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Abstract

A novel soluble molecularly imprinted polymer (SMIP) without chemical cross-linker was successfully synthesized. The quinine
(QN), which the structure was similar to the template, was chosen as the immobile template to improve the affinity of MIP. 4-
Methyl phenyl dicyclohexyl ethylene (MPDE) was used as the liquid crystal (LC) monomer to increase the rigid of the
composite. The cooperative effect of QN and MPDE was demonstrated by comparing with the conventional MIP, which
synthesized without QN and MPDE. The polymerization conditions of SMIP including the ratio of MAA to MPDE, template
to functional monomer, and HQN to QN were also optimized. Moreover, the characterizations of the SMIP were investigated by
the transmission electron microscopy (TEM), field emission scanning electron microscopy (SEM), thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and nitrogen adsorption. In binding behavior, the SMIP presented the maximum adsorption
capacity (0.37 +0.06 mmol/g) and imprinting factor (3.44 +0.25). And above all, the obtained polymer exhibited the solubility in
the organic solution. In addition, the proposed SMIP as the electrochemical sensor exhibited a significant conductivity and
sensitivity with the detection limit of 0.33 pM for HQN, the recoveries for the sample analysis varied from 97.4 to 100.8%, and
the intra-day precision and inter-day precision were within 5.5% and 12.5%, respectively. It turned out that the SMIP had
demonstrated more excellent potential than the traditional insoluble MIP in the development of the membrane-based electro-
chemical sensors.
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Introduction

Molecular imprinting is an emerging technology that could
prepare the polymer with better specific recognition perfor-
mance for template molecule [1], and the resultant composite
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was called molecularly imprinted polymer (MIP), which was
prepared by polymerization with the initiator in the presence
of template molecule, functional monomer, and cross-linking
agent. After removing the template molecule with appropriate
methods, the obtained MIP would possess imprinted sites
complementary to the template. Therefore, the imprinted sites
in MIP were formed by the copolymerization between cross-
linker and functional monomer around the template-
functional monomer complex during the polymerization pro-
cess. Since the low-cost preparation, high selectivity, and re-
usability, the MIP had been widely applied in many
fields, including solid-phase extraction [2], chromatographic
separation [3, 4], drug delivery systems [5, 6], and chemical
sensors [7, 8]. As the chemical sensors, the MIP could not
only detect the trace pollutants in the environment and food
but also the markers of the disease and tumor [9-12].
Moreover, compared with the conventional measuring
methods, the MIP sensors was more sensitive, stable,
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convenient, and fast. However, the rigid and highly cross-
linked structures of MIP made it difficult to dissolve in the
plasticized polymeric membranes, causing the less binding
sites and lower sensitivity [13]. Preparing the MIP with low
cross-linking that could be dissolved or easily dispersed in the
medium was very imperative.

In recent years, the preparation and applications of MIP
were very widespread, yet there were only a few studies on
the soluble MIP (SMIP). For instance, a dendrimer by mono-
molecular imprinted with porphyrin as templates was demon-
strated by Zimmerman et al., which exhibited the solubility in
common organic solvents [14]. However, this method re-
quired intricate synthesis process. Wulff groups had prepared
a type of soluble single-molecule imprinted nanogel as the
enzyme catalysis by the dilution method, while the rigidity
and catalytic activities were weaker than that of insoluble
imprinted polymers [15]. Nowadays, Qin groups had devel-
oped novel SMIP and soluble molecularly imprinted nano-
rods. And the soluble MIP had been successfully applied in
potentiometric sensor for detection of bisphenol AF [16, 17].
Whereas the synthesis conditions of them were relatively
harsh and complex. Here, a simple method for the synthesis
of the SMIP with the simple bulk polymerization utilizes lig-
uid crystal (LC) and immobile template, quinine (QN), as the
combination monomer would be described.

The LC was an intermediate state between the liquid and
solid phases, presenting a rod-like structure which is rigid and
flexible [18]. Among them, the mesogenic unit of the rigid
part played a significant role in strengthening the polymer
skeleton, and the unsaturated bond at the flexible end could
participate in the polymerization [19, 20]. The liquid crystal-
line MIP (LC MIP) was a new type of robust MIP with LC as
the auxiliary monomer. Above all, this system could decrease
the cross-linking level of MIP with the substitution of partial
chemical cross-linking in the process of synthesis, which al-
leviated the embedding problem of imprinted cavities signif-
icantly and accelerated the elution of template in polymer
[21-23]. Due to easy accessibility to the imprinted sites, the
obtained LC MIP exhibited much higher adsorption capacity
than conventional MIP and had been successfully applied in
the stationary phase for HPLC [20], CEC separation [21, 22],
drug delivery [23], and biosensors [24].

