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nd selective capture of nNOS–
PSD-95 uncouplers from Sanhuang Xiexin
decoction by novel molecularly imprinted
polymers based on metal–organic frameworks†

Linli Pan,a Yingying Ding,a Xiaoting Ni,a Chong-Zhi Wang,b Bo Jiang,a Yu Zhang,a

Nan Jiang,a Yulin Tang,a Lina Chen *a and Chun-Su Yuanb

Novel and highly selective molecularly imprinted polymers based on the surface of metal–organic

frameworks, NH2-MIL-101(Cr) (MIL@MIPS), were successfully fabricated to capture neuronal nitric oxide

synthase–postsynaptic density protein-95 (nNOS–PSD-95) uncouplers from Sanhuang Xiexin Decoction

(SXD) for stroke treatment. The resultant polymers were characterized by Fourier transform infrared

spectroscopy, scanning electron microscopy, thermogravimetric analysis, and X-ray diffraction. The

performance tests revealed that MIL@MIPs had a large binding capacity, fast kinetics, and excellent

selectivity. Then the obtained polymers were satisfactorily applied to solid-phase extraction coupled with

high-performance liquid chromatography to selectively capture nNOS–PSD-95 uncouplers from SXD.

Furthermore, the biological activities of components obtained from SXD were evaluated in vivo and in

vitro. As a consequence, the components showed a potent neuroprotective effect from the MTS assay

and uncoupling activity from the co-immunoprecipitation experiment. In addition, the anti-ischemic

stroke assay in vivo was further investigated to determine the effect of reducing infarct size and

ameliorating neurological deficit by the active components. Therefore, this present study contributes

a valuable new method and new tendency to selectively capture active components for stroke treatment

from SXD and other natural medicines.
1. Introduction

Ischemic stroke, characterized by high mortality, a high rate of
disability, and high recurrence rate, seriously endangers human
health.1,2 Under the condition of cerebral ischemia, excitatory
amino acids are released excessively, causing the over-activation of
N-methyl-D-aspartate receptor (NMDAR) and the excitation of
neuronal nitric oxide synthase (nNOS), which nally results in the
over-release of nitric oxide (NO), apoptosis, and nerve damage.3,4 It
was found that blocking the coupling of postsynaptic density
protein-95 (PSD-95) and nNOS, downstream of the NMDAR–PSD-
95–nNOS signaling pathway, can inhibit the pathological release of
NO caused by cerebral ischemia and then cure ischemic stroke
without affecting the physiological functions of NMDAR and
nNOS.5–7 IC87201 (ref. 8) and ZL006,9 small molecule inhibitors of
the nNOS–PSD-95 interaction, were developed and reported to
have potent neuroprotective activity both in vivo and in vitro.
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However, considering the strong hydrophilicity and unsatisfactory
brain distribution of those small molecules, new nNOS–PSD-95
uncouplers need to be developed urgently.10

Natural medicine appears to be an important source to nd
novel nNOS–PSD-95 uncouplers due to its complex components
and excellent neuroprotection, and we had captured potential
nNOS–PSD-95 uncouplers such as baicalein (BAI), berberine
(BER), and emodin (EMO) from natural medicine11–13 in our
previous work. Sanhuang Xiexin Decoction (SXD), a classic
prescription of natural medicine, is composed of Scutellariae
Radix (SR), Coptidis Rhizome (CR), and Rhei Rhizome (RR) at
a ratio of 1 : 1 : 2.14,15 Modern pharmacological studies have
found that SXD has a lot of bioactivities including anti-inam-
matory,16 anti-oxidative,17 antidiabetics,18 anti-hypertension and
anti-hyperlipidemia,19 anti-atherogenic20 and anti-cerebral
ischemia reperfusion injury activities.21 According to our
preliminary experiment, SXD also had obvious uncoupling
activity of nNOS–PSD-95. However, it is a time-consuming and
laborious task to discover and capture powerful uncouplers
from SXD due to its complicated chemical composition.
Therefore, a highly sensitive, specic and rapid separation
detection method is urgently needed to quickly nd nNOS–PSD-
95 uncouplers from SXD for anti-stroke applications.
RSC Adv., 2020, 10, 7671–7681 | 7671
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Recently, the developments of molecularly imprinted polymers
(MIPs) most likely benet the study of active components.22–24

Molecular imprinting technology (MIT), imprinting the template
molecule onto a substrate and leaving it with specic recognition
sites that match the imprinted molecule in three dimensions,25

has shown great advantages such as strong resistance to harsh
environments, good stability, low cost and easy synthesis, and
superior adsorption capacity, and has been applied in natural
medicine metabolism analysis,26 proteins separation,27 environ-
mental surveillance,28 immunoassay,29 biosensors,30 and simulated
enzyme catalysis.31 Therefore, MIPs can be used as articial
receptors to capture new nNOS–PSD-95 uncouplers.

