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Abstract

A star-shaped molecularly imprinted coating was prepared starting from octavinyl-modified polyhedral oligomeric
silsesquioxanes (Ov-POSS). It possesses a relatively open structure and has good site accessibility and a larger capacity even
at lower cross-linking. The imprinted coating was prepared from S-amlodipine (S-AML) as the template and analyte, Ov-POSS
as the cross-linker, and methacrylic acid as the functional monomer. The preparation and chromatographic parameters were
optimized, including ratio of template to functional monomer, apparent cross-linking degree, pH value, ACN content and salt
concentration in the mobile phase. The best resolution in enantiomer separation by means of capillary electrochromatography
reaches a value of 33. A good recognition ability («c=2.60) was obtained and the column efficiency for S-AML was 54,000
plates m '. The use of Ov-POSS as a cross-linker significantly improves the column capacity and thus the detection sensitivity.
The results show that Ov-POSS is an effective cross-linker for the preparation of imprinted polymers with good accessibility and
large capacity.

Keywords Star-shaped polymers - Ov-POSS - Molecular recognition - Low cross-linking - Dendrimers - S-Amlodipine - Chiral

separation - Capillary coating - Imprinting effect

Introduction

A molecularly imprinted polymer (MIP) is a synthetic host
system that can recognize and bind the target molecule spe-
cifically [1, 2]. However, one of the limitations of MIP is
broad guest affinities and selectivities. As a result, consider-
able attention has been focused on moulding desired recogni-
tion sites, including the use of a metal ion as self-assembly
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pivot [3], auxiliary monomers [4] and high pressure [5], opti-
mization of polymerization temperature [6], as well as the
strategy of molecular crowding [7].

Dendrimers are attractive candidates for material de-
sign because of a significant degree of cross-linking
derived from the large number of end-groups [8, 9].
Due to their well-defined branched structures, as well
as controlled functionality and composition, dendrimers
have unique properties which are superior in compari-
son with their linear counterparts [10-12]. When used
in the preparation of MIP, dendrimer structure with vast
space made the template molecule elute and recombine
to the polymer matrix easily. As a result, dendrimer
MIP can give faster mass transfer, better capacity and
selectivity [13]. For example, Pan et al. reported a kind
of molecularly imprinted biomimetic sensor with incor-
porating poly(amidoamine) dendrimer as functional
monomer [14]. Prasad et al. used a trifunctional mono-
mer to prepare doubly imprinted dendrimer for the elec-
trochemical determination of uric acid, norepinephrine
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[15] and folic acid [16]. In addition, hierarchical porous
dendrimer-like amino-functionalized silica nanoparticles-
based MIP has also been reported [17]. The need for
multi-step synthesis of the dendrimers, as well as the
high dilution conditions required for the reaction is the
limitations of this approach.

Star polymers are alternative broad class of branched
macro-molecular architectures and typically referred to as
the “core”. They have linear “arms” radiating from a central
branching point [18]. They represent one of the most simple
deviations from one-dimensional linear polymers due to their
spatially defined yet compact three-dimensional structure. By
precise control of structure and function, such as core archi-
tecture, chain end composition and molecular weight, the
properties of star-shaped polymers can be controlled.

Polyhedral oligomeric silsesquioxanes (POSS) are organic-
inorganic hybrid composite based on a cage-like structure [19,
20], with general formula of (RSiO; 5),. POSS have framework
like silica and multiple reactive functionalities, thus can be used
as building blocks frequently. For example, Bagheri et al. re-
ported a method to prepare POSS-epoxy-based 3D nanoscaled
materials with high surface area, uniform pore structure and
hydrophobicity. The materials was used for solid phase
microextraction of polycyclic aromatic hydrocarbons [22].
When POSS monomers containing eight reactive arms at the
vertex of the core are used in polymerization, hybrid star-
shaped polymers with well-defined branched structures can be
formed [21]. Such strategy can be used to mediate polymer
chain-chain interactions by use of well-defined nanoparticles.
In addition, it provides the bottom-up approach to the control of
the chemical functionalities and the structure is desired in the
situations where the highly branched architecture is needed. As
a result, star-shaped polymers have superior properties in com-
parison with their linear counter-parts. In the field of molecular
imprinting, it was found that the use of POSS monomer of
reactive site can improve imprinting effect by suppressing non-
selective binding sites [23, 24]. However, the nature of the
resulting POSS-based MIP is still linear counterparts.

