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Preface

“Molecular imprinting” is a newly developed methodology which provides mo-
lecular assemblies of desired structures and properties. In the presence of a
template molecule, functional monomers are polymerized and immobilized
complementarily to this molecule. After the polymerization, the template is re-
moved. During these procedures, a snapshot of the system is taken so that the
resultant molecular assembly exclusively binds this template as well as its ana-
logues. This is a kind of challenge towards the second law of thermodynamics
saying that “the entropy of the universe should necessarily increase”. No one
doubits that this method is one of the keys for future science and technology.

The term “imprinting” is reminiscent of psychological phenomena in nature.
A newly-hatched chick of some birds (e.g., wild duck) gets an overwhelmingly
strong impact from the object that it encounters first after its birth. Thus, it be-
lieves that this newcomer should be its own parent. Anything moving can be
this “a posteriori parent”. Other birds, animals, and even human beings are ac-
ceptable. Our “molecular imprinting”, which occurs between molecules, is also
versatile in scope.

This book is written primarily as a textbook for graduate courses. According-
ly, fundamentals of “molecular imprinting” are described in detail. Even under-
graduate students should be able to understand the whole context and have a
clear idea on this elegant methodology. Experimental details are presented in
many reaction examples so that the readers can repeat these experiments and
also use this method for their own research. Furthermore, most important
recent progresses are covered in chapters 7 and 8. These parts should be very
informative even for advanced-course students and researchers who can
overview this rapidly growing area and get valuable hints for their future work.

We should like to thank a number of people who have worked for the devel-
opment of the “molecular imprinting method”. Our sincere appreciation is also
extended to the staff members and students in our laboratories for helping with

X1
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tables and figures, and to our wives, Mitsuko Komiyama, Emiko Takeuchi, and
Maki Asanuma, whose understanding was essential. However, as usual, the fi-
nal criticism must be borne by us.

May 2002 Makoto Komiyama
Research Center for Advanced Science and
Technology University of Tokyo, Tokyo, Japan



Chapter 1
Introduction

1.1
Importance of Receptor Molecules in Advanced Science and Technology

In solutions and gases (but not solids), we know that most of the mole-
cules are randomly moving around. Each molecule does not much care
about its neighbors and behaves as it wishes. Complexes between the
molecules are formed only through accidental encounters between
them. The lifetimes of these collision complexes are negligibly small,
and their concentrations in solutions (or in gases) are virtually nil. How-
ever, some kinds of molecules (»receptor molecules« or simply »recep-
tors«) precisely differentiate between one molecule and another. They
exclusively pick out their own partner molecule from a number of mol-
ecules in the system and form a non-covalent complex with this mole-
cule. These complexes are sufficiently stable, and their equilibrium con-
centrations are considerable. All the molecules other than the partner
are completely neglected here, just as we easily and precisely find our
friend even in a crowd of people at the station entrance and go to dinner
with him or her. When necessary, predetermined reactions and/or
catalyses take place in these non-covalent complexes, as observed in en-
zymatic reactions. Such discrimination between molecules is called
»molecular recognition«, and is one of the essential keys to the exis-
tence of living things [1].
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Copyright © 2003 Wiley-VCH Verlag GmbH & Co. KGaA
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2| 1 Introduction

In the latest science and technology, the importance of »receptors«
and »molecular recognition« has been growing rapidly. This is mainly
because one molecule is now a functional unit and has its own role.
Highly complicated operations are achieved by a combination of the
functions of each molecule. In order to develop highly sophisticated sys-
tems under these conditions, we should align a number of molecules in
a predetermined manner and allow each to perform its own function.
Here, of course, all the molecules must know who are their neighbors,
what physicochemical properties they have, and what these neighbors
are doing at any moment. This situation is entirely different from ones
where bulk properties of materials, rather than the functions of each
molecule therein, were the main concerns.

A »molecular imprinting method« has recently been developed to
provide versatile receptors efficiently and economically. In principle,
movements of molecules are frozen in polymeric structures so that they
are immobilized in a desired fashion. This method is so unique and
challenging that the scope of future applications is hard to predict pre-
cisely at the present time. This chapter deals with the current status of
relevant sciences so that the reader can confirm the importance of the
molecular imprinting method.

1.2
Naturally Occurring Receptors

There are many cells and molecules in our body, and all of them are
cooperatively working in an enormously ordered fashion. Without such
mutual understanding and cooperation, we cannot survive. Thus, mo-
lecular recognition is essential for the existence of life. For example, the
receptors on the surface of cell membranes bind hormones and are re-
sponsible for cell-to-cell communication. When the receptor binds a
hormone, its conformation is changed and the message of the hormone
(e.g., lack of glucose in the body) is passed to the cell in terms of this
conformational change. Now that this cell knows what is required in the
body at that moment, it promotes {or suppresses) the corresponding



1.2 Naturally Occuring Receptors

bioreaction(s) to respond to this requirement appropriately. In the
above example, glycogen is hydrolyzed and glucose is supplied to the
body. The most important thing in these systems is that one receptor
accepts only one specific hormone and never significantly interacts with
others. Furthermore, this receptor/hormone interaction is enormously
strong. Thus, even small amount of hormone can correctly deliver its
information to the target cell without information cross talk between
cells. On the other hand, selective guest binding by antibodies is essen-
tial for our immune response. These proteins patrol around in our body
like policemen, arrest a foreign substance (antigen) when it enters the
body, and take it to a lysosome (a cell organelle) where the antigen is de-
stroyed. Our body is successfully protected. As would be expected, the
differentiation by an antibody between the target antigen and the others
(and also between foreign substances and the intrinsic ones in our
body) must be rigorously strict.

As is well known, enzymes also show high substrate specificity. Each
of them exclusively chooses a certain substrate (specific substrate) and
transforms it into a predetermined product. All other compounds in the
system (even if they resemble the specific substrate) are kept intact. An-
other enzyme takes another specific substrate and executes a different
mission. This substrate specificity primarily comes from selective guest
binding by substrate-binding sites of enzymes. Furthermore, only the
specific substrate is efficiently transformed into the desired products,
since the catalytically active amino acid residues of enzymes, located
near the substrate-binding sites, are arranged suitably only for this
transformation.

Detailed information on molecular recognition in nature is now
available from X-ray crystallography and NMR spectroscopy [3]. The
substrate-binding sites of enzymes are apolar pockets or clefts, which
are formed from a number of amino acid residues. There, several func-
tional groups (OH, NH,, COOH, imidazole, main-chain amide groups,
and others) are precisely placed to interact with the functional groups of
a specific substrate. For example, an ammonium ion of an enzyme
shows Coulomb interaction with a negatively charged carboxylate of its
specific substrate. A hydrogen bond is formed between the OH

3
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residues of the enzyme and the substrate. Furthermore, apolar binding
occurs between them. For the specific substrate only, all these interac-
tions satisfactorily and cooperatively operate, and a stable non-covalent
complex is formed. Antibody-antigen interactions, as well as guest
binding by membrane-receptors, occur essentially in the same manner.
A number of amino acid residues of antibodies (or receptors) are ori-
ented complementarily to the functional groups of the target antigens
(or hormones). Precise molecular recognition also occurs when pro-
teins interact with each other.

13
Artificial Receptors

The elegance of molecular recognition in nature has been spurring
many scientists to mimic it. One of the greatest advantages of artificial
receptors over naturally occurring ones is freedom of molecular design.
Their frameworks are never restricted to proteins, and a variety of skele-
tons (e.g., carbon chains and fused aromatic rings) can be used. Thus,
the stability, flexibility, and other properties are freely modulated
according to need. Even functional groups that are not found in nature
can be employed in these man-made compounds. Furthermore, when
necessary, the activity to response towards outer stimuli (photo-irradia-
tion, pH change, electric field, and others) can be provided by using
appropriate functional groups. The spectrum of functions is far wider
than that of naturally occurring ones.

Pioneering works by Cram, Lehn, and Pedersen (Nobel Prize
winners in 1987) established that the following factors are necessary for
accurate molecular recognition [1].

1. Functional residues of guest and receptor must be complementary to
each other.

2. Conformational freedom of both components should be minimized.

3. Chemical circumstances should be appropriately regulated.
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Cyclodextrin Crown ether

Fig. 1-1  Typical cyclic host molecules used as scaffolds for the
recognition of specific target guests

In many cases, various functional residues are covalently attached to
cyclic host molecules (e.g., cyclodextrins and crown ethers; see Fig. 1.1).
Although each of the interactions (hydrogen-bonding, electrostatic, and
apolar-binding) is rather weak, remarkably high selectivities and bind-
ing strengths are accomplished when all of them work cooperatively. Al-
ternatively, functional residues are bound to carbon skeletons so that
they converge to the central guest binding portion. A typical example of
this type of host molecules is presented in Fig. 1.2. In principle, good
receptors can be successfully synthesized, as long as (i) we are not con-
cerned about cost and time for their preparation, (ii) our target guest is
fairly small, and (iii) we can use organic solvents for the guest recogni-
tion. However, these conditions are hardly ever fulfilled, making the
molecular imprinting method significant and attractive.

5
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Fig. 1-2 Convergent host molecule for the recognition of adenine derivative [4]

14
Receptors for Practical Applications

In industry, receptors are being used to separate the target product eco-
nomically from reaction mixtures and to remove dangerous chemicals
from waste-water. Applications to molecular biology (regulation of
bioreactions, separation of biomaterials, and others) are also promising.
In some cases, the cost of the separation of the product and its purifica-
tion accounts for more than half of the total cost of production. Thus,
highly selective and economical receptors are crucially important for
successful business. Furthermore, unprecedentedly compact and so-
phisticated devices are fabricated by placing molecules in an ordered
fashion. Here, precise recognition between molecules is essential. Mol-
ecular memories, molecular devices, and molecular machines have
been already realized to some extent [2]. It is also said that artificial cells
could be prepared in the near future by placing man-made receptors on
artificial cell membranes.

When we design new receptors for future applications, the following
factors must be carefully considered [5]:

1. Easy preparation in large amounts at low cost.

2. Stability and activity under wide operation conditions.

3. Selective and strong binding toward large guest molecules.
4. Guest binding in water.
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The first and the second requirements are trivial. The third one
comes from the fact that important molecules in advanced sciences
(proteins, nucleic acids, polysaccharides, bioactive chemicals, and oth-
ers) are usually large. The fourth requirement has been rapidly increas-
ing in importance, since economical, ecological, and environmental re-
straints are spurring the replacement of organic solvents with water.
For biotechnology, of course, the solvent must be water.

1.5
Why is the Molecular Imprinting Method so Promising?

The molecular imprinting method is quite simple and easy to perform
in a tailor-made fashion. All we need are functional monomers, tem-
plates, solvents, and crosslinking agents. Polymerization is followed by
the removal of the template. During these processes, a number of func-
tional monomers are assembled in an orderly fashion and their func-
tional groups are placed at the desired sites in the cavities of desired
size. Neither complicated organic synthesis nor complex molecular de-
sign is necessary. If you wish to have a receptor toward a certain guest
compound, you can simply polymerize appropriate monomer(s) in the
presence of this guest compound (or its analog) as the template. For an-
other guest, you can use another combination of functional monomer
and template. The corresponding receptor can be at hand almost auto-
matically. Requirements 1 and 2 would seem to be sufficiently fulfilled.
Furthermore, significant progress has recently been made in the fulfill-
ment of requirements 3 and 4 (see Chapter 8). This methodology cer-
tainly opens the way to further developments in science and technology.
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Chapter 2
Fundamentals of molecular imprinting

2.1
Introduction

As described in Chapter 1 (Section 1.3), a number of elegant receptor
molecules have already been synthesized by aligning functional groups
on appropriate scaffolds. Typical examples are presented in Figs. 1.1
and 1.2. They have well-defined molecular structures, and satisfactorily
show both high selectivity and high binding activity toward the target
guest compound. Detailed and fundamental knowledge of molecular
design of sophisticated receptors has also been accumulated through
these studies. These trends should go on further and provide still more
fruitful results. From the viewpoints of practical applications to indus-
try and our daily lives, however, these synthetic receptors have several
drawbacks. The first is rather poor availability. Their synthesis often re-
quires five or more reaction steps, and only a small amount (e.g., 1 g} is
eventually obtained. Thus, they are usually too expensive for common
industrial uses. Secondly, the design of receptors for large guest mole-
cules is quite difficult, since the scaffolds available are in most cases
smaller than several angstroms. Under these conditions, it is hard to
place two or more functional groups which are located at notably re-
mote sites (e.g., > 10 A), even for highly skilled organic chemists using
the most advanced organic chemistry. Thirdly, it is difficult to provide
these synthetic receptors with an appropriate reaction field for precise
molecular recognition (without changing the media used). Precise mo-

Molecular Imprinting. By M. Komiyama, T. Takeuchi, T. Mukawa, and H. Asanuma
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lecular recognition in water is especially difficult, since hydrogen
bonds, used in the recognition by naturally occurring receptors, are eas-
ily broken because of competition with the water. As is observed in the
natural receptors, polymeric structures are usually necessary to form
hydrogen bonds in bulk water.

The molecular imprinting method is the most promising solution to
these problems. Simply by polymerizing appropriate functional
monomers in the presence of a template, desired receptors are cheaply
prepared in tailor-made fashion and on a kilogram scale (even on a ton
scale). Receptors for large templates are also easily obtainable. No com-
plicated organic synthesis is necessary. Furthermore, the chemical cir-
cumstances in guest-binding sites are easily regulated by combining ap-
propriate monomers, crosslinking agents, and/or comonomers. These
features make molecular imprinting method one of the most attractive
methodologies.

2.2
General Principle of Molecular Imprinting

Suppose that a number of functional molecules interact with a template
molecule in solution {or in a gas). The interactions are hydrogen-bond-
ing, electrostatic, apolar, and any other non-covalent interactions. Here,
these functional molecules are arranged in an orderly manner with
respect to each other so that their functional groups are complementary
to the template. Then, what happens if we suddenly remove the tem-
plate molecule from this system? As you can easily imagine, all the
functional molecules would soon start moving randomly, and their
ordering would disappear. As a result, the memory about the template
is immediately gone. In the molecular imprinting method, however,
this randomization is minimized by connecting these functional mole-
cules together by means of a polymer backbone (Fig. 2.1). A kind of
snapshot of solution (or gas) is taken, and the structure of the template
is memorized in these polymers, providing the target receptors.
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Functional monomer

\
‘C

(1) Complexation
———e———

d

Tempiate molecule {2) Polymerization

Recognition

B
(3) Removal of template

\ 4

Fig. 2.1 Schematic illustration of molecular imprinting

Molecular imprinting processes are composed of the following three
steps:

1. Preparation of covalent conjugate or non-covalent adduct between a
functional monomer and a template molecule,

2. Polymerization of this monomer-template conjugate (or adduct),
and

3. Removal of the template from the polymer.

In step 1, functional monomer and template are connected by a cova-
lent linkage (in »covalent imprinting«) or they are placed nearby
through non-covalent interactions (in »non-covalent imprinting«). In
step 2, the structures of these conjugates (or adducts) are frozen in a
three-dimensional network of polymers. The functional residues (de-
rived from the functional monomers) are topographically complemen-
tary to the template. In step 3, the template molecules are removed
from the polymer. Here, the space in the polymer originally occupied by
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the template molecule is left as a cavity. Under appropriate conditions,
these cavities satisfactorily remember the size, structure, and other
physicochemical properties of the template, and bind this molecule (or
its analog) efficiently and selectively.

23
Covalent Imprinting and Non-covalent Imprinting

As described above, the molecular imprinting method is of two types,
depending on the nature of adducts between functional monomer and
template (either covalent or non-covalent). Typical examples of these
two kinds of methods are presented in Figs. 2.2 and 2.3. Both have
advantages and disadvantages, and thus the choice of the best method
strongly depends on various factors (see below).

1. Covalent Imprinting (Fig. 2.2)

Prior to polymerization, functional monomer and template are bound
to each other by covalent linkage (step 1). Then, this covalent conjugate
is polymerized under the conditions where the covalent linkage is intact
(step 2). After the polymerization, the covalent linkage is cleaved and
the template is removed from the polymer (step 3). Upon the guest
binding by the imprinted polymers, the same covalent linkage is
formed (note that an improved strategy is presented below in Fig. 2.4).

2. Non-covalent Imprinting (Fig. 2.3)

In order to connect a functional monomer with a template, non-cova-
lent interactions (e.g., hydrogen bonding, electrostatic interaction, and
coordination-bond formation) are used here. Thus, the adducts can be
obtained in situ simply by adding the components to reaction mixtures
(step 1). After the polymerization (step 2), the template is removed by
extracting the polymer with appropriate solvents (step 3). The guest
binding by the polymer occurs through the corresponding non-covalent
interactions.
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Polymerization
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Fig. 2.2 Covalent imprinting of mannopyranoside using its 4-vinylphenylboronic acid ester
as a functional monomer
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2.3 Convalent Imprinting and Non-convalent Imprinting

Polymerization
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Removal of the template

Non-covalent interaction

Fig. 2-4 Hybridization of covalent imprinting and non-covalent imprinting
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Advantages and Disadvantages of Covalent and Non-covalent
Imprinting

In general, non-covalent imprinting is easier to achieve and applicable
to a wider spectrum of templates. With respect to the strictness of im-
printing, however, covalent imprinting is usually superior. Other char-
acteristics are described in Table 2.1. One should choose either of these
two methods, depending on the need and situation of their operations
(kind of the target guest compound, the guest selectivity required, the
cost and time allowable for the preparation, and others).

