
I. Introduction

Studies of the mechanisms of specific interaction at a liquid/

solid interface are highly important for the selection or

development of specific receptors capable of recognition

and selective binding of diverse biological target molecules.

The molecular recognition behaviour is manifested in the

processes that occur in living organisms, for example, in

enzymatic reactions, receptor-mediated endocytosis and

intracellular transport, cell activity regulation, antigen ± an-

tibody interaction, hormone ± receptor interaction and so

on. The molecular recognition is known to be based on the

spatial matching of the structures and on non-covalent

interactions, particularly, electrostatic, hydrophobic, van
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der Waals, p ± p and cation ± p interactions and hydrogen

bonds.1 Biological systems typically combine the selectivity

of specific complex formation with the strength and ability

to undergo fast reversible changes.

In practice, selective receptors are, most often, repre-

sented by biomolecules of high-purity natural compounds

(which are, hence, very expensive) attached to a solid

support surface by physical or covalent bonds. Alternatives

to natural molecules are specific segments of the molecules,

recognition sites of biocomplementary partners, which are

prepared by synthetic or genetic engineering techniques.

However, natural receptors exist only for some of the

biomolecules; therefore, the design of systems with artificial

receptors possessing high selectivity towards target biomo-

lecules is a topical problem. Owing to the advances of

synthetic chemistry, a large number of chemical structures

capable of molecular recognition that do not exist in nature

appeared in the 20th century.2, 3 Examples of such com-

pounds are crown ethers, cryptands and calixarenes capable

of selective cation binding,4 ± 6 as well as cyclophanes,7

dendrimers 8 and cyclodextrin derivatives,9 which can selec-

tively form complexes with some organic molecules.

The molecular imprints of various compounds incorpo-

rated in polymer matrices obtained by molecular imprinting

techniques also refer to synthetic receptors. This approach

was used for the first time in 1972 independently by Wulff

and Sarhan 10 and Klotz and Takagishi.11 The extensive

development of the molecular imprinting technique dates

back to the early 1990s. The essence of preparation of

molecularly imprinted polymers (MIPs) is in the formation

of a prepolymerization complex between the template

molecule and the functional monomer. This is followed by

polymerization in the presence of a cross-linking agent

during which the prepolymerization complex is rigidly

secured in the polymer network. After the end of the

process, the template molecules are removed from the

cross-linked polymer matrix. This results in the formation

of imprints, or imprint sites in the polymer, which represent

cavities complementary in size, shape and positions of

functional groups to the template molecule. Thus, a MIP

system is actually a solid matrix with artificial receptors for

the template molecule capable of repeated highly specific

interaction with this molecule or its analogue.12

Obviously, the attraction of imprinted polymer systems

for practical applications is due to relative simplicity of the

preparation and high stability combined with selectivity and

specificity, which are often comparable with those of

natural ligand ± receptor pairs.13, 14 Being synthetic struc-

tures, MIP systems withstand drastic conditions of applica-

tion, in particular, elevated pressure and temperature,15, 16

extreme pH values 16 and the use of organic solvents.17 In

addition, obvious advantages are the possibility of obtain-

ing imprints of various molecules and the ease of adjust-

ment to various conditions.18

Molecularly imprinted polymers are widely used in

solid-phase extraction,19, 20 high performance liquid chro-

matography,21 ± 23 thin layer chromatography,24 capillary

electrochromatography,25, 26 as biosensor elements 27 and

catalyst systems 28, 29 and for screening of potential

drugs.30 Currently, MIP-based products of several success-

fully functioning companies are supplied to the world

market, e.g., MIP Technologies (Sweden), POLYIntel

(France), MIP Solutions (USA) and Semorex (USA).

In most cases, MIP systems are used as the stationary

phases in dynamic flow type processes. Therefore, most of

the currently synthesized MIP systems are dispersed par-

ticles packed in columns of different size.31, 32 When

dynamic interfacial processes are carried out using these

columns, as in the case of other dispersed sorbents, the mass

transfer between the liquid and solid phases is considerably

restricted by diffusion of the substance to the sorbent pores.

In the dynamic flow, diffusion proves to be the principal

limiting stage, which dictates the time of the whole process.

Most of the mobile phase in the columns packed by any

dispersed particles flows through the interparticle space

(`empty space'), which additionally decreases the efficiency

of compound mass transfer under dynamic conditions. The

introduction of separating stationary phases as macropo-

rous monolithic materials into the chromatographic prac-

tice minimized the undesirable `empty space'.33

The first attempts to obtain porous continuous sta-

tionary phases were made in the early 1970s.34 Macro-

porous monolithic sorbents in the modern sense were

proposed and widely discussed in the late 1980s ± early

1990s by several independent groups of researchers. In

particular, monolithic columns based on polyacrylamide

have been developed.35 Highly cross-linked polymethacry-

late matrices shaped like discs 37 and rods 38 have been

synthesized. Historically, these sorbents are the first in the

series of monolithic macroporous polymers meant for the

use as stationary phases in the interaction types of liquid

chromatography. The morphological features of these sup-

ports (in particular, the structure of pore space) are suitable

for separation processes with high flow rates of the mobile

phase. The sharp decrease in the separation time became

possible due to virtually complete absence of diffusion

restrictions to the normal interfacial transfer of the sub-

stance.33, 39

The first paper reporting the preparation of molecularly

imprinted monoliths was published in 1993 by Matrui

et al.,40 i.e., this was almost simultaneously with the first

publications dealing with the synthesis of monolithic sorb-

ents for high performance liquid chromatography

(HPLC).35, 37 Unfortunately, this paper has not attracted

due attention of researchers and for a long period of time

there were no papers dealing with the production of mono-

lithic MIP systems. The next publications of Matrui et

al.41, 42 in this field appeared in the late 1990s, and only in

the beginning of the new century, this field was explored by

other researchers.43 ± 45 This situation is caused, first of all,

by the fact that monolithic sorbents themselves started to be

actively investigated as stationary phases only in the second

half of the 1990s.46 ± 50 A noticeable interest in imprinted

macroporous monoliths was aroused only in the mid-

2000s.51 ± 55 Thus, despite the fact that the key principles of

molecular imprinting have been known for relatively long

time, the use of these principles to produce macroporous

monoliths containing molecular imprints is a relatively new

branch in the field of synthesis and applications of MIP

systems.

Lately, researchers' attention has also been attracted by

supermacroporous monolithic stationary phases obtained

by cryostructuring.56 ± 58 This type of materials possesses all

advantages of usual monoliths indicated above. The cryogel

features usually listed as advantages include supermacro-

porosity, which is fairly important for separation of large
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particles and whole cells, and also the ease of preparation.

The first studies devoted to the design of molecularly

imprinted cryogels appeared in the middle of the past

decade and were devoted to extraction of low-molecular-

mass contaminants.59 Lately, the number of publications in

this field has considerably grown 58 and it has become

necessary to systematize the obtained results and to outline

the prospects for further research.

The first literature review on the use of MIP monoliths

for HPLC 60 was published in 2005. In essence, it outlined a

new trend in the preparation of MIP materials. Recently,

two more reviews were published devoted to macroporous

MIP monoliths for HPLC, capillary electrochromatogra-

phy 61 and solid-phase extraction.62

This review is an attempt to summarize the data pub-

lished mainly from 2003 to 2014. Attention is given not only

to the application of these materials but also to details of

their preparation. The results of papers dealing with the

preparation of cryogel supermacroporous MIP monoliths,

which are still few in number, are also analyzed.

II. Traditional methods for the synthesis of
molecularly imprinted polymer systems

The MIP systems are fabricated using three methods of

imprinting of the target molecules and several methods for

the synthesis of polymer matrices.

Covalent imprinting 63 ± 65 is based on the formation of

covalent bonds between the monomers and the template.

After polymerization, the template is detached and removed

from the imprint area. Advantages of this approach include

the formation of uniform imprints and, hence, high selec-

tivity. Most often, the covalent imprinting involves the

preparation of conjugates between the monomer and the

template to give boronic or carboxylic acid esters,66, 67

ketals 68 or imines (Schiff bases).69 The imprint site thus

formed is able to bind the template molecule via the same

covalent bonds. The choice of suitable monomer ± template

bonds is markedly restricted by the necessity of subsequent

cleavage of these bonds to remove the template. As a rule, in

the case of covalent imprinting, the efficiency of recovery of

the template does not exceed 90%.

Drawbacks of this method include slow binding and

release of the target molecule during the application of this

MIP system, which is related to the rate of formation and

cleavage of the covalent bonds.18, 70

Non-covalent imprinting 71 implies non-covalent binding

between the monomers and the template. In this case, the

prepolymerization complex is formed upon self-association

of the monomers and the template via hydrogen bonding,

hydrophobic, electrostatic or p ± p interactions, or van der

Waals forces. The template is removed by multiple extrac-

tion with a solvent or a solvent mixture. The residual

content of the template in the matrix for non-covalent

imprinting reaches 5% of the initial amount. The repeated

template binding to the resulting MIP system occurs due to

the same type of interactions that were used to form the

prepolymerization complex.

Due to a number of advantages such as simple prepara-

tion of the monomer ± template complex, easy removal of

the template from the polymer matrix, fast binding kinetics

of the template by the MIP system and broad selection of

templates, this method has found wider use than the above-

considered covalent imprinting. As a shortcoming of the

non-covalent approach, one can note non-uniformity of the

molecular recognition sites { caused by the fact that orien-

tations of the template and monomer molecules relative to

each other in the prepolymerization complex are not always

unambiguous.70, 72

Semicovalent imprinting, which combines the advantages

of the covalent and non-covalent approaches, was proposed

by Sellergren and Andersson.73 In this method, imprinting

is carried out via polymerization of functional monomers as

covalent complexes with the template, and the subsequent

recognition of the templates by MIP systems occurs via non-

covalent interactions and is not subject to any kinetic

restrictions except for diffusion. As in the case of covalent

imprinting, semicovalent approach tends to produce more

uniform binding sites for target molecules than the non-

covalent method.

The types of interactions and stages that underlie the

preparation of molecularly imprinted materials are depicted

in Scheme 1. The formation of a prepolymerization com-

plex may involve both a single type of interaction (non-

covalent, covalent or based on metal ion coordination) and

various combinations of the interaction types.

Most often, MIP systems are synthesized by free-radical

polymerization. This choice is caused, first, by the possibil-

ity of conversion of a wide range of vinyl monomers having

various functional groups, which are often commercially

available. Second, radical polymerization proceeds under

relatively mild conditions and does not require a high

degree of reactant purity. Detailed information on the

functional and cross-linking monomers used to synthesize

MIP systems can be found in several reviews devoted to

molecular imprinting (see, for example 12, 33, 74). The poly-

merization mixture is prepared from one or several func-

tional monomers, a cross-linking agent, a polymerization

initiator, the solvent needed for pore formation and the

template. Depending on the initiator used, polymerization

can be initiated by either heating the reaction mixture to the

temperature of initiator decay or by UV irradiation.

As noted above, most MIP materials are currently

obtained as polymer particles, which are packed into

columns and capillaries of various sizes and are used for

solid-phase extraction, liquid chromatography and capillary

electrochromatography. The MIP particles mixed with a

binding agent can also be deposited on a solid substrate to

form thin layer chromatography plates. Usually, vacuum-

dried MIP particles of diameter 25 ± 50 mm 75 are used; they

can be stored for long without the loss of functional

properties.

Bulk polymerization is a traditional method for the

preparation of MIP materials.76 ± 78 According to this

method, the polymerization mixture containing functional

monomers, cross-linking agent, template, initiator and the

pore-forming solvent is freed from oxygen by purging with

inert gas. After polymerization, the resulting monolith is

ground and sieved to obtain uniform particle fractions. This

method is fairly simple and does not require complicated

equipment; however, the particles obtained by mechanical

grinding are non-uniform both in shape and size; therefore,

the efficiency of the columns packed with such MIP sorb-

{ Implies the formation of sorbent areas formed with the participation of

different amounts of the monomers; hence, these areas can differ in the

specificity toward the target molecules.

954 E G Vlakh, V A Korzhikov, A V Hubina, T B Tennikova Russ. Chem. Rev. 84 (9) 952 ± 980 (2015)



ents in adsorption-based separation processes is relatively

low. Other drawbacks of this method are excessive con-

sumption of monomers and the template caused by the fact

that as a result of mechanical grinding of the obtained

polymer material and particle sieving, only a small portion

of the product can be used as the stationary phase. The loss

of the MIP material during these procedures can reach

50%.79

Suspension, dispersion and precipitation polymerization

techniques are widely used for direct preparation of mono-

dispersed grains. Suspension polymerization is a simple and

frequently used method for the synthesis of MIPs. In this

case, polymerization occurs in microdrops of the mixture

dispersed in water or perfluorinated hydrocarbons. In both

media, highly uniform MIP particles with 5 to 50 mm size

are formed. However, in the case of non-covalent imprint-

ing, the use of water as the dispersion medium is undesir-

able. Less polar solvents such as benzene, toluene or

acetonitrile, which ensure the stability of non-covalent

bonds, are preferred.80 Polar solvents that can dissociate

with release of a proton (water or methanol) hamper

polymerization and destabilize hydrogen bonds between

the template and the functional monomer. Numerous stud-

ies demonstrated the efficiency of MIP particles obtained by

suspension polymerization in chromatographic processes.

Examples of the preparation of MIP particles by this

method were considered in a number of publications (see,

for example,60, 81 ± 83).

Dispersion polymerization 83 is similar to the suspension

synthesis. In this case, polymerization starts in the homoge-

neous medium containing all components needed for molec-

ular imprinting (monomers, template, solvents and initia-

tor) and surfactants. The dispersion polymerization techni-

que gives particles measuring from a few to ten micro-

metres.