Inspired of the advantage of the branched macro-molecular
architectures, POSS macromonomer with eight reactive groups,
PSS-octavinyl substituted (Ov-POSS) was first used as a cross-
linker to prepare star MIP for improvement in imprinting ca-
pacity in the present work. The Ov-POSS MIPs were synthe-
sized in a form of capillary coating column. The effect of intro-
duction of branched macro-molecular architectures into MIP
was evaluated by enantiomer separation using capillary
electrochromatography (CEC). The resulting Ov-POSS MIPs
can form good imprinting even at a lower cross-linking level
since Ov-POSS as cross-linker can provide highly branched
structure. The well-designed Ov-POSS-based star MIPs pos-
sess the following attractive features: (1) open structure of poly-
mer network derived from the low cross-linking level; (2) good
accessibility of sites and larger capacity; (3) greater imprinting
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effect than conventional non-star-based MIPs (Fig. 1). The ef-
fect of preparation parameters of the Ov-POSS-based MIP on
the enantiomer separation ability was studied in CEC mode.

Experimental
Materials

S-AML and rac-amlodipine (rac-AML) were purchased from
Hengshuo Sci. & Tech. Corp. (Hubei, China, www.
hengshuochem.com). Azobisisobutyronitrile (AIBN) was
purchased from J&K Scientific Ltd. (Beijing, China, www.
jkchemical.com). PSS-Octavinyl substituted (Ov-POSS) was
purchased from Aladdin (Shanghai, China, www.aladdin-e.
com). Methacrylic acid (MAA) was supplied by Tianjin
Kemiou Chemical Reagent (Tianjin, China, www.
chemreagent.com). 3-(Trimethoxysilyl)propylmethacrylate
(y-MPS) was supplied by Acros (Geel, Belgium, www.
acros.com). Acetonitrile (ACN) was HPLC grade (Fisher,
NJ, USA, www.thermofisher.com). Other analytical reagents
were supplied by Tianjin Chemical Reagent Co. Ltd. (Tianjin,
China, www.2121853.atobo.com.cn). Bare fused-silica capil-
laries with 100 pm L.D. and 375 um O.D. were supplied from
Xinnuo Optic Fiber Plant (Hebei, China, www.11467.com/
handan/co/68426.htm).

Preparation of octavinyl substituted polyhedral
oligomeric silsesquioxanes (Ov-POSS) based
dendrimer MIP capillary

Firstly, the bare fused-silica capillary was rinsed using
1 mol L™ sodium hydroxide solution for approximately
30 min and then followed by double distilled water about
30 min. Next, a solution of 0.4% y-MPS/ acetic acid (HAc)
was prepared by adding 4 pl of y-MPS into 1 mL of HAc
solution (6 mmol L") and used to wash the capillary at least
90 min. Then the double distilled water and acetone were
pumped into column respectively and kept for 30 min each.
Lastly, the capillary was dried under nitrogen atmosphere. A
pre-polymerization mixture consisting of AIBN (4 mg), S-
AML (0.053 mmol), MAA (0.16 mmol) and Ov-POSS
(0.08 mmol) were dissolved in 854 pL chloroform (CHCls)
(Table 1). After sonicating and mixing for 10 min, the pre-
polymerization solution was injected into the column by sy-
ringe. Two ends of column were sealed with the rubber stop-
pers and painted with Vaseline, then kept at a 53 °C water bath
for polymerization. After polymerization, the resultant coating
column was instantly washed with ACN and methanol/acetic
acid (90:10, v/v) using the hand-held pump, respectively. At a
distance of 10.5 cm away from the exit end of the MIP coating
column, a 2-3 mm segment detection window was created by
burning out of the polyimide outer coating.
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Fig. 1 Schematic representation
of Ov-based MIP and conven-
tional MIP
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Capillary electrochromatography