15
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Table 2.1 Advantages and disadvantages of covalent and non-covalent imprinting

Covalent Non-covalent
Synthesis of necessary unnecessary
monomer-template conjugate
Polymerization conditions rather free restricted
Removal of template after difficult easy
polymerization
Guest-binding and guest-release slow fast
Structure of guest-binding site clearer less clear

1. Covalent Imprinting

Advantages:

1.

Monomer-template conjugates are stable and stoichiometric, and
thus the molecular imprinting processes (as well as the structure of
guest-binding sites in the polymer) are relatively clear-cut.

. A wide variety of polymerization conditions (e.g., high temperature,

high or low pH, and highly polar solvent) can be employed, since
the conjugates are formed by covalent linkages and are sufficiently
stable.

Disadvantages:

1.

Synthesis of the monomer-template conjugate is often troublesome
and less economical.

. The number of reversible covalent linkages available is limited.
. The imprinting effect is in some case diminished in step 3 (cleavage

of covalent linkages), which requires rather severe conditions.

. Guest binding and guest release are slow, since they involve the for-

mation and breakdown of a covalent linkage.
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2. Non-covalent Imprinting

Advantages:

1. Synthesis of covalent monomer-template conjugates is unnecessary.

2. Template is easily removed from the polymer under very mild condi-
tions, since it is only weakly bound by non-covalent interactions.

3. Guest binding and guest release, which take advantage of non-cova-
lent interactions, are fast.

Disadvantages:

1. The imprinting process is less clear-cut (monomer-template adduct
is labile and not strictly stoichiometric).

2. The polymerization conditions must be carefully chosen to maxi-
mize the formation of non-covalent adduct in the mixtures.

3. The functional monomers existing in large excess (in order to dis-
place the equilibrium for adduct-formation) often provide non-
specific binding sites, diminishing the binding selectivity.

25
History

In the past, chemists were familiar with so-called »template effects«,
although the term »molecular imprinting« was not used. When some
molecules are added to reaction mixtures, chemical reactions are accel-
erated and/or product distribution is notably altered. Here, these addi-
tives interact with the reactants, and place them in mutual conforma-
tions which efficiently lead to one of the possible products. Alternative-
ly, they stabilize certain products and promote their formation. Appar-
ently, these phenomena are associated with the concept of molecular
imprinting. However, it was the pioneering works by Wulff, Shea, Mos-
bach, and others that made the »molecular imprinting method« as
popular as it is today.
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2 Fundamentals of molecular imprinting

1. Covalent Imprinting

Wulff and his coworkers reported the first covalent imprinting in 1977
(Fig. 2.2) [1]. They synthesized 2:1 covalent conjugate of p-vinylben-
zeneboronic acid with 4-nitrophenyl-a-p-mannopyranoside (the tem-
plate), and copolymerized this conjugate with methyl methacrylate and
ethylene dimethacrylate (a crosslinking monomer). After the polymer-
ization, the boronic acid ester in the polymer was cleaved, and the
4-nitrophenyl-o-D-mannopyranoside was removed. Exactly as desired,
the resultant polymer strongly and selectively bound this sugar. The
mutual conformation of the two boronic acid groups in the covalent
conjugate were frozen in the polymer, and the structure of the template
was memorized. Similarly, Shea formed a ketal conjugate between the
carbonyl group of a template and the 1,3-diol group in a functional
monomer, and used this covalent conjugate for molecular imprinting

(2]

2. Non-covalent Imprinting

Mosbach and his coworkers showed that covalent linkages between
functional monomer and template are not necessarily required for mo-
lecular imprinting, and even non-covalent interactions between them
work sufficiently [3, 4]. Simply by mixing them in reaction mixtures,
their non-covalent adducts were spontaneously formed, and satisfactory
imprinting effects were obtained. In the imprinting of methacrylic acid
with theophylline (a drug), for example, a non-covalent monomer-tem-
plate adduct was formed through hydrogen bonding and electrostatic
interaction (Fig. 2.3). The same strategy was successful for the imprint-
ing with various drugs, insecticides, and other practically important
chemicals. Many experimental workers were surprised to see that the
methods are so simple while the imprinting effects are so remarkable.
They were soon persuaded that this method is satisfactorily applicable
to a wide range of molecules and started to use it in their own laborato-
ries.
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3. Hybridization of Covalent Imprinting and Non-covalent Imprinting

The advantage of covalent imprinting (clear-cut nature) and that of non-
covalent imprinting (fast guest binding) were combined [5]. The poly-
mers were prepared as in covalent imprinting, but the guest binding
employed non-covalent interactions (see Fig. 2.4). One of the shortcom-
ings of covalent imprinting (slow guest binding and guest release) has
been solved by this approach. Of course, many other improvements
have also been attempted as described in this book.

Nowadays, the molecular imprinting method is being widely used to
place the target molecules at desired sites easily and economically. The
purpose is not restricted to the preparation of artificial receptors and is
much wider in scope. There are no alternative methods which can
freeze molecular movements in solutions (or in gases) and immobilize
them according to design. The applications of this method are far more
versatile than was previously envisaged, as described in Chapters 7 and
8. The use of biomolecules as templates is also promising in molecular
biology and pharmocology. We see many scientific papers in which the
concept of molecular imprinting is efficiently utilized although it is not
clearly described as such. No one doubts that this method is one of the
keys in the 21st century.
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Chapter 3
Experimental Methods (1) — Procedures
of Molecular Imprinting

3.1
Introduction

In Chapter 2, basic concepts and principles of molecular imprinting
have been presented. The superiority and high potential of this method
should now be clear. In the following two chapters, we will discuss fur-
ther details of this method. The focus of this chapter is »experimental
procedures of molecular imprinting«. Main concerns are: (i) What
kinds of reagents are necessary? (ii) What reaction conditions are
appropriate? and (iii) What factors lead to high imprinting efficiency?
Furthermore, some experimental examples are presented so that the
reader can use the molecular imprinting method for his or her own
experiments without difficulty. Another important aspect of this
method, »precise evaluation of imprinting efficiency«, will be described
in Chapter 4.

3.2
Reagents and Experimental Procedures

All the chemicals we need are (1) functional monomers carrying tem-
plates (either covalently or non-covalently), (2) crosslinking agents, (3)
solvents for the polymerization, and (4) solvents (or bond-cleaving

Molecular Imprinting. By M. Komiyama, T. Takeuchi, T. Mukawa, and H. Asanuma
Copyright © 2003 Wiley-VCH Verlag GmbH & Co. KGaA
ISBN: 3-527-30569-6
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Functional monomers
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N WN\N

CN CN
2,2'-azobis(isobutyronitrile) 2,2'-azobis (2,4-dimethylvaleronitrile)
AIBN ADVN

Fig. 3-1 Typical reagents

agents) to remove the templates from the polymers. Chemical struc-
tures of typical reagents used are presented in Fig. 3.1.

3.2.1
Functional Monomers

All kinds of polymerization (radical, anion, cation, and condensation)
can be employed for molecular imprinting. The only requisite is that
the polymerization can satisfactorily occur under the conditions where
all the components (the templates, the crosslinking agents, non-cova-
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lent adducts between the monomer and the template in non-covalent
imprinting, and others) remain intact. However, radical polymerization
is most commonly used, mainly because of its versatile applicability and
experimental easiness (note that radical polymerization is also most
widely used in industry, mainly for economic reasons). In covalent
imprinting, templates are bound to vinyl moieties by covalent linkages.
Esters and amides of acrylic acid or methacrylic acid are most often
used. The synthesis is easy in most cases. For non-covalent imprinting,
vinyl monomers bearing appropriate functional groups are designed
and synthesized. Furthermore, many functional monomers are also
commercially available. However, it should be noted that these com-
mercial monomers usually contain inhibitors or stabilizers (e.g., hydro-
quinones and phenols) to avoid undesired polymerization during their
storage. Thus, commercial monomers must be distilled before use in
your molecular imprinting experiments.

3.2.2
Crosslinking Agents

For molecular imprinting in organic solvents, ethylene glycol dimeth-
acrylate (EDMA) and divinylbenzene are often used. A typical water-sol-
uble crosslinking agent is N,N’-methylenebisacrylamide. The funda-
mental role of these reagents is to fix the guest-binding sites firmly in
the desired structure. They also make the imprinted polymers insoluble
in solvents and facilitate their practical applications. By using different
kind of crosslinking agent, we can control both the structure of the
guest-binding sites and the chemical environments around them.

For efficient imprinting, the reactivity of the crosslinking agent
should be similar to that of the functional monomer (otherwise, either
the functional monomer or the crosslinking agent polymerizes pre-
dominantly, and copolymerization cannot take place sufficiently). By
choosing an appropriate crosslinking agent, random copolymerization
occurs successfully, and the functional residues (derived from the func-
tional monomers) are uniformly distributed in the polymer network.

23
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The mole ratios of crosslinking agent to functional monomer are also
important. If the ratios are too small, the guest-binding sites are located
so closely to each other that they cannot work independently. In ex-
treme cases, the guest binding by one site completely inhibits the guest
binding by the neighboring sites. At extremely large mole ratios, how-
ever, the imprinting efficiency is damaged, especially when the
crosslinking agents show non-covalent interactions with functional
monomers and/or templates.

3.23
Solvents

The trivial role of solvents is to dissolve the agents for polymerization.
However, they have more crucial roles. One of them is to provide
porous structures to imprinted polymers, and promote their rates of
guest binding. Release of the bound guest from the polymer is also
facilitated by the porosity. In the polymerization, solvent molecules are
incorporated inside the polymers and are removed in the post-treat-
ment. During these processes, the space originally occupied by the sol-
vent molecules is left as pores in the polymers. Polymers prepared in
the absence of solvents are consistently too firm and dense, and hardly
bind guests. Another role of solvents is to disperse the heat of reaction
generated on polymerization. Otherwise, the temperature of reaction
mixture is locally elevated, and undesired side-reactions occur there.
Furthermore, the formation of monomer-template adduct, which is re-
quired for efficient non-covalent imprinting, is suppressed.

Choice of solvents is dependent on the kind of imprinting. In cova-
lent imprinting, many kinds of solvents are employable as long as they
satisfactorily dissolve all the components. In non-covalent imprinting,
the choice of solvent is more critical to the promotion of the formation
of non-covalent adducts between the functional monomer and the tem-
plate and thus to enhancement of the imprinting efficiency. Chloro-
form is one of the most widely used solvents, since it satisfactorily dis-
solves many monomers and templates and hardly suppresses hydrogen
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bonding. However, commercially available chloroform is usually stabi-
lized by ethanol to avoid the formation of poisonous phosgene during
the storage. This ethanol is inappropriate for most molecular imprint-
ing (especially for non-covalent imprinting), since it inhibits hydrogen
bonding between monomer and template. In order to obtain good re-
sults, commercial chloroform must be distilled before use to remove
ethanol. Carbon tetrachloride is not appropriate for molecular imprint-
ing (with a few exceptions). In radical polymerization, it is a chain-
transfer agent and decreases the molecular weight of polymers.

3.24
Polymerization Procedures

Radical polymerization can be initiated by using thermal decomposi-
tion of radical initiators. Typically, 2,2"-azobis(isobutyronitrile) (AIBN)
and 2,2’-azobis(2,4-dimethylvaleronitrile) (ADVN) are used. The initia-
tion radicals formed by the decomposition attack the monomer, pro-
ducing the propagating radicals. The reactions are very simple and eco-
nomical. However, it is important to remove molecular oxygen from
polymerization mixtures, since it traps the radical and retards (or even
stops) the polymerization. In order to remove oxygen, degassing with
nitrogen or argon, as well as freeze-and-thaw cycles under reduced pres-
sure, is effective.

In some cases, non-covalent adducts between functional monomer
and template are too unstable to be used at higher temperatures, and
the polymerization must be carried out at lower temperatures. Under
these conditions, the thermal decomposition of initiator cannot be used
to initiate the polymerization, and the initiators are decomposed with
UV-light irradiation (photo-initiation never requires high tempera-
tures). If the monomers themselves absorb UV light sufficiently, the
polymerization is initiated even in the absence of any radical initiators.

25



26 | 3 Experimental Methods (1) — Procedures of Molecular Imprinting

33
Covalent Imprinting

One of the keys for successful covalent imprinting is the choice of the
covalent linkage which connects a functional monomer with a template.
These linkages must have both »stable« and »reversible« characters,
which in a sense contradict each other. Thus, they must be sufficiently
stable and be kept intact during the polymerization, but must be easily
cleaved later (in step 3 in Fig. 2.1) under mild conditions without dam-
aging the imprinting effects. In order to bind the target guest (and re-
lease it) promptly, both the formation and dissociation of the covalent
linkage must be fast. However, the number of covalent bonds which
fulfill both of these thermodynamic and dynamic requirements is
small. The linkages available at present are boronic acid esters, acetals,
ketals, Schiff bases, disulfide bonds, coordination bonds, and some
others. The experimental procedures for the imprinting are essentially
the same for all cases.

3.3
Imprinting with Boronic Acid Esters

Boronic acid esters are synthesized from boronic acid and cis-1,2- or
cis-1,3-diol compounds (vinyl groups for the polymerization are
tethered to the organic portions, as described in Example 3.1 below). Its
formation and dissociation are fast and easy. They have five-membered
cyclic structures, which are rigid enough to fix the covalent conjugates
in a desired conformation. Thus, effective molecular imprinting is
accomplished. After the polymerization, these linkages are cleaved by
hydrolysis, and the boronic groups in the conjugates are arranged suit-
ably for guest binding. These conjugates are especially useful for
molecular imprinting toward carbohydrates and their derivatives which
have cis-diol moieties. As expected, the imprinting is still more effective
when carbohydrate templates have two or more cis-diol structures.
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Example 3.1: Receptors toward saccharides (see Fig. 2.2)

4-Nitrophenyl o-D-mannopyranoside-2,3;4,6-di-O-(4-vinylphenylboronate)
was prepared by distilling azeotropically the benzene solution of
4-nitrophenyl mannopyranoside and tris(4-vinylphenyl)boroxine. The
mixture of this boronic acid ester (3.0 g, 5.7 mmol), methyl methacry-
late (4.5 g, 45 mmol), ethylene glycol dimethacrylate (7.5 g, 38 mmol),
and AIBN (0.1 g, 0.6 mmol) in acetonitrile (15 mL) was degassed three
times, sealed under argon, and polymerized at 80 °C for 2 days. The
obtained polymer was milled, extracted with dry acetonitrile, and dried
at 40 °C in vacuo. The boronic acid ester linkages were cleaved by treat-
ing the polymer with 1:1 ethanol/water mixture for three days. If parti-
cles of appropriate size are necessary, the polymer should be sieved
accordingly [1].

Example 3.2: Receptors toward sialic acid (see Fig. 3.2)

By removing water under a reduced pressure at 40 °C, the ester of
4-vinylphenylboronic acid (0.30 g, 2.0 mmol) and sialic acid (0.62 g,
2.0 mmol) were prepared in dry pyridine (200 mL). The product was di-
rectly used for the polymerization (the covalent conjugate did not have
to be isolated, since its formation was almost quantitative). This ester,
ethylene glycol dimethacrylate (5.6 g, 28.2 mmol) and ADVN were dis-
solved in DMF (3.2 mL), and the polymerization was initiated by irradi-
ating with UV light at 4 °C. After 12 h, the polymer was ground, and
treated with 1:1 mixture of 0.01 M hydrochloric acid and methanol. By
this post-treatment, the boronic acid esters were hydrolyzed and the
sialic acids were removed from the polymer [2].

332
Imprinting with Carbonate Esters

Carbonate esters are less stable than carboxylic acid esters, and can be
completely hydrolyzed by sodium hydroxide solution (e.g., 1 M) in
methanol. In the molecularly imprinted polymers, OH residues (of the
phenol in Example 3.3) are placed at the appropriate position in the
binding sites.
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Fig. 3-2 Molecular imprinting of sialic acid using 4-vinylphenyl-
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In a classical sense, the guest binding by these imprinted polymers
should occur through formation of the original carbonate ester. Howev-
er, this guest binding mode is not usually employed, since it is too slow,
and, still more critically, it requires an activated carbonate group (e.g.,
Cl-C(0O)-0O-) in the guest compound used. This imposes a strict restric-
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tion in the application. Accordingly, it is more common for the guest
binding to use hydrogen bonding between the guest (cholesterol in Ex-
ample 3.3) and the OH of the polymer which is formed by hydrolyzing
the covalent conjugate in the post-treatment. This OH (polymer-OH)
takes an appropriate position for the hydrogen bonding, since the space
occupied by the carbonyl group in the covalent conjugate (monomer-O-
C(0)-O-template) is now allotted to the H atom for the hydrogen bond-
ing (polymer-O-H- - - O(H)-guest). The guest binding is sufficiently fast,
as is the case in non-covalent imprinting (see Chapter 2).

