Available online at www.sciencedirect.com

SCIENCE@DIHEGT° JOURNAL OF
CHROMATOGRAPHY B

ELSEVIER Journal of Chromatography B, 804 (2004) 3-12

www.elsevier.com/locate/chromb

Review

Molecularly imprinted polymer formats for capillary
electrochromatography

Jakob Nilsson, Peter Spégel, Staffan Nilsson

Technical Analytical Chemistry, Lund Institute of Technology, Lund University, P.O. Box 124, SE-221 00 Lund, Swveden

Abstract

The research aimed towards the adaptation of molecularly imprinted polymers (MIPs) to the capillary format and the use of these highly
selective matrices for capillary electrochromatography (CEC) is reviewed in this article. The MIP is prepared by incorporation of a template
molecule into a polymerization protocol. After polymerization and extraction of the template from the resulting polymer a highly selective
material with recognition cavities complementary to the template in size, shape and chemical functionality is obtained. MIPs have been
used as recognition elements in several different analytical techniques. In combination with CEC a novel separation system with a unique
selectivity towards a predetermined target (the template) is achieved. The merge of molecular imprinting technology (MIT) and CEC have
introduced several interesting polymer formats, due to the adaptation of the MIP to the miniaturized capillary format. The polymer formats
can be classified according to their preparation protocols and appearance into three conceptually different categories, i.e. the monolith, the
coating and the nanoparticles. The preparation protocols, characteristics and applications of these formats will be discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tiator in a proper solvent, most often an aprotic and non-polar

solvent. Subsequently, this pre-polymerization mixture is
Molecular imprinting technology (MIT) allows synthesis irradiated with UV-light or subjected to heat in order to ini-
of polymers with selectivity towards a predetermined target tiate polymerization. During polymerization, the complexes
(Fig. 1) [1,2]. In short, the molecularly imprinted polymer formed between the template molecule and the functional
(MIP) is prepared by mixing a template molecule with func- monomers will be stabilized within the resulting rigid,
tional monomers, cross-linking monomers and a radical ini- highly cross-linked polymer. Extraction of the template
molecule reveals recognition cavities complementary to the
* Corresponding author. Tek:44-46-222-81-77: template molecule in shapg, size and ghemical func’FionaIity.
fax: +44-46-222-45-25. MIPs have been applied in several different analytical tec-
E-mail address: staffan.nilsson@teknlk.Ilth.se (S. Nilsson). hniques including high-performance liquid chromatography
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/ S lPOlymerization 2. MIP formatsin CEC

Manomats Several different types of MIP-CEC formats have been
reported in the literature during the past decatizble J.
In the following text, these have been sorted into the three
conceptually different categories, i.e. the monolithic format,
the surface grafted format and the nanoparticle format.

Complexation \ MIP formats as well as their applications in CEC will be
@

Fig. 1. Schematic description of MIP synthesis. A pre-polymerization 2.1. Monolithic MIPs
solution is prepared by mixing the template with functional monomers,

cross-linking monomers and initiator in a proper solvent. Complexes are . . s s
formed between the functional monomers and the template molecule. This section, which is devoted to monolithic MIP formats

Polymerization is initiated using either heat or UV-irradiation allowing for CEC, includes true monoliths or continuous beds as
the functional monomers to react with cross-linking monomers and form Well as beds formed by entrapment of pre-fabricated MIPs
a rigid polymer network. Finally, the template molecule is extracted and a in different types of matrices. In the first approach to incor-
cavity, thgt is_complementary to the template in size, shape and chemical porate MIPs in a CEC system an in situ dispersion polymer-
functionality, is formed. ization protocol was usefB]. The polymerization, which
was performed in mixtures of cyclohexanol-dodecanol
(HPLC) [3], solid-phase extraction (SPHE}], binding as- and isopropanol-water, resulted in MIP agglomerates of
says[4], and as recognition elements on sengbtsin ap- 0.5-4pm in size. The selectivity of this MIP was however
plications of MIPs as stationary phase sorbents in HPLC, low, for which two feasible explanations may be proposed.
a large amount of template is needed in order to synthe- Firstly, the use of polar and protic solvent blends is usually
size the large amount of MIP that is required for packing considered disadvantageous for non-covalent MIP synthe-
of HPLC columns. The requirement for significant quanti- sis due to their possible interference with the template
ties of template can prove problematic, as the template in monomer complexes. Secondly, polymerization was ther-
many cases can be both rare and experi§jelt has thus mally initiated, which means that on-column detection was
been essential to develop new miniaturized chromatographicperformed through the MIP. Since detection was success-
methods based on MIPs. Capillary electrochromatography fully performed on-column, the low selectivity could also
(CEC) met this desire, since the volume of the capillary col- be due to a low polymerization yield and thus a low amount
umn is magnitudes lower than the volume of the traditional of MIP present in the capillary column.
HPLC column. Furthermore, higher separation efficiencies, An alternative approach to the in situ preparation is to
faster analysis times, and lower sample consumption can besynthesize the MIP as a bulk polymer, crush, grind, and