An alternative approach to the synthesis of MIP par-

ticles is precipitation polymerization.84, 85 This method is

based on high dilution of the polymerization mixture with a

solvent that is a poor solvent for the polymer and can

provide monodisperse microspheres of the submicrometre

size (*5 mm). An advantage of this method is relative

simplicity and the absence of a surfactant.86

A two-stage emulsion polymerization procedure pro-

posed 87 in the early 1990s is based on the preparation of

MIP beads without internal cross-linking of the polymer

chains in the first stage followed by swelling in a mixture of

porogens, a template and functional and cross-linking

monomers and polymerization in the second stage. This

method produces narrow-dispersed MIP particles with a

controlled size in the 5 ± 100 mm range, which have proved

to be useful as chromatographic sorbents.88, 89 However, the

necessity to carry out the process in water, as in the case of

suspension polymerization, restricts the possibility of

imprinting for some target molecules.

Inside of MIP particles prepared by the described

methods, there are imprint sites the access to which for

target molecules is limited by the diffusion to the polymer

network, which leads to slow mass transfer between the

phases. In order to increase the accessibility of the binding

sites for target molecules, by analogy with pellicular sorb-
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ents, it was proposed to fabricate MIP systems by grafting

MIP layers on the surface of inorganic or polymer par-

ticles.90, 91 For this purpose, the particle surface is first

modified by the initiator and then the particles are intro-

duced into the polymerization mixture containing the tem-

plate. As a result, the particle surface is coated by a MIP

layer with a controlled thickness, which would ensure

higher accessibility of imprint sites and, consequently,

intensify the mass transfer.

Detailed information about the preparation methods

and applications of fine-particle MIP systems can be found

in several recent reviews.18, 32, 92, 93

III. Macroporous monolithic sorbents

III.1. Synthesis of macroporous monolithic sorbents
The first macroporous monoliths based on synthetic poly-

mers were obtained by thermally initiated free radical

polymerization in situ and were used as stationary phases

for HPLC.35, 94, 95 A necessary condition for the formation

of a pore structure is the presence of an inert solvent

functioning as a pore forming agent (porogen). The key

criterion for using particular compounds as porogens is

their thermodynamic incompatibility with the polymer

formed. The mechanism of formation of the pore structure

of monolithic supports is well studied and has been consid-

ered in detail in the literature (see, for example 33).

The pore formation process can be briefly described in

the following way. After decomposition of the initiator at

the initial polymerization step, gel-like oligomer particles

(nuclei) are formed and start to precipitate from the organic

phase due to low solubility in the porogens. Under these

conditions, the monomeric part of the organic phase is a

better solvent for the originating polymer chains than the

porogen phase. Hence, monomers penetrate into the pre-

cipitating insoluble nuclei and continue to polymerize inside

the nuclei, which gradually reach the size of microglobules.

The growing polymer globules are joined into clusters being

held by the polymer chains piercing the neighbouring

particles. At the final polymerization step, the clusters

become large enough to contact one another, resulting in

the formation of a continuous block within the polymeriz-

ing system. The matrix thus formed is gradually strength-

ened by interglobule cross-links and progressing polymer-

ization. This leads to the formation of the final porous

polymeric material. In this stage, the porogenic solvents

occur as a separate organic phase which fills the voids of the

porous polymer bulk. The fraction of voids (or macropores)

in the final polymer is close to the volume fraction of

porogenic solvents in the initial polymerization mixture.33

The properties of macroporous monoliths used as

stationary phases differ crucially from the properties of

columns packed with sorbent particles. A key difference is

that monolithic sorbents represent a continuous polymer

matrix pierced by interconnected flow-through channels

or macropores and, hence, they have no dead (empty)

interparticle space, whereas in packed columns, this space

often amounts up to 40% of the sorbent volume. The

difference between the morphologies of these materials

accounts for different hydrodynamics: in packed columns,

the mass transfer between the phases is controlled by

substance diffusion into the sorbent pores, whereas in

monoliths, convective mass transfer predominates. The

permeability of macroporous monoliths is usually 1 ± 2

orders of magnitude higher than the permeability of

packed columns, while the pressure in the system is an

order of magnitude lower owing to the absence of diffu-

sion restrictions to normal phase transfer of the substance.

In practice, this markedly decreases the time needed for

mass transfer and, hence, for the whole interfacial

dynamic process. These and other features of macropo-

rous monolithic sorbents were described in detail in some

original papers and reviews.36, 39, 96 ± 100 Additional infor-

mation concerning the theory of high performance liquid

chromatography with macroporous monolithic sorbents

can be found in reviews 101, 102 and in a monograph.33

The range of modern macroporous sorbents based on

synthetic polymers is fairly extensive, most of them being

polymethacrylates.103, 104 Obvious advantages of the mono-

lithic sorbents based on synthetic polymers include the

simplicity of the synthesis and the possibility of varying

functional monomers depending on the objective of the

study. A polymer matrix obtained under optimized condi-

tions has a more uniform structure than a packed column.

Since the macroporous polymeric monoliths are obtained

by in situ polymerization in a mould of a desired size, for

example, in a stainless-steel column or in a quartz capillary,

the separation cell thus formed can be immediately built-in

into a high-pressure or low-pressure chromatographic sys-

tem or into a capillary electrophoresis system. Usually, the

fraction of the cross-linking agent in the polymerization

mixture is 30 mol.% to 50 mol.%, while the fraction of

porogens is from 50 vol.% to 75 vol.%. As in other cases of

radical polymerization, initiation is performed by thermally

or photo sensitive initiators.103

Apart from monoliths based on synthetic polymers,

widely used are inorganic (silica) or organic-inorganic

systems obtained either by sintering of silicate particles or

by a sol ± gel process comprising hydrolysis and condensa-

tion of alkoxysilanes in aqueous and aqueous organic

media.33, 105, 106 Enhanced mass transfer for silica matrices,

as in the case of polymeric monoliths, is attained via the

formation of flow-through cannels (pores), the diameter of

which depends on the preparation conditions and can reach

8 mm.

The surface morphology of macroporous monoliths is

usually studied by scanning electron microscopy (SEM) and

atomic force microscopy. The pore characteristics, namely

average pore size, pore size distribution and the total

porosity, are determined by mercury intrusion porosimetry.

This method is widely used for quantitative characterization

of pores in the 0.02 to 15 mm range of their size. The average

pore size and the total porosity can also be determined from

the data on hydrodynamic permeability of monolithic

columns, which can be calculated based on the dependence

of the column pressure on the liquid flow rate.107, 108

Currently, both organic and inorganic monoliths are

widely used not only in the liquid but also in gas chroma-

tography,109 capillary electrochromatography,110 solid-

phase extraction,111 as supports in the solid-phase organic

synthesis,112 and as stationary phases for flow enzyme

reactors.113 The successful use of monolithic sorbents func-

tioning in the dynamic regime gave impetus to the idea of

the design of monolithic thin layers of macroporous materi-

als for thin layer chromatography 114, 115 and the base

(platform) for biochips.116, 117 The geometric design of

macroporous supports is diversified: they can represent

membranes, rods, discs or tubes.33
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III.2. Synthesis of macroporous monolithic molecularly
imprinted systems
The synthesis of macroporous MIPs is a relatively new

branch in the synthesis of MIP systems. Along with the

advantages inherent in the preparation of monolithic sorb-

ents in general, noteworthy is the economic feasibility of the

in situ synthesis of monolithic MIP matrices associated with

the absence of excess expenditure of templates, which are

often expensive. Furthermore, the possibility of using the

monolithic column immediately after the synthesis substan-

tially facilitates the procedure of template removal from the

pores of the resulting matrix by the flow of a mobile phase.

The considerable difference between the monolithic MIP

systems from dispersed particles is in the position of imprint

sites, which are mainly concentrated in the surface layer of

the flow-through macropores, which is evidently beneficial

for the kinetics of sorption of target molecules.

Meanwhile, despite the publications on the synthesis of

macroporous monolithic MIP supports available in current

periodicals, the preparation of these systems is not a trivial

task. The reason is the following: in the case of synthesis of

monolithic polymeric systems containing molecular

imprints, the polymerization mixture should contain not

only monomers, initiator, template and (in some cases)

initiator solvent but also poor solvents for the resulting

polymer required for the formation of the macroporous

structure. However, often the templates are solids and for

being introduced into the polymerization mixture, they

should be dissolved. In the ideal case, the template can be

dissolved in one of the functional monomers provided that

it is a liquid. However, in practice, it is far from being

always possible to compose a system such that, first, the

functional monomer is a liquid that can dissolve the

template and, second, the non-covalent imprinting gives a

monomer ± template prepolymerization complex. If this

possibility cannot be implemented, the template is dissolved

in the porogen or in a good solvent. However, any intro-

duction of a good solvent into the system influences the

phase separation during polymerization and, hence, the

formation of the pore structure. Therefore, the most com-

plicated task in the synthesis of macroporous monolithic

MIP matrices is to select a system of porogens, the ratio

between them, the ratio of the monomers to the system of

porogens taking into account the nature and the number of

template molecules and the added amounts of the good

solvent.

Thus, the synthesis of macroporous monolithic MIP

sorbents should solve simultaneously two problems: the

preparation of a highly permeable macroporous matrix

and efficient imprinting of the target template molecules.

Furthermore, if the imprinted molecules are labile biomole-

cules such as proteins, the selected polymerization condi-

tions should also be suitable for preserving the activity of

the imprinted biological substance; otherwise, there is high

probability of the loss of specific capacity by the imprinted

matrix.

III.2.a. Monomers and cross-linking agents

The selection of a functional monomer is very important for

the formation of a large number of stable prepolymerization

complexes and subsequent formation of molecular imprints

in the polymer matrix. While choosing one or several func-

tional monomers for fabricating an artificial receptor for

one or another molecule, it is important to bear in mind that

the interaction of the template with monomer(s) via several

functional groups gives rise to a larger number of high-

affinity and specific molecular recognition sites as com-

pared with artificial receptors obtained with a single mono-

mer functional group and a single template group. The

maximum number of such interactions can be implemented

if the templates containing acidic and basic groups are

imprinted with the participation of basic and acidic mono-

mers, respectively.

Despite a rather extensive list of monomers suitable for

the synthesis of macroporous monolithic sorbents,103, 118

examination of the literature demonstrated that the most

popular acid-type monomers used for the synthesis of MIP

monoliths comprise methacrylic (MAA) and 2-trifluorome-

thylacrylic (TFMAA) acids,40, 43, 119 while the most popular

base-type monomers are 2- and 4-vinylpyridines

(VP) 120 ± 122 and 1-vinylimidazole (1-VI).55 As comonomers,

neutral hydrophilic compounds are used most often such as

acrylamide (AAm) and 2-hydroxyethyl methacrylate

(HEMA).123, 124 There are studies in which hydrophobic

comonomers such as butyl methacrylate (BMA)125, 126 and

styrene (ST) were used together with MAA as the functional

monomer.45

The association constants of monomers with the tem-

plates are insufficiently high for the formation of stable

complexes; therefore, to shift the equilibrium towards the

formation of complexes, functional monomers are taken in

excess. A study of the effect of the template to functional

monomer ratio on the properties of the obtained macro-

porous MIP monoliths demonstrated that better selectivity

and adsorption capacity can be achieved when the template

to functional monomer ratio is 1 : 4.45, 122, 127 A change in

this ratio, for example, to 1 : 3 or 1 : 2 (higher percentage of

the template) decreases the retention parameters for target

molecules and, hence, reduces the adsorption capacity of

the MIP sorbent; a change in the template to functional

monomer ratio to 1 : 6 or 1 : 8 (lower percentage of the

template) markedly increases the adsorption capacity and

sharply deteriorates the selectivity of isolation of target

compounds, which is manifested as binding of molecules

structurally related to the template by the MIP matrix.

When choosing the cross-linking agent, the authors of

the vast majority of publications gave preference to ethylene

glycol dimethacrylate (EDMA).40, 53, 121, 123, 128 Neverthe-

less, some publications are known in which N,N 0-methyl-

enebis(acrylamide) (MBAAm),129 di(ethylene glycol) dime-

thacrylate (DEGDMA),130 divinylbenzene (DVB) 45 and

trifunctional trimethylolpropane trimethacrylate (TRIM)

served as the bifunctional monomers in the synthesis of

macroporous MIP monoliths.131, 132

In most cases, in the synthesis of macroporous mono-

lithic sorbents, good properties of the polymer could be

attained using 30 mol.% ± 50 mol.% of the cross-linking

monomer.107, 133 ± 136 However, according to some studies

devoted to the preparation of macroporous MIP materials

and covering the period from 2003 to 2014, the use of

475% of a cross-linking agent with respect to the total

amount of monomers may give systems possessing high

selectivity towards target molecules. Meanwhile, if the

amount of the cross-linking agent is 575%, the MIP

materials either do not possess or possess very low capa-

bility for molecular recognition. Indeed, in a study 44

devoted to the synthesis of monolithic MIP columns for

separation of enantiomers and diastereomers, the best
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selectivity of MIPs was observed when the cross-linking

agent (EDMA) was taken in a proportion of 90% with

respect to the functional monomer ± template complex,

which was 4-VP ±N-Fmoc-L-Trp or 4-VP ±N-Cbz-L-Trp

(Fmoc is fluoren-9-ylmethoxycarbonyl, Trp is tryptophane,

Cbz is benzyloxycarbonyl). When the proportion of EDMA

was 5 70%, no molecular recognition was present. A

similar result was confirmed by other authors 51, 122, 127

who demonstrated that high selectivity of the formed MIP

monoliths was attained for 80%± 90% of the cross-linking

agent.