Example 3.3: Receptors toward cholesterol (see Fig. 2.4)

Cholesteryl 4-vinylphenyl carbonate was synthesized by reacting
4-vinylphenol (obtained by hydrolyzing 4-acetoxystyrene) and choles-
teryl chloroformate (commercially available) in dry THF. To the mixture
of this carbonate ester (5 mol%) and ethylene glycol dimethacrylate
(95 mol%) in hexane (2 mL/g, solvent/monomers), was added AIBN
(1 mol% with respect to the C=C bonds). The solution was degassed and
sealed at a reduced pressure. The polymerization was carried out at
65 °C for 24 h. The resulting polymer was washed with methanol,
ground (average size: 30 pm), extracted with methanol in a Soxhlet
apparatus for 12-18 h, and dried in vacuo. In order to hydrolyze the
carbonate esters, the polymer particles were suspended in 1 M NaOH/
methanol. After the suspension was refluxed for 6 h, it was added to
dilute hydrochloric acid and filtered. The polymer was further washed
with water, methanol, and ether, extracted with methanol and then with
hexane, and finally dried in vacuo [3].

333
Imprinting with Acetals and Ketals

Ketone and aldehyde compounds are reacted with 1,3-diol compounds,
and the resultant ketals and acetals products are used as functional
monomers. At the guest-binding sites in the imprinted polymers, these
1,3-diol groups are placed complementarily to the guest.
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Fig.3-3 Molecular imprinting using ketal as a functional monomer

Example 3.4: Receptors toward ketones (see Fig. 3.3)

From 2-(p-vinylphenyl)-1,3-propanediol and acetophenone (the tem-
plate), the corresponding ketal was prepared. This ketal conjugate
(1-2 mol%) was copolymerized with divinylbenzene with AIBN as the
initiator (acetonitrile was used as diluent). The template was removed
by hydrolyzing the ketal with methanol/H,0/H,SO,.

334
Imprinting with Schiff Bases

Aldehyde compounds are reacted with amino compounds to yield
Schiff base compounds. These reactions are easy to achieve and proceed
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almost quantitatively. Aldehyde groups can be placed in the guest-bind-
ing sites to bind amino compounds. Alternatively, amino groups in the
binding sites can be used to bind aldehyde compounds.

Example 3.5: Receptors toward amines (see Fig. 3.4)

The mixture of N-(5-vinylsalicylidene)-L-phenylalanine methyl ester
(3.2 mol%) and divinylbenzene (96.8 mol%; 70 wt% of m- and p-iso-
meric mixture) was dissolved in acetonitrile/benzene (1:1, v/v; 1 mL
per g of monomer mixture). The solution was polymerized with AIBN
(0.5 mol%) for 20 h at 75 °C. The resulting polymer was ground and the
polymer particles obtained were treated with CH;O0H/1 M HCI (4:1,

XX \/@ -
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M eals AN
\<\ ™ N / / -
—
o

OMe 4

an

Fig. 3-4 Molecular imprinting using Schiff base as a functional monomer
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v/v; 200 mg polymer /10 mL) for 15 h at room temperature to cleave the
azomethine bond [4].

3.35
Imprinting with S-S Bonds

These bonds are sufficiently stable under polymerization conditions,
but are easily cleaved by reduction. The —SH groups in the imprinted
polymers bind the guest. One of the interesting characteristics is a
strong discrimination between the guests bearing —~OH groups and the
ones bearing —SH groups. The hydrogen bonding between -SH and
HO- is far stronger than that between —SH and HS-. Thus, the im-
printed polymers present overwhelmingly prefer the OH-bearing
guests to the corresponding SH-bearing ones (e.g., the polymer in Ex-
ample 3.6 strongly binds phenol but hardly binds thiophenol). Differ-
ence in atomic size between O and S is also responsible for this notable
recognition. The guest-binding site is sterically restrained so that the
difference in atomic size is critical.

Example 3.6: Receptors toward phenol (see Fig. 3.5)

A mixture of allyl phenyl disulfide (0.94 g, 5.2 mmol), divinylbenzene
(mixture of m- and p-isomers; 12.4 g, 95 mmol), and AIBN (0.36 g,
2.2 mmol) in chloroform (10 mL) was degassed with nitrogen for 5 min,
and was polymerized by UV light irradiation for 24 h at 5 °C and for a
further 3 h at 80 °C. The polymer was ground, and the particles were
suspended in methanol. The S-S linkages were cleaved by the reduc-
tion with NaBH, for 12 h. This cleavage procedure was repeated twice to
complete the reaction [5].

3.3.6
Imprinting with Coordination Bonds

Some coordination bonds between metal ions and ligands are suffi-
ciently stable for covalent imprinting. Vinyl groups are attached to met-
al complexes, and these »polymerizable« metal complexes are used as
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Fig. 3-5 Molecular imprinting using allyl phenyl disulfide as a
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functional monomers. These are polymerized in the presence of an ap-
propriate ligand (template), and the whole structures of metal-ligand
complexes are frozen in the polymer. After the ligand is removed, the
guest binding occurs via formation of the same coordination bond. In
Example 3.7, cinchonidine (the template) is coordinated to zinc(II)-por-
phyrin in the imprinted polymer. Interestingly, the intensity of fluores-
cence from the Zn(II) complex diminishes when the guest is bound to
the Zn(II) ion, implying a potential application to a sensor.

Example 3.7: Receptors toward cinchonidine (see Fig. 3.6)

To a solution of cinchonidine (0.22 mmol) in chloroform (7.8 mL) were
added 5,10,15-tris(4-isopropylphenyl)-20-(4-methacryloyloxyphenyl)por-
phyrin zinc(II) complex (0.22 mmol), methacrylic acid (0.45 mmol),
ethylene glycol dimethacrylate (15 mmol), and ADVN (16 mg). After
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degassing with nitrogen, the mixture was polymerized at 45 °C for 12 h
in the dark. The polymer was ground and washed with methanol/acetic
acid (7/3, v/v) to remove the cinchonidine [6].

Furthermore, this methodology can provide highly sophisticated
polymeric materials, in which unique functions of metal complexes
(catalysis, electron-transfer, and others) are combined with the mole-
cule-recognizing activity of the polymer. For example, aldolase-mimic

Y

N ?7 ;io\\‘

R' = CH,=C(CH3)COOCgH,-

R2 = (CHa);CHCgH,- 5?/\?
N
L9
S H
N
'\

Fig. 3-6 Molecular imprinting of cinchonidine using zinc(ll)-
porphyrin complex and methacrylic acid as functional monomers
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was prepared by imprinting 4-vinylpyridine toward the Co(II) complex
of dibenzoylmethane (Example 3.8). This template resembles the tran-
sition-state for the Co(Il)-catalyzed cross-aldol condensation between
acetophenone and benzaldehyde. Thus, this imprinted polymer stabi-
lized the transition state to a greater extent than it stabilized the initial
state. As a result, the difference in free energy between these two states
is decreased, and efficient catalysis of the condensation reaction is
achieved. An artificial »catalytic antibody« has been obtained (a catalytic
antibody is an antibody obtained toward the transition state analog of a
reaction, and catalyzes the corresponding reaction).

Example 3.8: Preparation of artificial catalytic antibody (see Fig. 3.7)
Vinylpyridine (420 mg), styrene (4.20 g), divinylbenzene (5.20 g), diben-
zoylmethane (448 mg; a transition-state analog), cobalt(II) acetate (498
mg), and ADVN (100 mg) were dissolved in anhydrous methanol
(2.5 mL) and chloroform (6.7 mL). The resulting mixture was sonicated
under vacuum and purged with N, for 5 min at 0 °C. The polymeriza-
tion was carried out at 45 °C for 24 h. The resulting polymer was ground
and sieved. The polymer particles were packed into a stainless steel
column and washed with methanol/acetic acid (7/3) and then with
methanol to remove dibenzoylmethane and cobalt(II) acetate.

Then the polymer was incubated with cobalt(Il) ion again. When
acetophenone and benzaldehyde were added, they were placed in the
cavity appropriate for the reaction due to the imprinting effect (note that
the template is similar to the transition state of the reaction). The
cobalt(I1)-catalyzed aldol reaction occurred smoothly [7].

3.4
Non-covalent Imprinting

The reaction procedures for non-covalent imprinting are far simpler
than those for covalent imprinting. Functional monomers are simply
combined with template in the polymerization mixtures and copoly-
merized with crosslinking agent. The adducts between the functional
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monomer(s) and the template are formed in situ by non-covalent inter-
actions, and are frozen in the polymers. There is no need for the syn-
thesis of covalent conjugates prior to polymerization, as is the case in
covalent imprinting. Furthermore, the template is easily removed after
the polymerization, by simple extraction. Many of practically important
molecules (e.g., pharmaceuticals, herbicides, biologically active sub-
stances, and environmental contaminants) possess polar groups such
as hydroxyl, carboxyl, amino, and amide for the required non-covalent
interactions. Because of its simplicity and versatility, non-covalent mo-
lecular imprinting has been widely attempted (the shortcomings of this
type of imprinting are described in the previous chapter).

In principle, any kind of non-covalent interactions should be effec-
tive and employable for the imprinting. However, hydrogen bonding is
most appropriate for precise molecular recognition, since this bonding
is highly dependent on both distance and direction between monomers
and templates. Accordingly, various monomers which bear the required
functional groups (e.g., carboxyl, amino, pyridine, hydroxyl, and amide
groups) complementarily to the template are chosen. It should be noted
that the nature of non-covalent interactions (the contributions of hydro-
gen bonding and electrostatic interaction) is governed by the pK values
of both components. When both the acid and the base are very strong,
for example, a proton is completely transferred from the acid to the
base, and thus their adducts are formed mostly through electrostatic in-
teraction. This is unfavorable for precise molecular recognition, since
electrostatic interaction is less dependent on distance and direction (its
strength is determined only by the distance between the components).
With the combination of acid and base of intermediate strength, how-
ever, the proton exists between the acid and the base, and thus the
hydrogen-bonding nature is dominant. It is under these conditions that
efficient imprinting should be achieved. If both the acid and the base
are weak, the interaction itself is too weak and is inappropriate for the
imprinting.
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3.4
Carboxyl Groups as Hydrogen-bonding Site

In aprotic solvents, the carboxylic acid residues in methacrylic acid and
acrylic acid form hydrogen bonds with various basic templates and
form non-covalent adducts. These two monomers are being widely used
in the current polymer industry, and are available on quite a large scale
at low cost. Molecular imprinting with the use of hydrogen bonding
between methacrylic acid and atrazine (a herbicide) is described in
detail in Chapter 6.

342
Pyridines as Hydrogen-bonding Site

Pyridine is intrinsically a rather weak base (pK, = 5.4), but forms suffi-
ciently strong hydrogen-bonding adducts with various acidic com-
pounds. As functional monomers for molecular imprinting, 2-vinylpyri-
dine and 4-vinylpyridine are commercially available.

Example 3.9: Receptors toward phenoxyacetic acid (see Fig. 3.8)

A mixture of 2,4-dichlorophenoxyacetic acid (2,4-D: 1 mmol), 4-
vinylpyridine (4 mmol), ethylene glycol dimethacrylate (20 mmol), and
ADVN (0.31 mmol) in a methanol/water mixture (4 mL/1 mL) was son-
icated and purged with nitrogen for 2 min. The solution was polymer-
ized at 45 °C for 4 h, and then at 60 °C for 2 h. The polymer was ground
and sieved in acetone. The particles were washed by methanol/acetic
acid (7/3, v/v; twice), acetonitrile/acetic acid (9/1, v/v; twice), acetoni-
trile (once), and methanol (twice) for 2 h each time, followed by cen-
trifugation. The particles were then suspended in acetone for 4 h. The
particles in suspension were collected and the procedure was repeated
four times. The solvent was removed by centrifugation and the particles
were dried in vacuo [8].
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Fig. 3-8 Molecular imprinting of 2,4-dichlorophenoxyacetic acid
(2,4-D) using 4-vinylpyridine as a functional monomer
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3.43
Guest-binding Sites Having Multiple Hydrogen-bonding Sites

When two or more hydrogen bonds are simultaneously formed be-
tween functional monomer and template, the resultant adducts become
extremely stable, and thus the molecular imprinting is still more effi-
cient. 2,6-Bis(acrylamido)pyridine is one of the most useful monomers
for this purpose, since it has two hydrogen-bonding donors (the amide
groups) and one hydrogen-bonding acceptor (the nitrogen atom of pyri-
dine) in one molecule. With barbiturates, for example, it forms a 2:1
complex by using six hydrogen bonds. As expected, the molecular im-
printing is highly efficient.

Example 3.10: Receptors towards barbiturates (see Fig. 3.9)

A mixture of 2,6-bis(acrylamido)pyridine (1 mmol), cyclobarbital
(2 mmol), ethylene glycol dimethacrylate (20 mmol), and ADVN in
chloroform was purged with N, gas. The polymerization was performed
at 45 °C for 24 h and then at 90 °C for 3 h. The resulting polymer was
ground and sieved to yield polymer particles (26-63 um). The particles
were packed into a stainless steel column and washed with methanol
and chloroform to remove cyclobarbital [9].

344
Guest-binding Sites Having Pyridinium Salt for Electrostatic Interaction

The free energy of electrostatic interaction is simply proportional to the
reciprocal of distance between the charges, and is independent of direc-
tion. This spherically symmetric potential is unfavorable for precise
molecular recognition (compare with the strictness of hydrogen bond-
ing with respect to direction and distance). However, electrostatic inter-
action is appropriate for the imprinting in polar solvents such as alcohol
and water, since it can work satisfactorily therein. The selectivity can be
improved by combining it with other interactions (e.g., hydrogen bond-
ing and charge-transfer interactions).
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Fig.3-9 Cyclobarbital-imprinting using 2,6-bis (acrylamido)pyridine

Example 3.11: Receptors toward cAMP (see Fig. 3.10)

To the solution of trans{p-(N,N-dimethylamino)styryl]-N-vinylben-
zylpyridinium chloride (31.5 mg, 0.084 mmol) and cAMP (41.7 mg,
0.12 mmol) in methanol (30 mL), 2-hydroxyethyl methacrylate (0.675 g,
5.2 mmol), trimethylolpropane trimethacrylate (29.0 g, 86 mmol), and
AIBN (0.665 g, 4.1 mmol) were added. The resulting mixture was
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\
o

Fig. 3-10 cAMP-imprinting by the use of the electrostatic
interaction between pyridinium cation and phosphate anion



3.5 »Dummy Molecular Imprinting«

purged with nitrogen for 10 min, polymerized by irradiation (350 nm)
at room temperature for 1.5 h, and then placed at 60 °C for 24 h. The
resulting polymer was ground in a mortar and sieved (45-106 um). The
polymer particles were washed by 300 mL of water/methanol (7:3, v/v)
and then 300 mL of methanol with a Soxhlet extractor [10].

3.45
Apolar Binding Sites

Many planar dye molecules are bound to double-stranded DNA by be-
ing accommodated between adjacent Watson-Crick base pairs. These
non-covalent interactions (intercalation) are used for molecular im-
printing [11]. Various hydrophobic interactions are also useful for the
purpose [12].

35
»Dummy Molecular Imprinting«

This method is used to prepare artificial receptors toward certain bio-
active compounds or environmental hormones (e.g., dioxin). When we
wish to achieve molecular imprinting with these templates, it often
happens that the template compound is not available in a sufficient
amount. Alternatively, the template can be too toxic and dangerous to
be used in laboratories. Under these conditions, »direct« molecular im-
printing is hard to achieve. In these cases, an appropriate substitute
compound which has a similar structure to the real template but is
more easily available (or non-toxic) is used as the template. In the fol-
lowing example, an artificial receptor for atrazine (a herbicide) is pre-
pared by using trialkylmelamine (non-toxic) as the template. These two
chemicals resemble each other, so that the imprinted polymer obtained
with the dummy binds atrazine selectively and effectively. This »dum-
my molecular imprinting« is an extension of non-covalent imprinting,
and enormously widens the spectrum of target compounds.
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Example 3.12: Imprinting with dummy template for recognition of atrazine
(see Fig. 3.11)

The solution of triethylmelamine (0.35 g, 1.7 mmol), methacrylic acid
(0.58 g, 6.7 mmol), ethylene glycol dimethacrylate (9.3 g, 47 mmol), and
AIBN (0.12 mg, 0.73 mmol) in chloroform (25 mL) was sonicated and
bubbled with nitrogen gas. The polymerization was carried out by UV
light irradiation at 5 °C for 12 h. The obtained polymer was crushed and
ground in a mortar, and was suspended in acetonitrile/chloroform (1/1,

o]
o}
/”Zr \Aoﬁ/ / \
)J\(O\ Et\NH O, H
[ H., N Polymerization \ ﬁl/ H

LN
Hr'\l \N N/Et
Et
Triethylmelamine / \

Atrazine

Fig. 3-11  Molecular imprinting by triethylmelamine as a dummy
template for atrazine
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v/v). The polymer particles were packed in a stainless steel column,
washed with 300 mL of methanol /acetic acid (7/3, v/v), and used for col-
umn chromatography [13].
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Chapter 4
Experimental Methods (2) — Evaluation of Imprinting Efficiency

4.1
Introduction

In the previous chapter, we learned how to achieve molecular imprint-
ing reactions. Simply by polymerizing appropriate functional mono-
mers in the presence of templates, polymeric receptors toward the tar-
get compound can be obtained. The next essential step is the evaluation
of imprinting efficiency (whether or not our imprinted polymer ade-
quately and accurately remembers the template). Other concerns are (i)
how efficient is the guest binding and (ii) how strict is the discrimina-
tion between the target guest compound and the others. On the basis of
the data on these points, we can improve the reaction conditions for
molecular imprinting (choice of functional monomers, crosslinking
agents, polymerization solvents, polymerization temperature, etc.) and
hence prepare polymeric receptors possessing still better properties and
functions.