achieved using this techniquie]. sieve it to obtain the appropriate particle size. These parti-
Traditionally, the MIP has been synthesized as a bulk cles can subsequently be packed or entrapped in a matrix
polymer, ground, sieved and slurry packed into colufi3hs inside the capillary column. Lin et a]9] reported the use

This is a time-consuming and a somewhat tricky operation, of polyacrylamide gel as an entrapping matrix for pre-
due to the irregular geometry of the particles. The pack- fabricated 1-1pm MIP particles. Polymerization of the
ing procedure becomes even more tedious when capillaryacrylamide matrix was achieved using a thermal in situ
columns are used. Thus, in order to circumvent capillary initiation protocol. Although not clearly stated it can be
packing, several different MIP formats devoted to the cap- assumed that the detection window was free from poly-
illary format have been developed. These formats can bemer since no detection problems occurred. Since the soft
classified according to their preparation protocols and ap- polyacrylamide gel cannot be hydrodynamically flushed,
pearance into three conceptually different categories, i.e. thethe capillary column cannot be regenerated once current
monolithic MIP, the surface grafted MIP and the nanopar- breakdown has appeared. In another design of this format,
ticle MIP. The monolithic format can either be synthesized Lin et al. [10-12] used retaining frits of polyacrylamide to

in situ or constructed by entrapment of prefabricated MIP keep the MIP particles in a specified section of the capillary
particles in different types of matrices. The surface grafted column. In order to enable on-column detection, a Teflon
polymer format allows immobilization of the MIP station- sleeve connection was utilized to connect the MIP filled
ary phase as a coating on the inside of the capillary for capillary with a buffer filled capillary, as shown Fig. 2
open-tubular (OT) CEC applications or on silica particles  Chirica and Remchfl3] prepared silicate-entrapped cap-
that subsequently can be packed into capillaries. The thirdillary columns by trapping MIP particles, as well as reversed
format, i.e. the nanoparticle MIP, is used in a partial filling phase chromatographic packing materials, in a network of
application of CEC. Protocols for synthesis of these novel silica. Retaining frits were initially needed in order to keep



Table 1
MIP formats used in CEC
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Type of column

Separated species

Template molecule

Monomers used functional/ References

cross-linking
Dispersion polymerized MIP Selective retardation of template Benzamidine MAA/EDMA [8]
molecule
Selective retardation of template  Pentamidine [8]
molecule
No enantiomer separation L-Phenylalanine anilide [8]
Superporous MIP monolith rac-Propranolol, enantiomers of (R)-Propranolol MAA,2VPy/ TRIM, PETRA, [16,25]
B-blockers (9-Propranolol PETEA, EDMA
rac-Propranolol,rac-metoprolol ©-Metoprolol [16,20,22]
Enantiomers of local anaestethics S)-Ropivacaine [17]
rac-Atenolol (9-Atenolol [17]
Multiple template MIP rac-Atenolol, rac-metoprolol ©-Atenolol, (5)-metoprolol MAA/TRIM [17]
MIP monolith Enantiomers of amino acids L-Phenylalanine anilide MAA,2VPy/ EDMA [14,15]
MIP particles entrapped in Enantiomers of amino acids L-Phenylalanine anilide MAA, 2VPy/ EDMA [9-11]
acrylamide
Enantiomers of amino acids L-Phenylalanine [11]
Enantiomers of amino acids L-Dansyl-leucin, [12]
L-dansyl-phenylalanine
Silicate entrapped MIP rac-Dansyl-phenylalanine L-Dansyl-phenylalanine Not stated [13]
particles
Open-tubular rac-2-Phenylpropionic acid R)- or trans-3-(3-Pyridyl)-acrylic [32]
(9-2-phenylpropionic acid acid/EDMA, DVB
rac-Dansyl phenylalanine Dansyhphenylalanine MAA, 2VPy/TRIM, EDMA [33]
rac-Propranolol §-Propranolol MAA/TRIM [29]
Surface grafted particles rac-Phenylalanine anilide L-Phenylalanine anilide MAA/EDMA [27,28]
MIP as electrolyte additive rac-Propranolol ©-Propranolol N-Acryloyl-alanine/EDMA [42]
MIP nanoparticles in partial  rac-Propranolol H-Propranolol MAA/TRIM [44]
filling
rac-Propranolol, enantiomers of (9-Propranolol MAA/TRIM, PETEA, EDMA [46,47]
B-blockers
rac-Ephedrine andac-salbutamol 4)-Ephedrine MAA/TRIM [48]