Recently,128 a method for the preparation of low-cross-

linked MIP monoliths has been proposed (Scheme 2). The

proportion of the cross-linking agent (EDMA) was reduced

to 9%± 20% by adding polystyrene dissolved in one of the

porogenic solvents (tetrahydrofuran) into the polymeriza-

tion mixture. The polystyrene molecules were added in

order to generate the effect of a crowded microenvironment

for the functional monomer ± template complex, which

enhaces the stability of the highly ordered structure being

formed. The increase in the viscosity of the polymerization

mixture upon the addition of the linear polymer gave rise to

a greater number of imprint sites in the low-cross-linked

polymer matrix, and, as a consequence, high retention

factors of the target component were achieved. The benefi-

cial effect of introduction of polymers (polymethyl meth-

acrylate and polystyrene) for the formation of a crowded

microenvironment during imprinting was also demon-

strated by Matsui et al.137

III.2.b. Porogens

Most often, dodecanol and toluene are used as porogens in

the polymerization of the above monomers. Dodecanol is a

solvent thermodynamically incompatible with most of poly-

methacrylate polymers and responsible for the formation of

macropores. Toluene, being a non-polar aprotic solvent, is

preferred for the formation of non-covalent bonds between

the monomer and the template.

As a rule, an increase in the proportion of toluene in the

toluene ± dodecanol porogen mixture results in a decrease in

the average pore size and simultaneously in an increase in

the specific surface area. It was shown 138 that in the

synthesis of theophylline- and caffeine-imprinted mono-

lithic columns based on the MAA±EDMA copolymer, an

increase in the toluene proportion to 40% resulted in the

formation of a monolithic matrix with very small pores and,

as a consequence, poor hydrodynamic properties. Satisfac-

tory flow properties were achieved by using 15% toluene in

the mixture of porogens. In this case, for an acetonitrile

flow rate of 1 ml min71, pressure in a 10063.2 mm column
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was 1 MPa. This result was supported in another study,127

which demonstrated that the optimal proportion of toluene

in the same system of monomers and porogens but with a

different template (sinomenine) was 20%. The matrix thus

formed possessed high efficiency, that is, the maximum

values of both retention and separation factors in the

chromatographic analysis of a mixture containing the tem-

plate and structurally related molecules.

A similar outcome was achieved for the synthesis of

columns based on 4-VP ±EDMA copolymers using quinine

and quinidine as templates.43 In this case, the optimal

content of toluene was 18% of the total volume of poro-

gens. A monolithic column (15064 mm) with an extensive

specific surface area (111 m2 g71) was obtained; the column

developed a pressure of 0.78 MPa at a mobile phase flow

rate of 1 ml min71.

Apparently, the introduction of a template into the

polymerization mixture affects the phase separation process

during polymerization and, hence, the pore characteristics

of the resulting material. The effect of the template addition

can be both negative and positive, which undoubtedly

depends on the properties of molecules introduced into the

polymerization mixture.

Often, the average pore size in non-imprinted polymer

(NIP) matrices is larger than in imprinted polymers, the

other synthesis conditions being the same. For example,

Zhang et al.45 obtained ceramide III-imprinted and non-

imprinted polymer columns (10064.6 mm) based on the

glycidyl methacrylate ±MAA± ST ±DVB ± tri(allyl) isocya-

nurate copolymer. A mixture of toluene (64 mass%) and

heptane (36 mass%) was used as a pore-forming agent.

According to the mercury porosimetry data, pore size

distribution in NIP sorbents was in the range of

150 ± 5000 nm with a maximum at 2200 nm. The pore

distribution range in the MIP matrix containing ceramide

III imprints was 100 ± 600 nm with a clear maximum at

300 nm.

The same result was indirectly confirmed 122 considering

the pressure levels, which directly depend on the pore

characteristics of the sorbent, in the MIP and NIP columns

at equal mobile phase flow rates. Evidently, the larger the

average pore size, the lower the pressure in the column. At a

mobile phase flow rate of 1 ml min71 in a 7065 mm

monolithic column prepared from the 4-VP ±EDMA

copolymer using a 1 : 5 dimethylformamide ± dodecanol

mixture of porogens and imprinted with the antimicrobial

drug sulfamethoxazole, the pressure was 0.67 MPa. Mean-

while, for an analogous NIP column, this value was only

0.15 MPa.

In recently published papers,136, 139 high specificity of

imprinting was achieved using metal ions as bridges

between the functional monomer and the template

(Scheme 3). The introduction of Co2+, Zn2+ or Ni2+ into

a mixture consisting of the functional monomer and the

template provides a self-assembling system: the arrange-

ment of monomers around the template is ordered due to

the coordination metal pivot involving the metal ion. This

type of bridge promotes stronger binding of the monomer

(and the oligomer formed) and the template in the complex

and, hence, the formation of a larger number of uniform

imprint sites.

Zhao et al.139 obtained macroporous monolithic matri-

ces based on the 4-VP ±EDMA copolymer imprinted with

the anti-inflammatory drug ketoprofen. Since metal com-

pounds (acetates) are insoluble in the traditionally used

porogen systems, dimethyl sulfoxide (DMSO) was chosen as

the solvent in this case. Using the toluene ±DMSO binary

mixture, it is impossible to obtain the macroporous struc-

ture but when isooctane is added as the third porogenic

component, highly permeable monolithic sorbent is formed.

As in the above-considered publications, an increase in the

toluene proportion to 35% resulted in a decrease in the

retention factor of ketoprofen on the synthesized MIP

sorbent almost to zero. Also, it was shown that introduction

of both the template and the metal ions into the polymer-

ization mixture was favourable for increasing the average

pore size as compared with the pores of the NIP matrix.

Similarly to metal ions, polar templates are insoluble in

most of porogen systems used. Ionic liquids are unique

solvents with excellent solvating properties and chemical

and thermal stability. Ionic liquids were tested as porogens

in the manufacture of MIP sorbents.136, 140 Zhong et al.136

reported the preparation of the macroporous monolith

based on the 4-VP ±EDMA copolymer having imprints of

a water-soluble methyl gallate. This template was intro-

duced in the polymerization mixture using an ionic liquid,

1-n-butyl-3-methylimidazolium tetrafluoroborate

([Bmim]BF4), as the solvent and for achieving a better

solubility of the matrix, the above-described approach

comprising the addition of metal ions (Co2+) was used.

For the formation of the macroporous structure of the

monolithic material, a ternary system of porogens consist-

ing of DMSO, DMF and [Bmim]BF4 was chosen. An

increase in the DMSO content above 30% was found to

substantially decrease the monolith permeability, which was

undoubtedly related to the decrease in the average pore size.
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The proportion of DMSO needed to dissolve the cobalt

acetate was found to be 30%. Upon varying the proportion

of the ionic liquid from 50% to 70%, the optimal value

providing both high permeability and good adsorption

characteristics and selectivity was found to be 63%.

In a study 141 devoted to the preparation of macro-

porous monolithic columns based on the 4-VP ± EDMA

copolymers imprinted with the hypotensive drug (+)-

nilvadipine, it was proposed to use N-Cbz-L-Trp as the

accompanying template in the polymerization mixture to

improve the properties of the MIP matrix being formed.

The addition of this template promoted better phase

separation during the polymerization, which, in turn,

resulted in the formation of a more permeable sorbent.

The pressure in the column synthesized without N-Cbz-L-

Trp reached 5 MPs for 0.15 ml min71 flow rate of the

mobile phase, whereas in the column obtained in its

presence, the pressure remained rather low even at

1.5 ml min71 flow rate. In a study of the effect of the N-

Cbz-L-Trp to (+)-nilvadipine ratio, the best resolution of

chromatographic peaks in the separation of nilvadipine

enantiomers was achieved for the ratio of 0.5 : 1.

Apart from the nature and the ratio of the porogens, the

ratio between the monomers and porogens is also very

important for the formation of a macroporous structure.

As a rule, the higher the proportion of the cross-linking

agent in the polymerization mixture, the higher the propor-

tion of porogens required to obtain a macroporous mate-

rial. At high content of the cross-linking agent and low

content of porogens, phase separation does not take place,

which results in the formation of a slightly solvated polymer

looking like a semitransparent glass-like material rather

than a macroporous matrix. Usually, with an appropriately

selected system of porogens, if the proportion of the cross-

linking agent is *40 mol.%, the macroporous material can

be obtained if the polymerization mixture contains

60 vol.% ± 70 vol.% of porogens.142 ± 145 If the proportion

of the cross-linking monomer is 80 mol.% ± 90 mol.% as in

the synthesis of MIP monoliths, the content of porogens is

also increased to 75 vol.% ± 85 vol.%.125, 127, 136

III.2.c. Polymerization conditions

The key method for the preparation of macroporous MIP

monoliths is polymerization using the 2,2 0-azobis(iso-
butyronitrile) (AIBN) initiator, which decays on heating

above 45 8C. Polymerization conditions, that is, reaction

temperature and time, undoubtedly influence the properties

of the obtained material. A change in the polymerization

temperature is a very convenient method for the control of

the material properties without changing the composition of

the polymerization mixture. In particular, temperature

variation can affect the rate of initiator decay (generation

of free radicals), the formation of gel-like nuclei, phase

separation, etc.

The synthesis of macroporous monolithic columns ini-

tiated by AIBN using 40% of a cross-linking agent with

respect to the total monomer weight gives sorbents with

good hydrodynamic and adsorption properties in 4 ± 8 h at

70 8C.107 As the amount of the cross-linking agent increases

to 80% at the same temperature, polymerization time is

usually *4 h. However at elevated temperature, the initia-

tor decays rapidly and, as a consequence, the decay rate is

more difficult to control, which, in turn, has an adverse

effect on the reproducibility of the structure of MIP

materials. Moreover, the elevated temperature also unfav-

ourably influences the stability of the functional mono-

mer ± template complex. For the synthesis of macroporous

MIP materials, the preferred temperature range is

45 ± 60 8C. In view of the fact that the lower polymerization

temperature, the longer the process, most researchers

choose values at about 50 ± 60 8C as the optimal conditions,

which, moreover, afford materials with good separating

properties; in this case, polymerization time is usually

12 ±20 h.44, 51, 55, 127, 128, 138

In conclusion, it is important to note that MIP mono-

liths have the same microglobular morphology as conven-

tional monolithic sorbents (Fig. 1).

III.3. Application of macroporous molecularly imprinted
polymeric monoliths
Currently, macroporous MIP monoliths are used as sta-

tionary phases in three key areas, namely, HPLC, solid-

phase extraction and capillary electrochromatography. The

published data on the application of MIP materials are

summarized in Table 1. The most interesting examples are

considered below.

III.3.a. High performance liquid chromatography

The application of fine-particle MIP sorbents in liquid

chromatography started rather long ago.200 Molecularly

imprinted sorbents proved to be a competitive alternative

to affinity chromatography for the separation of enantiom-

ers, diastereomers, compounds containing several chiral

centres and various analogues.79, 201 ± 203 Apart from packed

columns, macroporous MIP monoliths can also be utilized

to solve this type of problems (see Table 1).

The chromatographic efficiency of MIP monoliths is

evaluated using a number of parameters, one of the most

important among them being the retention factor (k) Ð a

dimensionless value defined as the ratio of the time the

compound resides in the stationary phase to the time it

resides in the mobile phase,138, 156

k � tr ÿ t0
t0

(1)

where tr is the retention time of the compound in the

column, t0 is the time an unretained component passing

through the column.

Figure 1. SEM image of the surface of macroporous matrine-
imprinted monolithic sorbent based on the MAA±EDMA copoly-
mer (magnification 1000).146
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Table 1. Application of macroporous MIP monoliths as sorbents in HPLC, capillary electrochromatography and solid-phase extraction.

Template Functional Cross-linking Scope of application Size of monolithic Ref.
monomer monomer columns/mm

High performance liquid chromatography

Diaminonapthalene AAm, EDMA study of specific complex formation 5067.6 40

isomers TFMAA

Nicotine MAA EDMA study of the effect of the nature of the functional 5064.6 41

monomer on the strength of specific complex

formation

Cinchonine, cinchonidine, AAm, EDMA the same 5064.6 42

quinine, quinidine TFMAA

Cinchonine MAA, 4-VP EDMA separation of diastereomer mixture 15064, 10065, 147

on MIP columns of different size 3868, 10616

Nitrophenol isomers, 4-VP, AAm EDMA separation of nitrophenol isomers and 15064 123

salicylic and 4-hydroxy- hydroxybenzoic acid isomers

benzoic acids

(S)-(7)-1,10-Bi-2-naphthol 4-VP EDMA separation of enantiomers 5064 121

Atrazine MAA EDMA study of the selectivity of atrazine binding in 5064.6 137

comparison with other triazine herbicides

2,4-Diamino-6-(meth- MAA+BMA EDMA study of the effect of chromatographic conditions 10064.6 128

acryloyloxy)ethyl- on the molecular recognition of 2,4-diamino-

1,3,5-triazine 6-methyl-1,3,5-triazine and its analogues

L-Tetrahydropalmatine MAA EDMA quantification of enantiomers; combination 5064.0 148

of MIP column with a reversed phase column

for analysis of the extract from Corydalis yanhusuo

Methyl gallate 4-VP EDMA study of the thermodynamics of separation 10064.6 136

of methyl gallate and its structural analogues

Bupivacaine MAA TRIM, comparison of the chromatographic efficiency 7060.3 149

EDMA with non-monolithic MIP sorbents imprinted

with bupivacaine

MAA EDMA study of the bupivacaine interactions with 3563 150

the MIP sorbent

Theophylline MAA EDMA separation of caffeine and theophylline 10063.2 138

AAm EDMA study of the effect of chromatographic conditions 10063.2 151

on the molecular recognition

AAm EDMA quantification of theophylline and caffeine 15064.0 152

in green tea

Sulfamethoxazole AAm, 4-VP, EDMA separation of a sulfanilamide mixture 7065.0 122

1-VI contained in tablets

Ketoprofen 4-VP EDMA separation of a mixture of ketoprofen 10064.6 139

and its structural analogues

Sinomenine MAA, TFMAA EDMA separation of a mixture of sinomenine and 10064.6 127

its analogues

Nateglinide AAm EDMA separation of a mixture of nateglinide 15064.6 51

and its L-enantiomer

Pefloxacin MAA DEGDMA analysis of fluoroquinolone mixtures in milk 15062 130

samples

(+)-Nilvadipine 4-VP EDMA separation of enantiomers 5064.0 141

(S)-Naproxen MAA+BMA EDMA separation of a mixture of chiral compounds 10064.6 125, 126

N-Cbz-L-Tryptophane, MAA, 4-VP EDMA separation of N-Cbz-DL-Trp and

N-Fmoc-L-Tryptophane N-Fmoc-DL-Trp enantiomers 15064 44, 147

N-Cbz-L-Phenylalanine AAm EDMA separation of enantiomers of N-Cbz-phenylalanine, 10063.2 124

Trp and N-Cbz-phenylalanine

N-Cbz-L-Phenylalanine AAm, 4-VP, TRIM study of the adsorption of N-Cbz-L-phenylalanine 25064.6 55

1-VI

Methyl ester of N-Fmoc- MAA TRIM, study of the selectivity of binding of Fmoc 7060.25 153

phosphotyrosine EDMA derivatives of phosphoserine, tyrosine,

glutamic acid and phosphotyrosine

N-Cbz-Thr-Ala-Ala-OMe MAA TRIM, study of binding selectivity in relation to the glass tube with 154

PETA tripeptide Z-Thr-Ala-Ala-OMe and its analogue a volume of 20 ml

N-Cbz-Thr-Ile-Leu-OMe
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Table 1 (continued).