The immobile templates were a class of materials with
similar structure to template molecules and owned the alkene
bonds at the terminal. Resembling to LC monomer, the termi-
nal alkene bond of them could take part in polymerization to
maintain the binding sites presented in polymer structures
[25]. At the same time, part of them may also serve as a
physical cross-linker to stabilize the polymer chain.
Garcinuio et al. had synthesized a series of polymers with
cross-linking levels ranging from 12 to 80%, which proved
that the presence of immobile template in low cross-linked
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imprinted polymers had presented a positive effect on molec-
ular recognition [26].

The hydroquinine (HQN) was a derivative of QN, which
could be extracted from the cinchona barks [27]. The QN and
HQN displayed better therapeutic effect on the malaria, anal-
gesia, and muscle cramps [28, 29]. However, high dose intake
of them could also cause some serious side effects, including
nausea, abdominal pain, blurred vision, headache, and kidney
failure [30]. The content of QN and HQN in different samples
was usually detected by the HPLC, capillary zone electropho-
resis, UV resonance Raman micro-spectroscopy, and other
methods [31-34]. However, these methods presented the dis-
advantage of high cost and complex sample pretreatment pro-
cess. In contrast, the electrochemical analysis was a relatively
simple and rapid detection method.

In this study, the soluble MIP without a chemical cross-
linker based on bulk polymerization was proposed by intro-
ducing the LC monomer and immobile template. Thereinto,
the LC monomer that owned the rigid mesogenic unit and
unsaturated bond at the flexible end acted as the cross-linker
to participate in the polymerization. And the immobile tem-
plate (QN) could also take part in the polymerization to main-
tain the imprinting sites of the polymer. The imprinted cavities
of the SMIP were formed by the joint action of HQN, MAA,
and LC monomer and QN. By optimizing the synthesis con-
dition, the resultant SMIP showed better imprinting perfor-
mance and selectivity for HQN. Besides, they also offered
remarkably improved sensitivity for electrochemical detection
as the sensor and could measure the trace amount of HQN in
lake water successfully.

Experimental
Materials

Hydroquinine (HQN, 98.0%), quinine (QN, 99.0%),
hydroquinidine (HQND, 99.0%), quinidine (QND, 99.0%),
and 2-azobisisobutyronitrile (AIBN) were purchased from
J&K Scientific Co., Ltd. (Beijing, China). Ethylene glycol
dimethacrylate (EDMA, 98.0%) was from Sigma-Aldrich
(St. Louis, MO, USA). Methacrylic acid (MAA, AR grade)
was obtained from Kermel Chemical Reagent Co., Ltd.
(Tianjin, China). 4-Methyl phenyl dicyclohexyl ethylene
(MPDE, 99.5%) was supplied by Hebei Meixing Chemical
Co., Ltd. (Hebei, China). Toluene (Tol, AR grade) was pur-
chased from Biaoshiqi Science and Technology Development
Co., Ltd. (Tianjin, China). Acetonitrile (ACN, HPLC grade)
was from Concord Technology Co., Ltd. (Tianjin, China).
The other reagents were supplied by Jiangtian Chemical
Reagent Co., Ltd. (Tianjin, China).
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Table 1 The synthesis protocol of SMIP
Polymer HQN QN MAA MPDE EDMA Tol ACN  AIBBN QO IF
(mmol) (mmol) (mmol) (mmol) (mmol) (uL) (puL) (mg) (mmol/g)

1 0.1 0.1 1.6 14 - 900 600 18 0.206+£0.038 2.054+0.275
2 0.1 0.1 1.6 1.6 - 900 600 18 0.325+£0.051 2.058+0.442
3 0.1 0.1 1.6 1.8 - 900 600 18 0.265+£0.034 2.334+0.454
4 0.1 0.1 1.6 24 - 900 600 18 0.213+£0.059 1.458+0.364
5 0.1 0.1 1.6 3.0 - 900 600 18 0.149+£0.030 1.481+0.230
6 0.1 0.1 1.6 3.6 - 900 600 18 0.195+£0.030 1.194+0.149
7 0.40 0.1 1.6 1.8 - 900 600 18 0.142+£0.022 1.225+0.091
8 0.20 0.1 1.6 1.8 - 900 600 18 0.210£0.039 1.799+0.110
9 0.16 0.1 1.6 1.8 - 900 600 18 0.372+0.058 3.439+0.251
10 0.08 0.1 1.6 1.8 - 900 600 18 0.213+£0.024 1.832+0.095
11 0.05 0.1 1.6 1.8 - 900 600 18 0.235+£0.039 2.018+0.312
12 0.16 0.04 1.6 1.8 - 900 600 18 0.280+£0.051 2.773+£0.978
13 0.16 0.08 1.6 1.8 - 900 600 18 0.256+0.018 3.112+0.203
14 0.16 0.12 1.6 1.8 - 900 600 18 0.284+£0.035 1.394+0.271
15 0.16 0.2 1.6 1.8 - 900 600 18 0.303+£0.041 1.116+0.013
CM1 0.16 0.1 1.6 - 1.8 900 600 18 0.353+£0.038 1.191+0.049
CM2 0.16 - 1.6 1.8 - 900 600 18 0.099+£0.016 1.184+0.253
CM3 0.16 - 1.6 - 1.8 900 600 18 0.346+0.024 1.375+0.141
CM4 0.16 - 1.6 - - 900 600 18 - -