Experimentally, the guest-binding activity of the imprinted polymer
is measured by either chromatographic experiments or batchwise
guest-binding experiments. By comparing the activity of our imprinted
polymer with the corresponding activity for a non-imprinted polymer
(prepared in the absence of template), the magnitude of the molecular
imprinting effect is evaluated.

Molecular Imprinting. By M. Komiyama, T. Takeuchi, T. Mukawa, and H. Asanuma
Copyright © 2003 Wiley-VCH Verlag GmbH & Co. KGaA
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4.2
Chromatographic Experiments

Imprinted polymers are packed into stainless steel column-tubes and
used as the stationary phase for high-performance liquid chromatogra-
phy (HPLC). As the name indicates, the binding strength and binding
selectivity toward guest compounds are analyzed in terms of their chro-
matographic behavior, since successful imprinting should selectively
promote the binding toward the target guest and increase its retention
time. The experimental procedures are simple and straightforward, and
precise and comprehensive data are fairly easily obtainable (see Exam-
ple 6.2 in Chapter 6 for details).

A typical HPLC chart is schematically illustrated in Fig. 4.1. The ma-
jor of the two peaks corresponds to our target guest. Its retention time is
t,. The minor peak (the retention time = t,) is that for the void marker (a
standard), which is poorly bound by the polymer (e.g., acetic acid, ace-
tone, or acetonitrile). An index of binding activity of the imprinted poly-
mer toward our target guest, the capacity factor k, is defined by Eq. (1).

k = (tz~to)/to (1)

In place of t, and t,, retention-volumes of guest and non-bound com-
pound [V(g) and V(0)] may be also adopted.

If our molecular imprinting is very successful, the k value of the tar-
get guest compound alone should be notably increased and those for all
other compounds remain unchanged. This polymer clearly remembers

t

Peak of void maker

fo

Fig. 41 Schematic
illustration of the HPLC
chart of substrate (t,)

and void marker (to)
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Table 4-1 Capacity factors (k) of nucleotide analogs on HPLC columns packed with
9-ethyladenine-imprinted polymer of methacrylic acid and benzoic acid-imprinted
polymer [1)*

Capacity factor k
Substrate 9-Ethyladenine-imprinted Benzoic acid-imprinted
9-Ethyladenine 54.8 1.7
1-Cyclohexyluracil 3.9 0.3
1-Propylcytosine 0.3 2.4
1-Propylthymine 0.4 0.2

a Mobile phase: acetonitrile/acetic acid/H,0 = 92.5/5/2.5

the structure of the template, and thus binds the target guest which is
identical with (or similar to) the template. In unsuccessful imprinting,
however, the difference between the k value of the target and the other k
values would be marginal. Table 4.1 is a typical example. In the pres-
ence of 9-ethyladenine as the template, methacrylic acid is copolymer-
ized with ethyleneglycol dimethacrylate in chloroform (»non-covalent
imprinting«). The molecularly imprinted polymer shows a very large
capacity factor k only for 9-ethyladenine. On the other hand, the k values
of all other DNA-base derivatives are far smaller. Apparently, this im-
printed polymer strictly recognizes the positions of hydrogen-bonding
sites and their natures (either H-donor or H-acceptor) in the four kinds
of DNA-bases. In its guest-binding sites, several carboxylic acids (de-
rived from methacrylic acids) are placed complementarily to the ade-
nine and bind this moiety through the formation of several hydrogen
bonds. Consistently, guest specificity is almost nil when benzoic acid is
used as the template for the imprinting. In this control experiment, the
k values are quite small for all the four kinds of guests, since the tem-
plate does not have hydrogen-bonding sites and accordingly the car-
boxylic acids, derived from methacrylic acid, are placed almost random-
ly in the polymer. Under these conditions, any satisfactory imprinting
cannot be expected [1].
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4.3
Batchwise Guest-Binding Experiments

In this method, the guest-binding activity of the imprinted polymer is
directly determined in terms of the amount of guest bound by this poly-
mer. First, a predetermined amount of polymer is added to guest solu-
tions of varied concentrations. The polymer is usually insoluble in the
solvent used. These mixtures are incubated for a sufficiently long peri-
od of time until the guest binding reaches the equilibrium. Then, the
polymer is removed by centrifugation or filtration, and the concentra-
tion of guest in the liquid phase (C) is determined by HPLC, UV, or oth-
er analytical means. The guest selectivity is analyzed by comparing this
value with the amount of guest (Byguqa) bound by the polymer (per unit-
weight) with those of other compounds.

4.4
Determination of Guest-Binding Constants

The dissociation constant Ky, of the complex between guest and guest-
binding site in the polymer is defined by Eq. (2).

Kp
Guest + Binding Site <> Guest/Binding Site 2)

Here 1:1 stoichiometry of the complex is assumed. Under these condi-
tions, the Ky, is given by Eq. (3).

KD = (Bunbound X C) / Bbound
= (Bmax —Bbound) X C/Bbound (3)’

where B, is the maximal amount of guest bound by unit-weight of
polymer (note that B, = Bpound + Bunbound)- The Kp has the dimension
of concentration, and the guest binding is stronger when it is smaller.
Accordingly, the plot of By,,nq against C shows a gradual saturation (see
Fig. 4.2a).



4.4 Determination of Guest-Binding Constants

(a) (b)
40 ~ 30
= ©
> "%
e S 20
~ A
3 S 10
Q S |
[4a]
0 L | | IR
0 10 20 30 40
Bbound/”mc'"g
Fig. 42 Binding isotherm (a) and the cor- vancomycin-imprinted cyclodextrin polymer

responding Scatchard plot (b) for the bind- [2]
ing of vancomycin (an antibiotic) by the

Usually Eq. (3) is converted into Eq. (4) (Scatchard equation), and
Biound/C is plotted against Bygyng.

Bbound/ C= (Bmax*Bbound)/ Kp
= _(1/KD) X Bbound + Bmax/KD (4)

From the slope and the intercept of the straight line obtained, the values
of Kp and By, are determined (see Fig. 4.2b). In ideal imprinted poly-
mers, the Kp value should be small only for the target guest (strong and
selective guest binding). The choice of C values employed is important
in these experiments. If only too small C values are used for the plots,
no saturation-phenomenon occurs. When all the C values are much
larger than Kp, however, the guest-binding sites are almost completely
occupied by the guest, irrespective of the C values. Both situations are
unfavorable for the determination of Ky and B,,,. In order to evaluate
these values precisely, some of the C values should be below K, and the
others should be above it.

51
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Example 4.1 Scatchard plots for the binding of vancomycin by the imprinted
cyclodextrin (CyD) polymer in water.

Acryloyl-CyD (0.30 mmol), prepared by reacting CyD with m-nitro-
phenyl acrylate, and vancomycin (an antibiotic: 0.15 mmol) as the
template are dissolved in 15 mL of Tris buffer solution ([Tris] = 5 mM,
pH 8.0). After stirring for a few minutes, the polymerization is started
by adding methylenebisacrylamide (3.0 mmol) and potassium persul-
fate (35 mg: radical initiator) under nitrogen at 50 °C. The system
becomes opaque as the polymerization proceeds. After stirring for 2 h,
the white precipitate is collected and washed with a large amount of hot
water and acetone. Then these CyD-polymers are dried, ground with
mortar and pestle, and are subjected to the following binding experi-
ments.

The polymer containing 27 umol of CyD residue (75 mg) is incubat-
ed in 3 mL of an aqueous solution of vancomycin (pH 8.0; 5 mM Tris
buffer). After keeping the mixture at 5 °C for 24 h to complete the com-
plex formation, the mixture is centrifuged and the concentration of the
guest in the supernatant is analyzed by reversed-phase HPLC (Merck
LiChrospher RP-18(e) ODS column). Figure 4.2a shows the isotherm
(plots of Bpoung as a function of C at a predetermined temperature). The
isotherm gives an ideal saturation curve. The Scatchard plot from this
isotherm is linear, as shown in Fig. 4.2b, giving the values of Ky and
Brnax as 1.6 mM and 44 pmol g™, respectively [2].

The data-analysis hitherto described is based on the assumption that
all the guest-binding sites in an imprinted polymer are identical with
each other. However, this is not necessarily the case. Rather, it often
happens that two or more kinds of guest-binding sites are responsible
for guest binding. There, Scatchard plots are not linear. A typical exam-
ple of these non-linear plots, as well as the method for its treatment, is
presented in Example 6.3 in Chapter 6.
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Chapter 5
Spectroscopic Anatomy of Molecular Imprinting Reactions

5.1
Introduction

The molecular imprinting method provides important polymeric recep-
tors easily and cheaply. Unfortunately, however, mechanistic details of
imprinting have not yet been satisfactorily clarified. One of the reasons
is that this method has been developed primarily for practical applica-
tions, and thus improvements in binding activity and guest selectivity
rather than an understanding of the mechanistic details of imprinting
reactions have been the main concerns of many people. Furthermore,
most imprinted polymers are insoluble in solvents, and the guest-bind-
ing sites are never identical with each other. These features have pre-
vented detailed spectroscopic analysis. Yet the mechanistic information
is crucially important if we wish to design efficient molecular imprint-
ing systems. Accordingly, several attempts have been made to date, and
fruitful and significant results have been obtained. This chapter deals
with these spectroscopic results on pre-organized monomer-template
adducts in the polymerization mixtures and guest-binding sites in the
imprinted polymers.

Molecular Imprinting. By M. Komiyama, T. Takeuchi, T. Mukawa, and H. Asanuma
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5.2
Structures of Adducts in the Pre-organization Step

The first step in molecular imprinting is »pre-organization« of func-
tional monomers with templates. In covalent imprinting, the conjugate
is a well-characterized covalent molecule, so that this step is really sim-
ple. In non-covalent imprinting, however, the adducts are labile and dy-
namic, and thus efficient pre-organization is essential for successful
molecular imprinting. The key questions are: (i) What is the structure
of the non-covalent adduct in reaction mixtures? and (ii) What portion
of the functional monomer is complexing with template under poly-
merization conditions? These properties should directly reflect the
nature and efficiency of imprinting.

5.2.1
Adduct Formation in Solutions

In the analysis of these homogeneous specimens, "H-NMR is one of the
most powerful tools. When a hydrogen bond is formed, for example,
the electron density at hydrogen-bonding protons decreases. According-
ly, the NMR signal of this proton shifts toward lower magnetic field.
The chemical shifts are also altered by the change in the chemical cir-
cumstance, anisotropic shielding by unsaturated compounds (e.g., aro-
matic rings), and many other factors. Information on the rate of ligand
exchange is also obtained from the line-width of signal. In fast ex-
change, the signals are sharp, but they are broadened in slow exchange.

Example 5.1: Adduct formation for the imprinting of methacrylic acid (MAA)
with L-phenylalanine anilide (PheNHPh) in acetonitrile.

Upon increasing MAA concentration, the "H-NMR signals for the
amino protons of PheNHPh and the carboxyl group of MAA monoto-
nously shift toward lower magnetic field. When the shift is plotted
against the MAA/PheNHPh ratio, the first inflection point appears at
MAA/PheNHPh = 1.0, corresponding to the formation of 1:1 adduct.
However, these lower-field shifts never saturate there, and increase still
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H” Figure 5-1 Pre-organized adduct between

\@ functional monomer (MAA) and the template
(PheNHPh) 1]
more when [MAA], is further increased. Apparently, two or more MAA
molecules are interacting with one PheNHPh molecule. Consistently,
the broadening of line-widths of these protons is maximized at around
MAA/PheNHPh = 0.5, 3.5, and 6.0. One of the plausible structures of
the 2:1 adduct is presented in Fig. 5.1: the first MAA molecule is inter-
acting with the ammonium group of PheNHPh, and the second bridges
this ammonium with the carbonyl group of the same PheNHPh mole-
cule [1].

Adduct formation by other non-covalent interactions is also de-
tectable by "H-NMR. When cholesterol (template) forms an inclusion
complex with cyclodextrin (cyclic functional monomer composed of
several glucose units), 18 methyl protons of the cholesterol show up-
field shift due to the change in its chemical circumstance. The binding
constant is 550 M™". This system provides ordered assemblies of two cy-
clodextrin molecules, which bind cholesterol cooperatively (see also Ex-
ample 5.5 in this chapter) [2].

Infrared spectroscopy also reflects the structure of the pre-organized
monomer-template adduct. When N-H, O-H, and C=O groups form
hydrogen bonds with other hydrogen donors (or acceptors), these bonds
are weakened, and accordingly their stretching vibration bands shift to-
ward lower frequencies. In the infrared spectra, all of these bands are
clearly distinguishable from other signals, and can be useful probes for
the hydrogen bonding.
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Example 5.2: Hydrogen bonding of 2,6-bis (acrylamido)pyridine.

This functional monomer, originally synthesized by Takeuchi et al. [3]
involves both multiple hydrogen-bonding sites for the recognition of
the guest and two vinyl groups for the crosslinking. Many more recog-
nition sites can be introduced into the polymer, since this monomer
does not require a conventional crosslinker.

In CH,Cl,, the N-H groups of this monomer are free from hydrogen
bonding, and their stretching vibration bands are at around 3350 cm™.
When a thymine derivative (the template) is added to this solution,
these bands shift to 3210 cm™. Here, the amide groups form hydrogen
bonds with the thymine (see Fig. 5.2), and thus their N-H bonds are
weakened [4].
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Figure 5-2  Multiple hydrogen bond formation
between 2,6-bis(acrylamido)pyridine and thymine
derivative
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5.2.2
Adduct Formation on a Solid Surface

Although "H-NMR is quite useful to analyze liquid samples, the signals
for solid samples are very broad and not very informative. In these
cases, the NMR signals of *C, *'P, and *Si should be employed. Their
signals are sufficiently sharp even for solid samples and provide precise
information on the structure of adducts.

Example 5.3: Complex formation on a solid surface.
When silica gel is incubated with 1-trimethoxysilylpropyl-3-guanidium
chloride, guanidium residues are covalently linked onto the surface of
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Figure 5-3 Schematic illustration of
various binding modes of phenyl
phosphonoic acid to guanidine-function-

a
\/ alized xerogel surface (upper), and
b / solid-state *'P MAS NMR (lower)
of crystalline phenylphosphonoic acid
(a) and silica xerogels imprinted with
c \_4 a 2:1 (b) and 1:1 (c) ratios of 1-trimeth-
~— oxysilylpropyl-3-guanidium chloride.
The peaks at 15.5 and 6.5 ppm are

assignable to one-point and two-point
3P bindings, respectively [5].

silica gel. Since phosphonoic acid forms a complex with guanidium
residue, it can be a template for the preparation of silica gel surface,
which selectively binds this guest. The mixture for this molecular
imprinting has been analyzed by solid-state >'P-NMR. As shown in
Fig. 5.3, two peaks at 15.5 and 6.5 ppm are assigned to the P-atoms in
»one-point binding« and in »two-point binding«. The solid-state **Si-
NMR is consistent with the formation of these adducts.

After this reaction (covalent linkage of guanidium residues to the
silica gel) is completed, the gel is treated with HCI and the phosphonoic
acids are removed. In these procedures, specific binding sites for
phenylphosphonoic acid are prepared on the surface of silica gel. Con-
sistently, the binding of phenylphosphonoic acid (the guest) by this im-
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printed silica gel is clearly detectable by >'P-NMR. Of the two kinds of
binding sites, »one-point binding« is observed at around 12 ppm, and
»two-point binding« at around 5 ppm. The *C-NMR with *C-enriched
substrate is also useful for the analysis [5].

53
Determination of the Binding Constant K for the Formation
of Monomer-Template Adduct

The values of K, which are important for designing effective molecular-
imprinting systems, can be obtained by using these spectroscopic
results. The NMR chemical shift changes are analyzed in terms of the
following equation, which is straightforwardly obtained:

ABops =1/2 + Adpa{(r+ 1 + 1/(K Cp) -
[(*+ 1+ 1/(K Co)* 2r + 2r/(K Co) + 2/(K Co)]"*} (1)

Here, r is the monomer/template ratio and Cj is the initial concentra-
tion of monomer (or template). The A, value is the maximal change
in the chemical shift with respect to the value in free monomer (or
template). By plotting Ad,;,s against r and analyzing the data by the non-
linear least square method, the binding constant K and Ad,y,, are deter-
mined.

It should be noted that spectroscopic titration usually shows the for-
mation of a 1:1 adduct between template and functional monomer,
even when several functional monomers interact with several parts of
template. In other words, these interactions are almost independent of
each other in solutions (n:1 monomer/template complexes are hardly
formed therein because of the unfavorable entropy term). Even in these
cases, the monomers which are interacting with the template at differ-
ent positions are covalently bound to each other in the polymerization.
These steps should proceed in a stepwise manner. Thus, the polymer-
ization occurs around a site of the template. Independently, polymers
are also formed at other sites of the template. Finally, these polymer do-
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mains, each of which remembers the structure of the corresponding
portion of the template, are combined together in a predetermined way
(dictated by the template). Accordingly, the selective binding sites can
be formed from a number of functional monomers.