Template Functional Cross-linking Scope of application Size of monolithic Ref.
monomer monomer columns/mm

Lysozyme, BSA AAm MBAAm separation of a mixture of competing proteins 15064.6 155

Cytochrome c MAAm, MAA PAAm separation of cytochrome c and lysozyme 25064.6 156

Capillary electrochromatography

(R)-Propranolol MAA TRIM separation of propranolol enantiomers 35060.075 157

(S)-Propranolol MAA TRIM the same 8560.1 158

(S)-Propranolol, MAA, MMA, TRIM separation of metoprolol and atenolol enantiomers 26560.075 159

(S)- metoprolol, BMA, GMA

(S)-atenolol

(S)-Ornidazole MAA+4-VP EDMA separation of ornidazole enantiomers 30060.1, 160

43060.1

(7)-Norepinephrine MAA, IA EDMA separation of a mixture of structural analogues: 50060.075 161

norepinephrine, dopamine, octopamine,

synephrine, epinephrine and isoproterenol

(S)-Naproxen MAA EDMA separation of naproxen enantiomers 20060.1 162

(S)-Ornidazole HEMA, EDMA separation of ornidazole enantiomers 30060.1 163

DEAEM

17b-Estradiol MAA EDMA, separation of a- and b-estradiols 25060.075 164

TRIM

4-Aminopyridine MAA EDMA separation of aminopyridine isomers 10060.1 165

4-Hydroxybenzoic acid MAA EDMA separation of a mixture of thiourea and 20060.1 166

hydroxybenzoic acid isomers

MAA EDMA separation of hydroxybenzoic acid isomers 24560.1 167

(R)-1,10-Bi-2,20-naphthol MAA EDMA separation of binaphthol enantiomers 20060.1 168

1,10-Binaphthyl- MAA EDMA separation of a mixture of structural analogues: 20060.1 53

2,20-diamine 1,10-binaphthyl-2,20-diamine and

1,10-bi-2,20-naphthol
(S)-Ibuprofen 4-VP, MAA EDMA, separation of ibuprofen enantiomers 26560.1, 169

TRIM 41560.1

MAA, 4-VP EDMA the same 20060.1 170

L-Tetrahydropalmatine MAA EDMA separation of DL-tetrahydropalmatine enantio- 24560.075 54, 171

mers

Sulfamethazine MAA EDMA separation of a mixture of ten sulfanilamides 25060.1 172

Vanillin MAA EDMA separation of isomers and structural analogues 25060.1 173

of vanillin

L-Tyrosine, L-alanine, MAA+4-VP EDMA separation of enantiomers of these amino acids diameter 0.1, 174

L-phenylalanine, the length is not

L-tryptophane, indicated

N-Cbz-L-tyrosine

Tyr-Pro-Leu-Gly MAA EDMA separation of peptides Tyr-Pro-Leu-Gly 20060.1 175,

and Tyr-Pro-Gly-Leu 176

Thiabendazole MAA EDMA analysis of thiabendazole in crude 8560.1 177

citrus extract

Solid-phase extraction and microextraction

Ceramide III ST+GMA+ DVB, TAIC isolation of ceramide III from yeast 15064.6 45

MAA

Strychnine MAA EDMA selective extraction of strychnine from a mixture 15064.6 178

of indole, quinine, strychnine and brucine

Caffeine AAm or MAA EDMA, determination of caffeine in chilren's milk 5062.5 179

MBAAm

Caffeic acid AAm EDMA extraction of caffeic, ferulic and protocatechuic 4569 180

acid from Salicornia herbacea

Matrine MAA EDMA extraction of matrine from the 15064.6 146

Sophorae flavescentis root

Protocatechuic acid AAm TRIM extraction of protocatechuic acid from 25064.6 132

Cirsium segetum Bunge
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The retention factors are needed to calculate the so-

called imprinting factor (IF), which is a measure of inter-

action of imprint sites with target molecules

IF � kMIP

kNIP

(2)

where kMIP is the retention factor of the target compound

by the MIP sorbet, kNIP is the retention factor of the target

compound by an unimprinted sorbent. The imprinting

factors of 52 are considered to be satisfactory.62

The selectivity of an imprinted column is estimated by

means of the separation factor (or selectivity factor) a,
which reflects the selectivity of binding of the target

molecule by the MIP sorbent with respect to the selectivity

of binding of structural analogues of the template used to

form the imprint sites. The separation factor is calculated

from the equation 156

a � k1
k2

(3)

Table 1 (continued).

Template Functional Cross-linking Scope of application Size of monolithic Ref.
monomer monomer columns/mm

Berberine AAm EDMA analysis of berberine in blood plasma and urine micropipette 181

extension

Norfloxacin MAA EDMA determination of norfloxacin and other quinolones 25064.6 140

in pork

HEMA EDMA analysis of enrofloxacin and ciprofloxacin in urine 1563.2 182

Ciprofloxacin MAA+AAm EDMA determination of ciprofloxacin in urine 10063.2 183

Tetracycline MAA EDMA determination of tetracycline and its structural 10064.6 184

analogues in milk

3,4-Methylenedioxy- MAA EDMA determination of traces of methamphetamine 4060.3 185

methamphetamine in saliva

Diacetylmorphine MAA EDMA microextraction of diacetylmorphin and its 4060.3 186

analogues

Mepivacaine, (S)-ropi- MAA EDMA study of the extraction mechanism, selectivity 7060.1 187

vacaine and/or and cross interactions

bupivacaine

Horseradish peroxidase dopamine, PETA extraction of the peroxidaze from blood 25060.1 188

VPBA

Guanosine AAm+4-VP MBAAm determination of 8-hydroxy-20-deoxyguanosine 5060.53 129,

in urine 189, 190

2,4-Diamino-6-undecyl- MAA EDMA determination of melamine and cyromazine 5064.6 191

1,3,5-triazine in milk

Metribuzin MAA EDMA analysis of metribuzin in soil samples 5064.6, 119

156 4.6

Bisphenol A 4-VP EDMA extraction of bisphenol A and its analogue 20064.6 120

from river water

Diphenoconazole MAA EDMA determination of diphenoconazole in tap water micropipette 192

and grape juice extension

2,4-Dichlorophenyl- AAm EDMA determination of 2,4-dichlorophenylacetic acid the same 193

acetic acid in rice

Pirimicarb MAA EDMA determination of pirimicarb in tomatoes and pears " 194

Isoprocarb MAA, EDMA analysis of isoprocarb in rice " 195

MTMS,

MPTMS

Carbaryl +naproxen MAA EDMA analysis of carbaryl and naproxen in salad leaves " 196

and river water

Nickel nitrate HEMA, MAH EDMA determination of Ni2+ in aqueous media 50610 197

Iron(II) nitrate HEMA, MAC EDMA determination of Fe2+ in blood plasma 100610 198

Cadmium nitrate methyl ester EDMA removal of Cd2+ from blood plasma 20610 199

of MAC, HEMA

Notes. The following designations are used: 1-VI is 1-vinylimidazole, MAAm is methacrylamide, MAH is N-methacryloyl-L-histidine, MAC is

N-methacryloyl-L-cysteine, IA is itaconic acid, VPBA is 4-vinylphenylboronic acid, TAIC is triallylisocyanurate, PETA is pentaerythritol

triacrylate, PAAm is piperazine diacrylamide, DEAEM is diethylaminoethyl methacrylate, MTMS is methyltri(methoxy)silane, MPTMS is

methacryloxy(propyl)trimethoxysilane, GMA is glycidyl methacrylate.
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where k1 is the retention factor of the target component,

k2 is the retention factor of analogue molecules.

The chromatographic separation efficiency is generally

evaluated from the resolution of the peaks of two com-

pounds (Rs) 156

Rs �
2�tr1 ÿ tr2�
W1 ÿW2

(4)

where tr1 and tr2 are the retention times of the target

compound and a structural analogue, respectively; W1 and

W2 are the baseline peak widths for the elution of the target

compound and its structural analogue.

An interesting study devoted to comparison of the

efficiency of traditional fine-particle and monolithic MIP

matrices was reported by Fu et al.146 The authors compared

columns packed with synthesized MIP microspheres and

particles obtained by grinding of the MIP sorbent synthe-

sized in block with capillary-shaped monolithic columns

(7060.32 mm). The packed columns had dimensions of

5064.6 mm and 10064.6 mm, respectively. All of the

sorbents were synthesized based on the MAA±EDMA

copolymer using the anesthetic drug bupivacaine as the

template. According to the results, the maximum imprinted

factor (IF=5.1) was found for a packed column containing

ground particles, whereas for columns packed with micro-

spheres, this factor was minimum (IF=1.4); in the case of a

macroporous monolithic sorbent, IF=2.5. The minimum

non-specific retention detected under the optimal elution

conditions was observed for the monolithic sorbent, while

the maximum value was found for a column packed with

microspheres.

Effect of the composition of the mobile phase and pH. The

composition of the mobile phase has a substantial influence

on the separation efficiency of the target component and its

analogues.204, 205 First of all, this is related to the mecha-

nism of specific interaction between the imprint sites and

the target molecules. In non-polar media, these interactions

are usually based on hydrogen bonds, while in aqueous

organic solutions with a high content of water, these are

hydrophobic and/or ionic interactions.

The influence of the amount of the polar solvent in the

mobile phase on the separation selectivity of structural

analogues was demonstrated in a number of publications

(see, for example,44, 121, 136, 138, 151, 152). Ou et al.121 reported

the separation of chiral compounds by means of a mono-

lithic sorbent based on the 4-VP ±EDMA copolymer molec-

ularly imprinted with (S)-(7)-1,10-bi-2-naphthol. Upon the

addition of 2% of acetic acid to the mobile phase (acetoni-

trile), the enantioseparation factor decreased from 4.3 to

3.1, i.e., by 28%. An increase in the proportion of acetic

acid to 5% (and above) resulted in complete termination of

the separation of enantiomers. The same trend was induced

by addition of water to acetonitrile. In this case, with 4%

water content in the mobile phase, the enantioseparation

factor decreased by 35% (from 4.3 to 2.8), and as the water

content was raised to 10%, no adsorption of the mixture

components took place. Further increase in the water

content induced again the adsorption of the target compo-

nent. In particular, as the 40% content of water in the

mobile phase was achieved, the retention of (S)-(7)-1,10-bi-
2-naphthol was too strong for desorption of the analyte

under isocratic conditions. This behaviour of the system is

attributable to the change in the molecular recognition

mechanism. The introduction of minor amounts (up to

10%) of polar components to the mobile phase diminishes

the hydrogen bond formation between the analyte and the

sorbent due to competition for the adsorption sites between

the target component and the polar agent added. At higher

contents (4 30%) of the polar agent, hydrophobic inter-

actions rather than hydrogen bonds start to play the key

role in the specific binding.

In most cases, enantiomers can be separated in the

isocratic mode. Drawbacks of isocratic elution are long

retention times and, hence, considerable broadening of the

eluted zones. It is possible to considerably reduce the time

of elution of mixture components and the chromatographic

peak width by using gradient elution and/or by increasing

the mobile phase flow rate.147 This is illustrated in Fig. 2,

which presents the results of separation of (R)-(+)- and

(S)-(7)-1,10-bi-2-naphthols by isocratic and gradient elu-

tion.121 Whereas in the former case, effective separation of
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Figure 2. Chromatograms for the separation of 1,10-bi-2-naphthol
enantiomers on a monolithic MIP column.121

Conditions: (S)-(7)-1,10-bi-2-naphthol-imprinted sorbent based on
the 4-VP ±EDMA copolymer as the stationary phase, a 50664 mm
column, temperature of 20 8C, detection at 254 nm.
(a) isocratic elution: acetonitrile as the mobile phase, mobile phase
flow rate of 0.3 ml min71; (b) gradient elution: from 0 to 2.5 min,
with acetonitrile; from 2.5 to 6 min, with a 2% solution of acetic
acid in acetonitrile; mobile phase flow rate of 1.0 ml min71.
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enantiomers was attained at a mobile phase flow rate of

0.3 ml min71 in 30 min, in the latter case, the same effi-

ciency was attained in 4 min at a mobile phase flow rate of

1 ml min71.