The preparation of SMIP

The SMIP was prepared as illustrated in Table 1. The tem-
plate HQN, immobilized template QN, functional mono-
mer MAA, initiator AIBN, and the LC monomer MPDE
were dissolved with Tol and ACN in a 20-mL flask. The
mixture was blended further by ultrasonic cleaner for
10 min, then purged with N, for 10 min. Finally, the pre-
polymerization solution was placed in a water bath at
60 °C for 24 h. Since the solubility in methanol and aceto-
nitrile, the acetonitrile/water (5/5, v/v) was served as the
eluant of resulted particles that were collected in a centri-
fugation tube. By adding 4 mL of acetonitrile/water (5/5,

Fig. 1 Schematic illustration for
the synthesis of SMIP

MAA @

o o

v/v) into them repeatedly, the HQN embedded in the poly-
mer was sufficiently dissolved by ultrasonic cleaning ma-
chine and the content of HQN in the supernatant after cen-
trifugation was determined by UV-vis at 238 nm. The
HQN’s successful removal could be confirmed until the
absorbance was lower than 0.01. The obtained polymer
was dried at room temperature and the schematic plot
was illustrated in Fig. 1. The non-imprinted SNIP, LC-
free QN MIP, and QN-free LC MIP were prepared in the
same way except without template, LC monomer (replaced
by EDMA), and QN, respectively. Also, the conventional
MIP was synthesized as above, neither LC monomer nor
QN; meanwhile, the cross-linker was replaced by EDMA.

N MPDE
\ - Q \ +
_
N AIBN

Pre-polymerization

—_—

Removing HQN
—_—

~  —
Rebinding HQN }

@ Springer



7324

Zhang L.-P. et al.

Characterization of SMIP

The morphologies of the SMIP, SNIP, as well as the control
particle, LC-free QN MIP, QN-free LC MIP, and convention-
al MIP were characterized by scanning electron microscopy
(SEM) (FEI Nova NanoSEM 450, Netherlands) and transmis-
sion electron microscopy (TEM) (HT-7700, Hitachi, Japan).
The crystal structures of polymers were detected by X-ray
diffractometer (X’Pert Pro, PANalytical, Netherlands). The
thermal stability of polymers was recorded on the simulta-
neous thermal analyzer (TG290F3, Netzsch, Germany) at a
heating rate of 20 °C/min from room temperature to 600 °C
under N,. The nitrogen adsorption-desorption experiments
were measured by a pore size distribution analyzer (V-Sorb
2800TP, Gold APP Instruments Corporation China, Beijing,
China).

Selection of dispersion medium

In order to select the best dispersion medium, several copies of
10 mg dried SMIP were placed in 5-mL centrifuge tubes.
Then, 3 mL of different dispersion medium, including aceto-
nitrile, methanol, ethanol, distilled water, dimethyl sulfoxide,
acetonitrile/water (6/4, v/v), acetonitrile/water (5/5, v/v), and
acetonitrile/water (3/7, v/v), were added into them separately.
After shaken for 5 h on the constant temperature oscillator, the
mixtures were centrifuged at 10,000 rpm for 10 min. Finally,
the remaining precipitate was dried and weighed.

Binding properties of SMIP

The binding capacity of HQN on SMIP was achieved by
equilibrium adsorption experiment. 2.0 mL of HQN solu-
tion (0~2.5 mmol/L) prepared by acetonitrile/water (5/5,
v/v) solvent was put into the dried composite weighted
10 mg. After shaken for 5 h and centrifuged, the concen-
tration of HQN in the supernatant was determined by UV
spectrophotometer at the wavelength of 238 nm. The ad-
sorption kinetic experiment was similar to the above de-
scription, except for that it needs to test samples at differ-
ent time points. The above adsorption capacity (Q.,
mmol/g) of HQN on SMIP was calculated as follows:
0.=(Cy-C,) VIM, where Cy and C, (mmol/L) represented
the initial and equilibrium concentration of HQN in
acetonitrile/water (5/5, v/v) solution, respectively. V (L)
represented the volume of the solution and M (g) was the
mass of the polymer. The imprinting factor (IF) was used
to evaluate the specific imprinted performance of SMIP
[35]: IF = Osmip/Osnip, Where the Osmip and Osnip
(mmol/g) represented the maximum adsorption capacity
of HQN on SMIP and SNIP, respectively.
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Electrochemical measurement of SMIP
The preparation of SMIP-based electrochemical sensor