However, the applications of traditional MIPs are limited by
their low adsorption and selectivity, irregular shape, and nonuni-
form distribution of binding sites.32 To overcome the above
disadvantages, metal–organic frameworks (MOFs) were intro-
duced into the eld of MIPs. MOFs are a relatively new type of
porousmaterials with a three-dimensional pore structure that have
developed rapidly in recent years, whose surface area is large,
porosity is high, structure is regular, and quality is controllable.33,34

Among which, MIL-101(Cr) has aroused scientic interest for its
high chemical and hydrothermal stability, tremendous functional
multiplicity, and high specic surface area, which make it an ideal
support material.35,36 Moreover, MIL-101(Cr) was employed as
adsorbents for solid phase extraction (SPE) for the determination
of sulphonamides in environmental water samples coupling with
UPLC-MS/MS.37 A core–shell MIPs coated onto the surface of MIL-
101(Cr) was prepared, which was used as absorbents for the
detection of pyrraline inmilk andmilk powder.38 NH2-MIL-101(Cr)
was synthesized via a direct hydrothermal method and was coated
with polydimethylsiloxane and stir bar for the determination of
organophosphorus pesticides in environmental water samples.39

Herein, we have prepared highly selective surface molecularly
imprinted polymers based on NH2-MIL-101(Cr) (MIL@MIPs) by
molecular imprinting technique (Fig. 1). The characterization,
adsorption performance and selectivity capacity were systemati-
cally investigated to evaluate the obtained polymers. Then the
prepared MIL@MIPs were successfully used as sorbents to quickly
discover and efficiently capture potential nNOS–PSD-95 uncou-
plers from SXD coupled with SPE and HPLC (MIL@MIPs-SPE-
HPLC). Finally, SXD and the potential uncouplers captured from
SXD were tested with neuroprotective effects on PC12 cells and
uncoupling activity by coimmunoprecipitation experiments in
vitro. Furthermore, anti-ischemic stroke efficacy was investigated
using a reperfusion (MCAO/R) model in vivo.

2. Experimental
2.1 Materials

2-Aminoterephthalic acid (NH2BDC) and edaravone (EDA) were
purchased from Macklin (Shanghai, China). Chromium(III)
nitrate nonahydrate (Cr(NO3)3$9H2O) was obtained from Xilong
Scientic Co., Ltd. (Beijing, China). Ultrapure water was
produced by the Millipore water purication system (Darm-
stadt, Germany). Ethylene glycol dimethacrylate (EGDMA), 2,2-
azobisisobutyronitrile (AIBN), methacrylic acid (MAA), methyl
methacrylate (MMA), 4-vinylpyridine (4-VP), acetonitrile (ACN),
7672 | RSC Adv., 2020, 10, 7671–7681
and formic acid of HPLC grade were acquired from Aladdin
(Shanghai, China). 2,3,5-Triphenyltetrazolium chloride (TTC)
and dimethyl sulfoxide (DMSO) were obtained from Sigma-
Aldrich (Steinheim, Germany). 3-(4,5-Dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt (MTS) was provided by Promega (Madison, America).
ZL006 was provided by Prof. F Li from school of Pharmacy,
Nanjing Medical University (Nanjing, China). All the herbal
medicines and standards were purchased from Nanjing Yuan-
baofeng Pharm-Tech Co., Ltd. (Nanjing, China). All other
chemicals used in this paper were of analytical reagent grade.

2.2 Apparatus

A heating magnetic stirrer of C-MAG HS 7 (Staufen, Germany)
and an ultrasonic cleaner of KQ-3200B (Jiangsu, China) were
applied during the preparation of MIPs. A shake culture box of
ZHLY-180 (Shanghai, China) and a centrifugal machine of
TG16-WS (Shanghai, China) were used during the elution and
adsorption experiment. The optimizing of preparation condi-
tions and evaluation of adsorptive property were conducted by
an ultraviolet spectrophotometer of Shimadzu UV-2450 (Kyoto,
Japan). The characteristics were carried out with a scanning
electron microscopy of FEI Nova Nano SEM 450 (SEM, Hills-
boro, USA), a thermogravimetric analyzer of STA449C (TGA,
Netzsch, Germany), a Fourier Transform Infrared spectrometer
of TENSOR27 (FT-IR, Bruker, Germany), a N2 adsorption–
desorption analyzer of Autosorb-iQ EVO (Quantachrome, USA),
and an elemental analyzer of Vario EL III (Elementar, Germany).
A HPLC system of LC-20 (Shimadzu, Japan) was used for HPLC
analysis and a solid phase extraction apparatus of ASE-12 (Auto
Science, China) was used for extraction of target objects.

