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10.1 Introduction

The use of molecularly imprinted polymers (MIPs) in the field of Analytical

Chemistry has recently been reviewed [1,2]. MIPs are usually prepared via a

procedure described by Mosbach’s group [3,4]. A certain amount of a

functional monomer and a crosslinker is added to an organic solvent

containing an initiator and a template molecule. These monomers contain

specific functional groups (e.g. carboxyl, hydroxyl, and amino or aromatic

groups) which can bind to the template molecule, either covalently or non-

covalently. The crosslinker is necessary to assure highly selective binding sites

in the complex three-dimensional structure of the polymer that is specifically

orientated around the template molecule. The polymerization is started by

photochemical or thermal initiation.  After the polymerization is completed

the polymer is usually crushed and sieved in order to obtain non-spherical

particles of approximately 25-40 µm. The non-covalently bound template

molecule is then normally removed from the polymer by extraction with an

acidified organic solvent, leaving behind specific memory sites or imprints.

When the template is covalently bound the template can be chemically

cleaved from the polymer by for instance hydrolysis or physically via

degradation (UV light or heat treatment), depending on the properties of

the template. The cavities recognize the template when the MIPs are

added to a (biological) sample in which the template is present or vice

versa. The template molecule can either be the analyte of interest or a

structural-analogue. The latter approach seems to be more attractive

because the polymer particles obtained may still contain some template

molecules, which can lead to bleeding of the template from the polymer

[5]. The structural analogue is chosen such that is has a different

chromatographic behavior to the analyte and the bleeding will then

consequently show no interference with the analyte under study. As a

matter of fact, for forensic purposes, a structure analogue seems to be

mandatory in order to exclude every possibility that the signal obtained

originates solely from the sample and not from the template.

The principle of MIPs has been discussed extensively in the literature

[1,6]. It is assumed to be based on molecular recognition, which is

preferably characterized by a three-point interaction (as the minimum

geometry), although a less selective two-point interaction or even a non-
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specific one-point interaction may also occur. A complete overview of

papers concerning MIPs over the period 1931-present, the Kalmar Molecular

Imprinting Database, can be found on the home page of the Society for

Molecular Imprinting (SMI) [7].

The use of MIPs in capillary electrophoresis (CE) is a relatively

unexplored area in the field of separation science. It can be seen as a

special form of capillary electrochromatography (CEC), which combines

the advantages of the high selectivity of LC and the high efficiency of CE.

In CEC the selectivity is obtained by virtue of the chromatographic and

electrophoretic properties of the solutes. The selectivity of MIPs in CEC has

been recently reviewed in the literature [8-13]. CEC is normally divided into

two sub-areas: i) CEC using a normal stationary phase, where the capillaries

are fully packed and; ii) CEC using open-tubular capillaries (OTCEC).

Conventional CEC as well as CEC using MIPs via the often suggested in situ

polymerization with chemical anchoring to the capillary wall [14-16] is

governed by the Van Deemter equation. In normal CE, the longitudinal

diffusion governs the efficiency of the system due to the absence of both

eddy-diffusion and a mass transfer between two phases. In voltage driven,

packed CE columns, all three factors contribute to peak-broadening [17].

When using packed CEC columns, the electro-osmotic flow (EOF) is the

driving force. Without a significant EOF, severe peak broadening may be

expected. OTCEC offers some advantages. First, there is no need for

column packing, and second, the contribution of the mass transfer from the

stationary to the mobile phase is less significant. Therefore, because the

mass transfer from the mobile phase to the stationary phase becomes more

important, OTCEC should be performed in capillaries with a very small

diameter. However, the thickness of the coating is often hard to control [8].

We now suggest the use of highly crosslinked, molecularly imprinted

microspheres (~100-300 nm in diameter) as a free moving pseudo-stationary

phase in a fritless capillary to minimize the effect of peak broadening by

some of the factors described above.  Such a system should however not

be referred to as a CEC system, due to the absence of an actual stationary

phase, but as an electrokinetic chromatography (EKC) system.

Small particles can be obtained by producing monolithic blocks of

polymers and grinding this until the preferred particles are obtained.

However, the grinding and sieving process is rather time consuming and,
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moreover, the resulting particles are often irregularly sized and shaped. The

grinding process may also be detrimental to some of the binding sites [18].