Abbrevations: DVB, divinylbenzene; EDMA, ethylene glycol dimethacrylate; MAA, methacrylic acid; PETEA, pentaerythritol triacrylate; TRishy
lolpropane trimethacrylate; and 2VPy, 2-vinylpyridine.

the packing material in a defined section of the capillary et al.[14,15] developed a thermally initiated in situ poly-

whilst the entrapment mixture was introduced and polymer- merization protocol that yielded dense MIP monoliths. Prior
ized. Following the entrapment procedure, the frits could be to polymerization, the capillary inner surface was deriva-
removed and an on-column detection window created. tized using thionyl chloride followed by vinylization with a

As an alternative to the above described entrapment tech-vinyl magnesiumbromide Grignard reagent. This derivatiza-
nigues, in situ MIP preparation protocols have been devel- tion procedure resulted in surface bond vinylic groups that
oped. The benefits of an in situ preparation protocol include were able to participate in the polymerization reaction. Thus,

the complete absence of retaining frits as well as a meansthe MIP monolith became covalently linked to the capillary,

of circumventing time consuming packing procedures. Lin circumventing detachment of the monolith upon polymer
shrinkage. Due to the absence of larger pores in the mono-
. lith, ammonium acetate had to be added to the polymeriza-

Capillary column . . . .. .

Teflon sleeve (buffer filled end) tion mixture in order to facilitate electrophoretic exchange

of the polymerization solvent for electrolyte. Once more,

T T the MIP monolith filled capillary had to be connected to an-

R _—_. e other buffer filled pap|llary using a Teflon sleeve tq facilitate

on-column detection. A separationmf.-phenylalanine per-
* * formed on a dense-phenyl alanine anilide templated MIP
Polyimide coating monolith is shown irFig. 3.

The gel entrapped columns and the dense monoliths
all have in common the impossibility to regenerate the
columns after current breakdown, due to the lack of means

Capillary colummn
(polymer filled end)

Detection window

Fig. 2. Schematic description of the Teflon sleeve connection between an
MIP monolith filled capillary and an open buffer filled capillary used for
on-column detection. Reprinted frofh5] with permission.
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Fig. 3. CEC separation obL-phenylalanine using the cross-selectivity
of an r-phenylalainen anilide templated MIP monolith. Underivatized
amino acids are most often not applicable to non-covalent molecular
imprinting due to their low solubility in the commonly used organic
solvents. Reprinted frorfil5] with permission.

to hydrodynamically flush them. Furthermore, all of the

des?“bed er)trapment teChm_queS require .mult| step syn_Fig. 4. Schematic illustration of in situ MIP monolith preparation. The
thetic routs in order to obtain a MIP capillary column. capillary is filled with pre-polymerization solution containing the template
Thus, a one-step synthetic route yielding a super porousmolecule, functional monomers, cross-linking monomers, radical initiator
monolithic MIP was desirable. Schweitz et dl6,17] and solvent. Both ends are sealed and a detection window is created
developed two different protocols for fabrication of su- ©n-column by masking the capillary with a UV-impermeable coating.
per porous MIP monoliths. Both protocols yielded MIP UV-|rrad_|at|(_)n is used_to initiate polymenzatlor_l and after c_ompleted