Evaluation of the MIP coating column were performed
on a K1050 system (Kaiao, Beijing, China) consisting
of CXTH-3000 chromatographic workstation and UV
detector. The mobile phase was prepared with different
proportions of acetonitrile and buffer. The buffer was a
mixture of acetic acid and sodium acetate solution, in
which pH and salt concentration varied. All the mobile
phase were prepared with double distilled water and
filtered through a 0.2 wm microporous membrane. The
column was washed with mobile phase for 10 min be-
fore CEC running. The voltage for separation was per-
formed at 15 kV and ultraviolet detection wavelength
was 238 nm.

In this experiment, separation factor () was calculat-
ed by a=tro/tg; since some of detected substances
were eluted prior to electroosmotic flow (EOF) [24],
where fg, and tg; are the retention time of the template
molecule and its enantiomer, respectively. The separa-
tion degree of analyte was evaluated by normalized sep-
aration index (Afgr/tr1) [25], where Aty is the difference
between the two enantiomers retention times at peak
maximum and fr; is the retention time of the first eluted
enantiomer.

The resolution (Rg) was calculated by the equation
Rs=(tr> - tr1)/0.5(W, + W;) and the column efficiency (N)
was calculated as N=16 (tx/W)?, where W is the width at
the baseline between tangents drawn to inflection points for
the peak.

Table 1 Recipes of preparation

for Ov-POSS-based MIP Column  S-AML (mmol)  Ov-POSS (mmol) MAA (mmol) CHCl; (uL) AIBN (mg) time (h)
capillary

Cl 0.053 0.08 0.16 854 4 1.5

C2 0.04 0.08 0.16 854 4 1.75

C3 0.02 0.08 0.16 854 4 2

C4 0.01 0.08 0.16 854 4 1.5

C5 0.04 0.053 0.16 854 4 2

C6 0.04 0.032 0.16 854 4 2

C7 0.04 0.016 0.16 854 4 1.75
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Results and discussion
Choice of materials

Traditionally, the MIPs are prepared by using high content of
cross-linker, e.g., 80% ethylene glycol dimethacrylate (EDMA)
(two polymerizable groups), to provide high rigidity for the
preservation of the structure of the imprinted sites [2].
However, this may be lead to the excessively embedded im-
printing sites thus decreased imprinting effect. It was found that
increasing the number of polymerizable groups of cross-linker
can reduce the content of cross-linker used while still maintain
high rigidity of the MIP. For example, using trimethylolpropane
trimethacrylate (TRIM) containing three polymerizable groups
as cross-linker to prepare MIP can reduce the level of cross-
linker to 67% effectively [6]. Thus, to use the POSS with eight
vinyl groups as cross-linker (ov-POSS) is expected to reduce
the level of cross-linker further in this work. Previously, POSS
with one polymerizable groups has been used to prepare
organic-inorganic hybrid MIPs [23, 24] with enhanced imprint-
ing effect. However, the POSS can not maintain high rigidity of
the polymer, and high content of cross-linker is still needed.

Synthesis of octavinyl substituted polyhedral
oligomeric silsesquioxanes (ov-POSS) based star
imprinted coatings

For fast evaluation, the Ov-POSS MIPs were synthesized in
the form of capillary column since CEC can produce higher
column efficiency and shorter analysis time. MAA is ioniz-
able monomer which can provide EOF for CEC, thus selected
as functional monomer to prepare star MIP. The reaction tem-
perature and time are also vital factors affecting the perfor-
mance of the polymer. The higher temperature will lead to the
column occluded while the lower temperature needs longer
reaction time [26]. Hence 53 °C was the optimum reaction
temperature. In addition, the column may also be occluded if
reaction time was too long. However, shorter time will make
the MIP coating too thin thus lower loading. 1.75 h was con-
sidered as the optimum reaction time.