In order to produce uniformly-shaped spherical particles without the need

for grinding, several polymerization techniques have been developed [18-

20]. One of the most effective approaches seems to be the use of

precipitation polymerization [21,22], which can deliver monodisperse

polymer microspheres up to ~8 µm in diameter, and below 1 µm if desired,

without the need for any added (expensive) surfactant or stabilizer. The

growth mechanism of these microspheres has recently been described by

Downey et al. [23]: During polymerization the growing polymer chains are

separated from the continuous medium by enthalpic precipitation in cases

of unfavorable polymer-solvent interactions, or entropic precipitation, in

cases where cross-linking prevents the polymer and solvent from freely

mixing. Using a good solvent (e.g. chloroform) will result in turbid

macroscopic or microscopic gels, whereas poorer solvents (e.g.

acetonitrile) will result in micrometer-sized particles. The presence of a good

co-solvent (e.g. toluene, xylene, or chloroform) may import significant

porosity to the microspheres, making them potentially useful as separation

resins [22].

Previous reports on the use of precipitation polymerization to

prepare molecularly imprinted monodisperse spherical particles are limited.

Only two papers have reported the addition of a template molecule to a

precipitation polymerization in order to obtain molecularly imprinted

polymers, for the use in a competitive radioassay [18] and an enzyme-linked

sorbent assay [24], respectively. The use of molecularly imprinted spherical

particles as chiral selectors in EKC, was first presented by our group on the

MIP2000 meeting in Cardiff (Wales, UK) preliminary to the results shown in this

paper [25]. A similar approach was recently published by Schweitz et al.

[26]. Only some preliminary experiments were shown and the synthesis

conditions were not varied. The present paper describes an entropic

precipitation polymerization, i.e. a precipitation polymerization carried out

in the presence of both a crosslinker and a thermodynamically poor solvent

in order to obtain monodisperse microspheres imprinted with (+)-ephedrine

as the template molecule. In this approach we employ a fritless capillary

partially filled with a replaceable pseudo-stationary phase in aqueous EKC

(up to 40% ACN). To unequivocally demonstrate the molecular recognition
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properties of the MIPs the chiral separation of ephedrine enantiomers was

chosen, because in all other cases the separation of an achiral analyte

could feasibly be as a consequence of the electrochromatographic

behavior of the analytes.

10.2 Experimental

10.2.1 Materials

The aqueous run-buffers were prepared by mixing (n=10-50) mM

orthophosphoric acid (Merck, Darmstadt, Germany) with 1M sodium

hydroxide (Merck) until the desired pH was obtained (pH < 4) or by mixing n

mM sodium dihydrogen phosphate monohydrate (Merck) with n mM tri-

sodium phosphate dodecahydrate (Merck) until the high pH buffers were

obtained (pH>4). Water was purified with a milli-Q system (Millipore,

Bedford, MA, USA). The conductivity of the purified water was at a constant

18.2 MΩ. Hydroquinone was from Merck, azobisisobutyronitrile (AIBN),

pentaerythritol triacrylate (PETRA), methacrylic acid (MAA ≥ 98%), itaconic

acid (ITA ≥ 99%), 4-vinyl pyridine (4VPy ≥ 99%), ethylene glycol

dimethacrylate (EGDMA ≥ 97%) and divinylbenzene (DVB ≥ 80%) were from

Fluka (Buch, Switzerland). 1,1,1-Tris-(hydroxymethyl)-propan-trimethacrylate

(TRIM) was from Sigma-Aldrich (St. Louis, MO, USA). (1S,2R)-(+)-Ephedrine

hydrochloride was from Jansen Chimica (Beerse, Belgium) and racemic

norephedrine hydrochloride  was from Acros Organics (Geel, Belgium). The

solvents, acetonitrile (HPLC-grade, Lab-Scan Analytical Science, Dublin,

Ireland), methanol (HPLC-grade, Lab-Scan), dichloromethane (Merck), and

toluene (Merck) were dried and stored over molecular sieves (Merck).  AIBN

and ITA were recrystallized from acetonitrile and ethanol, respectively.  All

the liquid monomers and crosslinkers were dried over anhydrous

magnesium sulphate (Merck) for one hour, prior to purification by passage

through an aluminum oxide (activated, neutral, ca. 150 mesh, Sigma-

Aldrich) column. The template molecule, (+)-ephedrine hydrochloride, was

converted into its free-base form by extraction from an aqueous solution

(pH>11) with three aliquots of dichloromethane (Merck). After drying and
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evaporation of the dichloromethane the (+) ephedrine base was collected

and stored in a freezer (-18°C).