Example 5.4: Adduct formation between methacrylic acid (MAA) and atrazine.
On the addition of MAA in chloroform, both of the proton signals of
atrazine, derived from ethylamino and isopropylamino groups, show
downfield shifts (Fig. 5.4). By applying Eq. (1) to this saturation curve,
the binding constant K is determined as 30 M™". Although both of the
two amino groups of atrazine interact with MAA (see Fig. 6.2), only a
1:1 adduct is detected by the titration. These two interactions occur
almost independently of each other, as described above. In the resultant
polymers, the atrazine-binding sites would be formed from two or more
carboxyl groups of MAA [6].

2.5
20}
) 1.5} JYO*
< 1.0} MAA ~H‘NA\NIAH,B
0.5 Ateazine
0.0 b

OH 5 10 15 20
MAA/Atrazine

Fig. 5-4 Plots of Ad against the MAA/atrazine ratio. [atrazine], =
30 mM at 25 °C. The solid line shows the theoretical curve based
on Eq. (1) (K=30 M) [6].
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5.4
Relationship between K Value and Imprinting Efficiency

In order to accomplish highly efficient imprinting, the monomer-tem-
plate adduct must exist in large excess with respect to free template and
free functional monomer. Otherwise, non-selective polymerization
would occur concurrently and diminish the efficiency of molecular im-
printing. How can we realize these conditions in our imprinting exper-
iments? By using the K values, we can obtain an appropriate answer to
this crucial question. Table 5.1 shows the mole fractions of adduct,
which are calculated under various conditions [the conditions involving
sufficient amount of adducts (>70 %) are indicated by shadow]. When
K=1M", free monomer and template exist to a significant extent even
at high concentrations of both (e.g., 1 M). In general, K should be
greater than 100 M™" for efficient molecular imprinting. With a K value

Table 5-1  Effects of K and concentration on the pre-organization of functional monomer

Binding constant Conc. of template Fraction of complex (%})°
K (M} (mM) Frb=1 F/T=5 F/T=10
1 1 0.1 0.5 1.0
10 1.0 4.7 9.0
100 8.4 319 48.8
1000 38.2 |
10 1 1.0
10 8.4
100 38.2
1000 i
100 1 8.4
10

38.2

100 ~,
1000
1000 1
10
100
1000

a Mole percent of monomer-template complex with respect to the total template. The regions
involving sufficient complex formation (> 70 %) are designated by shadow.
b F/T = Functional monomer/template ratio.
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of around 1000 M7, for example, the adducts are formed sufficiently
even when the concentrations of template and monomer are only 10 mM.
In most imprinted polymers, the binding sites are constructed from two
or more monomer molecules. Here, the ratio of functional monomer to
template (F/T) should be greater than 1. However, too large an F/T ratio
should be avoided, since non-specific binding sites are formed by the
functional monomer which exists in excess. As shown in Table 5.2, all
the successful molecular imprinting so far reported certainly satisfies
these requirements.

Table 5-2  Binding constants for template-monomer adduct formation under polymeriza-

tion conditions

Template- Pre-organiza- Solvent  Binding Conc. of  Reference
monomer tion force constant K template
complex M7 mM
2,6-bis(acryl- H-bonding CH,Cl, 206 ~100 Chem. Commun.
amido)pyridine- 1995, 2303
-uracil derivatives Polym. Mater.
Sci. Eng., 2000,
82,69
MAA-Biotin H-bonding CHCL 155 65 Anal. Chem.
2000, 72, 2418
MAA-Atrazine H-bonding CHCl, 30 66 Anal. Chem.
1995, 67, 4404
butyric acid-9- H-bonding CHCl, 160 20 J. Am. Chem.
ethyladenine Soc., 1997,
(Model of MAA) 119, 4388
-CyD-Cholesterol  Inclusion DMSO 550 30 Macromolecules.

1999, 32, 2265
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5.5
Structure of Guest-Binding Site

In this book, it has often been stated that the sites for guest binding are
formed by »freezing« pre-organized functional monomers in polymeric
structures. Although this proposal has been substantiated by many ex-
perimental results, some of the readers still may be wondering whether
this is really the case. Does the structure of the guest-binding site in the
polymers really reflect the pre-organized structure strictly? In what
manner does the template molecule affect the polymerization process
and dictate the position of monomers? In order to give the answer to
this question, direct observation of this »freezing« process is necessary.
Mass spectroscopy is a useful tool here, since it can distinguish between
polymers with different numbers of monomer units. In the following
example, the template drastically accelerates the polymerization of pre-
organized monomers, and promotes the formation of dimers and
trimers as the guest-binding sites. In the molecular imprinting, these
dimers and trimers are abundantly formed in the polymer, and these
ordered assemblies selectively and efficiently bind the target guest com-
pound.

Example 5.5: The structures of guest-binding sites in the molecularly imprinted
polymer of B-cyclodextrin (3-CyD).

The polymer is prepared by crosslinking B-CyD in DMSO with toluene
2,4-diisocyanate (TDI) in the presence of cholesterol as the template. In
order to obtain homogeneous samples, the amount of TDI is kept
small. Matrix-assisted laser desorption/ionization time-of-flight mass
spectra (MALDI-TOFMS) are presented in Fig. 5.5. In the presence of
the template (a), both the dimers of B-CyD (mass number (M) =
2000-3500) and its trimers (M = 4000-4500) are efficiently formed.
In its absence (b), however, virtually all the products are monomeric
B-CyDs (M = 1000-2000). The template enormously accelerates the
bridging between two 3-CyD molecules. Each of the signals in the spec-
tra corresponds to different amount of substitution by TDI. These
analyses clearly show that dimeric 3-CyDs (the binding sites for choles-
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Figure 5-5 MALDI-TOFMS of B-CyD poly- terol, dimers and trimers of B-CyD, which
mers crosslinked with toluene 2,4-diiso- efficiently bind cholesterol (see the insert),

cyanate in the presence (a) and the absence  are effectively formed [7].
(b) of cholesterol. In the presence of choles-
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terol) are formed by the imprinting. It should be noted that cholesterol
is too large to be accommodated in the cavity of one B-CyD |7, 8].
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Chapter 6
Flow Chart of a Typical Molecular Imprinting

6.1
Introduction

In this chapter, all the processes of the molecular imprinting reaction
(from the design of reaction systems to the analysis of resultant poly-
mers) are described, so that the reader can form a clear and compre-
hensive mental picture of this elegant method. Non-covalent imprint-
ing for the preparation of polymeric receptors towards atrazine (a herbi-
cide) is taken as a typical example (Fig. 6.1).

Experimental precautions necessary to achieve the imprinting satis-
factorily are also presented [1].

6.2
Choice of Agents

6.2.1
Functional Monomer

Atrazine (the template) has a triazine ring and two amino groups, all of
which form hydrogen bonds with appropriate residues in aprotic sol-
vents (Fig. 6.2). Accordingly, methacrylic acid, having a carboxylic acid
(hydrogen-bonding site), is chosen as the functional monomer. Acrylic
acid is also useful. The two types of interactions at the two amino

Molecular Imprinting. By M. Komiyama, T. Takeuchi, T. Mukawa, and H. Asanuma
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Fig. 6-1 Preparation and evaluation of atrazine-imprinted polymer

groups, shown in Fig. 6.2, occur almost independently of each other
(the "H-NMR titration shows the formation of only 1:1 complex in the
solutions: see Example 5.4). Because of these two interactions, atrazine
and methacrylic acid form a flat and eight-membered chelate-ring
which is stabilized by the resonance between a number of tautomers
(Fig. 6.3). During the polymerization, the methacrylic acids showing ei-
ther of these two types of interactions are bound to each other and are
arranged complementarily to atrazine. As the result, high affinity and
selectivity toward atrazine are achieved.

6.2.2
Polymerization Solvent

One of the most important points for successful non-covalent imprint-
ing is to promote the formation of the non-covalent (hydrogen-bonding)
adducts in the reaction mixtures. Of course, the solvent must sufficient-
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Fig. 6-3 Tautomers of hydrogen-bonding complex between
atrazine and methacrylic acid

ly dissolve both the functional monomer and the template. From these
viewpoints, chloroform is the best solvent. This solvent thoroughly dis-
solves all the reaction components and, still more significantly, does not
disturb the hydrogen bonding between atrazine and methacrylic acid.
Use of protic solvents such as alcohols should be avoided, since they
competitively prevent the hydrogen bonding. Note that you must distill
the commercially obtained chloroform before use in order to remove
the ethanol, which is added as a stabilizer (see Section 3.2.3 in Chapter 3
for details).



6.3 Polymerization

6.2.3
Crosslinking Agent

In order to achieve effective imprinting, the functional residues
(derived from the functional monomers) should be uniformly distrib-
uted in the polymer network. This situation is satisfied by choosing a
crosslinking agent whose reactivity is similar to that of the functional
monomer (otherwise, either the functional monomer or the crosslink-
ing agent polymerizes predominantly with respect to the other). Here,
ethylene glycol dimethacrylate (EDMA: Fig. 3.1) is chosen (note that the
chemical structure of this crosslinking agent is similar to that of
methacrylic acid). In the reaction mixtures, methacrylic acid and ethyl-
ene glycol dimethacrylate are copolymerized almost randomly, as
desired, resulting in the required uniform distribution of the carboxylic
acid groups.

6.3
Polymerization

The typical mole ratio of atrazine, methacrylic acid, and ethylene glycol
dimethacrylate in chloroform is 1:3-5:25-30. Although the adduct is
formed from one atrazine and two methacrylic acids (Fig. 6.2), the
atrazine/methacrylic acid ratio in the mixtures is usually kept around 4
to move the equilibrium toward the formation of these hydrogen-bond-
ing adducts. The mole ratio of crosslinking agent to the template is in
general 20-30.

In order to increase the imprinting efficiency, it is desirable to
achieve the polymerization at low temperatures where the non-covalent
adducts between atrazine and methacrylic acid are efficiently formed.
For this purpose, the initiation radicals should not be produced by ther-
mal decomposition of radical initiator AIBN (the temperature must be
50 °C or higher here). Instead of this thermal process, AIBN (or other
azo-type initiators) is decomposed by UV irradiation at 0 °C (Fig. 6.4).
Under these conditions, the non-covalent adducts are abundant in the

69
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Fig. 6-4 Radical generation from AIBN by UV radiation and
radical polymerization of MAA with EDMA

polymerization solutions and are predominantly polymerized. Non-se-
lective guest-binding sites are not much formed, so that the imprinting
efficiency is sufficiently high. Molecular oxygen significantly disturbs
the radical polymerization. In order to remove molecular oxygen, nitro-
gen gas can simply be bubbled into the mixtures. Alternatively, freeze-
and-thaw cycles are also useful. Both methods should give successful
results.

Example 6.1: Preparation of imprinted polymer

Commercially obtained chloroform was distilled to remove ethanol (the
stabilizer for storage), which would suppress hydrogen bonding if it
were present. Into 25 mL of a chloroform solution of atrazine (0.36 g,
1.7 mmol), methacrylic acid (0.58 g, 6.7 mmol), ethylene glycol
dimethacrylate (9.4 g, 47 mmol), and AIBN (0.12 g, 0.73 mmol) were
added. Nitrogen gas was bubbled into this pre-polymerization mixture
for 5 min. The polymerization tube was sealed, placed in a water bath at
0 °C, and irradiated with UV light for 4 h.
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6.4
Packing of Imprinted Polymer into the HPLC Column

The polymer generated under the molecular imprinting conditions is
crushed and ground in a mortar. The polymer particles are sieved, and
the particles of the appropriate diameter are collected. The homogeneity
of the particles is important in order to obtain stationary phases of high
resolution. These particles are placed in a stainless steel column, and a
solvent is passed into the column at high pressure using an HPLC
pump. During this procedure, the polymer particles are densely packed
in the column.

Example 6.2: Preparation of HPLC column

The polymer prepared as in Example 6.1 was ground in a mortar and
dried in vacuo. Then the polymer particles were passed through a sieve
(mesh size 32-65 um) and suspended in acetonitrile. Too small parti-
cles were removed by decantation. The particles thus obtained were
slurried and packed in a stainless-steel column-tube using an HPLC
pump. In order to wash out the atrazine (used as the template for the
molecular imprinting) from the column, AcOH/MeOH solution was
caused to flow until a stable baseline was obtained (monitored by UV
detector). The column was now available for HPLC analysis.

6.5
Quantitative Evaluation of Imprinting Efficiency
For theory, see Chapter 4.

The above-described column is used for the evaluation of imprinting ef-
ficiency (chromatographic analysis). Atrazine and an appropriate void
marker are injected into the column, and the retention time for each is
measured. The retention factor of atrazine is also compared with those
of related compounds. The imprinting is sufficiently efficient, as con-
firmed by the fact that the retention factor of atrazine is selectively pro-
longed (see Table 6.1).
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Table 6-1 Relative capacity factors for atrazine and other pesticides®

Guest Functional groups® Relative capacity factor

R, R, X Atrazine-Imp Non-Imp
Atrazine C,H; CH(CHj;), Cl 1.0 0.04
Simazine C,H; C,H; Cl 0.78 0.03
Cyanazine  C,H, C(CHy),CN ¢l 0.65 0.02
Prometryn  CH(CHj);  CH(CH,), SCH, 0.30 0.05
Ametryn C,H; CH(CH3), SCH, 0.32 0.05

a The eluent is chloroform/acetonitrile (1/1, v/v).
b R;, R;, and X designate functional groups in the following structural formula:

R1NH\N(/N\IN(NHR2
NS
h

X

Batchwise guest-binding experiments are also used to evaluate the
imprinting efficiency. The polymer particles of suitable size (usually
<32 um) are put into sample tubes, and atrazine solutions of known
concentrations (typically in CHCl;) are added. The resulting suspen-
sions are stirred for a predetermined period of time. After this incuba-
tion, the polymer particles are filtered off, and the concentrations of
atrazine in the solution are determined by reversed-phase HPLC. When
the concentration of atrazine after the incubation is subtracted from the
initial concentration, the quantity of atrazine bound by the polymer is
determined. By doing similar experiments at various concentrations of
atrazine, the binding isotherms are obtained and the data are analyzed
by the Scatchard method.

Example 6.3: Scatchard analysis

The Scatchard plot [see Chapter 4, Eq. (4)], obtained by the methods de-
scribed above, is presented in Fig. 6.5. The plot is not linear, and is
composed of two straight lines (compare this non-linear plot with the
linear plot in Example 4.2). This result shows that the guest-binding site
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Fig. 6-5 Scatchard plot for the binding of atrazine by the
atrazine-imprinted polymer [1]

in this imprinted polymer is never uniform in nature, and rather two
kinds of guest-binding sites exist there. The dissociation constants Ky
for these two kinds of sites are determined to be 12 uM and 100 uM,
respectively. These values are 600 times and 70 times smaller (corre-
sponding to stronger binding), respectively, than the value (7.1 mM) for
the interaction between atrazine and acetic acid. Apparently, in this
imprinted polymer, highly effective guest-binding sites are formed
from two (or more) carboxylic acid groups which cooperatively bind the
guest.