. . polymerization, the capillary can be hydrodynamically flushed in order to
monoliths that could be hydrOdynamlca”y flushed, thus remove unreacted monomers, polymerization solvent, remaining radical
facilitating both regeneration of the capillary as well as the initiators and the template molecules.
exchange of polymerization solvent for electrolyte. In both
protocols, the inner surface of the capillary was derivatized
with (methacryloxy-propyl)-trimethoxysilane, according to required some optimization in polymerization time, but once
the procedure first described by Hjertgi8], in order to this was optimized the success rate was 100%. The major
covalently link the polymer to the capillary. Furthermore, advantage of the technique is its independence of the pore
UV-irradiation was applied for initiation of the polymer- forming properties of the polymerization solvent. In the sec-
ization, which has two advantages over thermal initiation. ond technique, pore generating solvents were applied in or-
Firstly, UV-initiation can be applied at very low tempera- der to generate super pores in the MIP monqlifh,20-22]
tures which have been shown to favor MIP synthgkis19] The pore generating solvent is a thermodynamically poor
This effect is probably due to the formation of strong com- solvent for the polymer, i.e. the solubility of the resulting
plexes between the template molecules and the functionalpolymer decreases with the addition of this solvent. Sev-
monomers at low temperatures. Secondly, UV-initiation eral commonly applied solvents with pore generating prop-
also enables a convenient method for preparation of a de-erties have polar and protic properties, which are considered
tection window[16] as well as a means for controlling the unfavorable for efficient molecular imprinting due to their
length of the monolitj20]. Masking the areas where poly- interference with the functional monomer-template com-
mer is unwanted using a UV-impermeable material realizes plexes[23]. However, Schweitz et aJ17,20-22]used apo-
a simple photochemical masking procedure. A schematic lar and aprotic isooctane-toluene blends as pore generating
description of the preparation of a monolithic MIP capillary solvent Eig. 5. The porosity of the MIP monolith could

column is shown irFig. 4. easily be altered by varying the concentration of isooctane,
The first technique applied in order to obtain super porous a higher concentration of isooctane yielding more porous
MIP monoliths was interrupted polymerizatigh6]. This polymer structures. Enantiomer separations of propranolol

technique can be applied in order to generate super poregperformed on a super porous MIP monolith prepared using
in polymers that are synthesized in solvents that otherwisetoluene-isooctane as pore generating solvent are shown in
would yield dense polymers. Basically, the polymerization Fig. 6. Just recently, Schweitz et 4§20] managed to syn-

is not allowed to proceed to completeness, but is stoppedthesize monolithic MIP capillary columns with a very short
after a certain time before the polymer has grown dense.sorbent length. By altering the concentration of monomers
To stop the polymerization, the capillary was simply hydro- and the composition of the pore generating solvent, an MIP
dynamically flushed with electrolyte to remove unreacted monolith of only 8.5 cm in length could be prepared using a
monomers and remaining radical initiators. This technique photochemical masking procedure with a preparation time
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The cross-selectivity of the MIP allows, in resemblance
with the biological antibodies, it to recognize also structural
analogues of the templa{@4,25] Thus, a MIP prepared
using one of the enantiomers of a chiral substance as tem-
plate cannot only be used for separations of the enantiomers
of that particular substance but also of several of its struc-
tural analogues. This property can be of great usefulness in,
e.g. applications of the MIP as SPE sorbf&]. For trace
amount analysis using MIP-SPE, template molecules re-
maining in the MIP can cause significant problems as they
might leak from the MIP during operation. To circumvent
this problem, an alternative template approach can be ap-
plied. This approach makes use of a structural analogue of
Fig. 5. Scanning electron micrograph of the cross section of a capillary the intended analyte as tgmplate during the prgpgratmn of
column containing a super-porous monolith. Micrometer sized intercon- the MIP[26]. Several studies on MIP cross-reactivities have
nected globular particles are surrounded by micrometer sized super—poresbeen published during recent years. These works, when ap-
that gives the capillary a low flow resistance. plied to chiral compounds, indicates that a lower resolution
is obtained for the structural analogues than for the raceme

of only 1 h. This short MIP monolith, that was restricted to Corresponding to the template. One explanation for the
the volume between the outlet end of the capillary and the lower resolution is that the structural analogues fit worse
detection window, allowed enantiomer separations in 30's to INt0 the imprinted site when compared to the template.
be achieved successfully. This study illustrated the possibil- Schweitz et al{22] prepared a monolithic MIP using two
ities to direct the polymer synthesis to any defined compart- Structural analogues, i.eStmetoprolol and §-atenolol, as