A study of the influence of mobile phase composition on

the separation of theophylline and caffeine using theophyl-

line-imprinted macroporous monolithic columns based on

MAA±EDMA and AAm±EDMA copolymers has been

undertaken.138, 151, 152 As the mobile phases, methanol,

water and acetonitrile were tested. As in the previous case,

better separation was achieved with acetonitrile. The addi-

tion of acetic acid to acetonitrile led to lower retention

factors of the components. The addition of only 4% of

acetic acid into the mobile phase decreased the retention

factor of theophylline from 3.52 to 1.34, i.e., by almost

60%. A similar trend was initiated by adding methanol or

water to the mobile phase.

The outcome of separation of N-benzyloxycarbonylphe-

nylalanine enantiomers on a monolithic column based on

the AAm±EDMA copolymer imprinted with N-Cbz-L-

phenylalanine was similar. Similarly to the previous cases,

the addition of 5% of acetic acid to acetonitrile resulted in

low enantioselectivity and low resolution.124

The influence of pH on the chromatographic behaviour

of structurally related compounds is the subject of several

publications.44, 121, 156, 194 In particular, Huang et al.44 per-

formed separation of N-Cbz-Trp enantiomers using col-

umns based on the 4-VP ±EDMA copolymer imprinted

with the L-isomer. Initially, the optimal content of the

buffer solution in the mobile phase was determined. While

the proportion of the buffer solution (pH 4.0) was increased

from 20% to 100%, the best separation was achieved for

60% content. When the proportion of the buffer solution

was increased to 80%, the retention time of the target

component considerably increased. As the pH of the buffer

solution changed from 3.0 to 5.5, the separation factor

remained almost invariable being in the range of 3.0 ± 4.5,

and after that it slightly decreased (Fig. 3). The resolution

factor did not change in the pH range of 3.0 ± 4.0, and on

going to pH 5.0 ± 5.5, it decreased to zero. This may be

indicative of a close relationship between the hydrophobic

and ionic mechanisms of interaction involved in the enan-

tioselective separation in aqueous media.

Zhong et al.136 studied the effect of pH on the binding

selectivity of methyl gallate and related compounds using a

macroporous monolithic sorbent based on 4-VP ±EDMA

and imprinted with methyl gallate. Since methyl gallate is

readily soluble in polar solvents, an aqueous organic

medium, namely, a mixture of acetonitrile and acetate

buffer solution, was chosen as the optimal mobile phase

for chromatography. The highest selectivity of the MIP

sorbent towards methyl gallate was observed at pH 4.2

with 60% of acetonitrile present in the mobile phase. Since

pKa of methyl gallate is 4.3, the retention is most likely due

to both hydrophobic and ionic forces. If the proportion of

acetonitrile increased to 90% or decreased to 50%, this

selectivity substantially decreased, as well as on going to

lower or higher pH. A decrease in the pH to 3.0 resulted in

almost zero selectivity of binding due to the lack of electro-

static interactions between the target molecule and the

functional monomer. Upon increase in the pH to 5.6, the

retention factor decreased to zero due to the decrease in the

site selectivity; in the case of structurally related molecules,

the separation factor did not follow so clear-cut pH depend-

ence. Detailed information on the effect of the mobile phase

composition on the separation of chiral compounds on MIP

sorbents is presented in a review 205 where the molecular

recognition mechanism is also discussed.

Effect of the mobile phase flow rate. The flow rate of the

mobile phase is a very important parameter of any dynamic

process. In the case of macroporous monolithic sorbents,

the efficiency of chromatographic separation of both low-

and high-molecular-mass compounds does not depend on

the flow rate of the mobile phase over a rather broad range

(up to 10 ml min71).36, 49, 50, 206

The behaviour of analytes in the chromatographic

process with MIP monoliths at various flow rates of the

mobile phase has been studied.44, 121, 138, 141, 151, 152 In most

cases, the results demonstrate insignificant changes in the

efficiency of separation of structural analogues with a

considerable increase in the process velocity, which is

consistent with the behaviour of monolithic columns in

general. Yan and Row 151 detected only a slight decrease in

the efficiency of separation of theophylline and caffeine on

a theophylline-imprinted AAm±EDMA sorbent following

increase in the mobile phase flow rate from 0.5 to

6.0 ml min71, despite the fact that the number of contacts

between the compound and the surface markedly decreased.

In other experiments with the same system of components

but using MIP columns based on the MAA±EDMA

copolymer, the increase in the mobile phase flow rate in

the range from 0.5 to 3.0 ml min71 decreased the separa-

tion factor by only 7% (from 4.35 to 4.07).138 Thus, despite

the high flow rate of the mobile phase, the separation level

was virtually the same. A similar outcome was attained in

the separation of N-Cbz-Trp enantiomers in the

0.25 ± 2.0 ml min71 range of mobile phase flow rates using

a 4-VP ±EDMA monolithic column imprinted with the

L-isomer.44

However, Ou et al.,121 who performed separation of

chiral compounds using a 4-VP ±EDMA monolithic sorb-
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Figure 3. Effect of the pH of the mobile phase on the retention
factors (1, 2), separation factor (3) and peak resolution factor (4)
for the separation of Cbz-Trp enantiomers.44

Conditions: Cbz-L-Trp-imprinted sorbent based on the
MAA±EDMA copolymer as the stationary phase; 50% of 10 mM

acetate buffer in acetonitrile as the mobile phase; mobile phase flow
rate of 0.5 ml min71; kL, kD are retention factors.
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ent imprinted with (S)-(7)-1,10-bi-2-naphthol, found that

an increase in the flow rate from 0.1 to 1.0 ml min71

resulted in a 1.7-fold decrease in the separation factor

(from 3.05 to 1.80) and a 2-fold decrease in the resolution

(from 1.16 to 0.58). A similar result was reported by another

publication of the same authors 148 but for the separation of

tetrahydropalmatine enantiomers on a monolithic column

based on the MAA±EDMA copolymer imprinted with the

L-enantiomer. In this case, an increase in the flow rate from

0.1 to 1.0 ml min71 was accompanied by a 1.3-fold decrease

in the separation factor (from 6.44 to 4.97) and a 1.7-fold

decrease in the resolution (from 1.65 to 0.96). Note that this

range of flow rates is not typical of macroporous monolithic

sorbents.

One advantage of this type of stationary phases related

first of all to enhanced mass transfer due to convection

mechanism can be achieved at high flow rates of elution,

which increase the permeability of the separation medium.36

In the region of low rates typical of packed columns,

longitudinal diffusion of the substance deposited on the

column starts to make a substantial contribution to the

mass transfer. In addition, since the authors did not report

the pore characteristics of the obtained sorbents, it is

difficult to evaluate objectively the obtained results. The

presented dependence of the pressure in the system on the

flow rate of the mobile phase indicates indirectly that the

hydrodynamic properties of these sorbent were poor for this

class of materials.

Effect of temperature. In some studies in which the

separation was carried out in acetonitrile, increase in the

temperature in the chromatographic process was found to

result in a lower retention factor for the target com-

pound.138, 151 In particular, in the separation of theophylline

and caffeine on the theophylline-imprinted AAm±EDMA

sorbent, a temperature rise from 20 to 50 8C led to a

substantial decrease in the retention factor of theophylline

(from 4.5 to 2.5) and a smaller change in the retention factor

of caffeine.151 When the same compounds are separated on

a monolithic sorbent prepared using MAA as a functional

monomer, temperature rise from 24 to 60 8C induced a less

pronounced decrease in the retention factor (from 5.7 to

5.0). The decrease in the retention factor at elevated temper-

ature is attributable to weakening of hydrogen bonds, which

play a key role in chromatography with an organic mobile

phase, which, in turn, diminishes the adsorption level of the

target compound.138

The effect of temperature for mobile phases represented

by aqueous organic systems, in which the analyte and the

polymer matrix interact mainly by a hydrophobic mecha-

nism, was examined in a number of other publica-

tions.44, 121, 123, 136, 146, 152 For example, Fu et al.146 found

that a temperature rise from 30 to 60 8C is accompanied by

a more than twofold increase in the retention factor of

matrine on a matrine-imprinted monolithic sorbent and by

an almost 1.7-fold increase in the separation factor. As the

mobile phase, the authors used a 50 : 50 v/v acetonitri-

le ± 20 mM phosphate buffer (pH 5.0) mixture.

In some publications, an increase in the separation

factor with temperature rise was also noted but the incre-

ment was not so noticeable.44, 121, 123 Yan and Row,124 who

synthesized a MIP column using acrylamide and N-Cbz-L-

phenylalanine as the functional monomer and the template,

respectively, demonstrated that upon a temperature rise

from 20 to 50 8C, the separation factor increased from

1.32 to 1.43.

Effect of the separating layer length. In the adsorption-

based types of separation on monoliths in which diffusion

limitations are restricted, the column length barely influen-

ces the efficiency of separation.50, 207

Huang et al.147 considered the effect of the length of the

stationary phase layer on the selectivity of separation of the

N-Cbz-Trp and N-Fmoc-Trp enantiomers and separation of

diastereomers (cinchonine and cinchonidine) using macro-

porous monolithic MIP columns. The authors obtained

series of columns based on the 4-VP ± EDMA and

MAA±EDMA copolymers bearing the imprints of either

the tryptophane or cinchonine L-isomer, which were of

different length but had almost identical volume

(15064 mm, 10065 mm and 3868 mm). The selectivity

of these monolithic columns virtually did not depend on the

length of the separating layer, this result being in full

agreement with the behaviour of monolithic columns in

other types of adsorption chromatography (Table 2). How-

ever, it is known that in short columns, the mobile phase

flow resistance is much lower than in long columns. Indeed,

it was shown that when the column length was 38 mm, the

pressure in the system was 3.6 MPa at a mobile phase flow

rate of 7.0 ml min71, whereas for 150 mm-long columns,

the pressure was 6.7 MPa at a 2.5 ml min71 flow rate.

Relying on these results, the authors synthesized a 10 mm

thick cinchonine-imprinted monolithic disc with a diameter

of 16 mm, which served to confirm that the separation

performance in a short layer and in longer columns is the

same. By optimizing the conditions of chromatographic

procedure, they achieved an efficient separation of cincho-

nine and cinchonidine on monolithic MIP disks at a mobile

Table 2. Dependence of the separation factor on the length of the separating layer.144

Compounds to be separated Separation factor for columns with the size (mm)

15064 (1.88 ml column volume) 10065 (1.96 ml column volume) 3868 (1.91 ml column volume)

Cinchonine and cinchonidine a 5.88 5.27 5.22

N-Cbz-DL-tryptophane b 1.85 2.08 1.87

N-Fmoc-DL-tryptophane c 2.21 2.28 2.21

Note. Conditions: isocratic elution, mobile phase flow rate of 1.0 ml min71, detection at 280 nm.
aMobile phase: 3% solution of acetic acid in acetonitrile, stationary phase: cinchonine-imprinted sorbent.
bMobile phase: 0.3% solution of acetic acid in acetonitrile, stationary phase: N-Cbz-L-Trp-imprinted sorbent.
cMobile phase: 0.2% solution of acetic acid in acetonitrile, stationary phase: N-Fmoc-L-Trp-imprinted sorbent.

966 E G Vlakh, V A Korzhikov, A V Hubina, T B Tennikova Russ. Chem. Rev. 84 (9) 952 ± 980 (2015)



phase flow rate of 9.0 ml min71 over a very short period of

time (2.5 min).

III.3.b. Capillary electrochromatography

Capillary electrochromatography combines the principles of

capillary electrophoresis and high performance liquid chro-

matography, i.e., separation occurs due to both difference

between their electrophoretic mobility and different inter-

action with the stationary phase. This method combines the

advantages of capillary electrophoresis (high separation

efficiency) and HPLC (high selectivity). Moreover, substan-

tial advantages of capillary electrochromatography include

low solvent consumption and small volume of the sample.

The first method for preparing MIP monoliths for

capillary electrochromatography was proposed by Schweitz

et al.157 The authors synthesized macroporous MIP mono-

lith by photoinitiated polymerization in a capillary (350 mm

length and 75 mm diameter) and successfully used it to

separate a racemic mixture of the b-adrenergic antagonist

propranolol.

The electroosmotic flow is a highly important parameter

in electrochromatography, which, in combination with the

intrinsic electrophoretic mobility of the analyte, substan-

tially influences the retention time, peak resolution factor

and actually the separation performance. In some studies

concerned with the synthesis and properties of MIP mono-

liths in the capillary format, it was demonstrated that the

electroosmotic flow (EOF ) depends on the composition, pH

and ionic strength of the mobile phase.53, 54, 160, 166, 174 In

particular, for monolithic copolymer-based capillaries with

methacrylic acid as the functional monomer, an increase in

the acetonitrile proportion in the mobile phase from 60% to

90% results in an increase in the EOF value; as the pH of

the solution changes from 3.0 to 7.0, the EOF value also

increases. Meanwhile, an increase in the solution ionic

strength is accompanied by a more complicated dependence

with a maximum salt concentration (in most cases, NaCl is

used) normally in the 20 ± 50 mmol litre71 range.

The same factors affect the chromatographic parame-

ters. Several research groups studied the effect of the

acetonitrile concentration in the mobile phase considering

cases of separation of structural analogues. However, the

results were contradictory. For example, in the electro-

chromatographic separation of 1,10-binaphthyl-2,20-diamine

(template) and its analogue, 1,10-binaphthol, using the MIP

sorbent and separation of tetrahydropalmatine enantiomers

on the MIP sorbent imprinted with the L-isomer, the

separation and retention factors were reported 53, 54 to

decrease with an increase in the acetonitrile concentration.

This was attributed to the predominance of the electro-

phoretic mechanism of substance migration in the proto-

nated state over the substance interaction with the solid

phase surface. However, hydrogen bonding is known to be

more pronounced in a hydrophobic microenvironment, i.e.,

an increase in the acetonitrile content should be favourable

for molecular recognition Ð the retention and separation

factors should increase. Particularly this trend was detected

by another research group 160, 174 in a study of the behaviour

of tyrosine and (S)-ornidazole enantiomers.