Reference
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Chapter 7
Applications of Molecularly Imprinted Polymers

7.1
Introduction

Many compounds have now been used as template molecules in molec-
ular imprinting. Basically, imprinted polymers can be used directly as
separation media. Since all separation applications cannot be described
here, some studies recently reported are listed in Table 7.1. In this chap-
ter, only selected topics, including sensor applications, signaling poly-
mers, molecularly imprinted sorbent assays, molecularly imprinted
membranes, affinity-based solid phase extraction, in situ preparation of
imprinted polymers, and molecularly imprinted catalysts are discussed.
For the reader requiring information on other applications, there are
many review articles dealing with these. Recent review articles and
books are summarized in Table 7.1. For further development of molec-
ular imprinting techniques, newly designed functional monomers
would be desirable. Various functional monomers have been reported
and many applications have been conducted. These are summarized in
Table 7.2.
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Table 7-1  Books and Reviews

Book Title
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ACS Symp. Ser. 703, ACS, Washington, D. C., 1998.
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Fluorescence techniques for probing
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Table 7.3 imprinted Polymer-Based Solid-Phase Extraction

Abbrevigtions: AA: acrylamide; MAA: methacrylic acid; VPy: vinyl pyridine;

TFMAA: 2-{irifluoromethyl)acrylic acid; EDMA: ethylene glycol dimethacrylate; TRIM:
trimethylolpropane trimethacrylate; MeCN: acetonitrile; THF: tetrahydrofuran;

SPE: solid-phase extraction

Reference
Bentazone MAA and/or 4-VPy; SPE [143)
EDMA; CHCl,
Clenbuterol MAA; EDMA; MeCN SPE [144]
Nicotine MAA or TFMAA; EDMA  SPE [145]
or TRIM; CHCI; or MeCN
Nicotine MAA; TRIM; CH,Cl, SPE with differential [146]
pulsed elution
Pentycaine MAA; EDMA; toluene SPE of bupivacaine; [147]
dummy imprinting
Propranolol MAA; EDMA or butanediol ~SPE [148]
dimethacrylate; toluene
Propranolol MAA; EDMA; toluene SPE [149]
Rac-propranolol MAA; EDMA,; toluene SPE [150]
Tamoxifen MAA; EDMA; MeCN SPE [151]
Theophylline ~ MAA; EDMA; CHCl, SPE with pulsed elution [152)]
Theophylline  MAA; EDMA; CHCl, SPE with differential [153]
pulsed elution
Theophylline ~ MAA; EDMA; CHCl, SPE with differential [154]
pulsed elution
2-Amino- MAA; CHCl;; EDMA SPE; micro-column [155]
pyridine
7-Hydroxy- MAA; EDMA; CHCl, SPE [156]
coumarin
Indole-3-acetic MAA or N,N-dimethyl- SPE {157]
acid aminoethyl-methacrylate;
EDMA; CHCl,
Dibutylmel- MAA, EDMA; CHCl;; SPE of atrazine; dummy [158]
amine (triazine poly(vinyl alcohol); imprinting; suspension
herbicide water polymerization

analog)
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Reference

Simazine MAA; EDMA; CH,Cl, On-line SPE-reversed phase [159]
(triazine separation
herbicide)
Terbumeton  2-Acrylamido-2-methyl-1- SPE; membrane; surface [160]
(triazine propane sulfonic acid; imprinting by photo-grafting
herbicide) MAA; AA; N,N"-methylene- polymerization

bis-acrylamide; hydrophilized

polyvinylidene fluoride

microfiltration membrane
Terbutylazine MAA; EDMA; CH,Cl, SPE [161]
(triazine or toluene
herbicide)
4-Nitrophenol 4-VP; EDMA; MeCN On-line SPE coupled [162]

with RP-HPLC

7.2
Sensor Applications

7.2.1
Quartz Crystal Microbalance-based Sensors

Quartz crystal microbalance (QCM) sensors have been developed using
imprinted polymers as molecular recognition elements. There are two
categories: one involving the immobilization of polymer particles on
the electrode of the QCM and the other in situ polymerization on this
electrode.

Ethylene glycol dimethacrylate (EDMA)-methacrylic acid (MAA)
copolymer-based imprinted polymer particles were mixed with
poly(vinyl chloride) in THF, and the solution was then spread on the
electrode of the QCM by spin coating. After evaporation of the THF, the
polymer particles were immobilized on the surface. A phenobarbital-
imprinted QCM sensor prepared in this way worked in ethanol [1],
while epinephrine- and caffeine-imprinted QCMs worked in buffer so-
lutions (pH 6.0 and pH 8.0, respectively) [2, 3].
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In situ preparation of imprinted polymer films on a QCM was per-
formed using S-propranolol as the template [4]. A pre-polymerization
mixture containing MAA, trimethylolpropane trimethacrylate (TRIM, a
crosslinker), the template and acetonitrile (porogen) was poured on the
electrode of the QCM and immediately covered by glass and polymer-
ized by UV irradiation. A low amount of the crosslinker (about 40 % of
total monomers) was used to prepare more flexible polymer, allowing
the polymer to be stably adhered on the electrode. The sensor showed
enantioselective response with a selectivity factor of 5, and the de-
tectability of S-propranolol was 50 UM in acetonitrile.

First, sialic acid- and indoleacetic acid-imprinted polymer films were
prepared on the electrode of a QCM by pre-treatment with allyl mercap-
tan to introduce a vinyl group [5, 6]. Then, the pre-polymerization
mixture containing p-vinylbenzeneboronic acid-sialic acid ester, EDMA,
N,N,N-trimethylaminoethyl methacrylate, 2-hydroxyethyl methacrylate
(HEMA), 2,2"-azobis(dimethylvaleronitrile), and DMF was dropped
onto the electrode and covered by a trimethylchlorosilane-coated micro-
cover glass. The polymerization was initiated by UV irradiation for
S min. If HEMA was added, the polymer became hydrophilic, enabling
it to be used not only in organic solvents but also in aqueous solution.
Frequency changes were measured in air after dropping sample solu-
tion followed by washing with chloroform. The determination range
was 20 to 250 nmol of sialic acid.

AMP-imprinted polyion complex layers were deposited on the elec-
trode of a QCM [7]. At first, an anionic surface was prepared by expos-
ing 3-mercaptopropionic acid. Then cationic polyion-containing ben-
zeneboronic acid residues and anionic polyion-containing quaternary
ammonium residues were alternatively deposited on it with a template
molecule, adenosine monophosphate (AMP). When AMP was re-bound
to the polyion complex, the shrinking of the imprinted polyion complex
was induced, causing the frequency to change.

A carbobenzyloxy-l-alanine-titanium n-butoxide complex was ad-
sorbed repeatedly to the hydroxylated surface of the electrode of the
QCM by a surface sol-gel process in order to prepare ultrathin layers
with molecular recognition sites [8].
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Glucose-imprinted poly(o-phenylenediamine) was electrosynthe-
sized on the electrode of a QCM [9). The linear range was up to 20 mM
and the response was saturated at around 100 mM. Ascorbic acid,
paracetamol and cystein, which are common interferences in practical
use, showed no appreciable response; however, the sensor responded
slightly to fructose.

Polypyrrole film was electrosynthesized on the electrode of a QCM in
the presence of L-glutamic acid as the template, followed by overoxida-
tion, causing the film to have no charge, resulting in the removal of the
template molecule [10]. L-Glutamic acid was enantioselectively bound to
the film, where the ratio of bound 1-glutamic acid to bound p- glutamic
acid was about 10, and the binding was dependent upon the applied
potential. The selectivity tests were carried out at pH 1.7 and a potential
of 0.0 V vs Ag/AgCl, and it appeared that aspartic acid, phenylalanine,
leucine, asparagine, cysteine, glutamine, lysine, and arginine showed
almost no binding. The uptake amounts were proportional to the con-
centration range between 10 and 20 mM [11].

7.2.2
Electrode-type Sensors

A capacitive sensor with a molecularly imprinted polymer film as a sen-
sitive layer has been reported. The layer was prepared by electropoly-
merization of phenol on a gold electrode with the template molecule,
phenylalanine. The sensor capacitance was decreased by the addition of
phenylalanine, but there was almost no change with glycine, tryptophan
and phenol. The response time was 15 min (time for a half of the
stationary value, 60 min), and the dynamic range was given as 0.5 to
8 mg/mL. The authors mentioned that temporal stability and reversibil-
ity were poor because there was no cross-linking; however, the sensor
has merits such as a good selectivity and reproducibility between sen-
sors and is suitable for a single-use sensor [12].

A herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D}-imprinted poly-
mer particles were immobilized on a disposable three-electrode system
prepared by screen printing [13]. The imprinted polymer particles were
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suspended in methanol, and the suspension was dropped onto the
working electrode. After drying, hot 2 % agarose solution was overlaid,
and the electrode was covered by a thin plastic foil. After gelation, a thin
agarose membrane covered the electrode. A competitive binding assay
was performed on the polymer-immobilized electrode with various con-
centrations of 2,4-D and a competitor: 10 UM of an electroactive ligand,
homogentisic acid. After incubation for 1 h in 20 mM phosphate buffer
(pH 7) containing 10 % methanol, followed by briefly washing with
pure water, homogentisic acid was determined by differential-pulse
voltammetry. The calibration curve covered the micromolar range.

Membrane-based conductometric sensors for various target com-
pounds have been reported [14-16]. An opposite sensor response was
observed between a covalent bonding-based imprinted polymer and
non-covalent bonding-based imprinted polymers. Thus, in the covalent
system, the conductivity decreased with the increase of the target com-
pound, while the non-covalent systems showed the opposite behavior.
The authors suggested that the phenomenon is explained by the differ-
ence in the number of binding sites available for specific binding be-
tween the two systems, which leads to a difference in the degree of
shrinking when the template was added, because in the covalent system
the number of binding sites available for specific binding could be
greater than that in the non-covalent systems and the binding sites
could be more homogeneous. When the target molecule was bound to
the polymer, the covalent bonding-based polymer had shrunk more,
decreasing the size of the polymer’s micropores. This may cause the
decrease in electroconductivity based on ion transfer.

7.23
Optical Sensors

A fluorescence optical sensor for dansyl-L-phenylalanine has been re-
ported [17]. In the optical sensor, the imprinted polymer was held in
front of a fiber-optic device by a nylon net. Although the system worked
well, there are some inherent problems that need to be addressed; the
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time required for a steady response was 4 h, which seems too long, and
only fluorescent analytes could be applied to this system.

2,4-D-imprinted polymer was prepared using 4-vinylpyridine as the
functional monomer and EDMA as the cross-linker on the surface of
zinc selenide-attenuated total reflection elements. The on-line binding
event on the chip was observed by Fourier transform infrared evanes-
cent wave spectroscopy [18]. Although detailed calibration curves were
not given, the detection range seems to be from 10~ to 10 M. These
results suggested that the combination of molecularly imprinted poly-
mers with infrared evanescent wave spectroscopy could be a promising
approach to developing new chemical sensors.

A surface plasmon resonance (SPR) sensor using a molecularly im-
printed polymer-coated sensor chip for the detection of sialic acid was
reported [19]. The thinly coated polymer was prepared by co-polymeriz-
ing N,N,N-trimethylaminoethyl methacrylate, HEMA, and EDMA in
the presence of the p-vinylbenzeneboronic acid ester of sialic acid. The
sensor selectively responded to a ganglioside of which sialic acid is
located at the non-reducing end and gave a linear relationship from 0.1
to 1.0 mg of the ganglioside.

Theophylline-imprinted polymers prepared with MAA and EDMA
were utilized for SPR sensors, in which the particles were immobilized
on the silver film on the SPR sensor chip by evaporation from acetoni-
trile-acetic acid (99:1 v/v) containing the particles [20]. The detection
limit was reported to be 0.4 mg/mL of theophylline in aqueous solution.

7.3
Signaling Polymers

A metal-complexing glucose-imprinted polymer involving ligand ex-
change on a triazacyclononane-copper(II) complex was reported [21].
The polymer was prepared by polymerization of the copper(II) complex
of 1-(4-vinylbenzyl)-1,4,7-triazacyclononane and methyl-B-p-glucopyra-
noside. After removal of the methyl-B-p-glucopyranoside, the resultant
polymer bound glucose selectively at alkaline pH, with the release of
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protons in proportion to the concentration of glucose. By operating an
appropriate alkaline pH region where the buffer capacity of biological
samples is small, interference with the measurement of protons re-
leased in biological samples was minimized. Equilibration of the com-
plexation is very rapid, which suggested that this system would be suit-
able for continuous glucose monitoring in clinical and bioprocess appli-
cations.

A fluorescent molecularly imprinted polymer for aqueous adenosine,
3,5-cyclic monophosphate (cAMP), has been prepared [22]. Trans-4-
[p-(N,N-dimethylamino)styryl]- N-vinylbenzylpyridinium chloride was
used as a functional monomer for interacting with the template mole-
cules by electrostatic and aryl stacking. In addition to the functional
monomet, a large amount of HEMA was admixed in order to increase
the hydrophilicity of the polymer and thus supplement the hydrogen
bond formation with the template, as it has already been reported that
the use of HEMA improved the recognition ability of sialic acid-im-
printed polymer in aqueous solution {23]. When cAMP was bound to
the polymer, the fluorescence of the polymer was quenched in propor-
tion to the amount of cAMP added. In contrast, adding cAMP did not
change the fluorescence of a control polymer prepared without the tem-
plate cAMP. For a structurally similar molecule, guanosine 3,5-cyclic
monophosphate (cGMP), the fluorescence quenching was not ob-
served, and it appears that cAMP is selectively bound to the imprinted
polymer and the binding event is readable by the degree of quenching.
It should be noted that the association constant of the free functional
monomer with cAMP is reported to be about 14 M, whereas that of
the imprinted polymer is 3.5 x 10° M, suggesting that the three-
dimensional polymer network affects the specific binding and en-
hances the affinity.

More recently, a diastereoselective molecularly imprinted fluorescent
polymer for (-)-cinchonidine was prepared by the combined use of
methacrylic acid and vinyl-substituted zinc(II) porphyrin monomer as
functional monomers [24]. Compared to the reference imprinted poly-
mers using either MAA or zinc(II) porphyrin as a functional monomer,
the imprinted polymer prepared with both MAA and the porphyrin
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monomer showed higher binding ability for (-)-cinchonidine in chro-
matographic tests. Scatchard analysis gave a higher association con-
stant (1.14 10’ M) than these reference polymers.

The zinc(II) porphyrin-based imprinted polymer showed fluores-
cence quenching according to the binding of (-)-cinchonidine, and the
quenching was significant in the low concentration range, suggesting
that the high-affinity binding sites contain the porphyrin residue. A plot
of the relative fluorescence intensity against the log of (-)-cinchonidine
concentrations showed a linear relationship. The zinc(II) porphyrin-
based polymer, which appeared to act as a fluorescence sensor, selec-
tively responded by binding of the template molecule.

A nucleobase derivative, 9-ethyladenine-imprinted polymer capable
of spectroscopic change based upon molecular recognition has also
been prepared using the zinc(II) porphyrin-based functional monomer
[25].

7.4
Molecularly Imprinted Sorbent Assays

Molecularly imprinted sorbent assays represent one of the most typical
applications of biomimetic use, where imprinted polymers are used as
substitutes of natural antibodies in immunoassays. The assays usually
involve competitive binding of an analyte with a certain quantity of
labeled ligands, in which the labeled ligand unbound is proportional to
the analyte added. Because dissociation constants of common imprint-
ed polymers are around 10°-10"" M, competitive binding assays could
easily be performed. In practice, many molecularly imprinted sorbent
assays have been developed for biologically active compounds, in-
cluding theophylline, diazepam [26], S-propranolol [27], morphine, Leu-
enkephalin [28], cyclosporin A [29], yohimbine [30], methyl-a-glucoside
[31], corticosteroid [32], atrazine [33, 34], and 2,4-D [35].

. This technique may be useful as a supplement to antibody-based
assays, because imprinted polymers can be stable under severe condi-
tions where natural molecules cannot survive, such as in organic sol-
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vents or acidic/basic solutions, at high temperatures and so on. Cur-
rently, molecularly imprinted sorbent assays are usually performed
with radio-ligands. Although non-isotopic assays have been desired,
these would not be achieved easily, because binding sites in imprinted
polymers are fitted to the template, and labeled templates are not usual-
ly suitable for the binding sites. Efforts toward the development of non-
isotopic molecularly imprinted sorbent assays have been made, and sev-
eral studies have been reported [36-38]. However, further work should
be aimed at the development of more reliable methods for practical use.

A fluorescence detection system for sialic acid has also been reported
[39]. For the detection of sialic acid, o-phthalaldehyde reagent was used
for the fluorescence measurement of amino residues in the polymer
matrix. According to the authors, when sialic acid was bound to the
polymer, the fluorescence intensity was increased, because the binding
of the template increased the permeability of the o-phthalaldehyde
reagent because of the swelling change. The increase in fluorescence
was proportional to the amount of sialic acid bound.

Optical detection of an antibiotic, chloramphenicol, based on com-
petitive displacement of a chloramphenicol-methyl red conjugate
bound to a chloramphenicol-imprinted polymer with free chloram-
phenicol has been demonstrated [40]. A flow injection system in con-
junction with a 10 cm stainless steel column packed with the imprinted
polymer and acetonitrile as a carrier solution containing chlorampheni-
col-methyl red conjugate was constructed. The dye conjugate released
by displacement by free chloramphenicol was monitored at 460 nm.
The signals were proportional to the concentration of free chloram-
phenicol injected, and the calibration range of this system included the
therapeutic range of a chloramphenicol. This concept of flow displace-
ment systems could be applicable not only for chloramphenicol deter-
mination but also for other template molecules.
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7.5
Molecularly Imprinted Membranes

A nucleotide base-imprinted polymer membrane has been reported in
which methacrylic acid was used as a functional monomer for the im-
printing of an adenine derivative, 9-ethyladenine [41]. A free-standing
film was prepared by polymerizing a DMF solution containing
methacrylic acid and ethylene glycol dimethacrylate on a silanized glass
slide at 65-70 °C under nitrogen atmosphere.

A series of enantioselective imprinted polymer membranes for
amino acid and peptide derivatives were prepared using oligopeptides
as functional monomers [42—45]. A tetrahydrofuran solution containing
a template molecule, a functional monomer of a peptide derivative
attached on polystyrene resin that is commonly used in solid-phase pep-
tide synthesis, copolymer of acrylonitrile and styrene, was poured into a
flat laboratory dish and left for 24 h to remove the solvent.

Theophylline-imprinted membranes were prepared by phase inver-
sion of poly(acrylonitrile-co-acrylic acid). The copolymer and the tem-
plate molecule, theophylline, dissolved in dimethylsulfoxide, was
spread on a glass plate about 0.1 mm thick and coagulated in water.
After removal of the theophylline by washing with 0.1 %(v/v) acetic
acid, a theophylline-imprinted polymer membrane was obtained [46].
Instead of poly(acrylonitrile-co-acrylic acid), Nylon-6 was also used in
this technique to prepare i-glutamine-imprinted polymer membranes
[47).