Figure 2 shows scanning electron microscopy images of
capillary segments, indicating the microstructure of Ov-
POSS-based coating. It can be seen that the thickness of the
polymer coating on the inner surface of the capillary was
around 0.1-0.2 um. The MIP coating was fairly dense with
a much looser amorphous and highly irregular layer.

Imprinting effect of the star molecularly imprinted coating
was evaluated by means of CEC. Figure 3 illustrated the sep-
aration of rac-AML on the star molecularly imprinted coating,
depicting the characteristic elution order, time of electroos-
motic flow (EOF), and the selective retention of S-AML.
The resolution of rac-AML was 14.27 (Fig. 3) and the higher
number of theoretical plate of the template (44,200 plates m ')
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Fig. 2 Scanning electron microscopy images for Ov-POSS-based
MIP-coated (C1) capillary using S-AML as a template molecule.
ax 800 b x 5000

can be achieved. Compared to the conventional MIP coating
with AML imprints reported previously [24, 26], the column
performance of the star imprinted coatings improved signifi-
cantly, i.e., about 1.9 and 1.5 times.

Optimization of method

To obtain a MIP coating with better separation characteristics,
the following parameters were optimized: (a) the ratio of tem-
plate to functional monomer; (b) the apparent cross-linking
degree; (c) the pH of the mobile phase; (d) the ACN content
of the mobile phase; (e) the salt concentration of the mobile
phase. Corresponding data and figures are given in the
Electronic Supporting Material (ESM). In short, the following
experimental conditions were found to give the best results: (a)
T/M ratio of 1:3 resulted in faster chiral separation and T/M
ratio of 1:4 in the highest resolution and separation factor; (b)
optimal value: 33.3%; (c) optimal pH value: 3.6; (d) optimal
ACN content: 80%; (e) optimal salt concentration: 10 mM.

Capacity of the MIP

It was found that using Ov-POSS as cross-linker can signifi-
cantly improve the column capacity thus detection sensitivity.
The effect of sample loading on the Ov-POSS-based star MIP
coating was studied by injecting different concentrations of
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Fig. 3 Electrochromatograms of
rac-AML, S-AML on S-AML
imprinted capillary and EOF
demonstrating the imprinting
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effect. Conditions: capillary, 2.5 N_= 44200 plates m'l
100 um inner diameter, 47.5 cm ‘ s
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v). Elution order of two enantio- E
mers was identificated by ~ 1.5
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EOF

051  N=31200 plates m"
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template ranging from 0.3 to 30 ug mL™". As shown in Fig. 4,
when the concentration of rac-AML is 0.008 mg mL™",
overloading is observed while the separation efficiency is
not declined. Detection sensitivity, the minimum concentra-
tion of sample that can be detected was 0.3 ug mL ™" at S/N=
5, 10 times higher than that obtained by Wei et al. [27]. The
column capacity was up to 30 ug mL™' for SSAML, which
was 10 times greater than that of Ov-POSS-free MIP coating
[24]. This improvement in performance of molecular

1 2 3 4 5

Time (min)

imprinting may be attributed to the unique structure of
POSS-based polymers different from conventional MIP: the
POSS cages have typical diameters of 1.2 to 1.5 nm, thus each
monomer occupies a substantial volume. As a result, the av-
erage cross-linking density of star POSS-based MIP will be
lowered. In this case, the embedding of imprinted sites due to
the need of highly cross-linking to keep the memory of the
template molecule can be improved thus limited loading ca-
pacity of drug template would increase.

