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a b s t r a c t

We designed and synthesized a cinchonine derivative to be used as a novel chiral monomer. It was
employed in a dual role of functional monomer and cross-linking monomer, displaying multi-binding
sites for the template (S)-ketoprofen. Monodisperse molecularly imprinted core-shell microspheres were
prepared using surface imprinting method on silica gel. The results show a substantial synergistic effect
in the enantioselective recognition, confirming our initial hypothesis. Computational simulation of the
monomer and template pre-arrangement strongly supports our proposed chiral recognition mechanism
eywords:
urface molecular imprinting technique
ynergistic effect
nantiomer separation
etoprofen
igh-performance liquid chromatography
omputational simulation

for the imprinted microspheres.
© 2011 Elsevier B.V. All rights reserved.
. Introduction

Molecular imprinting is a technique for creation of polymeric
atrices containing tailor-made receptors with specific molecu-

ar recognition ability [1]. During the first step of the process,
olymerizable functional monomers are arranged around a tem-
late molecule and co-polymerized with crosslinking monomers.
he template is then extracted from the resulting polymer, gen-
rating target-specific binding cavities which are complementary
o the template in size, shape and functional groups [2]. Molecu-
arly imprinted polymers (MIPs) show high selectivity and affinity
owards the template. Because of their outstanding molecular
ecognition characteristics, MIPs have drawn much attention in
arious fields, such as drug delivery [3–7], solid-phase extrac-
ions [8–12], chromatographic separations [13–15], biomimetic
ensing [16–18] and mimic enzyme catalysis [19,20]. MIPs have
een researched for many years for the purpose of chiral separa-

ion; they are exploited as chiral stationary phase in separation
f a broad range of chiral compounds, such as amino acidic
erivatives [21–23], peptides [24,25] and various pharmaceutical

∗ Corresponding authors. Tel.: +86 20 39310369.
E-mail address: tanglab@scnu.edu.cn (Y. Tang).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.04.043
drugs [26–28]. The available data demonstrate that the concept
of imprinting is highly suitable for developing robust artificial
receptors with chiral recognition properties; such receptors can be
utilized in detection and separation of many different compounds
and their analogues.

The choice of functional monomer is very important for the chi-
ral separation selectivity of MIPs. Currently, the most commonly
used functional monomers are acrylamide, methacrylic acid and 4-
vinyl pyridine. These monomers have limited ability for molecular
recognition [29], particularly in case of chiral compounds. Recently,
Gavioli et al. [30] have used cinchona alkaloid derivative as func-
tional monomer and successfully prepared 3, 5-dichlorobenzoyl
amino acid imprinted polymers with a high template retention
factor.

Existing molecular imprinting techniques employ mainly sin-
gle enantiomer template molecules and non-chiral functional
monomers to predetermine chiral three-dimensional cavities and
prepare chiral MIPs for enantioselective recognition applications.
The traditional chiral stationary phases (CSPs) in liquid chromatog-
raphy, such as cellulose, amylase and cyclodextrin, are used to

investigate the resolution ability of chiral selectors.

This work focuses on creation of novel molecularly imprinted
microspheres (MIMs) using a single chiral monomer, and inves-
tigates the synergistic effect between chiral monomer and chiral

dx.doi.org/10.1016/j.chroma.2011.04.043
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:tanglab@scnu.edu.cn
dx.doi.org/10.1016/j.chroma.2011.04.043
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Table 1
The preparative composition of different polymers.