Some researchers ascertained that an increase in the pH

from 2.0 to 6.0 induces a decrease in the retention factors of

4-hydroxybenzoic acid, L-tetrahydropalmatine and 1,10-
binaphthyl-2,20-diamine on the MIP sorbents containing

methacrylic acid as the functional monomer.53, 54, 166 A

separation of tyrosine enantiomers also showed a decrease

in the separation factor and resolution of the chromato-

graphic peaks following increase in the pH from 3.0 to

6.0.174 A study of the effect of temperature on the separa-

tion of the structural analogues of 1,10-binaphthyl-2,20-
diamine and 1,10-binaphthol in the temperature range of

25 ± 45 8C did not reveal substantial changes in the separa-

tion factors.53

Ou et al.54, 171 investigated the dependence of the selec-

tivity on the electric voltage for electrochromatographic

analysis of the tetrahydropalmatine enantiomer. As the

voltage increased from 5 to 25 kV, the resolution factor

gradually decreased from 1.32 to 1.08. For the same voltage

but different sample deposition times, the Rs value was

higher for faster sample deposition. For the voltage of 5 kV

and sample loading for 6 s, the resolution of the peaks was

1.12. When the sample was injected during 3 s at the same

voltage, the Rs value increased to 1.25.

As an example of successful application of capillary

electrochromatography, note the publication of Cacho et

al.,177 who proposed a method for analysis of the fungicide

thiabendazole in the samples of orange and lemon pulp and

peel using a MIP monolith. According to the results, the

efficiency of recovery of the analyte with the thiabendazole-

imprinted sorbent based on MAA±EDMA was

85%± 100%. Thus, capillary electrochromatography with

macroporous MIP monoliths is obviously promising for

quantification of various compounds.

III.3.c. Solid-phase extraction and microextraction

Solid-phase extraction based on adsorption of the compo-

nents of interest on the solid support is one of the most

popular methods for the removal of particular components

from solution. As compared with the liquid extraction, the

solid-phase alternative ensures a higher degree of purity of

extracts for smaller volumes of solvents and samples. Solid-

phase extraction techniques including microextraction

based on macroporous molecularly imprinted monoliths

have now been developed and are demanded in various

fields (see Table 1).

The evaluation of the extraction efficiency and optimi-

zation of the experimental process conditions are per-

formed, most often, by means of two key parameters,

namely, the enrichment factor (EF) and extraction recovery

(ER).179, 194 The first parameter is defined as the ratio of the

analyte concentration in the eluent after extraction (celu) to

its initial concentration (c0)

EF � celu
c0

(5)

The second parameter represents the amount of the

recovered compound (melu) divided by the total amount

(m0). The extraction recovery (%) can be calculated as

follows:

ER � melu

m0

6 100 � celu Velu

c0V0

x 100 � EF6
Velu

V0

6 100 (6)

where Velu is the volume of the analyte solution after

extraction, V0 is the volume of the initial solution.

The efficient use of the solid-phase extraction with MIP

monoliths for medical analysis can be illustrated by a

number of studies devoted to determination of 8-hydroxy-
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20-deoxyguanosine (8-OHdG), which is a biomarker of the

oxidative DNA damage, inducing mutagenesis and carcino-

genesis in the body.129, 189, 190 As the solid-phase extraction

device, a guanosine-imprinted capillary-shaped monolith

based on the AAm± 4-VP ±MBAAm copolymer was used.

The recovery of the target compound was 80%. In addition,

a quantitative method for determining urinary 8-OHdG

marker for diagnosis of some types of cancer was devel-

oped.

Zhang and Chen 181 demonstrated the applicability of

MIP monoliths for the extraction of berberine from urine

and blood plasma. Berberine is an alkaloid present in some

medicinal plants and used in the therapy of bacterial

diarrhea, parasitic intestinal infections and eye trachoma.

The recovery of berberine from both urine and blood

plasma exceeded 91%.

A method for online analysis of the antibiotics cipro-

floxacin and enrofloxacin in urine using a system compris-

ing a monolithic MIP sorbent and an analytical column for

reversed phase chromatography (C18) has been devel-

oped.181, 182 The recovery of enrofloxacin was

90.2% ± 94.8%, while that for ciprofloxacin was

87.5% ± 96.1% depending on the concentration of the

loaded compound.

Some publications are devoted to the use of macro-

porous monolithic MIP columns for determining antibiotics

in foodstuffs. For example, a method for determination of

norfloxacin and other quinolone antibiotics in pork has

been developed 140 and a method for analysis of tetracycline

antibiotics in milk and honey has been proposed.184 In the

latter publication, the effect of the concentration of the

target compound loaded on the column on the recovery is

considered. In particular, for six antibiotics it was shown

that, as their concentration increased from 0.1 to

5.0 mg ml71, the recovery increased by 6%± 15% depend-

ing on the particular analyte. For the concentration of

5.0 mg ml71, the recovery of antibiotics was in the range

of 81.7% ± 90.6% for extraction from milk and in the range

of 76.1%± 82.3% for extraction from honey.

A similar dependence of the recovery on the concen-

tration of the loaded analyte was elucidated 191 for the

extraction of melamine from milk. Melanin present as a

component of many plastics is a potent carcinogen. A 16-

fold increase in the concentration of the loaded sample

resulted in an increase in the recovery by 74.4% to 88.5%.

A microextraction technique using a molecularly

imprinted monolith formed in plastic micropipette tips was

proposed 194 (Fig. 4). Three sorts of monolithic materials

were synthesized based on different copolymers Ð

MAA±EDMA, AAm±EDMA and MAA± 4-VP ±EDMA

molecularly imprinted with the pesticide pirimicarb. A

comparison of the efficiency of imprinting and extraction

of pirimicarb from model solutions showed the best per-

formance for the sorbent based on MAA±EDMA. Extrac-

tion of pirimicarb from tomatoes and pears was carried out;

the subsequent analysis of the extract by reversed phase

chromatography showed high recovery of the pesticide close

to 100%.

This approach to the fabrication of stationary phases for

microextraction has been further developed in a number of

studies in environmental analysis. Du et al.192 reported the

fabrication of a MIP sorbent based on the MAA±EDMA

copolymer for microextraction of the fungicide difenocona-

zole used to suppress fungal infections and, as a conse-

quence, to increase the shelf life of fruit and vegetables and

plant seeds. The manufactured solid-phase extractors were

employed for efficient determination of difenoconazole in

pears and tap water.

Along with publications reporting organic monoliths,

there are papers 193, 195, 196 dealing with the development of

the synthesis of hybrid organic-inorganic monolithic MIP

sorbents for microextraction. For example, Liu et al.193

used this approach to analyze 2,4-dichlorophenylacetic

acid, which is a highly popular herbicide. The recovery of

this compound from rice was 80%± 94% depending on the

initial content in the sample. Zhang et al.196 made the

system more complicated by creating an organic-inorganic

MIP sorbent selective towards two agents Ð carbaryl and

naproxen. The resulting dual-action sorbent was success-

fully utilized to quantify these compounds in salad leaves

and river water.

Thus, the as yet few examples presented above convinc-

ingly demonstrate good prospects of using macroporous

MIP monoliths as high-performance sorbents for solid-

phase extraction not inferior and sometimes even superior

to other systems for solid-phase extraction.

III.4. Dissociation constants of artificial receptor ± ligand
complexes
Dissociation constant is a key parameter for estimating the

strength of specific complexes in the studies of interactions

involving natural molecules.208 ± 210 The lower this parame-

ter, the stronger the complex formed between molecules

and, hence, the higher the affinity of these molecules to each

other. In essence, MIP systems are synthetic receptors

capable of molecular recognition; therefore, the dissociation

constants of complexes with the ligands for which these

receptors were obtained are often determined.

Most suitable and most often used for the calculation of

this value is the Scatchard equation 62, 191, 208

Q

c
� Qmax ÿQ

Kd

(7)

where Q is the amount of the target compound attached to

the sorbent in equilibrium, c is the concentration of the

target compound in the solution, Qmax is the maximum

adsorption capacity of the sorbent, Kd is the dissociation

constant of the specific complex.

In practice, Qmax and Kd are usually determined from

the experimental data on the equilibrium adsorption by

plotting the isotherm reflecting the equilibrium capacity of

Syringe

Tip

Polymer monolith

Figure 4. Scheme of the solid-phase MIP microextraction mono-
lith manufactured by synthesis of the MIP sorbent in the micro-
pipette tip.194
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the adsorbent (Q) at various analyte concentrations in the

solution (c).208 As a rule, this is done using the frontal

elution method based on passing solutions of the target

compound with definite concentrations through an affine

sorbent up to complete saturation of all adsorption sites

followed by quantitative desorption of the component to be

isolated. Linearization of the adsorption isotherm in the Q/c

vs. Q or reciprocal (1/Q vs. 1/c) coordinates can serve to

calculate Qmax and Kd.

The dissociation constants of the monolithic MIP sorb-

ents are in the 1073 ± 105 mol litre71 range.51, 122, 127, 182, 183

Indeed, in a study of the binding of the hypoglycemic agent

nateglinide with a monolithic MIP sorbent imprinted with

this compound,51 the Kd value was found to be

7.4061073 mol litre71. It was shown 127 that Kd of the

antimicrobial drug sulfametoxazol and its imprint sites

generated in the MIP monolith is 1.8861075 mole litre71.

In some cases MIP monoliths are formed with two types of

imprint sites having different specificity. For example, a

MIP monolith imprinted with the analgesic agent sinome-

nine was found 122 to have highly specific

(Kd=7.361075 mol litre71) and less specific

(Kd=3.861073 mol litre71) imprint sites. A similar result

was demonstrated 182, 183 in analysis of the antibiotic cipro-

floxacin; the dissociation constants were 1.6461074 and

2.9261073 mol litre71, respectively.

The specificity of synthetic receptors undoubtedly

depends on the preparation conditions and investigation

methods, in particular, on how properly the functional

monomer ± template, monomer ± cross-linking agent and

monomer ± porogens systems were selected and on the

conditions of elution, which should be maximally favour-

able for the formation of a specific complex.

III.5. Reproducibility of the results and sorbent stability
Reproducibility of the results is an important issue in the

solution of any analytical problem. One more fairly impor-

tant condition for successful implementation of solid-phase

processes is the sorbent stability. Macroporous monolithic

matrices used as stationary phases for dynamic processes

are known to have high mechanical, chemical and antimi-

crobial stability. Since these sorbents are highly cross-linked

and, hence, virtually do not swell, the porous structure they

possess is very stable, which, in turn, ensures a high level of

reproducibility of chromatographic results. Moreover, con-

ditions of synthesis of these materials are relatively simple

and easily reproducible, which generally ensures the repro-

ducibility of chromatographic results for comparison of

stationary phases from different batches.

In the separation of (R)- and (S)-naproxen using the

(S)-naproxen-imprinted monolithic column,125 the standard

deviation of the peak resolution is 4.09%. In a study of a

series of MIP columns obtained under identical optimized

conditions, the standard deviation of Rs was 7.44%.

Lin et al.155 estimated the reproducibility of the reten-

tion factor for the proteins lysozyme and bovine serum

albumin (BSA). The standard deviation for one and the

same column based on the AAm copolymer with MBAAm

was 5.2% for lysozyme-imprinted and 4.7% for BSA-

imprinted stationary phases. For a series of sorbents, this

value was 8.6% for lysozyme-selective and 7.8% for BSA-

selective matrices. Study of the stationary phase stability

demonstrated that the column performance remained

unchanged during 15 days (more than 100 chromatographic

cycles).

High stability of monolithic MIP sorbents in repeated

cycles was also confirmed by Djozan et al.185 In particular,

for a methamphetamine-imprinted MIP monolith based on

MAA±EDMA in 100 methamphetamine adsorption ± de-

sorption cycles during a month, the standard deviation of

the results was 7.7%. Thus, in all of the described cases, the

standard deviation did not exceed 10%, which obviously

attests to a high reproducibility of chromatographic results

and stability of flow-through MIP monoliths for a larger

number of operation cycles.

IV. Supermacroporous cryogels

IV.1. Preparation methods of supermacroporous cryogels
Monolithic stationary phases may represent, apart from

conventional polymethacrylate sorbents, also cryostruc-

tured supermacroporous gels known under the general

name `cryogels'. The fabrication of these systems and the

mechanism of their formation are the subjects of numerous

studies reported by research groups headed by Lozinsky 211

and Mattiasson.57

The synthesis of cryogels includes freezing of the sol-

ution or preformed gel, cross-linking reaction and removal

of the solvent (Fig. 5). As the solution is frozen, the growth

of the solvent crystals takes place until they get in contact

with other crystals. Thus, the solvent crystals form a

common extended structure. The phase containing the

Initial solution

crystal removal

(sublimation/thawing)

reaction

(cross-linking)

freezing

Figure 5. Scheme of formation of supermacroporous monolithic cryogel.
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solutes or the gel and concentrated around the crystals is

called unfrozen liquid microphase (ULMP), which empha-

sizes its minor fraction with respect to the total system

volume.212 This cryoconcentration promotes low-temper-

ature reactions, resulting in the formation of the monolithic

structure. The last stage of the synthesis is removal of the

solvent crystals via drying (usually, sublimation) 213 or

thawing.214 Thus, the solvent crystals function as pore-

forming agents and also determine the pore morphology

for the resulting monolith (Fig. 6).

The matrix structure is considerably affected by the

process temperature and the solvent nature.211, 213 On cool-

ing, the solvent should crystallize but not be vitrified

because this would preclude cryoconcentration and cryo-

structuring. The process temperature should be such as to

maintain the ULMP and, hence, the mobility of molecules it

contains, which is needed for chemical reactions to proceed.

