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Abstract: Molecularly imprinted polymers (MIP) exhibitingdh selectivity and affinity to
the predetermined molecule (template) are now geifast growing research. However,
optimization of the imprinted products is difficulfue to the fact that there are many
variables to consider, some or all of which canepbéally impact upon the chemical,
morphological and molecular recognition propertéghe imprinted materials. This review
present a summary of the principal synthetic carsitions pertaining to good practice in the
polymerization aspects of molecular imprinting, adrimarily aimed at researcher familiar
with molecular imprinting methods but with littler o prior experience in polymer
synthesis. The synthesis, characteristic, effectmmlecular recognition and different
preparation methods of MIP in recent few years diseussed in this review, unsolved
problems and possible developments of MIP wereladsm briefly discussed.
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1. Molecular Imprinting Technology

Molecular imprinting technology is a rapidly deveilog technique for the preparation of polymers
having specific molecular recognition properties dogiven compound, its analogues or for a single
enantiomer [1-3]. Synthesis of MIP is a relativstyaightforward and inexpensive procedure. In short
the molecularly imprinted polymer is prepared byximg the template molecule with functional
monomers, cross-linking monomers and a radicabtoit in a proper solvent, most often an aprotigd an
non polar solvent. Subsequently, this pre-polynadian mixture is irradiated with UV light or
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subjected to heat in order to initiate polymeriaatiDuring polymerization, the complexes formed
between the template molecule and the functionaaners will be stabilized within the resulting dgi
highly cross-linked polymer. After polymerizatiomdh extracted out of the template molecule, the
resulting imprinted polymer possessing a permame@mory for the imprint species are formed,
enabling the resultant polymer selectively to rdbihe imprint molecule from a mixture of closely
related compounds. The three-dimensional cavitiasdre complementary in both shape and chemical
functionality arrangement to those of the templadeft in the polymer matrix and the high degrée o
cross-linking enables the microcavities to maintagir shape after removal of the template, and,thu
the functional groups are held in an optimal camfegion for rebinding the template, allowing the
receptor to ‘recognize' the original substrate][4volecularly imprinted polymers demonstrate very
good thermal and chemical stability and can be useagressive media [6]. MIP possess several
advantages over their biological counterparts idiclg low cost, ease of preparation, storage stgpili
repeated operations without loss of activity, higbchanical strength, durability to heat and pressur
and applicability in harsh chemical media. As ahtegue for the creation of artificial receptor-like
binding sites with a ‘memory’ for the shape andclional group positions of the template molecule,
molecular imprinting has become increasingly ativacin many fields of chemistry and biology,
particularly as an affinity material for sensorslfl], binding assays [12], artificial antibodies3{14],
adsorbents for solid phase extraction [15-19], @mdmatographic stationary phases [20-23].

2. Category of MIP

Essentially, two kinds of molecular imprinting $&gies have been established based on covalent
bonds or non-covalent interactions between the l@iepnd functional monomers (Figure 1). In both
cases, the functional monomers, chosen so asdw aiteractions with the functional groups of the
imprinted molecule, are polymerized in the preseosicthe imprinted molecule. The special binding
sites are formed by covalent or, more commonly-cmralent interaction between the functional group
of imprint template and the monomer, followed bgrasslinked co-polymerization [24]. Of the two
strategies, the non-covalent approach has beemusexlextensively due to follow three reasons:

(1) Non-covalent protocol is easily conducted, diraj the tedious synthesis of prepolymerization
complex.

(2) Removal of the template is generally much eagsually accomplished by continuous extraction.

(3) A greater variety of functionality can be irdueed into the MIP binding site using non-covalent
methods.
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Figure 1. Schematic representation of covalent and non-eovaholecular imprinting procedures

2.1. Covalent Approach

In covalent approach, the imprinted molecule isatently coupled to a polymerizable molecule. The
binding of this type of polymer-relies on reversildovalent bonds. After copolymerization with
crosslinker, the imprint molecule is chemicallyasted from the highly crosslinked polymer. Wulff
[25-26] and co-workers first produced MIP by symiilaeng specific sugar or amino acid derivatives
which contained a polymerisable function such aglphenylboronate by covalent imprinting methods.
After polymerization they hydrolyzed the sugar nipi@nd used the polymer for selective binding and
result shown that for covalent molecular imprintisglectivity of MIP increases with maximization of
crosslinker. Moreover, the requirements of covalmpirinting are different than those for non-covele
imprinting, particularly with respect to ratios d@fiinctional monomer, crosslinker, and template.
However, since the choice of reversible covaletgractions and the number of potential templates ar
substantially limited, reversible covalent interaets with polymerizable monomers are fewer in
number and often require an acid hydrolysis proeeda cleave the covalent bonds between the
template and the functional monomer.