An ultrathin-film composite membrane selective for theophylline
has been reported [48]. The theophylline-imprinted polymer was pre-
pared inside pores of a microporous alumina support membrane with a
thickness of 500 nm and a pore size of 20 nm, in which pores of the
membrane were filled by the polymerization solution containing the
template theophylline, methacrylic acid, and ethylene glycol dimeth-
acrylate, and the membrane was illuminated with UV light for 1 h,
followed by immersion in methanol containing 10 %(v/v) acetic acid to
remove the template and any excess monomer. Because the membrane
is extremely thin, the flux rate is high, being at least two orders of mag-
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nitude higher than the flux rate in the 9-ethyladenine-imprinted mem-
brane described above [41].

Surface modifications of porous membranes with molecularly im-
printed polymers have been reported. The membranes were photo-
grafted with a functional monomer, 2-acrylamido-2-methylpropane-
sulfonic acid and a cross-linker, N,N-methylenebis(acrylamide) in the
presence of a template, desmetryn, in water [49].

7.6
Affinity-based Solid-phase Extraction

Molecularly imprinted solid-phase extraction (MI-SPE) of triazine her-
bicides has been reported using an atrazine-imprinted polymer [50].
This procedure consists of three steps: (1) sample loading where the
polymer works as a reversed phase system because the aqueous sample
is loaded on the column, (2) washing with dichloromethane, when the
system is changed to a hydrogen-bonding-based affinity mode in which
triazine herbicides can be selectively retained in the polymer while oth-
er structurally unrelated impurities are washed off, (3) recovery of tri-
azine herbicides with methanol, when hydrogen bonding is significant-
ly weakened because of the interference in the hydrogen bond forma-
tion by the methanol. By employing such MI-SPE, simazine (0.1 ppm),
one of the herbicides commonly used in golf courses in Japan, was
selectively concentrated approximately 60-fold with over 90 % recovery
from a mixture of simazine, asulam, mecoprop, propyzamide and ipro-
dione (0.1 ppm each, 500 mL of aqueous solution).

Although MI-SPE showed a good performance, an inevitable and
crucial problem exists with respect to its practical use. After the polymer
synthesis, atrazine is removed from the polymer to generate MAA-
based binding sites complementary to atrazine. The problem is that
atrazine cannot be removed completely and may leak out of the polymer
during the SPE operation.

In order to avoid the problem, a technique using dummy template
molecules was developed for the preparation of triazine herbicide-selec-
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tive polymers [51], whereby alkylmelamines instead of atrazine are used
as the template species for the polymer synthesis. These are capable of
intermolecular interaction with methacrylic acid in a similar fashion,
and have no influence on the analysis of atrazine even though they can-
not be eliminated from the polymer before use.

Many imprinted polymers have been applied to MI-SPE, and recent
developments are listed in Table 7.3.

7.7
In Situ Preparation of Imprinted Polymers

In situ molecular imprinting is a convenient way to prepare imprinted
polymers. Here, imprinted polymers are prepared in a place where the
polymers are subsequently utilized. In general, molecularly imprinted
polymers are prepared by bulk polymerization, and block polymers ob-
tained are broken to pieces, ground, sieved and packed in a column.
These experimental procedures are extremely tedious and time-con-
suming. The procedure also results in polymer particles of irregular
size and shape, which may have a negative influence on column effi-
ciency.

In order to overcome these problems, the first in situ molecular im-
printing was performed to prepare a molecularly imprinted chromato-
graphic stationary phase {52]. A column filled with all the reagents nec-
essary for molecular imprinting was heated in a water bath, resulting in
a ready-to-use column filled with a continuous imprinted polymer rod,
through which the eluent flows because of the porosity of imprinted
polymers. An enantioselective polymer rod was obtained by in situ
molecular imprinting using L-phenylalanine anilide as the template,
and exhibited a separation factor of 1.7.

Continuous polymer rods, however, usually exhibit higher back pres-
sure than conventional stationary phases. Therefore, a choice among
polymerization solvents known to behave as pore formers has to be
carefully made so that the resultant polymers are porous enough to give
good flow properties of the eluent. To date, the most successful pore
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formers in imprinted rod preparation are reported to be cyclohexanol-
dodecanol, though these solvents may be less favorable for hydrogen
bonding and ionic interaction between a template and functional
monomers.

Another in situ preparation of molecularly imprinted columns em-
ploys dispersion polymerization, whereby agglomerated polymer parti-
cles are obtained [53]. The procedure is similar to the rod preparation; a
mixture of the chemicals for the polymer preparation, such as a tem-
plate, a functional monomer, a crosslinker, a porogen and an initiator is
placed in a column and heated to cause polymerization. This method
also requires polar solvents, such as cyclohexanol-dodecanol and iso-
propanol-water, to obtain aggregated polymer particles of well-defined
micron sizes. A crucial difference lies in the volume of the porogen
used, this being larger in dispersion polymerization than in rod prepa-
ration.

The in situ molecular imprinting protocol employing dispersion poly-
merization can be advantageous. The dispersion polymer can be re-
moved from a column and re-packed if a column is damaged after re-
peated use. Back pressure of agglomerated polymer particles is less
problematical, and therefore this in situ method can be used for a wider
range of analytical techniques.

In order to synthesize the imprinted polymer that gives the best im-
print effect for a target molecule, it is necessary to synthesize a large
number of polymers by changing various reaction conditions. The three
main time-consuming and complicated operations are the preparation
of the pre-polymerization mixture, the sieving and washing of the im-
printed polymers generated, and the batch rebinding tests for evalua-
tion. These procedures may be simplified by synthesizing thin film
polymers at the bottom of glass vials using a programmed liquid han-
dler. This combinatorial molecular imprinting is a method that applies
the concept of combinatorial chemistry to molecularly imprinting. It is
possible at the same time to make libraries of imprinted polymers in
which amounts of template, functional monomer, and crosslinking
reagents can be changed using an automatic liquid handler. By pro-
gramming the amount of each reagent to be added, the time-consum-
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ing operations can be performed automatically. UV or thermal poly-
merization can be carried out in the glass vials as they are. The poly-
mers are automatically washed by dispensing and aspirating a washing
solvent, and a sample solution is dispensed. After incubation, super-
natants are analyzed by HPLC. Using these labor-saving operations, it is
possible to synthesize and evaluate a large number of polymers simul-
taneously and automatically, and the polymerization conditions for en-
hancing the imprint effect can be optimized conveniently.

Using the above-described automated system, several functional
monomers have been screened for the development of molecularly im-
printed polymers for the herbicides atrazine and ametryn [54]. Accord-
ing to the results, MAA appears to be more effective for developing the
affinity in the atrazine-imprinted polymers. In contrast, 2-(trifluo-
romethyl)acrylic acid is more effective for ametryn imprinting.

Catalytic polymers for atrazine decomposition were also screened
{55]. Among the monomers tested, 2-sulfoethyl methacrylate was found
to catalyze the conversion of atrazine into a low-toxicity compound atra-
ton, and these results significantly contributed to the following detailed
experimental plan.

7.8
Molecularly Imprinted Catalysts

One of the most attractive applications would be molecularly imprinted
catalysts. In principle, such catalysts could be prepared if substrate,
product or transition-state analogs could be used as template molecules,
since to natural catalytic antibodies are produced in a similar way. Since
molecularly imprinted polymers are considered to be analogous to anti-
bodies in that binding sites are tailor-made, catalytic antibody-like activ-
ity in imprinted polymers could also be conceived, enabling an »artifi-
cial catalytic antibody« with the advantageous features of synthetic mol-
ecules to be produced.

The first »artificial catalytic antibody« for the hydrolysis of p-nitro-
phenyl acetate was prepared using a transition state analog, p-nitro-
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phenyl methylphosphonate as the template [56]. Polyvinylimidazole
cross-linked by 1,4-dibromobutane in the presence of the transition
state analog exhibited 1.7-fold higher activity for catalyzing the planned
hydrolysis reaction than that of a non-imprinted reference polymer. The
activity was inhibited by the addition of the template, suggesting that
imprinted cavities successfully operated as catalytic sites.

Since then, many attempts have been made to produce molecularly
imprinted catalysts. However, because of the inherent strong affinity to
template molecules, these almost always showed lower turnover than
that of natural enzymes. A major breakthrough would be necessary for
further development of molecularly imprinted catalysts. Recent investi-
gations into this subject are summarized in Table 7.4.
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Chapter 8
Recent Challenges and Progress

8.1
Introduction

Since »molecular imprinting« is a comprehensive concept and easy to
carry out, numerous strategies for still wider and more versatile appli-
cations have been proposed and examined. Although fundamental con-
cepts have already been realized and several polymers are now proceed-
ing to practical application (see Chapter 7), the molecular imprinting
technique is still growing. As the targets are being extended from
angstrom-sized simple molecules to nanometer-sized complicated
ones, new strategies and concepts are being developed. In this chapter,
typical examples of recent challenges for stepping up this technology
are introduced.

8.2
Molecular Imprinting in Water

Molecular imprinting polymers are often compared to natural anti-
bodies. However, there still exist wide gaps between them. One of these
is the solvent in which receptors bind the targets: most of the imprinted
polymers reported so far function only in organic solvents, while natu-
ral antibodies do so in water. Recent chemistry is being directed to non-
organic and water-based system (so-called green chemistry). Neverthe-
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less, reports on imprinted polymers for aqueous systems are still limit-
ed. The main barriers which prevent imprinting in water are as follows:

1. Hydrogen bonds, which are preferentially used for pre-organization
of templates and functional monomers, are easily destroyed in bulk
water because of competition with this solvent [1].

2. Water-soluble conventional crosslinking agents (e.g., N,N-methyl-
enebisacrylamide) cannot sufficiently reinforce the polymer, and
therefore the obtained polymers are not stiff enough for the station-
ary phase of HPLC.

The first barrier is associated with the nature of hydrogen bonds. Water
itself is both a hydrogen donor and a hydrogen acceptor, and forms hy-
drogen bonds with hosts or guests. Since solvent molecules exist in
large amounts, they competitively destroy hydrogen-bonded host-guest
adducts. Here, the reader might wonder why natural antibodies, en-
zymes, and DNA can recognize the target molecules precisely through
hydrogen-bond formation even in water. The answer lies in the hy-
drophobic spheres provided by these natural polymers for the forma-
tion of hydrogen bonds. In our molecular imprinting, functional
monomer and template cannot be precisely preorganized in water un-
less this problem is somehow solved. The second barrier is crucial for
practical applications. Chemical modification of crosslinking agent is
not very successful: introduction of an aromatic moiety certainly pro-
motes the mechanical strength, but at the same time decreases the sol-
ubility in water. In order to overcome these barriers, new methodolo-
gies are proposed. The followings are some recent examples.

8.2.1
Hydrophobic Interactions for the Preorganization of Functional Monomers
and Template in Water

In contrast with hydrogen bonding, hydrophobic interactions work in
aqueous solutions. By choosing appropriate functional monomers, we
can utilize these interactions for the preorganization in water. Cyclo-



8.2 Molecular Imprinting in Water

dextrins (CyDs) (cyclic oligomers of glucose units) are promising candi-
dates for this purpose: they have apolar cavities (5-8 A in interior diam-
eter and 7 A in depth) and form inclusion complexes with apolar guests
in bulk water [2]. By placing multiple CyDs complementarily to the
hydrophobic groups of the target molecule, the organized assembly as a
whole can bind the target selectively in water.

Example 8.1: Preparation of imprinted CyD polymers (Fig. 8.1) [3]

The vinyl monomer of CyD is synthesized by the ester exchange reac-
tion of m-nitrophenyl acrylate with B-CyD or a-CyD in water. The
imprinted polymers are prepared in water by a conventional radical
co-polymerization of the vinyl monomer of CyD with N,N’-methyl-
enebisacrylamide (MBAA) as crosslinker in the presence of various
templates: acryloyl CyD (300 umol) and template (150 pmol) are dis-
solved in 15 mL of Tris buffer solution ([Tris] = 5 mM, pH 8.0). After
stirring for a few minutes, the polymerization is started by adding
MBAA (3.0 mmol) and potassium persulfate (35 mg) under nitrogen
at 50 °C. The system becomes opaque as the polymerization proceeds.
After stirring for 2 h, the obtained white precipitate is collected and

Yy

methylenebisacrylamide (MBAA)

Fig. 8-1 Molecular imprinting of CyD monomer in the presence of
a template in water
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Table 8-1 Binding constants {K) and maximal amounts of binding
(A) determined from Scatchard plots

Template Imprinted B-CyD Non-imprinted
Guest A/umol g
(Guest) KNoPm'  Afumolg”  K/10° M /imol g
Vancomycin 6.3 44 2.4 52
Cefazolin 3.2 52 1.4 68
D-Phe-D-Phe 70 24 12 50
OH
oM O COOH N—N
] o oS _( Y
Ho O oH N Q ")ﬁ' $7 CHy
) O W womcR- s
é N=/ H H

ot HN 0 .
o ° Cefazolin
L
HO. [} "~ N,

/

6H NH

[} o H_coon

HN
H3C. )

C! CHy

Vancomycin D-Phe-D-Phe or L-Phe-L-Phe

washed with a large amount of hot water and acetone. By this treat-
ment, the template molecule is completely removed from the polymer.
The imprinting of CyD in water efficiently enhances the binding
activity toward the template molecule. The binding constant (K) and the
maximal amount of adsorption (A) are determined from the Scatchard
plots (see Chapter 4). As listed in Table 8.1, the K of the vancomycin-im-
printed polymer is 630 M}, whereas that of the non-imprinted polymer
is 240 M™%, A similar increase in K is attained upon imprinting with ce-
fazolin and p-Phe-p-Phe. This promotion of binding is attributed to the
immobilization of two or more CyDs in a complementary manner to the
hydrophobic groups of the template, so that the organized assembly of
CyDs as a whole binds the target. Note that all the templates used here



8.2 Molecular Imprinting in Water

have more than two hydrophobic groups. The imprinting effect is also
demonstrated by the conventional HPLC analysis in the following exam-
ple, which is one of the answers for the second barrier described above.

Example 8.2: Imprinting of CyD on the surface of silica gel support (Fig. 8.2.) [4]
Although a conventional crosslinking agent such as MBAA does not pro-
vide the polymer with enough stiffness as a stationary phase of HPLC, a
silica gel support can reinforce this soft polymer. By introducing vinyl
group on the silica-gel surface, the imprinted polymer can easily be im-
mobilized on its surface by the conventional polymerization.
Commercially available silica gel (e.g., Nucleosil 300-10 from
MACHEREY-NAGEL, Germany: grain size 10 pm, pore diameter 30 nm,
specific surface area 100 m? g™') is dried before use. The gel (10 g) is
dispersed in dry toluene-pyridine solution (110 mL, toluene/pyridine,
10/1 by volume) followed by dropwise addition of trichlorovinylsilane
(250 pL, 2.0 mmol) under nitrogen. After stirring the dispersion for
16h at 50 °C, the silica gel is collected and washed successively with

“
HoShoH
9
I ® i N
{: Siica el ) — e
ke / o A o
Sl '7_// I/ "o> }o"‘\“ L °\69
cri';cu =0, &)
Vinylated silica gel
8 Wash with
® water and methanol

Template, initiator W?LHANEH]

Polymer-silica gel conjugate

Fig. 8-2 Immobilization of the imprinted CyD polymer on the
silica gel surface for the stationary phase of HPLC
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chloroform, methanol, and water. Finally, the modified silica gel is
dried under vacuum and used for the immobilization of the polymer.
Since too much vinylation makes the gel immiscible with water, surface
coverage should be maintained at about 10 %.

On this vinylated silica gel, CyD is imprinted (this technique is appli-
cable to versatile water-soluble functional monomers). Acryloyl-CyD
(90 mg, 67 wmol), MBAA (60 mg, 390 pmol), and the template molecule
(30 umol) are dissolved in 5 mM of Tris buffer solution (pH 8.0, 5 mL),
and then vinylated silica gel (600 mg) is dispersed. The polymerization
is started by adding potassium persulfate (7 umol, 2 mg) and N,N,N’,N"-
tetramethylethylenediamine (20 umol, 3 pL) as an initiator system un-
der nitrogen at 37 °C. After 1 h, the solid part is collected and washed
with large amounts of water and methanol to remove the template and
unreacted monomers. The polymer/silica-gel conjugates thus obtained
are then packed into a stainless column and used as a stationary phase of
HPLC. During the analysis, the column pressure is always kept normal.

Table 8.2 shows the retention behavior of two enantiomers of
Phe-Phe. Although CyD itself is a chiral compound, the polymer/silica-
gel conjugate prepared without template (Non-imp) discriminates be-
tween these enantiomers poorly. When 1-Phe-1-Phe is used as template,
however, 1-Phe-1-Phe is retained more strongly than p-Phe-p-Phe. With
the conjugate prepared in the presence of p-Phe-p-Phe, p-Phe-p-Phe is
retained much more strongly than its enantiomer.