The preparation processes of SMIP-based membrane were
as follows: 5 mg of multi-walled carbon nanotubes
(MWCNT) were dispersed in 5 mL DMF solution for
standby. The chitosan solution was obtained by dissolving
the chitosan (20 mg) into the 10 mL mixtures of acetoni-
trile/water/acetic acid (1/1/0.2). Then, the SMIP-based
membrane was prepared by adding 20 mg of the SMIP
into above mixtures and mixed uniformity with ultrasound
oscillations. Finally, 0.5 mL of the MWCNT dispersion
solution, which was mainly used to improve the conduc-
tivity of the SMIP, was added into the SMIP-based mem-
brane and blended by sonication for 10 min [36, 37]. The
glassy carbon electrodes (GCEs) were successively
polished with 0.3 and 0.05 wm alumina powder, and then
washed with ethanol and deionized water for 10 min, re-
spectively. Twenty microliters of the membrane cocktail
was drop-cast onto the surface of the GCEs and allowed
to dry for 5 h. The obtained modified electrode was re-
corded as MWCNT/SMIP/GCEs.

Electrochemical measurements

The electrochemical properties of the MWCNT/SMIP-
modified electrode (MWCNT/SMIP/GCE) were verified by
the cyclic voltammetry (CV) and differential pulse voltamm-
etry (DPV) using the 5 mmol/L K5[Fe(CN)g] with 20 mmol/L
KClI solution as the electrochemical probe. The amount of
HQN was determined by incubating the MWCNT/SMIP/
GCEs into HQN/PBS solution with different concentration
for 10 min. After washing with deionized water, the modified
electrode was placed in a blank PBS solution (pH 7.4,
100 mmol/L) and measured by differential pulse voltammetry
(DPV). From them, the CV experiments were carried out over
a potential range from —0.2 to 0.6 V with the scan rate of
50 mV/s, and the DPV detections were characterized at the
potential range from —0.2 to 0.6 V, the potential increment
was 4 mV, the pulse amplitude was 50 mV, the pulse period
was 100 ms, the pulse width was 40 ms, and the sampling
width was 10 ms.

Results and discussion

Solubility test

Due to the lack of chemical cross-linking agent, the stability of
the MIP prepared in this work was greatly weakened.

Although the immobilized template (QN) and liquid crystal
monomers (MPDE) in the system could maintain the rigid



Preparation, characterization, and application of soluble liquid crystalline molecularly imprinted polymer... 7325

Fig. 2 Solubility (a) and TEM
images (b) of SMIP in different a
solvents

In Methanol

In Acetonitril :

structure of the polymer, the stability the polymer was also
much lower than that of containing chemical cross-linker.
Strangely, the SMIP synthesized in this system exhibited par-
tial solubility in some organic solvents (Fig. 2a). To certify the
soluble amount further, the surplus of pre-weighed MIPs
(10 mg) was also recorded after shaken for 5 h in the common
solvents. As shown in Table S1 (see Electronic
Supplementary Material ESM), more than half of the SMIP
dissolved in acetonitrile and ethanol, and almost completely in
methanol. Due to its floatability [38], the SMIP in deionized
water and DMSO was suspended on the surface of the medi-
um, so as to the content of them could not be accurately mea-
sured after centrifugation. However, when the mixture of ace-
tonitrile and water was chosen as the dispersion medium, it
was found that the loss of SMIP was almost the same that in
acetonitrile/water (5/5, v/v) was the least. Then, the morphol-
ogies of SMIP in the solvent were conducted further.
Resembling to Fig. 2 a, the TEM image of SMIP showed no
particles when using methanol as the dispersing agent, while

In Ethanol

In Acetonitrile/watel
(5/5)

>

uniform distribution in acetonitrile and ethanol, and aggrega-
tion in acetonitrile/water (5/5, v/v) (Fig. 2b). We preliminary
concluded the SMIP could be soluble in methanol as mole-
cules or ions and distributed as particle in ethanol, acetonitrile,
and acetonitrile/water.