2.3 Synthesis of NH2-MIL-101(Cr)

NH2-MIL-101(Cr) was synthesized according to a previous
report with some modications.40 Cr(NO3)3$9H2O (2 mmol),
NH2BDC (2 mmol), and NaOH (4 mmol) were added to 15 mL
deionized water and stirred for 12 min, and then the reaction
solution was transferred to a 30 mL Teon-lined stainless steel
autoclave and kept at 150 �C for 12 h. Aerwards, the autoclave
was le to naturally cool down to room temperature. Then it was
taken out and the green suspension was centrifuged and
washed with DMF at room temperature to remove unreacted
NH2BDC for several times and ethanol for 2–3 times. The
products were then dispersed into a 50mL autoclave with 25mL
hot ethanol and kept at 100 �C for 24 h to remove unreacted
NH2BDC in the pores of the product. Finally, the products were
taken out and dried at 50 �C for 24 h in a vacuum.

2.4 Preparation of MIL@MIPs

In our previous work, BAI, BER, and EMO were found to have
potential uncoupling ability,11–13 thus they were chosen as templates
to synthesize different imprinted polymers (BAI@MIPs, BER@MIPs
and EMO@MIPs) respectively, using a surface imprinted polymer-
ization method. Firstly, the template and the functional monomer
were dispersed in 40mL solvent and le to incubate for 4 h at room
temperature for self-assembly. Then NH2-MIL-101(Cr), the cross-
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Schematic illustration for the synthetic process of MIL@MIPs and modeling the MIL@MIPs-SPE-HPLC pretreatment process; (B) the
mechanism of uncoupling activity between nNOS and PSD-95; (C) the neuroprotective effects on glutamate-injured PC12 cells of active
components in vitro; (D) the anti-ischemic stroke effect of active components obtained from SXD in vivo.
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linker (EGDMA) and the initiator (AIBN) were added and the
prepared solution was stirred for 24 h at 60 �C under the protection
of nitrogen. Aer polymerization, the products were repeatedly
eluted by methanol–acetic acid (9 : 1, v/v) to absolutely remove
templates, and then they were washed with methanol to remove
traces of acetic acid until the solution was neutral. Finally, the ob-
tained MIL@MIPs were dried at 50 �C for 24 h in a vacuum.
MIL@NIPs were prepared in the same condition just in the absence
of templates.

2.5 Evaluation of adsorption performance of MIL@MIPs

To evaluate the adsorption capacity of obtained MIL@MIPs, the
static, kinetic, selective, regenerate and reusable adsorption
experiments were carried out. All the experiments were con-
ducted for three times in parallel.

For static adsorption experiments, 20 mg MIL@MIPs and
MIL@NIPs were respectively suspended in 5 mL EMO, BAI, or
BER acetonitrile/ethyl alcohol solution (1 : 2, v/v) with different
initial concentrations ranging from 0.5 to 10.0 mmol L�1. The
solution was dispersed by being shaken for 2 h and then
detected by UV-Vis spectrophotometer. The adsorption amount
(Qe) of polymers was calculated using the following eqn (1):

Qe ¼ Vð C0 � CeÞ
M

(1)

where Qe represents the equilibrium absorption quantity of
templates, C0 and Ce are the concentration of templates before
and aer adsorption, respectively, V represents the volume of
solution added initially and M is the mass of polymers.
This journal is © The Royal Society of Chemistry 2020
Similarly, for kinetic experiments, 20 mg MIL@MIPs were
suspended in 5 mL EMO, BAI, or BER acetonitrile/ethyl alcohol
solution with a concentration of 7, 7, or 9, respectively. Aer
that, the solution was shaken under room temperature for
a certain interval (5, 10, 15, 20, 25, 30, 40, 50 min).

For selective adsorption experiments, EMO, BAI, BER, and their
three structural-liked compounds were assessed, respectively. To
investigate the reusability of MIL@MIPs, adsorption–desorption
experiments were conducted. The adsorption procedure was the
same as described above, and then the MIL@MIPs were eluted
with methanol/acetic acid (9 : 1, v/v). Aer that, the regenerated
MIL@MIPs were reused for the next adsorption.
2.6 Purication and capturing nNOS–PSD-95 uncouplers
from SXD by MIL@MIPs-SPE-HPLC system

2.6.1 Chromatographic conditions. The HPLC analysis was
carried out on a Shimadzu shim-pack C18 column (250 � 4.6
mm, 5 mm). The column temperature was 40 �C and the injec-
tion volume was 20 mL with a ow rate of 1.0 mL min�1. The
mobile phase consisted of mobile phase A (1% formic acid
water) and mobile phase B (acetonitrile). The specic gradient
and detection wavelength were described in Table S1.†