10.2.2 Production of the MIPs

The polymerization procedures for producing the imprinted polymers (MIPs)

and the non-imprinted polymers (NIPs) were similar. The principle of

precipitation polymerization is based on the use of an excess of organic

solvent relative to the amount of monomers present [18,24]. Typically, a 2 %

w/v ratio of monomer/solvent is used, where monomer refers to both

functional monomer and crosslinker. The ratio of template molecule :

functional monomer : crosslinker was either 1:4:12 (or 0:4:12 for the NIPs) or

1:4:6 (or 0:4:6 for the NIPs), respectively. The amount of initiator was set to 1

mole % of the total number of polymerizable double bonds present. In order

to produce 300 mg of polymer particles, the monomer, crosslinker, initiator

and template molecule were dissolved in 15-ml dried acetontrile. The

solution was placed on ice and purged with nitrogen for 10 minutes to

remove dissolved oxygen.

The solution was placed in a 20-ml glass tube, which was then

attached vertically to a rotor plate that was rotated around its horizontal

axis at 40 rpm. The rotor plate was placed in a water bath (60°C) in such a

way that the pre-polymerization solution was always beneath the water-

surface. Polymerization took place for 24h, whereafter the polymerization

was stopped by adding some hydroquinone as a polymerization inhibitor to

the mixture.  The microspheres obtained were collected by centrifugation

(25000xg) and washed three times with 15ml acidified methanol (1% HCl) in

order the remove the template, and finally one time with acetone. The

particle size was approximated by means of scanning-electron microscopy.

10.2.3 CE apparatus and conditions used for experiments

Analyses were carried out on a Beckman P/ACE system 5500 capillary

electrophoresis system (Beckman Instruments, Fullerton, CA, USA) equipped

with a diode array detector. The bare fused silica capillary with an outer

polyimide coating (50 µm i.d., 375 µm o.d.) was from Composite Metal
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Services (Hallow, UK). Data acquisition was performed with P/ACE 5000

Series Software. The vials used were 4-ml glass vials, sometimes with a 0.7-ml

glass insert obtained from PhaseSep (Waddinxveen, The Netherlands).

A capillary with a total length of 47 cm and an effective length of 40 cm

was used. An optical viewing window with a length of 2 mm, obtained by

burning off the polyimide coating, was aligned with the UV detection cell.

New capillaries were rinsed for 10 min at 20 p.s.i. (1313 mBar) with 1 M

sodium hydroxide, water, 1 M hydrochloric acid, water and with the run

buffer, respectively. The diode array detector was set at 214 nm to monitor

the effluent. The capillary was mounted in a cartridge and thermostated at

15 °C. MIP particles were suspended (0.1-1.0 w/v) in various mixtures of the

run-buffer and acetonitrile (with a maximum of 40%) and hydrodynamically

injected. The capillaries were partially filled (10-80% of the effective capillary

length) in order to avoid severe baseline fluctuation due to light scattering

in the detection window. Using a working pH of 2.5 eliminates the EOF

almost completely, whereas the MIP particles are partially anionic and

consequently tend to migrate towards the anode. Injections of the analytes

were carried out at 0.5 p.s.i (33 mBar) with different time-lengths and

separation took place at 25 kV. The ramp time of the applied voltage was

always 0.17 min. After each run the capillary was refilled with the MIP-

suspension and after every 5 runs the capillary was rinsed with 1M NaOH

and run-buffer, respectively.

10.3 Results and Discussion

10.3.1 Production and characterization of the polymer particles

Various types of functional monomers and crosslinkers, in two different

ratios, were used in order to obtain the blank and molecularly imprinted

microspheres (NIMs and MIMs, respectively). Table 10.1 shows the

compositions of the polymerization mixtures employed. As can be seen from

the table, the mass of the MIMs produced in comparison to the mass of

NIMs produced was either the same or less. The size and morphology of the

microspheres were also determined. It seems that the addition of the

template molecule to the monomer mixture prior to polymerization
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generally inhibits polymer growth, such that both the mass of polymer

obtained as well as the particle size are reduced.