ment and also, due to the short length of this sorbent, thetemplate molecules simultaneously. An interesting outcome
potential application of MIT to the chip format. of this study was that the degree of enantiomer separation,

represented by a normalized separation infEx], was
higher for both of the analogues using the multiple tem-
2 mAU plated MIP (MIP") monolith compared to the separation
index achieved on the single templated MIP monoliths. The
authors speculated that the reason for this finding could be
| related to template—template interactions during the imprint-
‘ ing process as well as during electrochromatography. Also,
in this work a comprehensive study on the monomer com-
position of the MIP as well as the electrochromatographic
parameters was conducted. Monomers that were supposed
to interact only weakly with the template molecule were
B |'\ introduced in the polymerization protocol. These monomers
- ___il‘l,“‘ were butyl (BMA) and me_thyl (MMA) esters of the func_-
A tional monomer methacrylic acid (MAA). Improvements in
both separation efficiency, resolution and enantiomer sep-
{ aration were achieved on MIP monoliths prepared using a
" one-to-one molar ratio between the functional monomer and
‘ the esterified monomers. The reason for these improvements
is not clear, whether it was related to the formation of more
/ well defined imprints, improved electrochromatographic
4 performance, polymer appearance and morphology, or less
T I unspecific sample adsorption to the MIP monolith. Further-
5 10 more, also in this study, Schweitz et al. studied the effect
Time/min of detergent addition to the electrolyte on the enantiomer
Fig. 6. CEC separation afc-propranolol on a superporous MIP mono- ~ S€paration (SOAP-MIP). It was shown that the addition
lith prepared using9)-propranolol as template and toluene-isooctane as Of sodium dodecylsulfate (SDS) decreased the resolution
pore-forming solvent. These separations also illustrate the effect of sur- whereas polyoxyethylene sorbitanmonolaurate (Tween 20)
factant addition to the electrolytg (SOAP-MIP-CEC). The electrolyte was and cetyltrimethylammonium bromide (CTAB) increased
composed of 80vol.% acetonitrile and 20vol.% 25mM phosphate acid the resolution in a concentration dependent manner. An in-
+ TEA pH 3.0. (A) 1 mM SDS added to the electrolyte; (B) 1 mM CTAB

added to the electrolyte; and (C) no modifier added to the electrolyte. t€resting finding in this study was the ability to decrease the
Reprinted from[22] with permission. concentration of organic modifier in the electrolyte upon
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addition of Tween 20 and still obtain enantiomer separa- linked to aminopropyltrimethoxysilane (APS) derivatized
tions. The author speculated that the ability to use more capillaries using a carbodiimide coupling reagent. Following
water rich electrolytes could be an effect of dynamic surface immobilization of ACPA, the capillary was filled with the

modifications on the MIP caused by surfactant adsorption. polymerization mixture, the detection window was masked
Enantiomer separations achieved using different types ofand polymerization was initiated using UV-irradiation. The

detergents as electrolyte modifiers are showhim 6. thickness of the polymer coating was determined by the
polymerization time, and thus careful timing was required in
2.2. Qurface grafted MIPs order not to fill the entire capillary with polymer. However,

once optimized, MIP surface coatings could be prepared

Several different techniques have been applied in orderreproducible. The flow through properties of these columns
to produce MIP coatings. Just recently, several MIP formats is not dependent upon the porosity of the MIP but rather
have been prepared utilizing a surface initiation methodol- on the thickness of the coating. Thus, a large spectrum of
ogy [27-29] In common for these approaches is the ability polymerization solvents can be applied without having to
to define the areas on which polymer is desired utilizing a consider their pore forming properties. Different types of
surface bond radical initiator. Thus, upon initiation the poly- polymerization solvents were tested for their applicability
mer will start to grow from these surfaces whilst no polymer in MIP coating synthesis and the results obtained indicated
growth will appear on surfaces lacking the surface bond rad- noticeable differences in both appearance and electrochro-
ical initiator. The technique has been applied to prepare MIP matographic performancé&igs. 7 and R
surface coatings for OT-CEC applicatiofg9—32] as well
to prepare MIP coatings on silica based packing materials 2.2.2. Surface grafted MIP particles

[27,28,33] An interesting approach for preparation of particle based
MIP materials with well defined shape and size was de-
2.2.1. MIP coatings for OT-CEC veloped by Quaglia et a[27,28] and Sulitzky et al[33].