2.2. Non-covalent Approach

Non-covalent approach is the most frequently usethad to prepare MIP due to its simplicity.
During the non-covalent approach, the special bpdites are formed by the self-assembly between
the template and monomer, followed by a crosslinkeepolymerization [27-28]. The imprint
molecules interact, during both the imprinting mdere and the rebinding, with the polymer via
non-covalent interactions, e.g. ionic, hydrophamd hydrogen bonding. The non-covalent imprinting
approach seems to hold more potential for the éubfitmolecular imprinting due to the vast number of
compounds, including biological compounds, whick aapable of non-covalent interactions with
functional monomers [29-30]. Limits to the non-clerd molecular imprinting are set by the peculiar
molecular recognition conditions. Most of fact, fieemation of interactions between monomers and
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the template are stabilized under hydrophobic enwrents, while polar environments disrupt them
easily. Another limit is represented by the needseVeral distinct points of interactions: some
molecules characterized by a single interactingugresuch as an isolated carboxyl, generally give
imprinted polymers with very limited molecular rggation properties, which have little interest in

practical applications.

Understanding the basic optimization of non-covalmethods is important for two reasons: the
methodology is far easier than covalent methodd,ilaproduces higher affinity binding sites, versus
covalent methods. The trends in binding and seiggtin non-covalently imprinted polymers are
explained best by incorporates multiple functiomainomers for the highest affinity binding siteseTh
increased number of binding interactions in theym@r binding site may account for greater fidelity
of the site, and thus impart greater affinity amtestivity to the site. This would suggest that the
number of functional groups in the polymer bindsitg is not determined directly by the solution
phase pre-polymer complex; rather, it is determidedng polymerization. Because of the difficulty
to characterizing the binding site structures dwyrand after polymerization, the actual events
determining the final binding site structure ai atmain challenge.

3. Molecular Recognition of MIP

Despite the wealth of literature on molecular imprg technology that has been published within
past decades, the mechanisms of recognition amdr#tienal control appear not entirely understood,
thus inhibiting optimization of the imprinting stegyy. Molecular recognition ability is dependent on
several factors, such as shape complementaritgtifunal complementarity, contributions from the
surrounding environment. As for the functional cdenpentarity, even though all non-covalent
interactions are applicable to the molecular re@agn between a target molecule and a molecular
recognition site formed by a molecular imprintirtge nature of the template, monomers and the
polymerization reaction itself determine the quyaland performance of the polymer product.
Moreover, the quantity and quality of the moleciylamprinted polymer recognition sites is a direct
function of the mechanisms and extent the monoreerpfate interactions present in the
pre-polymerization mixture. The recognition of haymer constitutes an induced molecular memory,
which makes the recognition sites capable of seldgtrecognizing the imprint species.

The imprinted molecules interact, during both tmrinting procedure and the rebinding, with the
polymer via non-covalent interactions, e.g. iomgdrophobic and hydrogen bonding [31]. Hydrogen
bond is most often applied as a molecular recagmiinteraction of molecularly imprinted polymers.
From this, acrylic acid and methacrylic acid hageally been adopted as functional monomers since
carboxyl group functions as a hydrogen donor arnuydrogen acceptor at the same time. These
non-covalent interactions are easily reversed,llysbg a wash in aqueous solution of an acid, a&epas
or methanol, thus facilitating the removal of themplate molecule from the network after
polymerization. In addition to the better versatilof this more general approach, it allows fasd an
reversible binding of the template.
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Mosbach et al. [32-34] has shown various exampfeMI® prepared from different functional
monomers (e.g. methacrylic acid (MAA) and acrylan{@&M)) and a cross-linking copolymer (e.g.
ethyleneglycol dimethacrylate (EDMA)) in porogensolvents such as chloroform, toluene,
tetrahydrofuran and acetonitrile. Most MIP are el by non-covalent imprinting and the common
systems are based on methacrylic monomers, suntetsacrylic acid because its carboxyl group is
the most common hydrogen-bonding and acidic funeligroup in molecular imprinting, cross-linked
with  EDMA. Molecularly imprinted polymers preparedith the trifunctional crosslinkers
pentaerythritol triacrylate and trimethlolpropanenethacrylate (TRIM) were shown to be superior to
those prepared with EDMA, in that higher load capescand better resolution were obtained.

Nicholls [35-36] studied thermodynamic considenasiaf MIP recognition. He explained that the
extent of template complexation at equilibrium ®erned by the change in Gibbs free energy of
formation of each mode of template—functional moapmteraction. As the prearrangement phase is
under thermodynamic control, the monomer(s)—-teraptaimplex is not subjected to conformational
strains and unfavourable vander Waals interactibnghermore, MIP only undergoes limited changes
in its conformation during the recognition of tleriplate because of its high degree of cross-linking
Since both polymerization and rebinding processesummed generally in lipophylic solvents,
hydrophobic interactions can be considered nedégib

Kim et al. [37] investigated and compared the thedymamic properties of copolymers imprinted
for Fmoc-L-tryptophan and prepared by two differer@thods: in situ polymerization and traditional
bulk method. The thermodynamic properties of the tlifferent MIP showed that three types of
binding sites coexist on their surface. The higleesrgy sites adsorb only the imprinted molecule or
template. Most of the intermediate energy siteoiddboth the template and its antipode, although
part of them may adsorb only the template. Finalhg lowest energy sites provide nonselective
interactions of both the template and its antip@e.the nonimprinted copolymer, there are only two
types of sites. The high-energy sites have a jigbwver energy that the intermediate sites of NHE
and the low-energy sites have properties closéndset of the lowest energy sites on the MIP. The
monolithic MIP has fewer nonselective sites thanliblk MIP.