2.6.2 Preparation of extracts of SXD. SR (3 g), CR (3 g), and
RR (6 g) were powdered to a homogeneous size aer being
dried, and then they were extracted with 120 mL 90% meth-
anol–water solution by heating reux at 80 �C for 2 h. The
extracts were then ltered and collected for the following use.
RSC Adv., 2020, 10, 7671–7681 | 7673
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2.6.3 Purication and capturing nNOS–PSD-95 uncouplers
from SXD. Herein, MIL@MIPs and SPE were combined to capture
nNOS–PSD-95 uncouplers from SXD using a MIL@MIPs-SPE
column. Firstly, 150 mg EMO@MIPs, 300 mg BAI@MIPs, and
300 mg BER@MIPs were weighed and packed into SPE cartridges.
Then, 2.5 mL analysis solution was loaded on the column and le
to absorb active components overnight. Aerwards, the columnwas
washed with 5 mL toluene to inhibit nonspecic adsorption at the
surface, and then dried thoroughly by a vacuum pump. Subse-
quently, it was eluted by 10 mL methanol/acetic acid (9 : 1, v/v) to
obtain active components. Both the washing and elution solutions
were evaporated to dryness by a nitrogen stream at room temper-
ature and the obtained residues were dissolved in 1 mL methanol
for further HPLC analysis.
2.7 Activity evaluation of active components obtained from
SXD

2.7.1 Neuroprotective effect of active components on PC12
cells. PC12 cells were cultured in DMEM containing 10% (v/v)
fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin
in a 5% CO2 incubator at 37 �C. To investigate the neuro-
protective effect of active components obtained from SXD, the
MTS assay was carried out. Firstly, PC12 cells were carefully
seeded in 96-well plates (1 � 104 cells per well) and incubated
for 24 h. Subsequently, the culture medium was divided into
three groups: the blank control group, the glutamate-injured
Fig. 2 (A) FT-IR spectrum of NH2-MIL-101(Cr); (B) FT-IR spectrum of (a) E
spectrum of (a) BAI, (b) BAI@MIPs before eluting templates, (c) BAI@NIPs;
(c) BER@NIPs.

7674 | RSC Adv., 2020, 10, 7671–7681
group, and the glutamate-injured group accompanied by
ZL006, standards, SXD, or active components of different
concentrations (1, 15, 75 and 105 mmol L�1) and held for
another 24 h. Then, 20 mLMTS reagents were added to each well
and the cells were cultured for another 4 h. During the process,
DMSO was applied to dissolve the compounds and the nal
concentration was less than 0.1% (v/v). A microplate reader was
utilized to obtain absorption values at 490 nm and cell viability
(%) was calculated by eqn (2):

Cell viability ð%Þ ¼
�
ODt �ODg

ODc �ODg

�
� 100% (2)

where ODt, ODg, and ODc represent the adsorption values of the
glutamate-injured group accompanied by the standards, SXD or
active components, the glutamate-injured group, and the blank
control group, respectively.

2.7.2 Uncoupling activity of active components in vitro. Co-
immunoprecipitation (Co-IP) was conducted to evaluate the
uncoupling activity of active components obtained from SXD.
Initially, human embryonal kidney (HEK) 293T cells were cultured
in DMEM containing 10% FBS and 50 mg mL�1 penicillin/
streptomycin in a thermotank until they reached 70–90% fusion
degrees. Subsequently, the cells were transfected with pCDH-Flag-
nNOS and pcDNA3.1-PSD-95 respectively for 24 h and then were
washed with cold phosphate buffer solution (PBS) and lysed with
RIPA lysis buffer to obtain a protein solution enriched with Flag-
nNOS and PSD-95. Then 120 mL protein A/G immunomagnetic-
MO, (b) EMO@MIPs before eluting templates, (c) EMO@NIPs; (C) FT-IR
(D) FT-IR spectrum of (a) BER, (b) BER@MIPs before eluting templates,

This journal is © The Royal Society of Chemistry 2020
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beads conjugated with Flag antibody were incubated with the Flag-
nNOS protein solution overnight at 4 �C and were incubated with
PSD-95 protein solution for 8 h aer washing. The complexes were
divided into various groups, then added ZL006, standards, SXD, or
active components to incubate for another 8 h in 200 mL PBS.
Finally, the PSD-95 and Flag-nNOS retained on the beads were
analyzed by a western blot.

2.7.3 Anti-ischemic stroke efficacy of active components in
vivo. In this study, male Sprague-Dawley rats weighting from 240 to
260 g were purchased from the Laboratory Animal Center of Nan-
tong University. The rats were randomly divided into six groups (n¼
15): (1) sham-operated group; (2) MCAO group; (3) MCAO + ZL006
(1.5 mg kg�1); (4) MCAO + EDA (6 mg kg�1); (5) MCAO + SXD
extracts (23 mg kg�1); (6) MCAO + active components (23 mg kg�1).