Table 10.1. Composition of the polymerization mixtures and details about the resulting
microspheres.  The solvent was acetonitrile (ACN). The meaning of the
symbols are as follows: +, ++ and +++  = yield; z and zz = small (300-1000
nm) and very small (100-200 nm), particles  respectively and { = large
and/or amorphous particles (>1 µm); n.y. = no yield.

Composition Ratio Molecularly Imprinted
Microspheres

Non imprinted
Microspheres

Yield Shape Yield Shape

T:MAA:TRIM 1:4:12 +++ zz +++ zz

T:MAA:PETRA 1:4:12 + z ++ z

T:MAA:PETRA 1:4:6 + { + zz

T:ITA:TRIM 1:4:12 ++ zz ++ zz

T:ITA:PETRA 1:4:12 + z ++ {

T:4Vpy:TRIM 1:4:12 n.y. + z

T:4Vpy:TRIM 1:4:6 n.y. + {

T:4Vpy:PETRA 1:4:12 n.y. n.y.
T:4Vpy:PETRA 1:4:6 + ++ z

  Where T = Template molecule: (+)-ephedrine

The latter effect is clearly visible in the SEM pictures shown in Figure 10.1. The

size of the microspheres are in the region of 200 nm.

 
A B

Figure 10.1 Effect of template on polymer particle size. A) with template molecule,
B) without template molecule. Ratio = (+) ephedrine:MAA:TRIM = 1:4:12 (MIM) and 0:4:12
(NIM)
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As can be seen from the Table, some polymer compositions did not

lead to precipitated microspheres. One way that has been found to

increase the yield of polymer particles obtained is to use a

thermodynamically more favorable solvent for the polymerization, e.g. a

mixture of acetonitrile (ACN) and toluene (TOL) or dichloromethane (DCM).

Table 10.2 shows the results of these empirically performed experiments. This

one-variable-at-the-time approach led to some interesting results. In only

one case was DCM successfully used as the co-solvent. The microspheres

obtained were uniformly-sized and about 100nm. In all other cases the

addition of DCM to ACN resulted in a fully polymerized monolith or to large

amorphous particles. The SEM pictures in Figure 10.2 show the effect of

adding a co-solvent to polymerization mixtures prior to polymerization.

Table 10.2 . Composition of the microspheres produced when using co-solvents. The
symbols are as explained in Table 10.1.

Composition Ratio Solvent MIM NIM
Yield Shape Yield Shape

T:MAA:TRIM 1:4:12 ACN+10% TOL +++ z +++ z

T:MAA:TRIM 1:4:6 ACN+10% TOL +++ z +++ z

T:MAA:PETRA 1:4:12 ACN+10% TOL + { ++ zz

T:MAA:PETRA 1:4:6 ACN+10% TOL + zz + z

T:ITA:PETRA 1:4:6 ACN+10% TOL + z + {

T:ITA:PETRA 1:4:6 ACN+30% TOL + z + {

T:4VPy:TRIM 1:4:6 ACN+10% TOL n.y. + {

T:4VPy:TRIM 1:4:6 ACN+30% TOL n.y. + {

T:4VPy:TRIM 1:4:6 ACN+10% DCM + { + {

T:4VPy:PETRA 1:4:6 ACN+10% DCM ++ zz ++ z

T:4VPy:PETRA 1:4:6 ACN+5% TOL n.y. ++ z

T:4VPy:PETRA 1:4:6 ACN+15% TOL + z{ ++ z

T:4VPy:PETRA 1:4:6 ACN+25% TOL + { ++ {

T:4VPy:PETRA 1:4:6 ACN+30% TOL + { ++ {

T:4VPy:PETRA 1:4:6 ACN+35% TOL + { +++ {

T:4VPy:PETRA 1:4:6 ACN+45% TOL ++ { ++ {

The figures show that the addition of a thermodynamically superior solvent

can lead not only to an increase in particle size but also to non-uniformly

sized microspheres. The reproducibility of the polymerization process was

also investigated. For this study the first composition in Table 10.1
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(T:MAA:TRIM, 1:4:12 in ACN) was tested five times to give separate batches

of MIPs. The same product was obtained in all cases (results not shown).