Polymers (S)-ketoprofen (mmol) ACC (mmol) ACQ (mmol) AIBN (g)

MIM1 1.19 2.38 – 0.10
MIM2 2.38 2.38 – 0.10
MIM3 4.72 2.38 – 0.10
MIM4 7.14 2.38 – 0.10
O

Fig. 1. The pre-arrangement between chiral monomer (a) and (S)-ketoprofen (b).

avity in enantioselective recognition. We selected (S)-ketoprofen,
typical non-steroidal anti-inflammatory drug, as the template
olecule. Taking into account its chemical structure, we designed

nd synthesized a new polymerizable cinchonine derivative. It was
sed as a single chiral monomer, playing a dual role of functional
onomer and cross-linker. We postulate that this chiral monomer
ight have (S)-ketoprofen multi-binding sites (Fig. 1); this assump-

ion is strongly supported by the results of our computational
imulation.

. Experimental

.1. Chemicals and instruments

We made silica particles (diameter about 5 �m) [31] and
sed them as the support medium to prepare the (S)-
etoprofen (KEP) imprinted microspheres. (S)-ketoprofen and
ac-ketoprofen were purchased from Hubei Anlian Pharma-
eutical Factory (Wuhan, China). Rac-ibuprofen (IBU) was
indly provided by Suzhou No. 4 Pharmaceutical Factory
Suzhou, China). Rac-naproxen (NAP) was purchased from
hanghaiDingxin Science and Technology Corporation (Shang-
ai, China). Cinchonine, quinidine, allyl isocyanate, dibutytin
ilaurate, 3-methacryloyloxypropyltrimethoxysilane (MPTS) and
,2′-azobisisobutyronitrile (AIBN) were from Alfa Aesar (Tianjin,
hina). Toluene, trichloromethane, acetic acid and methanol were

rom Kermel (Tianjin, China). All chemical reagents were of analyt-
cal or HPLC grade.

FT-IR spectra were recorded using a PE Spectrum One FT-IR
pectrometer from PerkinElmer (Foster City, CA, USA). NMR spectra
ere obtained on a Bruker Vector33 400 MHz spectrometer (Bre-
en, Germany). The morphology of the MIMs was investigated

sing a Philips XL-30 scanning electron microscope (Eindhoven,
olland). The HPLC utilized a Shimadzu LC-10AD pump, and a
himadzu SPD-10A UV/Vis detector was obtained from Shimadzu
ompany (Kyoto, Japan).

.2. Preparation of (S)-ketoprofen imprinted core-shell
icrospheres
.2.1. Silica-based supports
The silica microsphere surface was activated using the pre-

iously described method [32]. 10.0 g of silica microspheres
MIM5 4.72 – 2.38 0.10
NIMs – 2.38 – 0.10

was stirred into 250 mL of aqueous solution containing 8 mol/L
hydrochloric acid and refluxed at 80 ◦C for 8 h. The solid product
was recovered by filtration. It was washed with distilled water to
neutralize it and dried under vacuum, at 120 ◦C for 12 h. 10.0 g of
activated silica microspheres was mixed into 110 mL dry toluene-
pyridine solution (10:1, v/v), and then 10.0 mL of MPTS was added
to the mixture. The suspension was heated at 110 ◦C for 24 h, under
nitrogen protection. The silica microspheres were collected and
washed several times, successively, with toluene, methanol, dis-
tilled water and acetone. Finally, the vinylated silica microspheres
were dried under vacuum at 80 ◦C for 6 h and used for the immobi-
lization of the polymer. The activation process is shown in Fig. 2a.