The right middle cerebral artery occlusion was operated to
induce focal cerebral ischemia with MCAO occlusion line.
Briey, the rats were anesthetized with 10% chloral hydrate
(4 mL kg�1) by intraperitoneal injection. Then their right
common carotid artery was exposed, and the coated lament
was introduced about 20 mm. Aer 2 h of occlusion, the line
was lightly withdrawn and the rats were treated with drugs or
0.9% physiological saline via tail vein injection right away. Aer
reperfusion for 24 h, a 5-point neurological function score was
employed to evaluate neurological decit by an observer blin-
ded to the trial. Subsequently, the rats were decapitated and the
brains were dissected coronally, and then the slices were
immediately stained with 2% TTC solution at 40 �C for 60 min.
The stained slices were nally photographed and quantied for
ischemic injury by an image assay system. The percentage of
infarction was calculated using the following eqn (3):

Infarct ratio ð%Þ ¼ Infarct area ðmm2Þ
Half coronal section ðmm2Þ � 100% (3)
3. Results and discussion
3.1 Optimization the preparation condition of MIL@MIPs

The adsorption ability and selectivity of MIL@MIPs mainly
depended on the amount of template, solvent, functional
monomer, and the ratio of template/functional monomer/cross-
linker. Thus, we prepared different polymers considering of
these factors, and the results were shown in Table S2–S4.†

EMO, BAI, and BER were chosen as templates because they
were the main components of RR, SR, and CR, respectively.
Above all, EMO@MIPs-1, EMO@MIPs-2, and EMO@MIPs-3
were prepared to investigate the effect of the amounts of
templates. As shown in Table S2,† EMO@MIPs-2 performed the
best adsorption ability when the quantities of NH2-MIL-101(Cr)
used were 0.05 g and 0.5 mmol EMO was chosen as the optimal
amount of template nally. Solvent plays an important role in
preparing EMO@MIPs as well because it is not only the agent to
induce holes but also the solvent to distribute the drug evenly. It
could be found that EMO@MIPs-2 (acetonitrile/ethanol, 1 : 2, v/
v) exhibited the highest adsorption capacity compared with
EMO@MIPs-4 and EMO@MIPs-5. EMO@MIPs-4 was prepared
This journal is © The Royal Society of Chemistry 2020
with tetrahydrofuran/ethanol. The polymer was hard and diffi-
cult to disperse completely, thus its application was limited.

In addition, a functional monomer was used to self-assemble
with template, and three kinds of functional monomers (MAA,
MMA and 4-VP) were investigated to obtain the best one. It was
shown that the polymers synthesized using MAA had the best
adsorption ability. Moreover, we synthesized different polymers
with a different ratio of template/functional monomer/cross-linker
because it had a great inuence on the adsorption properties, and
the results showed that the ratio of 1 : 6 : 30 was superior to the
others. In conclusion, we found that 0.5 mmol EMO, acetonitrile/
ethanol (1 : 2, v/v), MAA, and a ratio of 1 : 6 : 30 were the optimal
conditions to synthesize EMO@MIPs. The optimal synthesis
conditions and the optimization process of BAI@MIPs and
BER@MIPs were exhibited in Table S3 and S4,† respectively.
3.2 Characterization of MIL@MIPs

The FT-IR spectra was detected to demonstrate the successful
synthesis of NH2-MIL-101(Cr) andMIL@MIPs. As shown in Fig. 2A,
the 3459 cm�1 peak was ascribed to the asymmetrical stretching
vibration of the amine groups, and the N–H bending vibration was
located at 1615 cm�1. Moreover, the peaks at 1389 cm�1,
1258 cm�1, and 769 cm�1 corresponded to the C–N stretching
vibrations of aromatic amines. Meanwhile, the 603 cm�1 was
observed, whichwas attributed to the symmetric stretching of Cr–O.
All of the above proved that NH2-MIL-101(Cr) was successfully
prepared. EMO@MIPs, BAI@MIPs, and BER@MIPs before eluting
templates apparently showed the same characteristic peaks as the
templates at 1622 cm�1, 1619 cm�1, and 1270 cm�1 as shown in
Fig. 2B, C, and D respectively, while they were not found in
MIL@NIPs. What's more, the C]O stretching bands at 1731 cm�1,
1733 cm�1, and 1732 cm�1 appearing in EMO@MIPs, BAI@MIPs,
and BER@MIPs indicated the successful reacting between MAA
and EGDMA. All the results demonstrated that MIL@MIPs were
successfully made. The TEM and SEM investigations were carried
out to exhibit the morphology of NH2-MIL-101(Cr) andMIL@MIPs.
From Fig. 3A, we can see that NH2-MIL-101(Cr) showed a uniform
size distribution with an average of about 50 nm. The SEM images
(Fig. 3B–D) showed that the size of MIL@MIPs increased aer the
process of encapsulation and the surface was rough, which had
various amounts of imprinting cavities.

To evaluate the thermostability of NH2-MIL-101(Cr) and
MIL@MIPs, TGA was performed under a temperature of 40 �C
to 700 �C. As seen in Fig. 4A (red), there were two obvious weight
loss times during the whole process, and the rst loss below
180 �C can be mainly attributed to the volatilization of residual
solvent, and moisture was about 13%, whereas the other weight
loss in a temperature ranging from 200 �C to 600 �C was about
37%, which principally resulted from the structural collapse.
From the other three lines in Fig. 4A, we can see that there was
a slight decline of about 6% below 300 �C, which was assigned
to the elimination of water and residual solvent, and the loss of
MIL@MIPs below 700 �C was mainly contributed to the
decomposition of the imprinted layer. To further demonstrate
the successful coating of the imprinted layer, the XRD patterns
were employed. As shown in Fig. 4B, the pattern of NH2-MIL-
RSC Adv., 2020, 10, 7671–7681 | 7675
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Fig. 3 TEM images of (A) NH2-MIL-101(Cr); SEM images of (B) EMO@MIPs, (C) BAI@MIPs, and (D) BER@MIPs.