10.3.2 Choice of the EKC system

When using polymerized microspheres (MIMs or NIMs) in EKC-systems, the

best performance should theoretically be achieved by using the smallest

particles as explained in the introduction. For this reason two types of MIMs

were selected for study in the EKC system: M1, i.e. T:MAA:TRIM (ratio =1:4:12,

solvent =ACN) and M2, i.e. T: 4VPy:PETRA (ratio = 1:4:6, solvent = ACN with

A B

C

Figure 10.2. Effect of co-solvent on particle growth. A) T:MAA:PETRA = 1:4:6
with 10% Toluene; B) T:4VPy:TRIM= 1:4:6 with 10% CH2Cl2;  C) T:4VPy:PETRA
=1:4:6 with 25% Toluene;
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10% DCM). When the particles

were injected into the CE system

and reached the detection

window of the capillary, an

increase in the UV absorption was

observed and severe baseline

disturbance due to light

scattering was noticeable. Under

these conditions the peaks of the

analytes could not be detected.

The capillary was therefore

partially filled with the suspension

liquid just before the detection

window. In order to determine the

pH condition where the non-specific binding was acceptable, some off-line

binding studies using a UV-spectro-photometer were performed. To 1 ml

run-buffer, 10 mg of MIM or NIM was added, respectively. The solution was

suspended by placing the mixture for 15 minutes in an ultrasonic bath. Then,

1 ml of a 40 µg/ml ephedrine solution was added. After an incubation time

of 5 minutes, the solution was centrifuged and the concentration of

ephedrine in the supernatant was measured by UV-absorption (215 nm).

The results are shown in Figure 10.3. The NIMs and MIMs gave an identical

curve. At pH > 5 the non-specific binding of the analyte to the MIMs

appeared to be too strong. Because of this strong binding and also

because of the fact that under these pH conditions the EOF plays an

important role, the peaks of the analytes could not be detected before the

particles reached the detection window causing severe baseline

fluctuations.  For this reason the pH of the buffer solution was set to 2.5.

Under these conditions ephedrine is fully protonated, the EOF is eliminated,

and the binding (and in particular the non-specific binding, although it is

measured that the curve of the specific binding is similar to the non-specific

binding curve) is reduced. The latter seems to be contradictory. However,

only a slight difference in binding of the two enantiomers with the MIMs,

leading to a 1-2% difference in effective mobility, between the enantiomers

is required in order to obtain a baseline separation. Furthermore, it was

verified experimentally that the addition of acetonitrile eliminates the non-
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Figure 10.3. Non-specific binding  of
ephedrine to both NIM and MIM
expressed as the peak height in the UV
spectrum as a function of the pH of the
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specific binding, i.e. lowers the sigmoid curve in Figure 10.3. (data not

shown). In contrast, the specific binding will be increased when acetonitrile

is added to the run-buffer as it more closely resembles the polymerization

conditions, i.e. the non-covalent interactions between the ephedrine and

the MIM will be increased.  This may seem to be desirable, but as a

consequence of the strong interactions between the MIP and the

ephedrine under these circumstances, the result will be that the ephedrine

does not dissociate from the MIP. Experiments have shown that addition of

acetonitrile to the run-buffer in levels up to 40% were only useful.

Trying to incorporate the MIM in a renewable and removable

polyethyleneglycol (PEG) gel in analogy with the incorporation of

cyclodextrins in a PEG gel as suggested in previous papers [27,28] for the

chiral separation of some β2-adrenergic sympathicomimetics, resulted in

severe peak-broadening.

10.3.3 Chiral separation using the M1 microspheres

The M1 microspheres were suspended by ultrasonification (~30 min) in a

phosphate buffer, 10mM (0.1-1.0% w/V), at pH=2.5, containing up to 40%

acetonitrile. The resulting suspensions were hydrodynamically injected into

the EKC system. Some useful results were obtained using a 0.5% w/V M1

suspension (stable for a few hours) in a run-buffer with 40% ACN in which

80% of the effective length of the capillary was filled. In this particular case it

was attempted to separate the enantiomers of ephedrine and salbutamol.