2.2.2. Synthesis of the monomers
The synthesis of allylcarbamate-cinchonine ester (ACC) was per-

formed following the procedure shown in Fig. 2b [33]. 3.0 g of
cinchonine was dissolved in 200 mL of dry chloroform, with addi-
tion of 0.9 mL of allyl isocyanate, and 1 drop of dibutyltin dilaurate
as a catalyst. The mixture was refluxed for 8 h, the solvent evap-
orated and the remaining raw material washed with n-hexane.
The yellowish solid, allylcarbamate-cinchonine ester, was crystal-
lized in chloroform/cyclohexane (procedure’s yield: 80%). Physical
properties of ACC were: m.p.: 195–197 ◦C; IR peak (KBr)/cm−1:
3306, 2934, 2859, 1719, 1507. 1H NMR (TMS, C2D6SO): 8.85(d,
1H), 8.25(d, 1H), 8.01(s, 1H), 7.65(d,1H), 7.59(d,1H), 7.50(s,1H),
6.45(d,1H), 6.05(m,1H), 5.69(m,1H), 5.07(dd,4H), 3.51(d,2H),
3.26(d,1H), 2.61(m,2H), 2.22–0.86(m,9H). ESI-MS m/z calculated
for C23H27N3O2 (M+1) was 378.21, the measured value was
378.34. The allylcarbamate-quinidine ester (ACQ) was synthesized
in the same manner, except that quinidine was used instead of
cinchonine. Physical properties of ACQ were: m.p.: 165–167 ◦C;
IR peak (KBr)/cm−1: 3356, 3067, 2934, 2871, 1711, 1513. 1H
NMR (TMS, CDCl3): 8.73(d,1H), 8.00(d, 1H), 7.36(d, 2H), 7.35
(s,1H), 6.48(d,1H), 5.84(m,1H), 5.79(m,1H), 5.11(d,4H), 3.95(s,3H),
3.80(d,2H), 3.28(m,1H), 2.97(d,2H), 2.76(m,2H), 2.26–1.56(m,6H);
ESI-MS m/z calculated for C24H29N3O3 (M+1) was 408.22, the mea-
sured value was 408.30.

2.2.3. Immobilization of MIPs on vinylated silica microspheres
A series of molecularly imprinted core-shell microspheres was

prepared in chloroform, using the ingredients’ amounts presented
in Table 1. In a typical experiment procedure (Fig. 2c), an appropri-
ate amount of (S)-ketoprofen was dissolved in 200 mL chloroform,
and then 2.0 g of vinylated silica microspheres was dispersed in
the solution. 1.2 g of ACC was added, stirring continuously. The
polymerization was started by adding AIBN (0.10 g) under N2
protection, at 60 ◦C, and the mixture was left to react, stirred
continuously, for 18 h. The solids were collected and washed, suc-
cessively, with chloroform, distilled water and methanol. At this
point, the silica microsphere surface was grafted with the molecu-
larly imprinted polymers.
As a control, non-imprinted microspheres (NIMs) were prepared
following the same procedure, except for the absence of the tem-
plate.
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ig. 2. Preparation of MIMs. (a) Synthesis of vinylated silica microspheres; (b) synth

.3. HPLC experiments

2.0 g aliquots of MIMs (or NIMs) were packed into stainless-steel
olumns (150 mm × 4.6 mm) using a conventional slurry method.
he residual template and chiral monomer were completely eluted
ith a mobile-phase consisting of acetic acid-methanol mixture

5:95, v/v), at 0.4 mL/min, until a stable baseline was obtained. The
V detection wavelength was set at 265 nm. The mobile phase con-

isted of methanol-ammonium acetate (0.01 mol/L, pH = 3.5) with
volume ratio of 80:20. The flow rate of the mobile phase was

.4 mL/min. 5 �L of 0.2 mmol/L of (S)-ketoprofen was injected for
nalysis. All the HPLC experiments were carried out at 25 ◦C. Reten-
ion behavior of the analyte was estimated using capacity factor (�),

alculated according to the equation

= t1 − t0

t0
f the chiral monomer; (c) immobilization of MIPs on vinylated silica microspheres.

where t1 and t0 were the retention times of the analyte and un-
retained solute, respectively. Resolution was calculated according
to the equation

R = 2(tS − tR)
WS + WR

where tS and tR are the retention times of the (S)-isomer and (R)-
isomer, respectively, and W is the width, at the baseline, between
tangents drawn to the inflection points of the peak.