Table 1 XPS analysis of elemental composition (atom%) for synthe-
sized nanoparticles

Cr C N H

NH2-MIL-101(Cr) 9.41 29.19 4.81 4.85
EMO@MIPs 0.16 55.28 <0.3 7.23
BAI@MIPs 0.19 57.25 <0.3 7.32
BER@MIPs 0.28 57.07 <0.3 7.24
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101(Cr) was similar to the report in literature39 and the decline
of the patterns of MIL@MIPs also indentied the successful
graing of the imprinted layer.

The elemental analysis of NH2-MIL-101(Cr) and MIL@MIPs
was carried out using XPS and the results were shown in Table 1.
As we can see, the amount of chromium in MIL@MIPs decreased
considerably compared with that of NH2-MIL-101(Cr), and the
amount of carbon and protium increased signicantly, which
demonstrated the successful encapsulation greatly.

The N2 adsorption–desorption measurement was performed to
determine the porosity features of NH2-MIL-101(Cr) and MIL@-
MIPs, and the results were shown in Table 2. The obtained NH2-
MIL-101(Cr) showed obvious large surface area (918.3 m2 g�1) and
pore volume (0.721 cm3 g�1), which greatly improved the efficiency
of MIL@MIPs. With the occurrence of imprinting, the BET surface
area and pore volume of MIL@MIPs decreased, which could also
Fig. 4 (A) Thermogravimetric weight loss curve of (red) NH2-MIL-101(Cr
of (red) NH2-MIL-101(Cr); (blue) EMO@MIPs; (yellow) BAI@MIPs; (green)

7676 | RSC Adv., 2020, 10, 7671–7681
identify the successful encapsulation of MIL@MIPs on the surface
of NH2-MIL-101(Cr).
3.3 Adsorption performance of MIL@MIPs

Static adsorption experiments were conducted to evaluate the
adsorption ability of MIL@MIPs and MIL@NIPs using the initial
); (blue) EMO@MIPs; (yellow) BAI@MIPs; (green) BER@MIPs; (B) the XRD
BER@MIPs.

This journal is © The Royal Society of Chemistry 2020
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Table 2 N2 adsorption/desorption analysis for various samples

SBET (m2 g�1) Vt (cm
3 g�1)

NH2-MIL-101(Cr) 918.3 0.721
EMO@MIPs 144.18 0.092
BAI@MIPs 175.7 0.214
BER@MIPs 294.6 0.273
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concentration of 0.5–10 mmol L�1. From Fig. S1,† we can see that
MIL@MIPs showed a rising trend of binding capacity until the
initial template concentration was about 7, 7, and 9 mmol L�1 for
EMO, BAI, and BER respectively, and the saturated adsorption
capacity was 108.54 mmol g�1, 81.52 mmol g�1, and 114.46 mmol
g�1 severally. However, MIL@NIPs showedmuch lower adsorption
amounts, nearly less than half of MIL@MIPs, which was mainly
attributed to its nonspecic binding.

Kinetic adsorption curves were used to illustrate the mass
transfer property of MIL@MIPs at different time intervals of 5–
Table 3 The linear regression and performance characteristics of the d

Analyte

Linear regression date

Regression equation R2
T
(

Coptisine y ¼ 50 849 668x � 173 567 0.9999 0
Baicalin y ¼ 47 920 753x � 34 619 0.9998 0
Berberine y ¼ 53 235 032x � 31 678 0.9995 0
Emodin-8-O-b-D-glucoside y ¼ 30 475 821x � 31 351 0.9998 0
Wogonoside y ¼ 56 404 870x + 27 287 0.9999 0
Baicalein y ¼ 50 389 185x + 390 926 0.9996 0
Emodin y ¼ 48 624 763x + 118 102 0.9997 0
Chrysophanol y ¼ 90 029 676x + 56 580 0.9998 0
Physcion y ¼ 16 807 416x � 5875 0.9999 0

Fig. 5 (A) Chromatograms of SXD extract before (a) and after (b) treat
coptisine, (2) baicalin, (3) berberine, (4) emodin-8-O-b-D-glucopyrano
physcion.

This journal is © The Royal Society of Chemistry 2020
50 min, and the results were shown in Fig. S2.† The adsorption
ability reached equilibrium at the time of 40, 30 and 30 min
respectively for EMO@MIPs, BAI@MIPs, and BER@MIPs, and the
rapid adsorption property was primarily ascribed to the specic
imprinting sites of templates, because of which, the templates
could reach the imprinting cavities easily and quickly.