Selection of incubation medium

In order to achieve the measurement of the binding isotherm
accurately, the acetonitrile/water, which the SMIP could iso-
late completely from them after centrifugation, was selected as
the incubation solution. Firstly, the equilibrium adsorption
experiments were performed in the acetonitrile/water (5/5,
v/v) and acetonitrile/water (6/4, v/v) and the result was ana-
lyzed with Langmuir equation [35]: O, = OnaxKC/(1 + KC,),
where Opnax (mmol/g) was the maximum amount of HQN
adsorbed on SMIP, and K (L/mmol) was the constant related
to the binding affinity. As illustrated in ESM Fig. S1, the
SMIP demonstrated good specificity recognition performance
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on HQN in both solutions, while the larger adsorption capac-
ity (Omax = 149 pmol/g) and the imprinting factor (IF = 1.786)
in the acetonitrile/water (5/5, v/v) can be displayed. In conclu-
sion, the acetonitrile/water (5/5, v/v) was casted as the best
dispersion medium for the following researches.

Optimization of polymerization variables
The ratio of MAA to MPDE

In this system, the synthesis of SMIP was achieved by
completely replacing the LC monomer (MPDE) with the
chemical cross-linker (EDMA), expected to stabilize the rigid
structure of the polymer with MPDE alone. Therefore, the
content of MPDE directly affected the stability and selectivity
of the SMIP. By varying the ratio of MAA to MPDE, ranging
from 8/7 to 8/18, a series of SMIP were prepared and the
binding performance was shown in Fig. 3 a. In general, the
adsorption capacity and IF would gradually improve with the
increasing of MPDE, which strengthened the rigidity of
SMIP, while the higher content of MPDE (M4:8/12, M5:8/
15, and M6:8/18) in the present study caused the adsorption
capacity and IF value tends to decrease. The possible reason
was that the increment of MPDE improved the cross-linking
degree, making the imprinting sites of SMIP embedded and
the specific adsorption capacity reduced. The adsorption ca-
pacity did not improve until the ratio reduced to 8/8 (M2), but
the IF value was lower than 8/9 (M3), which indicated that the
recognition performance of SMIP was changed as the content
of MPDE. These results were inconsistent with previous stud-
ies that may be caused by the unstable structure of the SMIP
[39]. As a compromise of IF value, the ratio of MAA to
MPDE adopted in all subsequent protocols for preparing the
SMIP was 8/9.

The ratio of template to functional monomer

The optimization of template to monomer ratio of the SMIP in
this system was conducted by adjusting the amount of tem-
plate (1/4-1/32) in the formula with fixing otherwise polymer-
ization parameters. The ratio of template to functional mono-
mer (T/M) had a significant effect on the affinity and imprint-
ing efficiency of the MIP for the noncovalent imprinting [20].
As shown in Fig. 3 b, more or less of templates could not
improve the imprinting effect of SMIP, the reasons were as
follows: Since the higher content of template (M7:1/4 and
MS:1/8), there were insufficient functional monomers to form
specific imprinted cavities with template, resulting in fewer
specific recognition sites and lower adsorption capacity; for
another, the excess functional monomer will undergo self-
polymerization as the lower content of template (M5:1/16,
M10:1/20, M11:1/32), causing the reduction in the
formation-effective template-monomer complex. Despite
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Fig. 3 Adsorption capacity and imprinting effect of HQN on SMIP
prepared with different ratio of MAA to MPDE (a), template to
functional monomer (b) and HQN to QN (c¢)

incompatible with the previous studies that the better imprint-
ing effect with higher template [5, 40], the largest adsorption
capacity (0.37+0.06 mmol/g) and IF (3.44+0.25) were
achieved as the ratio of 1/10 in this system. The reason may
be that the content of template showed little influence on the
chain growth and condensation rate of polymerization reac-
tion in this system that absence of chemical cross-linker.
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The ratio of HQN to QN

The immobilized template, QN, in this project played an im-
portant role in the synthesis of SMIP. The double-bond struc-
ture was semblable with that of functional monomer or cross-
linker, which could participate in the polymerization to stabi-
lize the rigid structure and imprinting sites of SMIP [26].
Therefore, the influence of QN content on the imprinting ef-
fect of the SMIP was also explored. As shown in Fig. 3 c, the
adsorption capacity of HQN on SNIP had improved as the
content of QN increased, while the SMIP changed a little.
This may be related to the higher content of immobilized
template that could enhance the stability of SNIP without tem-
plate and increase the non-specific adsorption for HQN, caus-
ing the IF of SMIP with HQN to QN from 8/2 to 8/5 which
was relatively higher than that of 8/6 to 8/10. In addition, the
other possible reasons for the reduction of SMIP adsorption
capacity (8/6 and 8/10) was the embedding of few imprinting
sites and the collapse of imprinting cavities in the process of
grinding [41]. Therefore, by combining with the adsorption
capacity (0.37+0.06 mmol/g) and imprinted factor (3.44 +
0.25) for template in Fig. 3 c, the 8/5 was confirmed as the
optimal ratio of HQN to QN.