A layer of mineral oil was deposited onto the scefeof the polymer in order to create a
hydrophobic environment in the binding sites andrtprove the recognition properties of the polymer
in polar solvents was investigated by Piletska .[38)e performances of polymers in acetonitrile
showed that the modified polymers possessed Signitly increased selectivity as compared with
non-treated ones. The three-fold improvement obgaition ability to template (cocaine) was
achieved; at the same time, for non-specific mdéefmorphine) the improvement was only 1.3 times.
The investigation of the stability of mineral oibating on the polymer surface suggested that the
effect produced is stable over a long period ottiffhis approach could be used to broaden the range
of experimental conditions where molecularly impethpolymers can perform successfully.
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4. Effecting of Special M olecular Recognition

4.1. Optimization of the Polymer Structure

The synthesis of molecularly imprinted polymersaishemically complex pursuit and demands a
good understanding of chemical equilibrium, molacutecognition theory, thermodynamics and
polymer chemistry in order to ensure a high leielmolecular recognition [39-43]. The polymers
should be rather rigid to preserve the structuré¢hefcavity after splitting off the template. Oreth
other hand, a high flexibility of the polymers skbbe present to facilitate a fast equilibrium bedn
release and reuptake of the template in the cavitgse two properties are contradictory to eachroth
and a careful optimization became necessary. Traleclye of designing and synthesizing a
molecularly imprinted polymer can be a dauntingspext to the uninitiated practitioner, not least
because of the sheer number of experimental vasablolved, e.g. the nature and levels of template
functional monomer(s), cross-linker(s), solvent&)d initiator, the method of initiation and the
duration of polymerization. Moreover, optimizatiohthe imprinted products is made more difficult
due to the fact that there are many variables tsider, some or all of which can potentially impact
upon the chemical, morphological and molecular gedomn properties of the imprinted materials.
Fortunately, in some instances it is possibly torally predict how changing any one such variable
e.g. the cross-link ratio, is likely to impact upihiese properties [44-48].

4.2. Template

The template is central importance and it directgmnization of the functional groups pendent to
the functional monomers in all molecular imprintipgpcesses. In terms of compatibility with free
radical polymerization, templates should ideally tleemically inert under the polymerization
conditions, thus alternative imprinting strategimesy have to be sought if the template can partieipa
in radical reactions or is for any other reasontalie under the polymerization conditions. The
following are legitimate questions to ask of a téatga (1) Does the template bear any polymerisable
groups? (2) Does the template bear functionalit tould potentially inhibit or retard a free raalic
polymerization? (3) Will the template be stableraiderately elevated temperatures or upon exposure
to UV irradiation? The imprinting of small, organimolecules (e.g., pharmaceuticals, pesticides,
amino acids and peptides, nucleotide bases, stgeraidd sugars) is now well established and
considered almost routine. Optically active tenmgdathave been used in most cases during
optimization. In these cases the accuracy of thetsire of the imprint (the cavity with binding ess)
could be measured by its ability for racemic reBoly which was tested either in a batch procedure
by using the polymeric materials as chromatograpbpports.

One of the many attractive features of the moleaud@rinting method is that it can be applied to a
diverse range of analytes, however, not all tereplatre directly amenable to molecular imprinting
processes. Most routine MIP were using small o@anolecules as template. Although specially
adapted protocols have been proposed for larganargompounds, e.g., proteins, cells, imprintihg o
much larger structures is still a challenge. Thenpary reason is the fact that larger templatedese
rigid and thus do not facilitate creation of wedlifshed binding cavities during the imprinting prese
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Furthermore, the secondary and tertiary structdréaige biomolecules such as proteins may be
affected when exposed to the thermal or photolygatment involved in the synthesis of imprinted
polymers. Rebinding is also more difficult, sineege molecules such peptides and proteins do not
readily penetrate the polymer network for reoccigmadf binding pockets.