Selective adsorption experiments were performed to estimate
the specicity recognition capacity of MIL@MIPs and MIL@NIPs.
Fig. S3† clearly indicated that MIL@MIPs showed better binding
capacity to the template than its structural analogues, which was
owed to the specic recognition sites encapsulated on the surface
of MIL@MIPs previously. Nevertheless, MIL@NIPs showed no
obvious difference in binding capacity to both the template and its
structural analogues, which suggested that MIL@NIPs had no
specicity recognition capacity but physical adsorption.

Subsequently, desorption experiments and reusability were
detected because regeneration and reusability play an impor-
tant role in the application of MIL@MIPs. As shown in Fig. S4,†
the desorption efficiency reached equilibrium quickly at the
eveloped method

RSD (%)

LOD (mg mL�1)
LOQ
(mg mL�1)

est range
mg mL�1) Intra-day Inter-day

.001–1.0 1.7 2.2 0.02 0.36

.001–0.5 1.1 1.8 0.06 0.33

.01–1.0 1.3 1.0 0.09 0.32

.001–0.5 2.1 1.6 0.08 0.48

.001–1.0 2.3 1.2 0.08 0.33

.01–1.0 3.1 2.4 0.13 0.28

.01–1.0 1.9 2.0 0.06 0.12

.001–0.3 1.2 1.8 0.02 0.54

.001–0.2 3.2 2.9 0.07 0.45

ment with MIL@MIPs; (B) structures of the compounds obtained: (1)
side, (5) wogonoside, (6) baicalein, (7) emodin, (8) chrysophanol, (9)

RSC Adv., 2020, 10, 7671–7681 | 7677
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Fig. 6 (A) Cell viability of PC12 with treatment of different concentrations of glutamate; (B) neuroprotective effects on glutamate-injured PC12
cells of ZL006, emodin, baicalein, berberine, SXD and eluent (active components); (C) the control cells (a), 5 mmol L�1 glutamate-injured cells (b),
cells treated with 5 mmol L�1 glutamate and 105 mmol L�1 active components (c). Date is presented as mean� S.D. *p < 0.05 compared with the
control.
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time of 10, 20, and 10 min for EMO@MIPs, BAI@MIPs, and
BER@MIPs respectively, which was mainly due to the specic
binding site and fast mass transfer property. Aer that, the
regenerated polymers were reused for adsorption and the
consecutive adsorption–desorption process was repeated with
the same MIL@MIPs for six times. Fig. S5† showed that the
binding capacity of MIL@MIPs decreased slowly, which highly
indicated that the MIL@MIPs were stable and reusable and
could be used for the following adsorption experiments.
3.4 Application

3.4.1 Methodology validation. The optimized method of
MIL@MIPs-SPE-HPLC was seriously validated including linear
Fig. 7 Uncoupling efficiency assay of ZL006, emodin, baicalein, berberin
(B) and 90 mmol L�1 (C) in vitro. Samples were immunoprecipitated by Fla
(WB). Date is presented as mean � S.D. *p < 0.05, **p < 0.01 compared

7678 | RSC Adv., 2020, 10, 7671–7681
range, correlation coefficient (R2), limit of detection (LOD), limit
of quantication (LOQ), and precisions of intra-day and inter-
day. As shown in Table 3, the linearity was very good with the
linear range of 0.001–1.0 mgmL�1 and R2 of 0.9995–0.9999. The
LOD and LOQ were 0.02–0.13 mg mL�1 and 0.12–0.54 mg mL�1,
respectively. What's more, the precisions of intra-day and inter-
day were all below 3.2% and 2.9%, respectively.
3.4.2 Purication and capturing nNOS–PSD-95 uncouplers
from SXD by MIL@MIPs-SPE-HPLC

MIL@MIPs were used as sorbents for SPE column to capture
nNOS–PSD-95 uncouplers from SXD. The initial extract and
active components treated with MIL@MIPs were detected by
e, SXD and eluent (active components) at 30 mmol L�1 (A), 60 mmol L�1

g-nNOS antibody (IP) and blots were incubated with PSD-95 antibody
with the control.

This journal is © The Royal Society of Chemistry 2020
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HPLC and the results were shown in Fig. 5. It could be seen that
active components (the blue curve of Fig. 5A) were much
simpler than the initial extract (the red curve of Fig. 5A), which
was complicated and diverse. From the chromatograms, we can
nd that (1) coptisine, (2) baicalin, (3) berberine, (4) emodin-8-
O-b-D-glucopyranoside, (5) wogonoside, (6) baicalein, (7)
emodin, (8) chrysophanol, and (9) physcion (Fig. 5B) were ob-
tained in the eluent by HPLC-MS and all the nine compounds
were then further conrmed by comparing the retention time
and molecular weight with standards (Table S5†). As a conse-
quence, we can see that the method established by combining
MIL@MIPs-SPE with HPLC has highly selective capacity and is
feasible, simple, and time-saving.
Fig. 8 The effect of ZL006, EDA, SXD and eluent (active components)
stained by TTC of the sham-operated group, the MCAO group and the tre
deficit scores of each group. Date is presented as mean � S.D. ***P < 0
compared with the MCAO group.