Equilibrium adsorption and selectivity of SMIP

The equilibrium adsorption performance of the HQN on the
SMIP, SNIP, as well as the control composites, LC-free QN
MIP, QN-free LC MIP, and the conventional MIP were inves-
tigated by the adsorption isotherm test. Due to lacking of QN,
LC, or EDMA to stabilize the rigidity, the blank MIP (C4)
could not be successfully synthesized. As illustrated in Fig. 4
a, the SMIP presented the greater adsorption capacity (0.37 =
0.06 mmol/g) and imprinting effect (3.44 +0.25), suggesting
that the cotransduction of LC monomer and immobilized tem-
plate could maintain the rigid structure and improve the spe-
cific binding effect of the SMIP. While the QN-free LC MIP
showed the minimal adsorption capacity compared with
SMIP, which the reason was that the weaker structure was
supported by MPDE only, the results demonstrated that the
immobile template (QN) played an active role in stabilizing
the structure of polymers. In addition, the LC-free QN MIP
and conventional MIP synthesized with EDMA instead of
MPDE displayed higher adsorption capacity for HQN, while
the LC-free QN NIP was slightly lower than that of conven-
tional NIP, which proved that immobilized template in the
system may inhibit the generation of non-specific recognition
sites of the polymer. Although with the greater binding prop-
erty of conventional MIP, the imprinting effect (1.38 £0.14)
was extremely poor, indicating that the imprinted sites of MIP
with higher level of cross-linker (80-90 mol%) were embed-
ded easily and the templates were difficult to be eluted.

The adsorption kinetics of HQN on the different MIPs was
investigated in a range of the adsorption time from 0 to
300 min with a constant initial concentration. The 2 mmol/L
of HQN in acetonitrile/water (5/5, v/v), which was the equi-
librium concentration in adsorption isotherm (ESM Fig. S2),
was adopted in this system. As shown in Fig. 4 b, the absorp-
tion amount of HQN onto SMIPs increased with the adsorp-
tion time at first 1 h, and reached equilibrium at 120 min.
Similar behaviors of QN-free LC MIP were also observed
with longer time for adsorption equilibrium (ca. 180 min),
while the adsorption capacity was lower than that of SMIP,
which may be related to the unstable structures obtained with-
out immobile template. Strangely, the LC-free QN MIP and
conventional MIP with chemical cross-linker exhibited a rapid
dynamic adsorption to gain adsorption equilibrium (ca.
90 min), which suggested the recognition sites accessible for
the HQN on them. Combining with the adsorption isotherm
test, the specific binding effect of SMIP had been improved by
introducing the LC monomer and immobilized template si-
multaneously, but the mass transfer of them was slower than
that with chemical cross-linker.

The selectivity of SMIP was conducted by exploring the
adsorption performance for the template and their analogues,
the structures of the analogues were shown in Fig. 4 c.
Figure 4 d demonstrated the case of SMIP and SNIP for
rebinding of HQN, QN, HQND, and QND. The selectivity
factor (SF) of the analogues for HQN was defined as follows:
SF = Om/On, where Oy was adsorption capacity of template
or its analogues on SMIP and Qy was adsorption capacity of
SNIP. The SF value of SMIP to HQN, QN, HQND, and QND
was 3.44+0.25,1.17+0.03, 1.11 £0.08, and 1.13+0.02, re-
spectively. These results manifested that the imprinted cavities
of SMIP complementary to template structure could recognize
the HQN specifically, while the non-specificity for QN,
HQND, and QND.

Characterization of SMIP

The surface morphologies of SMIP, SNIP, and the control com-
posites were characterized by the SEM and the results were
shown in Fig. 5. The SMIP (Fig. 5a) was the cauliflower-like
micro-particle of about 3 um with an uneven surface and three-
dimensional structure, the SNIP (Fig. 5b) was similar with the
SMIP, but relatively loose, confirming the structural stability was
inferior than that of SMIP. The LC-free QN MIP and LC-free
QN NIP (Fig. 5c and d) were the bulk particles with uneven
distribution, which may be caused by the combination of QN
and EDMA. Since the lack of QN in the synthesis process, the
QN-free LC MIP and QN-free LC NIP (Fig. 5e and f) were the
irregular spherical. In addition, the conventional MIP and NIP
without the QN and MPDE (Fig. 5g and h) were similar to that of
LC-free QN MIP, but more dispersed, indicating that the
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Fig. 4 a Imprinting effect of HQN on SMIP, LC-free QN MIP, QN-free
LC MIP, and conventional MIP. b Kinetic binding curves of HQN on
SMIP, SNIP, LC-free QN MIP, QN-free LC MIP, and conventional MIP.

presence of QN and MPDE exhibited prominent influence on the
morphology of the SMIP.