Several different types of MIP coatings designed for Utilizing a surface bond radical initiator, MIPs could be
OT-CEC applications have been described in the literature. grafted on silica seed particles with well defined size, shape
The obvious benefit of MIP coatings for OT-CEC is the lack and porosity. A great advantage of grafting the MIP to
of backpressure, allowing simple regeneration and exchangepre-fabricated particles is the ability to control both shape
of electrolyte, and the elimination of problems with clog- and size of the resulting MIP particles and thus facilitate
ging and trapped air bubbles during electrochromatography.packing of these particles into HPLC columns or capillary

Briiggeman et al31] prepared MIP coatings covalently columns. The majority of MIP HPLC columns previously
bond to the capillary inner surface using (methacryloxy- prepared have been prepared by packing of highly irregular
propyl)-trimethoxysilane derivatized capillaries. The poly- MIP particles obtained by grinding and sieving of a bulk
merization protocol was studied in terms of alterations in polymerized MIF3]. These columns are difficult to prepare
porogen type and monomer composition and resulted in, reproducible and have poor flow through properties due to
when successfully performed, a thin MIP coating on the the irregularity of the packing material. The silica templated
inner surface of the capillary. Since polymerization was MIP particles thus offer a new very interesting approach for
thermally initiated, the MIP coating was present in the entire the preparation MIP-HPL(33] columns as well as packed
capillary, including the detection window. Thus, as detec- columns for CEC[27,28] In CEC, these MIP-silica com-
tion was performed on-column, the presence of polymer in posite particles have an additional advantage as the frits can
the detection window might have influenced the results. be burned directly on the packing materiglg. 9 shows a

Tan and Remch¢32] developed a similar protocol for  scanning electron micrograph of the cross-section of a cap-
synthesis of MIP coatings in thin 26n capillaries. The illary packed with MIP-silica composite particles prepared
capillaries were pretreated with (methacryloxy-propyl)-tri- from ACPA modified APS derivatized 10m silica particles
methoxysilane in order to covalently link the MIP coating to with 100 A average pore diameter. In a thorough investiga-
the capillary. Following thermally initiated polymerization, tion, Sulitzky et al.[33] varied the type of radical initiator,
the capillaries were connected to a vacuum system in onethe pore size of the silica seed particle, the monomer con-
end and a pressurized gas flow in the other end in order totent and the chromatographic evaluation. From this study, it
remove remaining monomers, solvents and radical initiators was concluded that an increased MIP film thickness led to
and to shrink the MIP to a thin film. Several different types improvements in selectivity and capacity. However, prob-
of MIP coated capillary columns were prepared out of which lems with mass-transfer kinetics hampered the separation
about 50% were discarded as they were occluded and thusefficiency. Furthermore, when evaluated in CEC the high-
filled with dense monolithic MIP. est separation efficiency was achieved when large porous

Just recently, Schweitf29] developed a novel tech- 1000 A silica particles were used as a shape template, fol-
nique for fabrication of MIP coatings for OT-CEC utiliz- lowed by 100 A particles and non-porous partid2%,28]
ing a surface initiation methodology. The radical initiator The authors were not able to explain these results as the re-
4,4-azobis(4-cyanopentanoic acid) (ACPA) was covalently versed order was obtained when the particles were applied
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Fig. 8. Enantiomer separations mdc-propranolol using the MIP coated
capillaries in OT-CEC. The coatings were synthesized using different
polymerization solvents: (A) toluene; (B) dichloromethane; and (C) ace-
tonitrile. Reprinted from{29] with permission.

duce the resulting slurry into the capillary. This approach
elegantly circumvents time consuming and tedious pack-
ing procedures as well as a new MIP phase is used in
Fig. 7. Scanning electron micrograph of the cross section of surface every separation. Several different techniques have been re-

coated MIP capillary columns for OT-CEC. The surface prepared using ported for the preparation of sphencal MI%—41]. How-
toluene as solvent (A) has a rough surface of approximately 0.15x0145  ever, so far only MIP particles prepared by crushing and
thickness. The surface synthesized using dichloromethane as solvent (B)sieving of bulk polymerized MIPs and MIP nanoparticles
tended to yield a slightly thicker coating, about 0.4%2, with larger

aggregates extending abouygg from the surface. MIP coatings prepared

using acetonitrile as solvent (C) had a smoother appearance and a layer (43KX 20KV WO'IGNM . 88821 P.8d9e)

thickness of about ftm with larger almost spherical clusters of 3s# in o
diameter connected to the surface. Reprinted ffa#] with permission.