The effect of the solution freezing and keeping the resulting

frozen system at a definite temperature on the morphology

of the cryogels thus formed has been described.215

In most cases, water served as the solvent;57, 214 this is

the solvent of choice as regards the biocompatibility and

biosafety of the fabricated stationary phases. However, this

restricts the range of suitable initial compounds to only

hydrophilic molecules, which should be cross-linked to

retain the monolithic structure. In some studies, it was

shown that organic solvents such as dimethyl sulfoxide,

dioxane, formamide, nitrobenzene, benzene and cyclohex-

ane can be used to prepare hydrophobic cryogels.216 ± 223

During the preparation of monolithic cryogels, both

copolymerization of mono- and bifunctional monomers

(cryopolymerization) and cross-linking of the existing poly-

mer precursors can take place in the ULMP. The functional

monomers used in monolith preparation by cryopolymeri-

zation include acrylamide,224 ± 227 N,N 0-dimethylacryl-

amide,227, 228 2-hydroxyethyl methacrylate,229, 230 N-isopro-

pylacrylamide 231 and so on. Bifunctional cross-linking

agents include MBAAm,225 EDMA 232 and polyethylene

glycol dimethacrylate.233 For the preparation of monoliths

based on finished polymers, polyvinyl alcohol,234, 235 agar-

ose and alginate 236 and other natural and synthetic poly-

mers have been successfully used.237 Furthermore, cryo-

structuring of suspensions of monodispersed particles to

give a monolithic phase has been reported.238, 239

Of interest is the fact that during cryostructuring of a gel

under conditions of pseudosteady state crystal growth,240

the crystal grow along the freezing direction. As a result,

cryogels obtained upon unidirectional freezing followed by

freeze-drying possess macropores as parallel channels

extended along the freezing direction.241 Thus, the freezing

anisotropy is important for the morphology of the mono-

lithic phases formed.

Apart from the fabrication of supermacroporous poly-

meric materials, there have been reported methods for the

preparation of inorganic monoliths with the macroporous

structure formed during freezing of the freshly prepared

gels. The latter are formed with the participation of both

inorganic and polymeric precursors. For example, in the

synthesis of monoliths based on silica 241 and its mixtures

with alumina 213 and titania,242 gelation of a sodium silicate

solution was induced by a decrease in the pH, while for the

formation of supermacroporous materials based on carbon

nanotubes,243 silk fibroin was used as the gel-forming

component. In many cases, the removal of the frozen

solvent was followed by high-temperature treatment of the

obtained materials in which the polymeric component

burned out and the inorganic structure of the matrix was

stabilized due to sintering.

The key advantages of the cryogels obtained as the

monolithic phase include the supermacroporous structure

and good interpore connectivity. For example, the presence

of 10 ± 100 mm pores allows one to use the cryogels not only

for the chromatography of the proteins 244, 245 but also for

the separation of large particles including whole cells.246, 247

The advantages of cryogels include relatively simple prepa-

ration methods and the possibility of varying the chemical

composition and pore morphology. The key disadvantage

of the cryogels used for the chromatographic separation of

proteins and low-molecular-mass compounds is the low

adsorption capacity related to the small specific surface

areas of supermacroporous stationary phases. Moreover,

owing to the cryoconcentration of the polymer in the

ULMP, its density in the pore walls is rather high and

there are no micropores accessible for the penetration of

proteins and low-molecular-mass compounds. In order to

increase the effective surface area, attempts are made to

create smaller pores in the macropore walls by introducing

salts (NaCl, CaCl2) or solvents (acetone, methanol) into the

polymerization mixture.248 An increase in the adsorption

capacity of the cryogel monoliths can also be achieved by

grafting polymer molecules on their surface.225, 249, 250

Functional groups can be introduced into cryogels by

either modification of the finished material or addition of

functional monomers to a cryopolymerization mix-

ture.216, 244, 251 Processes for the preparation of composite

cryogels suitable for modification and containing nano-

particles bearing functional groups, which have been intro-

duced at the cryostructuring stage, have been reported.252

The presence of large interconnected pores in cryogels

promotes their wide use not only for the separation of

biological molecules and particles but also for biotechno-

logical purposes,214, 253 for example, for immobilization of

enzymes 254 ± 256 and bacteria 257 in order to obtain biocata-

lytic and bioproducing systems, respectively.

Mention should also be made of the increasing interest

in the application of monolithic supermacroporous cryogels

20 mm

Figure 6. SEM image of a macroporous cryogel obtained by
cryostructuring of polyvinyl alcohol followed by cross-linking
with glutaraldehyde.
Preparation procedure: 50 ml of a solution of glutaraldehyde
(25 mass%) was added to 2 ml of an aqueous solution of polyvinyl
alcohol (5 mass%), the mixture was frozen at 712 8C and kept at
this temperature for 10 h and then the sample was freeze-dried.
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as the scaffolds for cell immobilization and living tissue

growth in the tissue engineering.257, 258 Most publications

along this line are related to cryostructuring and cross-

linking of natural polymers Ð gelatine,259 chitosan,260

agarose 261 and other.

IV.2. Characteristic features of the preparation of
molecularly imprinted polymeric cryogels
Two key methods for the preparation of monolithic MIP

cryogels can be distinguished:

Ð formation of polymeric MIP particles, which are

subsequently embedded into the composite supermacropo-

rous monolithic matrix during cryogelation (Fig. 7, path a);

Ð imprinting directly into the cryogel structure during

cryopolymerization (Fig. 7, path b).

In the former case, exactly the particles with voids that

have remained after the template removal determine the

cryogel capacity for the specific adsorption of the analyte.

In most cases, the MIP particles incorporated in the

composite cryogel were obtained by block polymerization

and then the product was ground and sieved to isolate a

requited fraction.59, 262, 263 It is also possible to obtain MIP

particles by suspension 264 and precipitation 265 polymer-

ization. Also, imprinting of bromate anions into chitosan-

based microspheres cross-linked with epichlorohydrin was

described.265, 266

The composite monolithic matrix with embedded MIP

particles is formed at the stage of gelation, which may occur

due to both cryocopolymerization of mono- and bifunc-

tional monomers 262, 267 and cross-linking of the existing

synthetic or natural macromolecules.59 Of special interest is

the publication 265 in which the propranolol-imprinted par-

ticles containing amino groups on the surface are covalently

trapped in the monolithic matrix based on polyvinyl alcohol

upon the addition of glutaraldehyde. The latter is required

for both cross-linking of polyvinyl alcohol and binding of

the particles.

A drawback of the composite cryogels is the substantial

decrease in the flow rate upon inclusion of MIP particles

into the initial supermacroporous material. Indeed, it has

been shown 262 that an increase in the concentration of

38 ± 90 and 15 ± 38 mm MIP particles embedded into a

monolithic matrix based on AAm±MBAAm with a pore

diameter of 10 ± 100 mm from 50 to 200 mg ml71 results in

the decrease in the flow rate from 2.5 to 0.45 and from 5 to

0.9 ml min71, respectively. This is evidently due to similar

sizes of the MIP particles and pores of the monolithic phase,

which is confirmed by the fact that the highest flow rate

(13 ml min71) is achieved when the 515 mm fraction of

particles is used and the particle concentration is

50 mg ml71.

In the latter case, namely, imprinting into the cryogel

(see Fig. 7, path b), the template is added directly to the

mixture for cryogelation, which occurs in this case as

cryopolymerization. Note that most studies dealing with

the preparation of MIP cryogels by this method imply the

Composite

cryogel

MIP particle

Monomers

Homogeneous

MIP cryogel

is prepolymerization complex with the monomer,

is specific binding site, X

X

path a

X

path b

is template,

is cross-linking agent.

template

washing-out

template

washing-out

cryogel formation

cryogel formation

Figure 7. Preparation paths of supermacroporous monolithic MIP cryogel.
Path a: formation of polymeric MIP particles, which are then embedded into a composite supermacroporous monolith during cryogel
formation; path b: imprinting directly into the cryogel structure during cryopolymerization.
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use of proteins 266, 268 ± 273 or rather large biomolecules 274 as

the templates. Apparently, this is due to drawbacks of

imprinting of small molecules and ions, which requires

fairly rigid highly cross-linked systems such as the above-

described MIP particles. The high cross-linking of the

matrix in the case of imprinting of biomacromolecules

gives rise to certain restrictions such as mass transfer by

the diffusion mechanism, incomplete removal of the tem-

plate, slow binding and low adsorption capacity. Therefore,

the imprinting of protein macromolecules should better be

accomplished using a less cross-linked and more mobile

hydrogel structure. Indeed, the functional monomer : cross-

linking monomer ratios (5 ± 10) used for protein imprinting

are, most often, higher than those used to prepare MIP

particles (174).

Nevertheless, studies devoted to the imprinting of small

ions directly into the cryogel structure are in progress. For

example, formation of the cryogel based on 2-hydroxyethyl

methacrylate and MBAAm imprinted with iron ions has

been reported.275 The authors rationalized the advantage of

using particularly this approach to the preparation of

supermacroporous cryogels by the possibility to remove

the excess of iron directly from the blood of b-thalassemia

patients without special preparation. Large pore size and

high interconnectivity of the pore structure ensure in this

case free migration of blood cells through the stationary

phase.

The flow rate of the mobile phase in homogeneous MIP

cryogels is mainly determined by the pore size ad intercon-

nectivity. The pore size is usually 10 ± 150 mm. The pore

interconnectivity typical of cryogel-based monoliths

accounts for the possibility of using high flow rates of the

mobile phase. It was shown 263 that the flow rate is also

affected by the ratio of the functional to cross-linking

monomers. An increase in the AAm :MBAAm molar ratio

from 3 to 12 increases the flow rate from 30 to 55 ml min71.

It is important that the molecular imprinting principles

are the same for both methods for the preparation of

cryogels. Both for preparation of MIP particles and for

imprinting directly into the cryogel structure, functional

and cross-linking monomers are used. In some studies,

imprinting was accomplished merely by polymerization in

the presence of the template,263, 266 whereas in other works,

polymerization was preceded by the formation of a prepo-

lymerization complex with a special monomer; most often,

methacryloyl amino acid derivatives were used for this

purpose.265, 269, 270 Unlike the mentioned studies, Bereli et

al.269 carried out the template imprinting during cross-

linking of chitosan microspheres with epichlorohydrin.

IV.3. Applications of molecularly imprinted polymeric
cryogels
Cryogels are fairly convenient materials for molecular

imprinting; almost all authors note the relative ease of

obtaining stationary phases and their advantages typical of

monoliths. Nevertheless, the number of publications on this

issue is modest compared with the number of papers on

imprinting using classical monoliths. The principal studies

in this area were accomplished by Swedish and Turkish

research groups. Data on the application of both composite

and homogeneous MIP cryogels of various compositions

are summarized in Tables 3 and 4, respectively.

The vast majority of studies dealing with the fabrication

of MIP cryogels are devoted to the solid-phase extraction of

ions, pharmaceuticals, metabolites, proteins and so on. The

discussed stationary phases can be classified most easily in

terms of applications. Almost all publications fall into one

of the following three categories: water purification for

environmental protection, removal of toxic metabolites

from the blood flow and isolation and purification of

biotechnology products.

IV.3.a. Application of molecularly imprinted polymeric cryogels for

environmental protection

An important issue in the environmental protection tech-

nologies is the removal of potentially hazardous pollutants

present in low concentrations (micro- or nanogrammes per

millilitre), for example, in waste waters. In this case, the use

of bacteria for the removal of these substances is inefficient

as bacteria cannot utilize these pollutants to gain energy or

as building materials. Therefore, of particular interest is the

development of adsorption processes for the removal of

pollutants.58

The use of MIP cryogels in the environmental protection

is beneficial because it is possible to produce adsorbents

stable against biodegradation by bacteria. The use of tradi-

tional molecularly imprinted polymer particles for solving

this problem is restricted by unsatisfactory mechanical

properties of columns packed with these particles and slow

diffusion mass transfer. The fabrication of the composite

monolithic stationary phases by embedding particles into

cryogels triggered the development of adsorption processes

for water treatment. The enclosing of these adsorbents into

plastic housing provided a facility for high-performance

waste water treatment.58, 278, 279

In recent years, increasing attention has been given to

water purification from so-called endocrine disrupting con-

taminants, that is, chemicals, including hormones, that may

affect the endocrine systems of animals and humans.

Molecular imprinting was used 59, 280 to obtain composite

cryogels bearing 4-vinylpyridine- and ethylene glycol dime-

thacrylate-based particles with cavities functioning as 17b-
estradiol (E2) receptors. High efficiency of hormone trap-

ping was demonstrated. The amount of analyte recovered

after passing two litres of waste water at a 50 ml min71

flow rate through the monolith was 2 mg, which corre-

sponds to virtually complete retrieval over a period of

40 min. For comparison, with a beaded MIP sorbent, the

maximal flow rate was 1 ml min71, which implied process

duration of 6 h. In this case, only 10% of E2 was recovered

from the waste water.

Along with the efficiency, Le Noir et al.59 demonstrated

high selectivity of the obtained MIP cryogel. They also

studied the effect of the preparation method on the ability

of the MIP cryogel to specifically absorb E2 as compared

with the composite cryogel in the absence of a template

(NIP cryogel). The MIP particles were embedded into the

cryogel by the following procedures:

Ð AAm±MBAAm cryopolymerization;

Ð cross-linking of polyvinyl alcohol with glutaralde-

hyde;

Ð cross-linking of chitosan with glutaraldehyde.

In the case of cross-linking of polymers, the binding of

E2 to the MIP sorbent was much higher than to the NIP

sorbent. Conversely, in the case of cryopolymerization,

the difference between the amounts of hormone recovered

after sorption were approximately equal for both sorb-

ents. The authors attributed this to blockage of the
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Table 3. Preparation conditions and applications of composite MIP cryogels.