This journal is © The Royal Society of Chemistry 2020
3.5 Activity evaluation of active components obtained from
SXD

3.5.1 Neuroprotective effect of active components on PC12
cells. PC12 cells were chosen to establish a model of glutamate-
induced neuronal injury because they were similar to neuronal
apoptosis in ischemic stroke, and MTS cell viability assay was
conducted to investigate the neuroprotective effect of active
components obtained from SXD. From the initial experiments,
DMSO had little effect on PC12 cells when it reached its nial
concentration below 0.1% (v/v), therefore it was not employed in
the following experiments. Fig. 6A clearly showed that 5 mmol
L�1 glutamate could lead to about 50% inhibition of PC12 cells
and were thus chosen as the optimal condition for the
on treating ischemic stroke in vivo. (A) The representative brain slices
atment group, (B) the infarct ration of each group, (C) the neurological
.001 compared with the sham-operated group, #P < 0.05, ##P < 0.01

RSC Adv., 2020, 10, 7671–7681 | 7679

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10537a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:4

7:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
subsequent experiments. From Fig. 6B, we can see that active
components exhibited better neuroprotective effect than ZL006
(the positive control compound) at the concentration of 75 mmol
L�1, and baicalein was even more efficacious than ZL006 at
a low concentration of 15 mmol L�1. The morphological changes
of PC12 cells with different treatments were shown in Fig. 6C.
Compared with the exuberant and briform control cells
(Fig. 6C(a)), the cells treated with 5 mmol L�1 glutamate
(Fig. 6C(b)) became rounded instead of ne dendritic and
decreased sharply, while the number of PC12 cells increased
apparently, and most of the cells converted to their initial
morphology aer dealing with 105 mmol L�1 active components
(Fig. 6C(c)). For further quantitative comparison, EC50 values of
the compounds on glutamate-injured PC12 cells were evaluated
(Table S6†). Consequently, the active components (20.548 mmol
L�1) appeared to be better than ZL006 (26.674 mmol L�1).

3.5.2 Uncoupling activity of active components in vitro. Co-
immunoprecipitation experiment was conducted to evaluate
the uncoupling efficiency of active components obtained from
SXD. According to the preliminary trials, the experimental
concentrations of samples were set as 30 mmol L�1, 60 mmol L�1,
and 90 mmol L�1, respectively. As presented in Fig. 7, ZL006
showed obvious ability to block the interaction of nNOS–PSD-95
in a dose-dependent manner within the concentrations of 30–90
mmol L�1. Nevertheless, SXD, active components, and baicalein
showed signicant uncoupling ability at the concentration of 30
mmol L�1 (Fig. 7A). At the concentration of 60 mmol L�1, SXD,
active components, and baicalein also had uncoupling capacity
but no better than ZL006 (Fig. 7B). However, SXD, active
components, baicalein, and berberine showed excellent
uncoupling ability at 90 mmol L�1. What is more, the active
components even appeared to be more efficacious than ZL006
(Fig. 7C).

3.5.3 Anti-ischemic stroke efficacy of active components in
vivo. MCAO/R model was applied to investigate the anti-
ischemic stroke efficacy of active components obtained from
SXD aer the MTS research and the co-immunoprecipitation
experiment were analyzed comprehensively. Then the neuro-
logical decit scores were evaluated and the infarct ratio was
calculated. By comparation, the sham-operated group showed
no neurological decit or infarct, while nearly 40% infarct ratio
appeared in the MCAO group. From Fig. 8, both neurological
decit score (1.5) and infarct ratio (17.4%) showed that active
components obtained from SXD could reduce the infarct size
and alleviate neurological damage and were also superior to
ZL006 and EDA, which highly suggested that active components
obtained from SXD by MIL@MIPs-SPE-HPLC had potential
uncoupling activity and anti-ischemic stroke efficacy.

4. Conclusion

Novel molecularly imprinted polymers based on NH2-MIL-101
(MIL@MIPs) were successfully designed, optimized, and char-
acterized, which exhibited large binding capacity, fast kinetics,
excellent selectivity, rapid desorption ability, and satisfactory
reusability by adsorption performance experiments. Then
a model of MIL@MIPs-SPE-HPLC was applied to capture nNOS–
7680 | RSC Adv., 2020, 10, 7671–7681
PSD-95 uncouplers from SXD. MTS assay and coimmunopreci-
pitation experiment demonstrated that the active components
obtained from SXD showed excellent neuroprotective effect and
uncoupling activity in vitro. At the same time, it could also
reduce the infarct size and ameliorate neurological decits
signicantly estimated in anti-ischemic stroke assay in vivo.
Furthermore, this study can provide a scientic basis for the
application of SXD and its optimized prescriptions. Meanwhile,
it can also provide new ideas and new methods for efficiently
capturing nNOS–PSD-95 uncouplers from other nature
medicines.
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