4.3. Monomers

The careful choice of functional monomer is one tbe utmost importance to provide
complementary interactions with the template anbssates. (Figure 2) For covalent molecular
imprinting, the effects of changing the templatdunctional monomer ratio is not necessary because
the template dictates the number of functional moers that can be covalently attached; furthermore,
the functional monomers are attached in a stoicetammanner. For non-covalent imprinting, the
optimal template /monomer ratio is achieved emailycby evaluating several polymers made with
different formulations with increasing template J49he underlying reason for this is thought to
originate with the solution complex between funcibmonomers and template, which is governed by
Le Chatelier's principle. Applying Le Chatelier'sripciple to the complex formed prior to
polymerization, increasing the concentration of ponents or binding affinity of the complex in the
prepolymerization mixture would predict an increasehe pre-polymer complex. Correspondingly,
there is an increase the number of final bindirtgssin the imprinted polymer, resulting in an
increased binding or selectivity factor per granpoliymer.

From the general mechanism of formation of MIP bigdsites, functional monomers are
responsible for the binding interactions in the imigd binding sites, and for non-covalent molecula
imprinting protocols, are normally used in excedative to the number of moles of template to favor
the formation of template-functional monomer asdessb It is very important to match the
functionality of the template with the functiongliof the functional monomer in a complementary
fashion (e.g. H-bond donor with H-bond acceptorpider to maximise complex formation and thus
the imprinting effect. Higher retention and resmntwas finding by the two co-monomer imprinting
polymer than the single monomer imprinting polymehjch indicated an increase in the affinity of
the MIP with the sample as a result of the coopmragffect of the binding sites. However, it's
important to bear reactivity ratios of the mononterensure those copolymerisations are feasible.
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Figure 2. Common functional monomers used in non-covalenemgéar imprinting procedures.

4.4. Crosslinkers

The selectivity is greatly influenced by the kinddaamount of cross-linking agent used in the
synthesis of the imprinted polymer. The carefulice®f functional monomer is another importance
choice to provide complementary interactions witle template and substrates (Figure 3). In an
imprinted polymer, the cross-linker fulfils threeajor functions: First of all, the cross-linker is
important in controlling the morphology of the polgr matrix, whether it is gel-type, macroporous or
a microgel powder. Secondly, it serves to stabitize imprinted binding site. Finally, it imparts
mechanical stability to the polymer matrix. Fromaymerization point of view, high cross-link ratio
are generally preferred in order to access pernigngorous (macroporous) materials and in order to
be able to generate materials with adequate mezdiastability. So the amount of cross-linker should
be high enough to maintain the stability of theoggation sites. These may be because the high éegre
of cross-linking enables the microcavities to maimtthree-dimensional structure complementary in
both shape and chemical functionality to that &f tbmplate after removal of the template, and thus,
the functional groups are held in an optimal camfigion for rebinding the template, allowing the
receptor to ‘recognize' the original substrateyels with cross-link ratios in excess of 80% are
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often be used. Quite a number of cross-linkers ctitle with molecular imprinting are known, and a
few of which are capable of simultaneously compigxwith the template and thus acting as
functional monomers.

4.5. Porogenic solvents

Porogenic solvents play an important role in foiorabf the porous structure of MIP, which known
as macroporous polymers. It is known that the eatund level of porogenic solvents determines the
strength of non-covalent interactions and influsnpelymer morphology which, obviously, directly
affects the performance of MIP. Firstly, templatel@sule, initiator, monomer and cross-linker have
to be soluble in the porogenic solvents. Secorttily,porogenic solvents should produce large pores,
in order to assure good flow-through propertiestr@ resulting polymer. Thirdly, the porogenic
solvents should be relatively low polarity, in ord® reduce the interferences during complex
formation between the imprint molecule and the nmoaig as the latter is very important to obtain
high selectivity MIP.

Porogenic solvents with low solubility phase sefmr@arly and tend to form larger pores and
materials with lower surface areas. Conversely,ogenic solvents with higher solubility phase
separate later in the polymerization provide matenwith smaller pore size distributions and greate
surface area. More specifically, use of a thermadyically good solvent tends to lead to polymers
with well developed pore structures and high speeifirface areas, use of a thermodynamically poor
solvent leads to polymers with poorly developedepstructures and low specific surface areas.
However, the binding and selectivity in MIP is appeared to dependent on a particular porosity.

Although the results of molecular recognition weakeith the polar of the porogenic solvents
increasing, however, it is important to stress thatome cases sufficiently strong template: morrome
interactions have been observed in rather polaestd (e.g. methanol/water). Increasing the volume
of porogenic solvents increases the pore volumsidgs its dual roles as a solvent and as a pore
forming agent, the solvent in a non-covalent immgp polymerization must also be judiciously
chosen such that it simultaneously maximizes #tailiood of template, functional monomer complex
formation. Normally, this implies that apolar, npretic solvents, e.g. toluene, are preferred at suc
solvents stabilize hydrogen bonds, however if hgbobic forces are being used to drive the
complexation then water could well be the solvdrdhmice.
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Figure 3. Chemical structure of common cross-linkers usetbim-covalent molecular imprinting.
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4.6. Initiators

Many chemical initiators with different chemicalbperties can be used as the radical source in free
radical polymerization (Figure 4). Normally theyarsed at low levels compared to the monomer, e.g.
1 wt. %, or 1 mol. % with respect to the total nembf moles of polymerisable double bonds. The
rate and mode of decomposition of an initiatoradicals can be triggered and controlled in a number
of ways, including heat, light and by chemical/&élechemical means, depending upon its chemical
nature. For example, the azoinitiator azobisisatmuniyrile (AIBN) can be conveniently decomposed
by photolysis (UV) or thermolysis to give stabilisecarbon-centred radicals capable of initiating th
growth of a number of vinyl monomers. As an illasitre example of the use of AIBN, or indeed other
initiators, to polymerize vinyl monomers, AIBN canlymerize methylmethacrylate under thermal or
photochemical conditions to give poly(methyl metlyéate).

