5 (v/v) as a solvent, and AIBN as initiator. The adsorption
results displayed that the adsorption capacity of MIP1 to ACT
reached 112.60 mg/g, and the separation factor of ACT/ECH was
4.68. The dynamic adsorption of ACT accorded with the quasi-
second-order kinetics; it indicated that the adsorption process of
MIP1 is the process of chemical adsorption to ACT. MIPs with

Frontiers in Chemistry | www.frontiersin.org

10

January 2020 | Volume 7 | Article 903


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhao et al.

Adsorption Acteoside Molecularly Imprinted Polymers

high selectivity make it a potential adsorption material for the
purification of plant active ingredients.
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