in HPLC. However, a plausible explanation is the presence
of an intra-particle electroosmotic flow that can provide con-
siderable gain in efficiency due to electroosmotic perfusion
[34,35] Separations performed using a capillary packed
with MIP-silica composite particles are shownFHig. 10

2.3. MIP nanoparticles

. . Fig. 9. Scanning electron micrograph of the cross section of a capillary
An elegant alternative approach to use particle based MIPSy,cked with MIP coated silica particles. Reprinted fré@a] with per-

in CEC is to simply ad them to the electrolyte and intro- mission.
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Fig. 11. Scanning electron micrograph of antj3i&stradiol nanoparticles
of approximately 300 nm in diameter. Reprinted fr¢#i] with permis-
sion.

Fig. 10. Enantiomer separation ofi.-phenylalanine anilide performed
on a capillary packed with 10m 1000A silica particles coated with
L-phenylalanine anilide templated MIP. Assuming a homogeneous cover-
age of the grafted MIP layer, the carbon content corresponds to polymer
thicknesses of: (a) 0.9nm (1.6%), (b) 2.2nm (4%), and (c) 3.8nm (7%). 0f CEC was applied44,49] Using the partial filling tech-
Reprinted from[28] with permission. nigue, a plug of nanoparticles suspended in electrolyte, is

injected prior to the sample. Provided that there is a mobility

prepared using a precipitation polymerization protocol have difference between the analytes and the nanoparticles, the
been applied as pseudo stationary phases in CEC. Walshénalytes will start to migrate through the nanoparticle plug
et al. [42] prepared 20-3@m irregular MIP particles by ~ as a voltage is applied over the capillary. During its passage
crushing and sieving a bulk polymerized MIP. The MIP was through the capillary, the analytes will interact with and be-
prepared usingS)-propranolol as template and the chiral come separated on the MIP nanoparticles, and finally elute
monomerN-acryloyl-alanine as functional monomer. The Prior to the MIP nanoparticle plugH(g. 12. The partial
resulting MIP particles were slurried in electrolyte and intro-  filling technique possesses several benefits when compared
duced continuously into the capillary column. Even though 10 traditional CEC techniques. Firstly, a fresh, unused MIP
these particles had a considerable size, the authors claimedi@noparticle phase is used for every new analysis. This can
that they were stable in electrolyte suspension and that theyPe of great advantage when samples in complex matrices
did not scatter light nor hamper detection. The reference par-are analyzed, for instance blood plasma or cell lysates. Sec-
ticles, prepared in absence of template molecule, were notondly, the length and type of the MIP nanoparticle phase
properly evaluated as the authors claimed these to be insol-an easily be varied and optimized for a certain separation
uble in the electrolyte. Furthermore, the authors did not suc- Without column switching and purchasing of new expen-
ceed in preparing MIP particles using the achiral monomer Sive columns. Thirdly, new types of phases can be screened
MAA. It is thus questionable if the separation shown in this Very fast without time consuming packing procedures, and
work is based on a true imprinting effect or if it is a result
of the presence of a chiral monomer in the polymer.

Precipitation polymerization has been introduced as an el-
egant technique for synthesis of MIP nanopartickeg.(11)
[41,43,44] This technique allows sub micrometer sized
spherical particles to be prepared from diluted monomer
solutions without addition of surfactants. Monomers and
solvents applicable to MIT can straightforwardly be used.
It is believed that the smaller size of the MIP nanoparticles,
in comparison with other MIP formats, can have a positive
effect on the mass transfer restrictions. MIP nanoparticles
prepared using a precipitation polymerization protocol have
been applied in radio ligand binding asg44y], chemilumi- Fig. 12. Schematic description of the partial filling technique: (Top) A plug
nescence imaging assghp] and CE(J44,46—-48] Schweitz of MIP nanoparticles slurried in electrolyte is injected into the capillary
et al. [44] used a precipitation polymerization protocol to prior'to the sample. (Middle) As a voltage is applied .the sample_starts