2.4. Computational simulation
The energies of KEP, NAP and IBU, the functional monomer
and the complex were calculated with the Gaussian 03 software
package [34]. Their molecular geometries were optimized using
B3LYP/6-31g (d, p) [35,36]. Additional, vibrational frequency calcu-
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ig. 3. FT-IR spectra of the activated silica gel (a), vinylated silica gel (b) and MIM3
c).

ations at the same level of theory were performed to determine if
he stationary points were local minima (zero imaginary frequency)
nd obtain zero-point energy corrections. Solvent effects were
stimated using the polarizable continuum model (PCM) [37–39]
ith CHCl3 as the solvent. The binding energies (�E) of complex

etween chiral monomer and template or its analogues evaluated
y the following equation:
E = E(complex) − E(functional monomer)

−E(template or analogue)

Fig. 4. SEM images of activated silica microspheres (magnification: (a) 5000×
1218 (2011) 3763–3770

2.5. Binding experiments

The mixture of methanol and water (10:90, v/v) was used as the
adsorption solvent. 20.0 mg of dried MIM3 or NIMs was added to
10 mL conical flasks containing 2.0 mL of (S)-ketoprofen of various
initial concentrations. The flasks were shaken at 30 ◦C for 24 h. After
that, the MIM3 or NIMs were isolated and the residual concentra-
tion of (S)-ketoprofen in solution was established using HPLC. The
quantity (Q) of the template bound to MIM3 or NIMs was calculated
according to the following equation:

Q = (C0 − Ct) × V

W

where C0 and Ct (mg/L) are the initial concentration and the resid-
ual concentration of (S)-ketoprofen, respectively; V (L) is the initial
volume of the solution, and W (g) is the weight of the MIM3 or
NIMs. The imprinting factor (˛) was used to evaluate the specific
recognition property of MIM3. This was defined as

˛ = QMIM3

QNIMs

where QMIM3 and QNIMs are the quantities of (S)-ketoprofen
adsorbed on MIM3 and NIMs, respectively.

3. Results and discussion

3.1. Characteristics of MIMs

3.1.1. FT-IR spectra

FT-IR spectra of activated silica microspheres, vinylated silica

microspheres and MIM3 are shown in Fig. 3. The C O stretch, C C
stretch and the saturated C–H peak of MPTS were 1723, 1638 and
2958 cm−1, respectively (Fig. 3b). These new bands were attributed

and (b) 13,000×) and MIM3 (magnification: (c) 5000× and (d) 13,000×).
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Fig. 5. Chromatogram of rac-ketoprofen on NIMs.

o the fact that MPTS had been modified on the surface of silica
icrospheres. Successful preparation of MIM3 was judged by the

eak of the skeleton vibration at 1645 and 1430 cm−1 and C–H
ending vibration at 741 and 703 cm−1, which can be attributed
o the quinoline ring (Fig. 3c).

.1.2. SEM
The morphology of the activated silica microspheres and MIM3

s shown in Fig. 4. It is clear that we obtain monodisperse and
egularly shaped molecularly imprinted microspheres. In compari-
on with activated silica microspheres, the imprinted microspheres
how changes in surface modification characteristics: the increase
f average particle diameter and more roughness. The porous sur-
ace helps the target molecules’ distribution and retention. This

akes MIM3 suitable as chromatographic stationary phase for
nalysis and evaluation of various related adsorbents.

.2. Chromatographic analysis

Molecularly imprinted polymers are usually evaluated as the
PLC stationary phase because of good reproducibility, high effi-
iency and sensitivity of the method. Thus, the MIMs obtained using
ur new method were packed into the HPLC column to study their
pecific absorption characteristics and recognition mechanisms.