Template MIP particles Monolithic MIP cryogel Application Ref.

monomer for complex functional cross-linking functional cross-linking
formation monomer monomer monomer monomer

AsCl3 2-VP+4-hydroxybiphenyl 2-VP EDMA AAm MBAAm water purification from arsenic ions 263

4,40-Dihydroxy-2,2-di- 7 4-VP TRIM AAm MBAAm extraction of BPAa from water and wine 262

phenyl-1,1,1,3,3,3-hexa-

fluoropropane

Propranolol 7 MAA TRIM PVA particles glutaraldehyde separation of drug mixtures 265

Glucuronic acid N-methacryloyl-L- 7 EDMA AAm MBAAm isolation and purification of hyaluronic acid 264

histidine ±Cu2+

Bilirubin N-methacryloyl-L-tyrosine methyl ester of EDMA HEMA MBAAm removal of bilirubin from blood 267

HEMA

17b-Estradiol 7 4-VP EDMA AAm MBAAm water purification from endocrine disruptor 59

NaBrO3 7 chitosan epichlorohydrin AAm MBAAm potable water purification from bromate anions 266

microspheres

a Bisphenol A.

Table 4. Preparation conditions and applications of homogeneous MIP cryogels.

Template Monomer for complex formation Functional monomer Cross-linking monomer Application Ref.

Fab N-methacryloyl-L-histidine ±Cu2+ HEMA MBAAm isolation and purification of IgG 270

Lysozyme N-methacryloyl-L-histidine HEMA MBAAm isolation and purification of lysozyme 269

Bilirubin N-methacryloyl-L-tyrosine HEMA MBAAm removal of bilirubin from blood 274

BSA 7 AAm MBAAm purification of BSA 273

Alpha-interferon N-methacryloyl-L-histidine ±Cu2+ HEMA MBAAm isolation and purification of a-interferon 276

Myoglobin N-methacryloyl-L-tryptophane HEMA MBAAm isolation and purification of myoglobin 268

Cytochrome c N-methacryloyl-L-histidine ±Cu2+ HEMA MBAAm isolation and purification of cytochrome c 271

Histidine N-methacryloyl-L-histidine HEMA MBAAm Isolation and purification of lysozyme 277

Fe(NO3)2 . 9H2O N-methacryloyl-L-cysteine HEMA MBAAm removal of iron ions from blood 275

Note. The following designations are used: Fab is the antigen-binding fragment of immunoglobulin molecule; IgG is immunoglobulin G.
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specific binding sites of E2 upon polymerization during

cryoconcentration.

Yet another interesting example of application of the

composite MIP cryogel for the solid-phase extraction of the

hazardous endocrine disrupting contaminant, bisphenol A

(BPA), which can function in the body similarly to estro-

gens, is based on imprinting of the template mimetic rather

than the template itself. The replacement of the native

template by the mimetic is due to the fact that during

polymerization in the presence of BPA, the imprinted bind-

ing sites are formed deep within the bulk of the polymer

matrix, which restricts the quantitative extraction of the

template. As a result, the sorbent capacity decreases and the

probability of contamination of the samples being treated

increases. Baggiani et al.262 used the fluorinated bisphe-

nol A derivative (FBPA) Ð 4,40-dihydroxy-2,2-diphenyl-
1,1,1,3,3,3-hexafluoropropane as the template. The FBPA

molecule mimics well the target analyte, as it has a similar

structure and rigidity but differs by higher hydrophobicity.

The latter circumstance facilitates the removal of FBPA

from the resulting composite MIP cryogels. A study of the

selectivity of sorbents using BPA and FBPA and other

compounds structurally similar to BPA demonstrated that

the maximal retention is observed for FBPA. The retention

factor for BPA is only 1.5-fold lower than that for FBPA,

whereas for other analogous compounds this ratio was

3 ± 10. High efficiency of BPA extraction was shown. The

recovery of the contaminant at concentrations from 1 to

100 mg ml71 in the samples was 94% to 102%, respectively.

Apart from the removal of endocrine disrupting con-

taminants, of high value for environmental protection is the

extraction of minor quantities of pharmaceutical drugs.

Using the composite cryogel imprinted with the b-blocker
propranolol, Unluer et al.264 successfully recovered this

agent from complex mixtures, in particular, from bovine

plasma containing b-blockers of various structures. The

possibility of extracting not only one compound but a

group of structurally related compounds was also demon-

strated. The design of a multitemplate MIP cryogel for the

extraction of a number of acid-based pharmaceuticals

(ibuprofen, naproxen, ketoprofen, diclofenac) from conta-

minated water was reported.281 For this purpose, all of the

listed compounds were imprinted simultaneously. The

authors ascertained a high capacity of the MIP sorbent

towards all of the above-mentioned drugs.

One more important example of application of MIP

cryogels for increasing the quality of water resources is

extraction of hazardous ions. Onnby et al.263 compared the

adsorption of highly toxic arsenic ions on composite cry-

ogels containing alumina nanoparticles or MIP particles. It

is of interest that despite the lower adsorption capacity of

the composite cryogels (5 ± 7 mg of As per g of the adsorb-

ent) containing MIP particles compared with the matrices

bearing nanoparticles (17 ± 20 mg of As per g of the adsorb-

ent), the former were considerably more selective. It is

obvious that the high adsorption capacity is caused by the

great surface area of the nanoparticle-bearing sorbent, while

the selectivity of the composite MIP cryogel is dictated by

the formation of cavities capable of selective trapping of

arsenic ions. A similar effect was observed by Hajizadeh et

al.,266 who studied selective removal of bromate anions

from potable water: the adsorption capacity and the process

speed were higher for the inorganic adsorbent but the

selective binding of bromate anions was observed partic-

ularly for MIP adsorbents.

IV.3.b. Application of molecularly imprinted polymeric cryogels for

removal of toxic metabolites from the blood flow

A serious problem encountered in some diseases and

dysfunctions is the formation of toxic metabolites, which

are accumulated in the blood. Therefore, it is a challenge

to extract these compounds from blood plasma by, e.g.,

plasmapheresis. Blood and plasma are multicomponent

systems that contain, apart from toxic metabolites, also

substances needed for living. This fact enhances research-

ers' interest in the use of MIP sorbents, including MIP

cryogels, for blood purification. The use of stationary

phases of the latter type is especially beneficial due to the

presence of supermacropores and highly developed pore

connectivity, which ensures free migration of not only

large macromolecules but also colloid-sized particles

through the sorbent.

Bilirubin extraction from the human blood plasma using

both composite 262 and homogeneous 274 MIP cryogels has

been studied. In the case of composite stationary phases,

higher adsorption capacity was observed (10.0 mg g71 of

the polymer) compared to homogeneous supports

(3.7 mg g71 of the polymer), which is probably attributable

to the greater effective surface area, and, hence, a greater

number of bilirubin-binding sites in the former case. By

varying the amount of particles introduced into the compo-

site, it is possible to control the adsorption capacity of the

sorbent. As the amount of introduced particles increases

from 10 to 300 mg, the amount of adsorbed bilirubin

increases from 3.5 to 10 mg g71. Further increase in the

particle content no longer results in an increase in the

adsorption capacity.

For both sorbents, an increase in the flow rate of the

mobile phase from 1 to 4 ml min71 resulted in a 5-fold

decrease in the amount of retained analyte. Also, both

adsorbent displayed similar high selectivities towards recov-

ery of the target analyte from a bilirubin+ testosterone+

cholesterol mixture, satisfactory hemocompatibility and

almost invariable adsorption capacity after ten adsorp-

tion ± desorption cycles.

The major benefit of homogeneous MIP cryogels is the

possibility of bilirubin adsorption directly from blood with-

out removal of its cell components. This is due to suitable

pore size and morphology: blood cells of 2 to 20 mm size can

pass through the stationary phase.274

In view of this possibility, a homogeneous MIP cryogel

for extraction of excess iron ions accumulated in the blood

of b-thalassemia patients has been developed.275 The

formation of specific cavities for binding iron ions took

place during cryopolymerization. The prepolymerization

complex N-methacryloyl-L-cysteine ± Fe3+ was used.

After formation of the cryogel, the iron ions were des-

orbed with a 0.1 M solution of ethylenediaminetetraacetic

acid. Good hemocompatibility of the adsorbent and the

presence of numerous macropores (73% of the total

number of pores) were demonstrated. The adsorption

capacity of the MIP cryogel in the extraction of iron ions

from the blood plasma was 60 mg g71. The capacity

towards Cd2+ and Ni2+ ions did not exceed 10 mg g71,

which is indicative of high selectivity of the obtained

adsorbent.
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IV.3.c. Application of molecularly imprinted polymeric cryogels for

purification of biotechnology products

The molecularly imprinted monolithic stationary phases

prepared by cryopolymerization are also of high practical

value for the isolation and purification of various biotech-

nological products, most often, proteins. It has been noted

above (see Section IV.2) that for the imprinting of bioma-

cromolecules, lower degrees of cross-linking should be used

than for small ions and molecules. Hence, for the prepara-

tion of MIP proteins, imprinting directly into the cryogel

structure is used. As in the case of classical monoliths,

almost in all cases, a prepolymerization complex involving

methacryloyl amino acid derivatives is formed prior to

cryopolymerization (see Table 4).

V. Conclusion

Macroporous monolithic sorbents proposed in the late

1980s and still remaining at the cutting edge of research

and development are characterized by predominance of the

convective mass transfer mechanism over traditional diffu-

sion. The accelerated interfacial exchange inside the pore

space that is highly permeable for a liquid flow enables

separation within several minutes or even seconds, which is

beneficial from the standpoints of both the process produc-

tivity and the economical cost for isolation of valuable

biological compounds, in particular, genetic engineering

products, pharmaceuticals and so on. The introduction of

highly specific adsorption sites (ligands) complementary to

the analyte into the surface structure by covalent attach-

ment via reactive groups of the support has a number of

limitations. They include high cost of biological ligands,

stringent immobilization conditions minimizing the impact

on the active conformation of the biological adsorption site

and so on. An alternative approach often successfully

competing with the traditional ligand immobilization is

specific surface functionalization during the sorbent syn-

thesis based on the molecular imprinting principle. The

imprinting, i.e., introduction of molecular templates Ð

compounds to be subsequently isolated or related com-

pounds Ð into the monomer reaction mixture during the

synthesis, aroused considerable interest for the preparation

of small-particle (grained) sorbents finely tuned for isola-

tion of one component from a complex mixture. This review

considers the results of studies of the preparation processes

and applications of this type of supports behaving as

artificial receptors but based on monoliths.

Analysis of the modern literature, on the one hand,

showed a substantial growth of the interest in the macro-

porous MIP monoliths in the last decade and, on the other

hand, served to evaluate the prospects of further develop-

ment of this research and practical area. For example,

unlike the molecular imprinting of low-molecular-mass

compounds, the imprinting of proteins in macroporous

monolithic materials is a virtually unexplored area: about

a hundred publications dealing with the synthesis and study

of macroporous polymeric monoliths molecularly imprinted

with various low-molecular-mass compounds are now avail-

able but only three publications on the protein imprinting

were found (see Table 1). Furthermore, there are no pub-

lications in the current periodicals that would illustrate the

possibility of designing artificial receptors based on macro-

porous monolithic MIP materials for catalytic processes,

although they have been described long ago for dispersed

MIP systems.281

Recently, it was reported that macroporous monolithic

layers are suitable as effective platforms for 3D biochips

based on the biological recognition principle.282, 283 In this

respect, it appears pertinent to utilize molecular imprinting

for the design of non-flow-through macroporous mono-

lithic layers for parallel microanalysis implemented as a

biochip bearing artificial receptors instead of the immobi-

lized bioprobes.

The review covers the major applications of the mono-

lithic stationary phases based on MIP cryogels: water treat-

ment to protect the environment, removal of toxic metabo-

lites from the blood of patients with various diseases and

isolation and purification of biomacromolecules for bio-

technology (most often, proteins). In the first two cases, the

problems of elaboration of effective adsorbents have been

virtually solved; the imprinting of proteins and other bio-

macromolecules is still a scientific challenge (of interest in

this respect are studies that approach the specific recogni-

tion of biomacromolecules via imprinting of molecular

fragments Ð epitopes).

The possibility of recognition of biomolecules by the

imprinted receptors and the supermacroporous nature and

high degree of porosity of cryogels open up broad prospects

for the use in biotechnology and biomedicine. Indeed,

studies dealing with the separation of whole cells on

cryogels utilizing ion exchange,283 hydrophobic 284 and

chelating 285 interactions have already been published. The

use of contacts between cell membrane components and

imprints of their fragments can give rise to novel stationary

phases for the separation of large biological objects Ð

bacteria, viruses and eukaryotic cells.

Yet another application of molecularly imprinted cry-

ogels is tissue engineering. The formation of scaffolds Ð

supermacroporous media providing the three-dimensional

cell growth for the formation of a new living tissue Ð often

proceeds via cryogel formation in organic 286, 287 or aque-

ous 288 media. It is obvious that successful growth of a living

tissue requires that scaffolds should mimic the properties of

a natural intercellular matrix, in particular, provide for the

specific interactions of the cellular receptors with the

material surface for the control of cell adhesion, growth

and differentiation processes.289 These interactions can be

controlled by introducing special bioligands into the scaf-

folds.290, 291 There are publications devoted to modification

of the surface of biomaterials using the molecular imprint-

ing technique.292, 293 Thus, molecular imprinting appears a

fairly promising technique for the design of efficient bio-

recognition systems by imprinting the ligands able to

specifically interact with cell receptors, thus inducing the

desired biochemical processes in the cells.

This review was written with the financial support of the

Russian Science Foundation (Agreement No. 14-13-00940).
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