Oxygen gas retards free radical polymerizationsgs tim order to maximize the rates of monomer
propagation, ensure good batch-to-batch reprodiigibif polymerizations, removal of the dissolved
oxygen from monomer solutions immediately prioptoliferation is advisable. Removal of dissolved
oxygen can be achieved simply by ultrasonicatiobyosparging of the monomer solution by an inert
gas, e.g. nitrogen or argon.

CN CH, OoMe 0O
CH3 CN OMe >—®
o

azobisisobutyronitrile dimethylacetal of benzil benzoylperoxide
CH, 0,
HaC CN CH, H ?N C|3H3
N=N HO —N=N—] O
CHs L.{
CHs CN CHs CN
CHg OH
azobisdimethylvaleronitrile 4,4'-azo(4-cyanovaleric acid)

Figure 4. Chemical structure of common initiators used in4govalent molecular imprinting

4.7. Polymerization condition

Several studies have shown that polymerization ¥ &t lower temperatures forms polymers with
greater selectivity versus polymers made at elevmperatures. Usually, most people usin§ 60
as the polymerization temperature. However, thigation of the polymerization reaction was verytfas
and therefore hard to control at this temperaturé wesulted in low reproducibility of molecular
imprinted polymer. Furthermore, the relatively hitgmperatures have a negative impact on the
complex stability, which reduced the reproducipibf the monolithic stationary phases and produced
high column pressure drops. Thus, the relatively temperatures of with a prolonged reaction time
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were selected in order to yield a more reproduqiolkymerization. Where complexation is driven by
hydrogen bonding then lower polymerization tempees are preferred, and under such
circumstances photochemically active initiators meg}l be preferred as these can operate efficiently
at low temperature. For example, Mosbach et al-5b0presented a study on enantioselectivity of
[-PheNHPh imprinted polymers, one polymer beingrritadly polymerized at 6@, the other
photochemically polymerized af®. The results showed that better selectivity isilatd at the lower
temperature versus the identical polymers thernqalymerized. The reason for this has again been
postulated on the basis of Le Chatelier's pringipibich predicts that lower temperatures will drive
the pre-polymer complex toward complex formatidnyst increasing the number and, possibly, the
guality of the binding sites formed.

5. Preparation Methods of MIP

5.1. Bulk Polymerization

Molecularly imprinted polymers can be prepared imaaiety of physical forms to suit the final
application desired (Table 1). The conventional hodt for preparing MIP is via solution
polymerization followed by mechanical grinding betresulting bulk polymer generated to give small
particles and sieve the particles into the dessieel ranges, which diameters usually in the micteme
range [52-53]. This method, by far the most populaesents many attractive properties, especially t
newcomers. In fact, it is fast and simple in itaghical execution and it does not require particula
operator skills or sophisticated instrumentatiorartiele sizes <25 pm are usually used in
chromatographic studies [54]. Such ground and digaeticles have been packed into conventional
HPLC columns, immobilized on TLC plates, and ernpeapin capillary columns using acrylamide gels
or silicate matrices.

Although bulk polymerization is simple, and opti@tibn of imprinting conditions is relatively
straightforward, however, bulk polymerization methgresents many drawbacks anyway. First of all,
the particles obtained after the last sieving dtape a highly irregular in size and shape, some
interaction sites are destroyed during grindingl trus lead to a negative impact on chromatographic
performance and lower MIP loading capacity withpexs to theoretical values. Moreover, the
procedure of grinding and sieving is cumbersome, iagauses a substantial loss of useful polymer,
that can be estimated between 50 and 75% of thaliamount of bulk material. Since a portion of
polymer can only be used as packing material,rttethod suffered high consumption of the template
molecules. Last, but not least, due to its exotieahmature, bulk polymerization cannot be scalpd-u
without danger of sample overheating.

Gonzalez et al. [55] systemic studied the non-avaMIP synthesized by “bulk” polymerization
using digoxin as template. These polymers werehegited under different conditions, i.e., changing
the functional monomers employed (methacrylic aoid2-vinylpyridine), the porogenic solvents
(acetonitrile or dichloromethane) used, differentymerization and extraction processes were used.
The polymerization process was proceeding eithdeubV light or in a thermostat-controlled water
bath. This produced polymers with different struaticonformations and characteristics (hardness,
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porosity, stiffness, loading capacity, strengtlg.)etThe binding capacity, binding specificity and
chemical and thermal capacities of these MIP weuad to depend directly on the characteristics of

their surface morphology.