Fig.4 Separation of rac-AML on 10~ R-AML
S-AML-imprinted Ov-POSS
coating capillary at different con-
centrations of rac-AML.
Conditions: separation voltage, 8 -
15 kV; UV detector, 238 nm; S-AML
acetonitrile/10 mM acetate 1
(pH 3.6) (80/20, v/v) § 0.03 mg mL
E
= /k 0.008 mg mL"
- L N
< 4 7 _1
0.002 mg mL
1
24 0.0008 mg mL
] 0.0003 mg mL"
0 ”//\' I T I 1
0 2 4 6 8

Time (min)
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Table 2 Relative standard
deviation (RSD) of reproducibili-
ty on Ov-POSS-based capillaries
with S~AML imprints

Intra-capillary Inter-capillary
The first peak The second peak The first peak The second peak
Retention time (RSD %) 0.80 1.29 0.38 0.70
Column efficiency (RSD %) 2.57 4.06 3.34 2.81
Resolution (RSD %) 2.08 1.65
« (RSD %) 0.37 0.63

Reproducibility of the MiIPg

The reproducibility of various CEC separation parameters is
important for the synthesis and application of star molecularly
imprinted coatings. The mobile phase used for the investiga-
tion of reproducibility was a mixture of ACN and acetate
buffer (80/20, v/v) with pH value of 3.6 and salt concentration
of 10 mM. The column performance, retention time of two
enantiomers, separation factor and resolution from identical
capillary and different batches reproducibility of Ov-POSS-
based MIP column were investigated (Fig. S6, Fig. S7 and
Table 2). There was no significant difference in the chromato-
grams after 200 injections. The relative standard deviation
(RSD) of resolution for run-to-run and batch-to-batch was less
than 3%, demonstrating better reproducibility of the MIP coat-
ings based on Ov-POSS.

Comparison with related reference

In order to further evaluate the performance of Ov-POSS-
based imprinted coating, some characteristic features were
compared to other report on chiral separation [28]. Table 3
represents the comparison results in terms of the analytes,
resolution and RSD. Although the reproducibility of selective
factor was not as good as the Tang’s group, other separation
parameters in our work were significantly better than the ref-
erence. Especially, the resolution of our method was 11 times
grater than that of Tang’s group. In summary, using Ov-POSS
as a cross-linker to prepare MIP stationary phase is an effec-
tive method to chiral separation.

The major limitation of this method was the difficulty to
accurately find the position of the MIP ending in the capillary

after polymerization. Since the synthesized polymer was a coat-
ing column, the position of the MIP ending after drying the
capillary was not obvious. If the detection window was made
at the location containing polymer by mistake, the detection in
CEC run can not be realized. On the other hand, if the detection
window was was made at the location too far, the peak will be
broadened. Hence, the exact position of the MIP coating had to
be observed with the help of optical microscope.

Conclusion

A novel MIP coating column was successfully fabricated by
using octavinyl substituted polyhedral oligomeric
silsesquioxanes (Ov-POSS) as cross-linker and can be
employed for enantiomer separation of amlodipine. In addi-
tion, Ov-POSS was also used as dendrimer core and form the
open three-dimensional structure by polymer chain-chain
interactions. The resulting MIP had a lower cross-
linking degree, thus the number of active sites was in-
creased. As a result, the separation performance was
significantly improved. At the same time, Ov-POSS-
based MIP coating had better batch-to-batch and run-
to-run reproducibility, demonstrating the good stability
of the coating polymer. This finding may be helpful in prep-
aration of MIP sensor, in which fast response is expected due
to lower cross-linking polymer network. Other MIP formats
rather than capillary coating need to be developed in the future
for expanding the application of the MIP studied here. We
convince that the outstanding features of the star MIP would
open up new horizons to the imprints with good accessibility
of sites and greater capacity.

Table 3  Figures of comparable method for enantiomer separation by CEC
Materials References  Analytes Rs RSD (%)
retention time « (selective factor) Rs
(the first enantiomer)
Dynamic coating containing amino-modified silica 28 Chlorpheniramine  2.95  2.87 0.17 3.73
nanoparticles and carboxymethyl--cyclodextrin
Ov-POSS-based imprinted coating This study ~ Amlodipine 3296 0.80 0.37 2.08
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