The crystal structures of polymers were further recorded by
X-ray diffraction (XRD) patterns. As shown in Fig. 6, the
main characteristic peaks of LC monomer (MPDE) were ob-
served at about 5.7°, 5.9°, 11.9°, 16.8°, 18.3°, 18.6°, 19.9°,

and conventional NIP (h)

@ Springer

Fig.5 SEM images of SMIP (a), SNIP (b), LC-free QN MIP (¢), LC-free QN NIP (d), QN-free LC MIP (e), QN-free LC NIP (f), conventional MIP (g),
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and 20.2°. The XRD patterns of SMIP, SNIP, and QN-free LC
MIP showed the good agreement with MPDE, whereas the
peak intensity of them decreased significantly after synthesis.
These were attributed to the amorphous structure of the MIP
around MPDE that counteracting force of the MIP led to the
peak strength reduction and migration [42]. The results
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Fig. 6 XRD patterns of MPDE, SMIP, SNIP, QN-free LC MIP, LC-free
QN MIP, and conventional MIP

validated the MPDE took part in the polymerization success-
fully. In contrast, the LC-free QN MIP and conventional MIP
without MPDE demonstrated no obvious crystal peaks.

The thermal stability of the polymers at high temperature
was characterized by the thermal gravimetric analysis (TGA).
As shown in ESM Fig. S3, the LC-free QN MIP and conven-
tional MIP started to decompose after 200 °C, while the SMIP,
SNIP, and QN-free LC MIP were about 150 °C. Furthermore,
the SMIP, SNIP, and QN-free LC MIP showed two stages of
decomposition. The rapid weight loss between 150 and
260 °C was mainly caused by the collapse of the skeleton,
and that in 260-450 °C, the fracture of the polymer chain
was formed by the free radical of the functional monomer.
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Table2  Pore properties of SMIP, SNIP, LC-free QN MIP, QN-free LC
MIP, and conventional MIP

Polymers Sper (M*/g) S, (m%/g)  V, (cm’/g)  Diean (nm)
SMIP 533 533 0.020 14.67
SNIP 3.98 6.79 0.016 12.64
LC-free QN MIP  232.68 181.11  0.556 9.57
QN-free LC MIP  14.56 6.42 0.260 11.45
Conventional MIP  270.49 189.82 0.614 9.07

Szer, BET surface area; S,, t-plot surface area; Vp, single-point adsorption
total pore volume; D,,..,, median pore width

These results suggested that the stabilities of the SMIP and
SNIP synthesized with physical cross-linker, MPDE, were not
as good as that of conventional chemical cross-linker, al-
though they presented the better specific recognition
performance.

To reveal the relations between morphology and imprinting
effect of MIPs, the nitrogen adsorption measurements were car-
ried out at 77 K. As illustrated in Fig. 7 a, the SMIP, SNIP and
QN-free LC MIP displayed “type III” isotherms [43] with a H3-
type hysteresis loop, suggesting the pore structures of them were
irregular with slit-shaped pores from aggregates of plate-like par-
ticles. On the contrary, the isotherms of LC-free QN MIP and
conventional MIP with chemical cross-linker were “type II”” that
presented the strength interaction between the solid surface and
adsorbed gas molecules. In addition, the adsorption isotherms
demonstrated an inflection point at around 0.1 P/Py, indicating
the ending of the monolayer adsorption stage and the beginning
of the multilayer coverage stage. Similarly, the porosity of them
was also higher (Fig. 7b), and the pore diameters of the SMIP,
SNIP, and QN-free LC MIP were all distributed at 4-5 nm in-
stead of 7-8 nm or 10 nm of the LC-free QN MIP and conven-
tional MIP. All of them were single peak, which suggested that
the mesoporous polymers in this system contained a large num-
ber of slit-shaped pores and other irregular shape pores.
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Fig. 7 Nitrogen adsorption-desorption isotherms (a) and pore distribution (b) of SMIP, SNIP, LC-free QN MIP, QN-free LC MIP, and conventional

MIP
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Fig. 8 Dispersion of SMIP and MWCNT/SMIP membrane in acetonitrile/water (5/5, v/v) (a) and the CV (b) or DPV (¢) measurements of SMIP, SNIP,
and the control composite-modified electrode in the 5 mmol/L K5[Fe(CN)g] with 20 mmol/L KClI solution