Molecular imprinting of 2-aminopyridine (2-apy) ioulk polymerizations of acrylic and sol-gel
based polymers has been synthesized by O’Mahonly E&h polymeric systems reveal varying
degrees of affinity in rebinding the original terat@ as well as a number of structural analogues.
Rebinding was conducted in chloroform, acetonitaled methanol in order to assess the role of
hydrogen bonding in imprinting. The acrylic impedt polymer retained approximately 50% of the
template in rebinding studies in chloroform complat@ 100% for the sol—gel. However, this higher
affinity for the sol-gel was accompanied by a hrghlegree of non-specific binding. The acrylic
polymer exhibited little discrimination between inmged and reference polymers for 3-aminopyridine
(3-apy) indicating the high selectivity of the MpBlymer for 2-apy relative to 3-apy.

Table 1. Summary of MIP prepared by different methods.

MIP format

Benefits

Limitations

Bulk polymerization

Suspension polymerization

Multi-step swelling
polymerization

Precipitation polymerization

Surface polymerization

In-situ polymerization

Polymerization simplicity and
universality,

No require particular skills or
sophisticated instrumentation

spherical particles,
Highly reproducible results,
Large scale possible

Monodisperse beads of
controlled diameter,
Excellent particle for HPLC

Imprinted microspheres,
Uniform size and high yields

Monodisperse product,
Thin imprinted layers

One-step, in-situ preparation,
Cost-efficient, good porosity

Tedious procedures of grinding,
sieving, and column packing,
Irregular particle in size and shape,
low performance.

Phase partitioning of complicates
system,

Water is incompatible with most
imprinted procedures, Specialist
surfactant polymers required

Complicated procedures and
reaction conditions,
Need for aqueous emulsions,

Large amount of template
High dilution factor

Complicated system,
Time consuming

Extensive optimizatiomequired
for each new template system

5.2. Multi-step Swelling Polymerization

In recent years, much effort has been dedicatedeteloping alternative methods to prepare
imprinted stationary phases, which are superioterms of efficiency and mass transfer properties.
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Micrometer-sized spherical imprinted polymers withrrow size distribution have been prepared
through several techniques [57-59]. Uniformed sighérparticles have been obtained by using
multi-step swelling method [60-63]. Particles cangyepared directly in the form of spherical beads
of controlled diameter. Beads synthesized in thay wan be rendered magnetic through inclusion of
iron oxide particles. Although particles obtainesing this technique are comparatively monodisperse
in size and shape and well suited for chromatodcappplications, however, fairly complicated
procedures and reaction conditions are required,tla@ aqueous suspensions used in this technique
could interfere with the imprinting and thus leada decrease in selectivity. The requirement for
aqueous emulsions can interfere with the imprinpngcess and the selectivity of these particles is
still not completely satisfactory.

Uniformly sized MIP for d-chlorpheniramine (CP) arbrompheniramine (BP) prepared by a
multi-step swelling polymerization method and ewddd using a mixture of phosphate buffer and
acetonitrile as mobile phase [64]. CP and BP eoardrs were retained the most as a monovalent
cation on MAA-co-EDMA polymers and a divalent cation TFMAA-co-EDMA polymers. lon
exchange and hydrophobic interactions could mawdyk for the retention and enantioseparation of
CP and BP on both MAA-co-EDMA and TFMAA-co-EDMA pohers in hydro-organic mobile
phases.

5.3. Suspension Polymerization

A rather simple method for the preparation of imfd supports not requiring mechanical grinding
is suspension polymerization, which vyields aggregabf spherical particles, if the system is
sufficiently dilute, uniformly sized microspherégo avoid above interference in multi-step swelling
method, suspension polymerization in perfluorocarkalvents has been studied [65-66]. In two-phase
systems, the use of liquid perfluorocarbons insteddvater as the continuous phase might be
preferred since water may have a detrimental efiadthe non-covalent complex between monomers
and imprint molecule. Although regular moleculairtyprinted microspheres have been prepared and
excellent chromatographic performance was obtafrmd polymer beads produced by use of these
methods and selectivity was good even at high fleates, unfortunately, the specialized
perfluorocarbon solvent and fluorinated surfactamtose limits on the applicability and practicality
of this method.