. L . . to migrate through the MIP plug. The analyte that binds more tightly

prepare nanOpa_‘mCIe MIPs for application m_CEC' To C!r' to the nanoparticle phase will be most retained. (Bottom) The sample
cumvent detection problems related to the light scattering nhas passed through the MIP nanoparticle plug and reached the detection
properties of the nanoparticles, a partial filling technique window prior to the light scattering nanoparticles.
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Fig. 13. Simultaneous enantiomer separatiorBdflockers utilizing the 1.0
cross-selectivity of §-propranolol templated nanoparticles in a partial 10. 20.0
filling application of CEC. (A, B) Enantiomers of pindolol; (C,D) enan-
tiomers of atenolol; (E) impurity; (F)R)-propranolol; (G) §-propranolol; 4.0 ©)
and (H) eluting MIP nanoparticle plug.

3.0 ! ’]\
fourthly, there is no need for incorporation of retaining frits, 2.0 """“*"IJ b
which sometimes can be disadvantageous from an elec- %
trochromatographic point of viefs0]. Schweitz et al[44] 1.0 .
found that the template had a tremendous influence on the 15.0 175 20.0 255
size of the resulting MIP nanopatrticles. Nanoparticles pre- MIN

pared in the absence of a template m_OIeCU|e had a dlameteEig. 14. Separation of ephidrine and salbutamol e:)-éphedrine tem-
around 100-200 nm. The corresponding MIP nanoparticles pjateq miP nanoparticles in a partial filling application of CEC. (A) Cap-
were considerably larger, with sizes ranging from 500 to illary electrophoretic separation in absence of nanoparticles. (B) Separa-
700nm. A thorough investigation on the preparation and tion using non-imprinted nanoparticles. (C) Separation achieved on MIP
electrochromatographic behavior of MIP nanoparticles has nanopar_ticles templated witht-§-ephedrine. Reprinted fron¥8] with
been conducted by Spégel et f6]. In this study, the  PEMsso™
synthesis protocol was varied in terms of template con-
centration, addition of weakly interacting monomers and tion protocol. The authors claimed that simultaneous enan-
type of cross-linker. In the optimization and alterations tiomer separation of ephedrine and its structural analogue
of the electrolyte, an additional parameter needed to be salbutamol could be achieved using these nanoparticles in a
considered, i.e. the stability of the nanoparticle electrolyte partial filling application of CECKig. 14).
suspension. The monomers traditionally applied in MIT are
relatively hydrophobic in nature and thus results in a rela-
tively hydrophobic MIP nanoparticle. The ability to create a 3. Conclusion and future outlook
stable slurry of the nanoparticles in a water rich electrolyte
is thus limited. Even though the majority of published The variety of MIP-CEC formats available allows tailor-
MIP-CEC separations utilize an electrolyte composed of a made separation system with a unique selectivity for a pre-
low pH buffer and a high concentration of organic modifier determined target to be prepared in a fast and reproducible
this is probably an issue that needs to be addressed in thenanner. The number of applicable polymerization solvents,
future. Nevertheless, the nanoparticle MIP format has a which hampered the use of the earlier formats, has been
great potential in the future owing to its many advantages enlarged due to the introduction of new types of MIP for-
over traditional CECFig. 13shows a simultaneous enan- mats. A large spectrum of solvents can now be applied
tiomer separation of pindolol, atenolol and propranolol on for synthesis of MIPs for CEC. A common problem in
(9-propranolol templated MIP nanoparticles utilizing the chromatography is contamination caused by adsorption of
cross-selectivity of the MIP. sample components to the stationary phase. This is espe-
Just recently, de Boer et §4l8] prepared MIP nanoparti-  cially crucial when samples of biological nature in complex
cles for partial filing CEC using«)-ephedrine as template. matrices are analyzed, for instance blood plasma and cell
Using a highly diluted pre-polymerization solution, MIP lysates. A promising tool in MIP-CEC, which circumvents
nanoparticles of approximately 100 nm in diameter were pre- problems with contamination, is the partial filling appli-
pared using a thermally initiated precipitation polymeriza- cation of CEC using MIP nanoparticles. It is our strong
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believe that the knowledge in MIP synthesis gained in this [22] L. Schweitz, L.I. Andersson, S. Nilsson, Analyst 127 (2002) 22.
area can be fruitful for the MIP area in general as well as [23] L.I. Andersson, Anal. Chem. 68 (1996) 111.

in other applications of CEC.
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