.2.1. Optimization of preparation condition
Once the chiral functional monomer has been selected, the

hoice of a single chiral template molecule is one of the most
mportant factors in the construction of molecularly imprinted
olymers with high enantioselectivity. In general, the longer the
etention time for enantiomer used as the template molecule, the
ore effective are the MIPs for the purpose of chiral separation.

he chiral separation results for rac-ketoprofen on the NIMs col-
mn are shown in Fig. 5. The NIMs have stronger adsorption for

S)-ketoprofen than for (R)-ketoprofen, which indicates that (S)-
etoprofen matches the chirality of the allylcarbamate-cinchonine
ster better than (R)-ketoprofen. Therefore, we used (S)-ketoprofen
s the template to enhance the enantioselectivity of MIMs.

OH

O

O

IbuproKetoprofen

Fig. 7. The structures of ketoprofe
Time/min

Fig. 6. Chromatogram of three non-steroidal anti-inflammatory drugs on MIM3.

After functional monomer, cross-linker and template are cho-
sen, the best conditions for MIPs formation can be determined only
by empirical optimization, involving synthesis and evaluation of
several polymers. This process is very time-consuming [40]. We
have designed a single monomer which eliminates variables such
as choice of the ratio of functional monomer to cross-linker and the
ratio of functional monomer to template, which normally compli-
cate MIPs’ design. The synthesis of various MIMs was performed
only to optimize the ratio of chiral monomer to template, which
made the molecular imprinting process easier. The conditions used
are shown in Table 1. The resolution of ketoprofen on the MIM1,
MIM2, MIM3, MIM4 and MIM5 columns were 1.06, 1.17, 1.25, 1.21
and 1.00, respectively. MIM3 shows higher resolution than other
molecularly imprinted polymers examined here.

3.2.2. pH effect on the chiral separation
Acetic acid in mobile phase can promote ion-pairing interac-

tions between analyte and stationary phase. The retention time of
(S)-ketoprofen on MIM3 column was increased by lowering pH of
the mobile phase from 6.0 to 3.5. Cinchonine is a basic compound
with complex multi-ring structure, a diprotic, ionizable weak base
containing two basic nitrogen atoms with pKa1 and pKa2 values
around 4.3 and 8.5, respectively. We believe that one of the most
important factors in chiral separation on MIM3 column is ion-
pairing between ketoprofen and the stationary phase. When the
amount of acetic acid is increased, tertiary amine of allylcarbamate-
cinchonine ester combines one H+ to form a quaternary ammonium
cation; as a result, there are more binding sites, enhancing the inter-
action between carboxyl anion of ketoprofen and the stationary
phase. Thus, a good separation of ketoprofen on the MIM3 column
can be achieved.

3.2.3. Synergistic effect in the chiral separation
The separation characteristics of NIMs and MIM3 columns were
compared under optimized chromatographic conditions. As shown
in Figs. 5 and 6, the resolution values for ketoprofen on NIMs and
MIM3 were 0.62 and 1.25, respectively. The experiments confirmed
our original hypothesis of synergistic effect in the chiral separation

O

O
OH

O

fen Naprofen

n, ibuprofen, and naproxen.
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Table 2
The binding energy between chiral monomer (ACC) and template molecule or its
analogues.

Binding energy E (Kcal/mol)

S-configuration R-configuration

Vacuum CHCl3 Vacuum CHCl3
ig. 8. Optimized structures of pre-arrangement between chiral monomer(ACC) and
e) (S)-NAP; (f) (R)-NAP.

rocess on materials prepared using a chiral monomer and optical
somer templates.

.2.4. Chiral recognition mechanism
(S)-ketoprofen templates were extracted from MIM3 to gen-

rate target-specific binding cavities, complementary to the

ingle optical isomer in size, shape and functional groups. The
mprinted cavities were more suitable for (S)-ketoprofen than
R)-ketoprofen, which was reflected in the retention time of (R)-
etoprofen—shorter than that of (S)-ketoprofen.