Salbutamol is a structural analogue of ephedrine, which should have a

weaker interaction with the MIM. The electropherograms are shown in

Figure 10.4.

Fig. 10.4A shows the electropherograms in a CZE system. Ephedrine

migrates faster than salbutamol. Fig. 10.4B shows the electropherograms

using the nonspecific NIMs. An increase in migration time is observed due to

non-specific interactions of the analytes with the microspheres. Fig 10.4C

shows the non-baseline separation of the enantiomers of ephedrine (left

hand peaks) and the enantiomers of salbutamol (right hand peaks). The

difference in peak shape and height between the two enantiomeric peaks
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may be explained by the fact that one of the enantiomers experiences a

stronger interaction with the microspheres.

The fact that the salbutamol enantiomers migrate later than the

ephedrine peaks seems to be counter-intuitive in that the template

molecule would be expected to have the longest retention. However, the

longer migration time of the salbutamol enantiomers can be explained by a

larger non-specific interaction of the salbutamol enantiomers with the MIMs

than that of the ephedrine enantiomers, because similar migration orders

were obtained using NIMs.

Figure 10.4. Electropherograms of the chiral separation of ephedrine (left peaks) and
salbutamol (right peaks). A) 10mM phosphate buffer, pH=2.5 (40% ACN); B) NIMs; C)
MIMs.
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10.3.4 Chiral separation using the M2 microspheres

Although the enantiomers of ephedrine and salbutamol could be

separated to some extent by the M1 micro-spheres, the next step was to

investigate the M2 micro-spheres.

These microspheres could be more easily suspended in the buffer solution

due their smaller size and

could be retained in

suspension (0.1% w/V) for at

least three days in contrast to

the M1 micro-spheres which

remained in suspension (0.1%

w/V) for not more than three

hours. The most effective

condition was found to be a

0.1% w/V suspension in the

same buffer solution (10mM

phosphate buffer, pH=2.5

with 40% ACN), which was

hydro-dynamically injected

into the CE system (80% of

the effective capillary

length). Figure 10.5A shows

the electropherogram of (-)

ephedrine, and Fig 10.5B

shows the electropherogram

of baseline separated

ephedrine enantiomers. In

comparison to the results

obtained with the M1

microspheres, the enantio-

mer peaks have almost the same size and are fully baseline separated. The

difference in migration-time may be explained by the non-reproducibility of

the partial filling of the capillary and/or the EOF.
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Figure 10.5. Electropherograms of the chiral
separation of ephedrine. A) (-) ephedrine; B)
ephedrine enantiomers.
Buffer = 10mM Phosphate buffer pH=2.5; 40%
ACN and 0.1 m/V imprinted M2 microspheres.
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10.4 Conclusions

This paper describes the potential of spherical molecularly imprinted

polymer microspheres (MIMs) as a pseudo-stationary phase for chiral

separations in CE. The use of very small particles is extremely important for

reduction of the band broadening. Attention has been paid to the synthesis

of the microspheres via precipitation polymerization and their

characterization by scanning electron microscopy. Two types of MIMs have

been used as chiral selectors for the separation of the enantiomers of

ephedrine. The M1 microspheres were able to partially separate the

enantiomers, but the efficiency of the systems was very poor and there was

a considerable difference in peak height between the two enantiomers.

With the same MIMs the enantiomers of salbutamol, a structural analogue

of ephedrine, were also separated. The same difference in peak heights

was observed.  The M2 microspheres showed two base-line separated

enantiomers of ephedrine with a high efficiency.

Although several aspects of the above mentioned EKC systems

should be improved, e.g. the reproducibility of the synthesis and

optimization of both the separation and the synthesis process, the addition

of molecularly imprinted microspheres in EKC systems appears to be a

novel, promising tool for chiral and achiral separations.  One of the

drawbacks in our approach is the fact that the EOF has to be severely

reduced in order to prevent the microspheres from being forced out of the

capillary. However, this is not true if the analytes are migrating prior to the

microsphere plug. In order to benefit from the higher specific binding at

high(er) pH conditions, without the negative effect of the EOF, the use of

coated capillaries (acetonitrile resistant) could be considered.  In the future,

it seems very interesting to synthesize and study microspheres for other

separation principles.
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