The Brunauer-Emmett-Teller (BET) surface areas of
SMIP and its control composites were further supplied
in Table 2. The BET surface area of LC-free QN MIP
and conventional MIP with chemical cross-linker
(232.68 and 270.49 m?*/g) was over 50 times higher
than that of the SMIPs (5.33 m?/g), which may be re-
lated to the non-uniform structure of the high cross-
linking that presented as the large surface area that
was similar to MWCNT@LC-free MIP we reported pre-
viously [5]. Besides, the pure substitution of EDMA
with LC monomer and immobile template caused great
decrease of total pore volume. Although lower BET
surface area and pore volume than that of conventional
MIP, the SMIP explicated the higher IF. The results
demonstrated that it was the synergistic effect between
LC monomer and immobile template rather than surface
area improved the imprinting effect of HQN on SMIP.

Electrochemical properties of the SMIP-modified
electrode

Figure 8 a has demonstrated SMIP could disperse uniformly
in the modified membrane on the MWCNT/SMIP/GCE.
Meanwhile, the electrochemical properties of the MWCNT/
SMIP-modified electrode (MWCNT/SMIP/GCE) were mea-
sured by using the 5 mmol/L K;[Fe(CN)g] with 20 mmol/L
KClI solution as the electrochemical probe and the CV curves
were illustrated in Fig. 8 b. The electrical conductivity of the
bare GCE electrode was inferior than that of other GCEs

modified by MWCNT, indicating that the MWCNT could
enhance the conductivity of the GCE. Since the more
imprinted sites accelerated the diffusion of [Fe(CN)6]3_/ “"on
the electrode surface, the current intensity of SMIP was far
higher. While the MWCNT/conventional MIP was the least,
the reason was that the imprinted cavities of the conventional
MIP on the electrode surface were embedded with the high
level of cross-linker and the electron transfer was hindered.
Moreover, the DPV measurements of them were similar to
above (Fig. 8c). These results suggested that the LC monomer
and immobilized template could improve the electrochemical
behavior of the SMIP.

Determination of HQN in lake water

The calibration curve of the HQN in the MWCNT/SMIP/GCE
was carried out by DPV responses. As shown in ESM Fig. S4,
the reduction peak current increased gradually with the accre-
tion of HQN concentration and had a good linear relationship
at the concentration of 0.5-100 umol/L. The linear equation
was [=— 0.594-0.053C with the correlation coefficient of
0.997. In accordance with the International Union of Pure
and Applied Chemistry (IUPAC) definition, the detection lim-
it (by equation Cpy =3Sb/m) is calculated as 0.33 pmol/L.
The Sb (0.047) was the standard deviation of the blank (n =
5) and m (0.053) was the slope of the linear calibration curve.
In order to confirm its feasibility for real application, the
prepared sensor (MWCNT/SMIP/GCE) was used to test the
content of HQN in spiked lake water samples. The lake water

Table 3  The determination, recovery and relative standard deviation (RSD) of HQN in lake water samples with the SMIP-based electrochemical
sensor (n =3 days, five replicates per day)
Samples Amount of HQN (umol/L) Recovery (%) RSD (%)

Added Found Intra-day Inter-day
Lake water 10 9.74 + 0.37 97.4 5.5 12.5

30 29.80 + 0.63 99.3 2.3 32

50 50.42 + 0.86 100.8 1.6 3.6
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was from the Jingyi lake of Tianjin Medical University and
had filtered with the microporous membrane (0.22 um) before
detection. As illustrated in Table 3, the recoveries for the lake
water sample analysis varied from 97.4 to 100.8%. The intra-
day precision and inter-day precision tests indicated that the
RSD values were within 5.5% and 12.5%, respectively. These
results proved that the SMIP-based sensor had the promising
potential for determination the HQN in complex samples.

Conclusions

In summary, the soluble MIP, stabilized its structure with LC
monomer and immobilized template only, was synthesized
successfully. Compared with SNIP, QN-free LC MIP, LC-
free QN MIP, and conventional MIP, the SMIP exhibited
the higher adsorption capacity and imprinted performance
for the template (HQN) in acetonitrile/water (5/5, v/v). The
selectivity of SMIP on HQN and its analogues QN, HQND
and QND, had proved that SMIP could recognize the HQN
specifically. Unfortunately, the mechanism on how to stabi-
lize the imprinting site of SMIP in the soluble solvent was not
clear yet. The electrode modified by MWCNT/SMIP had pre-
sented better conductivity in 5 mmol/L K3[Fe(CN)¢] solu-
tions. Moreover, the obtained SMIP sensor exhibited highly
sensitivity and could detect the trace amount of HQN in lake
water. This work provided a good foundation for the prepara-
tion of soluble molecularly imprinted polymer.
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