KEP −18.7 −12.8 −17.6 −10.5
IBU −17.4 −11.3 −16.8 −10.5
NAP −17.6 −11.5 −16.7 −10.2
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To investigate further the �–� interaction between host and
uest, we synthesized allylcarbamate-quinidine ester and prepared
IM5 column. The resolution of ketoprofen on MIM5 was only

.00, lower than that on MIM3, which might be attributed to the
–� interaction between the phenyl ring of ketoprofen and MIM5’s
uinoline ring with methoxyl group. Compared with MIM3, the
uinoline ring of MIM5 has a lower electron density due to an extra
lectron-withdrawing substituent (methoxyl group) in MIM5, thus
he �–� interaction between the ketoprofen and the MIM3 is a
tronger than that between the ketoprofen and the MIM5, which
ould increase the chiral selectivity and the retention time of keto-
rofen. This suggests that �–� interactions play an important role

n the enantioseparation process of ketoprofen on MIM columns.
Two other non-steroidal anti-inflammatory drugs, structural

nalogues of ketoprofen, were selected to investigate the chi-
al recognition mechanism of the MIMs. The racemic mixture of
buprofen, ketoprofen, and naproxen (Fig. 7) was separated on

IM3 column under optimized conditions. The result is shown in
ig. 6. Rac-ketoprofen had the best resolution; the resolution of
ac-ibuprofen was 0.87, but rac-naproxen could not be enantiosep-
rated.

The imprinted cavity is large enough for the smaller ibupro-
en to enter. The �–� interaction between ibuprofen and MIM3 is
eaker than that between ketoprofen and MIM3 because ibupro-

en molecule lacks the terminal phenyl ring. As a result, ibuprofen
as lower chiral resolution; its retention time on MIM3 column is
horter than ketoprofen’s. The chirality of imprinted cavities were
atching (S)-ibuprofen rather than (R)-ibuprofen, resulting in (S)-

buprofen’s longer retention time. The retention time of naproxen
as longer than that of ketoprofen, which might be related to

ts stronger hydrophobicity. However, naproxen molecule is big-
er than ketoprofen, resulting in size-exclusion effect. Therefore,
ac-naproxen could not been enantioseparated on MIM3 column.

To achieve chiral recognition, there should be at least three
nteractions between chiral stationary phase and raceme [41]. The
hromatographic data from our work suggest that five different
actors contribute to the chiral recognition of rac-ketoprofen on

IM3: (1) the size and shape of the imprinted cavity; (2) match-
ng the chirality of the chiral monomer and (S)-ketoprofen; (3)
he �–� interactions between MIM3 and (S)-ketoprofen;(4) the
ydrogen-bonding between the secondary amine group in MIM3
nd the carbonyl in (S)-ketoprofen; (5) the ion-pair interactions
etween the tertiary amine cation in host and the carboxyl anion

n (S)-ketoprofen.

.3. Computational simulation

The binding energies of complex with KEP, NAP, and IBU are
isted in Table 2. A lower the binding energy indicates a stronger
he pre-arrangement and a better the molecular recognition capac-
ty. The results show that the pre-arrangement of complex with
EP is stronger than that with IBU and NAP. From the optimized
tructures (Fig. 8), it is found that the carboxyl group can form an
on-pair with the tertiary amine of the monomer about 1.60 Å away
nd a hydrogen bond with the amide about 1.93 Å away. But for
EP, there is an extra �–� interaction [42] between the terminal
henyl ring of KEP and the quinolyl ring of chiral monomer. So, the
re-arrangement of complex with KEP is stronger than that with

BU and NAP. Comparing the bind energies between the complex
ith S- and R-enantiomer of KEP, NAP and IUB, it is found that

ecognition is more favorable for the S-enantiomer. Thus, recog-
ition is part of the chiral-matching process, and the chirality of

emplate molecules affects the recognition selectivity. Moreover,
he chiral recognition selectivity of KEP is better than that of IBU
nd NAP (see Table 2). The optimized structures show that inter-
al phenyl ring is eclipsed by a C–H bond in complex with (S)-KEP,
Fig. 9. Scatchard plot of the experimental adsorption isotherm for MIM3.