Bovine serum albumin-imprinted polyacrylamide gedtls were synthesized via inverse-phase seed
suspension polymerization, using high-density dnassd gel beads as core, low-density crosslinked
polyacrylamide gel as imprinting shell [67]. Thdes#ivity test showed that imprinting gel beads
exhibited good recognition for template proteirs,campared to the control protein. The imprinting
beads had quick adsorption rate and possessed\vatpregeneration property in comparison with
those prepared directly via inverse-phase suspermsitymerization. They consider the formation of
multiple hydrogen bonds and complementary shapedast the imprinting cavities and the template
proteins are the two factors that lead to the intprg effect.
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A MIP that uses a stable isotope labeled compousnthe template molecule, the so-called IMIP,
was developed by suspension polymerization [68Je Ebklectivity factors of MIP and IMIP for
bisphenol A (BPA) were 4.45 and 4.43, respectiv@lyerefore, IMIP was found to have the same
molecular recognition ability as MIP. When MI-SPEWMIP was used and followed by LC-MS in
the analysis of river water sample, the deteciimit lof BPA was 1 ppt with high sensitivity.

5.4. Precipitation Polymerization

MIP microspherical shapes with more uniform size ba obtained by the method of precipitation
polymerization, which offers a higher active sugacea by manipulating its compositions. As regards
precipitation polymerization, this technique invedv coagulation of nano-gel beads followed by
ordered particle growth due to capture of oligonfeys surrounding solution [69-70]. In this manner,
near-monodispersed spherical beads can be preer@dize and porosity can be fine-tuned thereby
changing the polymerization conditions. This tegluei has been reported in MIP-based competition
assays [71-72] and capillary electrochromatograf#8+74], but only recently works have been
published, in which it is clearly shown that pret@pon polymerization can be a potentially frultfu
technique for preparing chromatography-grade mddelguimprinted beads [75].

Recently, precipitation polymerization has been leygd for the production of molecularly
imprinted microspheres by Ye and Puoci et al [7p-D&spite the higher yields, a large amount of
template molecules is needed for the preparatiocgss, because of the high dilution factor. The
feasibility of preparing highly selective morphiimaprinting polymer particles using precipitation
polymerization is demonstrated by Ho et al. [79).c8 the template, morphine hydrochloride, is @ilut
in the polymerization solution, it is assumed ttheg pH effect can be neglected in the system. The
MIP prepared by precipitation polymerization gavefarm particles, and this proved to be a feasible
method for fabricating MIP. By controlling the sepi@don point during the cross-linking
polymerization process, starting with a dilute mmeo solution, uniform molecular imprinted
microspheres were obtained in good yield. Compavéd the traditional method, these patrticles
exhibit greater recognition binding ability in tleensing of morphine without a time-consuming
process of grinding and sieving. The rebinding ofPMy the precipitation polymerization in a
solution containing morphine exhibited better parfance than that of NMIP.

Baggiani [80] prepare near monodispersed polysgyieeads by precipitation polymerization in
acetonitrile, and these polymeric beads cheap asg-t®-make, represent a convenient alternative to
the expensive chromatography-grade silica in thderber-mediated grafting of MIP. The
chromatographic behaviour of a column packed witbsé imprinted beads was compared with
another column packed with irregular particles otgd by grinding of a bulk pyrimethanil-imprinted
polymer. These results are consistent with an émibe of the polymerization method on the
morphology of the resulting polymer and not on thelecular recognition properties due to the
molecular imprinting process.
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5.5. Surface Imprinting Polymerization

Surface grafting of MIP layers onto preformed behds been recently proposed as attractive and
apparently general techniques to obtain chromapbyrgrade imprinted materials. In this method,
thin imprinted layers have been successfully usedoatings on chromatography-grade porous silica
using several techniques to restrain the radidghperization at the surface of the beads [81-82].

An imprinted layer selective to specific molecutasthe surface of widely used polymers without
affecting the bulk features was prepared by Sreeainv [83]. The methodology is simple and modified
surface could be used in applications as diverseparation, sensing, medical uses, etc. Say [@&4l.
prepared phosphorotriesterase mimic surface ingatipplymeric microbeads using MAH-Cu(ll) as a
new metal-chelating monomer. The paraoxon hydwlgitivity results showed that hydrolytic
activity of PIBs was higher than NIBs. The prepamtof the polymer is simple, inexpensive and
results demonstrated that the catalytic activitynidrobeads has decreased by only 17% after several
uses.

The surface imprinting technique utilizing wateraih (W/O) emulsions was applied to the
preparation of a metal ion-imprinted membrane bgkfA[85]. The zinc(ll) ionimprinted membrane
was successfully prepared by emulsion polymerimatio  with
1,12-dodecanediol-O,0’-diphenylphosphonic acid ¢fional host molecule), I-glutamic acid
dioleylester ribitol (emulsion stabilizer), and mhylbenzene (polymer matrix-forming monomer). To
obtain flexible and mechanically stable membramespfactical applications, the polymerization was
conducted in the presence of acrylonitrile-butaeiarbber and hydrophilized poly(tetrafluoroethylene
membranes. The use of acrylonitrile-butadiene ruldyel a porous solid support in the polymer
matrix resulted in improved flexibility and mecheali strength of the imprinted membrane. The
permeation mechanism of the metal ions was coreider be hopping of metal ions on the binding
sites in the membranes.