but eclipsed by a C–C bond in complex with (R)-KEP (shown in
Fig. 8). To maintain the �–� interaction, the internal phenyl ring
of (R)-KEP cannot rotate to a more sterically favored configuration,
which results in higher binding energy difference (1.1 Kcal/mol in
vacuum and 2.0 Kcal/mol in CHCl3, respectively) between complex
with (S)-KEP and (R)-KEP. For IBU and NAP, the phenyl ring or naph-
thyl ring is always eclipsed by C–H bond because there is no �–�
interaction to confine the C–C bond rotation. Therefore, the energy
difference between complex with S- and R-enantiomer of NAP and
IBU is low (less than 1 Kcal/mol in vacuum and 1.3 Kcal/mol in
CHCl3, respectively). These results show that the extra �–� inter-
action of KEP results in stronger pre-arrangement and better chiral
recognition selectivity. However, the chiral recognition of MIPs is
determined not only by the magnitude of pre-arrangement, but
also by the properties of recognition site, such as shape, size, etc.
KEP had the largest bind energy difference between complex with
S- and R-enantiomer. Therefore, it had the best chiral recognition
selectivity of the three molecules considered. However, NAP had
larger energy difference than IBU. But there is almost no recogni-
tion selectivity for NAP. The size of naphthyl ring of NAP is too large
to contribute to the recognition site formed by phenyl ring of KEP
in pre-arrangement of complex with KEP.

3.4. Binding characteristics

To evaluate the binding parameters, we performed an equilib-
rium adsorption experiment with MIM3 and NIMs. The adsorption
capacity of (S)-keteprofen on MIM3 and NIMs increases with its
growing initial concentration. The saturated adsorption capacity
for MIM3 was 4.319 mg/g and only 1.247 mg/g for NIM, giving the
imprinting factor (˛) of 3.46. To see multiple classes of binding
sites, the data were further processed using Scatchard analysis [43],
replotting the binding isotherm in the format of Q/C(S)-keteprofen
versus Q (Fig. 9). The equilibrium dissociation constant (K) and the
apparent maximum number of binding sites (Qmax) can be calcu-
lated according to the slopes and intercepts in the linear Scatchard
analysis. The Scatchard plot for MIM3 was virtually linear, which
suggests that MIM3 contains only a homogeneous population of
binding sites with specific adsorption for (S)-keteprofen. The K and
Qmax values were 0.085 mmol/L and 4.54 mg/g, respectively.
4. Conclusions

We developed a systematic method for molecular imprinting
process, taking advantage of the synergistic effect in the chiral
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eparation. The imprinted microspheres obtained using our pro-
edure possessed both the characteristics of brush-type chiral
tationary phases and of common MIPs based on chiral three-
imensional cavities. They exhibited a significant synergistic effect

n enantioselective recognition. This was the result of matching
hirality of the template molecule and the functional monomer,
llylcarbamate-cinchonine ester, which was also employed as
ross-linker. This chiral monomer has multi-binding sites for the
emplate (S)-ketoprofen. We believe that the specific recognition
f (S)-ketoprofen on MIM3 is related to the ion-pair interactions,
ydrogen-bonding and the �–� interactions between host and
uest. The �–� interactions play an important role in the chiral
ecognition process, affecting the separation efficiency. The results
f the computational simulation support our hypothetical mecha-
ism.

An additional benefit of the single monomer strategy is a consid-
rable simplification of the MIMs preparation, making the process
f the molecular imprinting a much more practical, easy to per-
orm procedure. In comparison with the previous chromatogram
f molecular imprinting, our chromatogram of MIM3 column show
etter enantiomer separation, with higher efficiency and good peak
ymmetry. We believe that this type of column is a promising tool
or detection and separation of ketoprofen isomers or other non-
teroidal anti-inflammatory drugs in aqueous media.
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