Piacham et al. [86] prepare ultra-thin MIP filmsings surface initiated radical polymerization.
Polymer films are directly formed on gold-coatedadm crystal resonator, which offers easy
monitoring of polymer growth. With this approach @asy control the thickness of the MIP film to be
below 50 nm, where the selective recognition ofyearanalytes can be easily detected by the
underlying quartz crystal resonator. When used fiow injection analysis system, the assembled
QCM sensor generated a large frequency change #z30upon encountering a small amount of
analyte (0.19 mM). The sensor had a very shortoresp time (<1 min), and displayed certain chiral
selectivity towards the original template, (S)-pamlol at a concentration higher than 0.38mM in
agueous solution.

5.6. Monoalithic Imprinted Polymerization

Monolithic molecularly imprinted technology combth¢éhe advantage of monolithic column and
molecular imprinted technology, which was prepalada simple, one-step, in-situ, free-radical
polymerization “molding” process directly withim chromatographic column without the tedious
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procedures of grinding, sieving, and column packikignolithic MIP is expected to improve the
separation and enable direct analysis with higledpend high performance after in—situ
polymerization. Matsui et al. [87-88] first useck tim-situ polymerization technique for preparatain
molecularly imprinted monoliths. Template, funcinmonomer, cross-linker and initiator were
dissolved in mixture porogenic solvents (cyclohetaand 1-dodecanol) and the mixture was
degassed and poured into a stainless steel col@fter. polymerization, the template and porogenic
solvents were removed by exhaustive washing wittharel-acetic acid. The monolithic molecularly
imprinted technology has attracted significant ries¢ because of their ease of preparation, high
reproducibility, high selectivity and sensitivignd rapid mass transport. Furthermore, the praparat
of this type of MIP is more cost-efficient, becatise amount of template molecules required is much
lower. Moreover, their greater porosity, and hegoed permeability, and high surface area are well
suited for both small molecules and large biopolsgn&onolithic molecularly imprinted stationary
phases have become a rapidly expanding field ionschtographic stationary phase preparation in
recent years [89].

The proportion of mixture composition and polymatian temperature defines the monolithic
structure and separation characteristic withouthtrr processing. The key to successful column
preparation of MIP monolith is both choice of th@mposition of the pre-polymerization mixture and
porogenic solvents and careful timing of the polyizadion reaction. In order to compare the différen
polymerization methods, Mayes et al. [90] prepdiede types of MIP by bulk, multistep-swelling
and grafting methods when sorfieblockers were used as the template moleculeshah gtudy,
ground monolithic imprinted polymer was thoughbtthe best all-round performer for enantiomeric
separations of drugs by HPLC. In-situ polymerizath@as similar recognition ability and possesses the
advantages of a one-step preparation proceduréighdyield. Matsui and Huang [91-93] prepared a
set of monolithic molecularly imprinted polymerstiwicinchonine and amino acid derivatives as the
template molecules. Separation of the correspondimantiomers was achieved but the separation
mechanism was not mentioned. In recent years, #es wf monolithic media for superior
chromatographic separation in high-performance idiquchromatography and capillary
electrochromatography have attracted consideratdeten [94-102].

Imprinted monolithic membranes by polymerizing mpes of methacrylic acid and dimethacrylate
crosslinkers within microporous support of filterpdper is described by Kietczynski [103]. These
membranes are selectively permeable for templaleaules but transport of others species is mostly
limited. The measured transport stereoselectivatiyed from 1.1 to 3.7 depending on the system used
and the presence of cinchonine in the monomer maxtnade membrane more permeable while
cinchonidine reduced its permeability. Optimizatminthe imprinted polymer membrane in terms of
the number of binding sites and their selectivity the template enantiomer ought to be connected
with optimization of membrane porosity and templatgeractions with functional groups. When
EDMA and EDMA:MAA monolithic membranes behave iretlpredicable way, i.e. transport of
cinchona alkaloids follows membrane templating, THBG\-family membranes show abnormal
preference to transport cinchonidine more effebtive
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6. Conclusion and Future Outlook

Molecular imprinting, as a technique for the creatof artificial receptor-like binding sites with a
“memory” for the shape and functional group pasiis of the template molecule, has become
increasingly attractive in many fields of analytichemistry in recent years. However, there adé sti
many formidable tasks remaining to be tackled. (paeticular goal is to be able to prepare
molecularly imprinted polymers with a homogeneouspidation of binding sites, similar to
monoclonal antibodies. New synthesis method witmenmsimplicity and higher selectivity is another
main goal. Improved performance of polymers in agisesystems, quantitative analysis real samples
and imprinted for large biomolecules are also ébdér. Molecular imprinting technology is now
generating increasing industrial interest, andehemla demand for commercially relevant applicaion
Molecular imprinting technology not only the priples have to be demonstrated, but their
applicability to the ‘real world’ has also to beosin in the future.
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