This new technique has two additional advantages. First, the amount
of template required for the imprinting is far less (compare the experi-

Table 8-2 Retention times of Phe-Phe by the Phe-Phe-imprinted
CyD polymers immobilized on the silica-gel support

Guest Retention time/min

Non-Imp*  (-Phe-L.-Phe-Imp  D-Phe-p-Phe-Imp

L-Phe-1-Phe  9.61 10.20 10.62
D-Phe-p-Phe  9.68 9.73 11.73

a Polymer/silica gel conjugate was prepared in the absence
of template.
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mental conditions for Examples 8.1 and 8.2). Second, the HPLC peaks
are sufficiently sharp. Here, silica gel particles of uniform size are used,
whereas, in conventional cases, imprinted polymers are mechanically
crushed to the desired size.

822
Metal-Ligand Complexation for the Preorganization [5]

Polymer-bound metal ions can also be promising candidates for molec-
ular recognition in water. If they are appropriately immobilized on the
polymers by using molecular imprinting, the target guests can be selec-
tively bound in water. For example, polymeric receptors for peptides are
prepared by using Ni(lI) ion (see Fig. 8.3). Two of the six coordination

0
o
)K%N/ Nl)hlf/v
H —~
HNN" o Hzo AIBN "y teo T
H SN o
0 HN¢,1 I
S
N /\/N ‘
N EN
e
\)(L H,0 N-terminated
" NH, pH 3-4 histidine (pH 7.5)

Fig. 8-3 Molecular imprinting of peptides in water by the use
of metal complexation
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sites of Ni(II) are used to bind the template at its N-terminal amine and
the imidazole of N-terminal histidine. The acrylate residue is attached
to the Ni(II) through the coordination of nitrilotriacetic acid. This com-
plex is sufficiently stable in water at around pH 7, so that this preorga-
nized complex can be directly copolymerized with acrylamide and N,N’-
ethylenebisacrylamide. After the polymerization, the resultant polymer
is treated with water at pH 3—4, and the template is removed. The resid-
ual Ni(II)-nitrilotriacetate complexes on the polymer serve as the specif-
ic binding sites for the template in water. The imprinting effect is clear-
ly demonstrated by the large increase in capacity determined from the
Scatchard plots. For instance, (His-Ala)-imprinted polymer has a signif-
icantly higher capacity for the template peptide over the other se-
quences such as His-Phe and His-Ala-Phe, indicating that the binding
sites formed in the imprinted polymer are complementary to both size
and shape. A non-histidine-containing peptide like Ala-Phe has almost
no affinity for this polymer. This strategy is also promising for the
recognition of peptides in water.

823
Molecular Imprinting at an Air-Water Interface

As described in the above sections, hydrogen bond formation in bulk
water is difficult because of competition with the solvent molecules. But
the air-water boundary is quite different from bulk water in physico-
chemical properties, and hydrogen bonding satisfactorily occurs there
[6]. Recently, template polymerization of nucleoside analogs based on
hydrogen bonding with nucleic acid has been achieved at this boundary
by using the Langmuir-Blodgett technique [7, 8]. Natural oligonu-
cleotides of predetermined sequence are dissolved in bulk water, and
monolayers of photo-polymerizable (diacetylene group) amphiphile of
nucleobase derivative are spread on its surface. At the air-water inter-
face, amphiphiles are aggregated in an orderly fashion along the se-
quence of oligonucleotides in the bulk phase through hydrogen bond
formation. These ordered aggregates are fixed by UV-irradiated photo-
polymerization.
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The concept of »template polymerization« was proposed in 1970 to
achieve precise control of the polymerization process. Since molecular
recognition through multiple hydrogen bonding is strong and accurate
enough for the arrangement of functional monomers, this is one of the
promising strategies for the preparation of orderly polymers of func-
tional residues.

8.3
Use of Two Kinds of Functional Monomers for Cooperative Recognition

In the general concept of molecular imprinting (Scheme 2.1), two or
more functional monomers (circle- and square-shaped monomers) are
placed complementarily to the template. However, most of the imprint-
ed polymers hitherto reported are composed of only one kind of func-
tional monomer, probably to avoid too complicated interactions among
different monomers and template. In principle, the guest selectivity
should be enhanced when plural monomers simultaneously bind the
target molecule. One of the successful examples is the combination of a
vinyl monomer of zinc porphyrin and methacrylic acid (MAA), which
has been described in Example 3-6 in Chapter 3 [9]. The capacity factor
is significantly enhanced when two different monomers are combined
[compare PPM(imp) with PP(imp) or PM(imp) in Table 8.3]. Similar
synergetic effects of these monomers are also evident when 9-ethylade-
nine (9-EA) is used as a template. By the simultaneous use of two
monomers, the capacity factor for 9-EA is remarkable, while that for
adenine (reference guest of 9-EA) is almost nil (Table 8.4) [10]. Al-
though conventional imprinting using one kind of monomer promotes
the selectivity, the imprinting effect is enormously enhanced by the sec-
ond monomer.
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Table 8-3 Retention properties of cinchonidine(CD)-imprinted and non-imprinted polymers
obtained by using two kinds of functional monomers

Polymers Functional monomers Template Capacity factor k *
Porphyrin MAA cD CN

PPM{imp) + + CD 12.86 6.37
PPM(non) + None 0.03 0.08
PP(imp) + - CD 0.11 0.11
PP(non) + - None 0.00 0.00
PM(imp) - + CD 2.56 0.85
PM(non) - + none 0.00 0.00

a k= (tg — tg)/to, where ty is the retention time of a sample and t, is the time for a void marker.
A mixture of CH,Cl,/MeOH/AcOH (91/6/3, v/v/v) is used as eluent.

HOun. HOn./ H
> B
N” N’
Cinchonidine (CD) Cinchonine (CN)

Table 8-4 Retention properties of the 9-ethyladenine(9-EA)-imprinted and non-imprinted
polymers obtained by using two kinds of functional monomers

Polymers Functional monomers Template Capacity factor k *
porphyrin MAA 9-EA Adenine

PPM(imp) + + 9-EA 289 0.0

PPM(non) + + None 0.14 0.58
PP(imp) + - 9-EA 0.85 2.25
PP(non) + -~ None 0.15 0.47
PM(imp) - + 9-EA 9.57 0.0

PM(non) - + None 0.09 0.19

ak = (tg — ty)/ty, where ty is the retention time of a sample and 4, is the time for a void marker.
A mixture of CH,Cl,/MeOH/AcOH (97/2/1, v/v[v) is used as eluent.

NH, NH,
NfN Nf
2 ) N
<N N/) <N | N//l
| H

9-ethyladenine (9-EA) adenine
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8.4
Inorganic Gel as the Matrix for Molecular Imprinting

Matrices used for molecular imprinting are not necessarily restricted to
organic materials, and inorganic materials are also available [11, 12].
Modification of the surface of silica gel for the stationary phase of
HPLC is known [13]. Recently, unique molecular imprinting by the use
of inorganic materials showing various characteristic properties has
been proposed.

8.4.1
Covalent imprinting in Silica Gel Matrices

Inorganic gel oxides can be prepared from the corresponding alkoxides
through sol-gel polycondensation. Silica gel is prepared from silicon
tetraalkoxides. In this case, the alkoxides function as crosslinkers and
make an oxide network through polycondensation. If some functional
residues are retained complementarily to the specific target in the gel
matrices, the gel oxides can be inorganic receptors. On the basis of this
strategy, organic residues are introduced as binding sites by chemical
modification of the silicon alkoxide, and can be retained in the silica gel
after the polycondensation. For instance, the template is bound to the Si
atom in silicon tetraalkoxides (e.g., tetraethoxysilane) by replacing one
of the Si—O bonds with an Si—C bond. When silica gels are prepared by
the hydrolysis of these Si-O bonds (and subsequent polycondensation
of the resultant silanol), the Si—~C bonds are maintained intact. There-
fore, »covalent imprinting« is possible. In Fig. 8.4 [14], [3-(triethoxysi-
lyl)propyl]-1,3,5-benzenetriyltris(methylene)carbamate (the template) is
reacted with tetraethoxysilane (TEOS) in an acid-catalyzed sol-gel
copolymerization (step a) to afford an organic-inorganic hybrid gel.
After the reaction, the surface silanol groups are capped with
trimethylsilyl groups (step b) by reacting with an equimolar mixture of
chlorotrimethylsilane and 1,1,1,3,3,3-hexamethyldisilazane. Next, car-
bamate bonds are cleaved by reaction with trimethylsilyliodide, and the
resulting trimethylsilylcarbamate is exposed to methanol and water to
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liberate the amines which act as guest-binding sites (step c). Oxide gels
are also easily prepared from various metal alkoxides such as titanium
(see Section 8.4.2), and various organic-inorganic hybrids are expected.

8.4.2
TiO, Ultrathin Film as a Matrix for Imprinting [15, 16]

As well as silicon alkoxides, titanium alkoxides are available as inorgan-
ic gel matrices. Since a liberated hydroxyl group (Ti-OH) in the gel can
be a binding site, TiO, gel itself functions as an inorganic receptor. By
applying the molecular imprinting technique to the preparation of TiO,
gel, specific binding towards the target is possible.

Since the sol-gel process is applicable to the preparation of ultrathin
film, molecularly imprinted inorganic films are synthesized from titani-
um alkoxide. Although guest binding cannot be analyzed by the con-
ventional HPLC technique, quartz crystal microbalance (QCM) res-
onators satisfactorily detect the bound guest on the film as a frequency
change in the nanogram range. Here, an ultrathin film composed of
TiO, is formed directly on the all gold-coated QCM, and growth of the
TiO, film as well as the guest binding is monitored. The actual proce-
dure is shown below: a gold-coated QCM resonator modified with mer-
captoethanol is immersed in Ti(OBu), solution. Then the electrode is
dipped in pure water to promote hydrolysis and condensation of
chemisorbed alkoxide, and dried. Subsequently, it is immersed in aque-
ous template solution for the imprinting, followed by washing and dry-
ing. Then the electrode is again immersed in Ti(OBu), solution. By re-
peating these procedures 10 times, the molecularly imprinted TiO, film
schematically illustrated in Fig. 8.5 (total thickness of the film is about
14 nm as estimated from QCM data) is obtained. When dipeptide is
used as a template, the TiO, film binds the template dipeptide strongly
compared with other dipeptides.
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Inprinted Peptide ~ Other Peptides

Fig.8-5 Schematic illustration of a Gly-Glu-imprinted TiO,-gel film

843
Helical Silica Gel by Molecular Imprinting [17]

Various artificial supramolecular structures of the nanometer to micron
scale are easily created with organic materials, because we can design
and synthesize the »building blocks« that comprise the supramole-
cules. But, in contrast with them, it is almost impossible to design and
synthesize supramolecules from inorganic materials such as silica gel.
These will not self-assemble into ordered structure and thus cannot
have a specific shape. But, with the aid of organic materials, even inor-
ganic materials can take on an ordered structure.

Recently, new organic gelators that can gelate various organic sol-
vents have been developed. Some of these form a unique fibrous helical
structure in certain solvents. Typical gelators with this property are
shown in Fig. 8.6a. They can even gelate TEOS solution by forming a fi-
brous helical structure. As described in Section 8.4.1, TEOS is convert-
ed into silica gel through sol-gel polycondensation. Therefore, polycon-
densation of such a gelated TEOS solution affords silica gel with a heli-
cal hollow-fiber structure. In other words, a supramolecular structure of
organic material is imprinted on silica-gel. By changing the organic
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gelators which form a specific supramolecular structure in gelated
TEOS, we can imprint various supramolecular structures on inorganic
silica gel. An actual procedure is shown below. Gelators 1 and 2 in
Fig. 8.6a are dissolved in acetonitrile or ethanol, and then TEOS, water,
and benzylamine as a polycondensation catalyst are added. At this
stage, the solution is gelated. Then the solution is placed at room tem-
perature under static conditions for 3-7 days, followed by drying by
vacuum pump at room temperature. Subsequently, the gelator is
removed by calcination at 200 °C for 2 h, 500 °C for 2 h under nitrogen
atmosphere, and 500 °C for 4 h under aerobic conditions. SEM pictures
of silica gel obtained thus are shown in Fig. 8.6b, demonstrating that
helical fibrous silica-gel is formed.

(2
e HS .
O:N"C‘CnHz;; O:N"‘C"C10H20N(CH3)3 Br
N-G—CyiHzs ﬁ"ﬁ"CszoN(CH?,)s’Bf
Ho )
1 2
)

Fig. 8-6 Structure of typical organic gelators (a) and SEM picture of the silica (b) obtained
from the mixed gelators (1 + 2) after calcination
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8.5
Artificial Enzyme (Molecular Catalyst) by Molecular Imprinting

8.5.1
Conjugation of Catalytic Sites with Substrate-Binding Sites

Enzymes are basically composed of substrate-binding sites and catalytic
sites which are close to each other and cooperatively accelerate the spe-
cific reactions. Their substrate specificity is interpreted in terms of the
»lock and key« theory. Various artificial enzymes have been success-

Atrazine in CHClyMeOH=9/1

SEM
Atrazine Q,
% cl (|
)\ HO o O
e o
N
PINH™ "N "NHEt EDMA, AIBN/CHCI; \
O OH HO_ PO O\YOH HO\(O
—
Molecular catalyst

AN
PINH N7 NHE
Atraton (non-toxic)

Fig. 8-7 Catalyst for the decomposition of atrazine synthesized by
the molecular imprinting technique
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fully synthesized by orderly placing of these two sites. The molecular
imprinting method is very important here. For example, an artificial
enzyme for the decomposition of atrazine, a herbicide giving consider-
able concern in current environmental science, is successfully synthe-
sized by polymerizing MAA and 2-sulfoethyl methacrylate (SEM) in
CHC, in the presence of atrazine as template (see Fig. 8.7) [18]. The ar-
tificial enzyme obtained efficiently decomposes atrazine to atraton in
the presence of methanol. Without the template, a much poorer catalyst
is obtained. In this case, the catalytic site is the sulfoethyl group, which
activates the methanol to allow the nucleophilic substitution on the
triazine rings. Consistently, when MAA is polymerized in the absence
of 2-sulfoethyl methacrylate, the polymer binds atrazine but shows no
catalytic activity [19].

8.5.2
Catalytic Antibody Prepared by Using Transition-State Analog

In addition to the above conventional design of artificial enzymes, an
entirely new concept has now appeared. As Pauling first pointed out,
enzyme and antibody differ only in that the former binds the transition
state of a reaction whereas the latter binds the ground state [20]. In other
words, the antibody which selectively recognizes the transition state of a
reaction should catalyze that reaction. These antibodies are called »cat-
alytic antibodies«. This attractive idea has been elegantly substantiated.
For example, ester hydrolysis proceeds through the transition state
shown in Fig. 8.8a. Since this transition state itself is too unstable to
use, its analog is synthesized by replacing the carbon at the center with
phosphorus. Exactly as designed, the monoclonal antibody, prepared
with this transition state analog as hapten (antigen), accelerates the hy-
drolysis of the corresponding carboxylic ester catalytically by a factor of
10°-10*[21).
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Figure 8-8 Mechanism of ester hydrolysis (a) and molecular imprinting of transition
state analog (phosphonic acid (2) for mimicking catalytic antibody (b)
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Example 8.3: Catalytic antibody as an artificial esterase

This new concept has been imported to molecular imprinting [22-25].
Ester hydrolysis is most conveniently used because (1) its reaction
mechanism is well established, and (2) both substrate and transition
state analogs are easy to obtain. In Fig. 8.8b, phosphonic acid (2) is used
as a transition state analog of the hydrolysis of substrate 3 [26]. A vinyl
monomer of amidine 1 is chosen as a functional monomer because it
readily forms stable complexes with the carboxylic acid ester and the
phosphonic acid monoester. The imprinted polymers are synthesized
in THF from 1 (the monomer), 2 (the template), and ethylene glycol
dimethacrylate (the cross-linker) by using AIBN as the radical initiator.
After the polymerization, the template is removed by 0.1 N aqueous
NaOH /acetonitrile (1/1) solution. The obtained polymer efficiently
hydrolyzes 3 following the typical Michaelis-Menten kinetics, while the
corresponding monomeric amidine solution hydrolyzes 3 about 100
times more slowly.

Example 8.4: Catalytic silica particles as an artificial enzyme [27]

A combination of organic and inorganic materials provides some inter-
esting imprinted materials as demonstrated in Section 8.4. Similarly, a
catalytic antibody can be prepared by organic-inorganic combination.
Since accessibility of a substrate to the catalytic site crucially affects the
reaction rate, the catalytic center should be located on the surface of
silica gel. In other words, imprinting of transition state analog (TSA) is
conducted on the surface. Here, a water-in-oil microemulsion offer a
preferable environment for the surface imprinting, as schematically
illustrated in Fig. 8.9. In the presence of surfactant, water is dispersed
in oil, forming a stable emulsion, namely, reverse micelle. When a rela-
tively hydrophilic TSA is connected to the head of hydrophobic long
chain (surfactant TSA in Fig. 8.9) and is added with the surfactant, the
»head« orients toward the water phase, keeping the long chain in the oil
phase. Thus, TSA is located at the surface of the water phase. As de-
scribed in Section 8.4, sol-gel polycondensation of silicon alkoxide pro-
ceeds through hydrolysis. By the addition of tetraethoxysilane (TEOS)

137



138

8 Recent Challenges and Progress

and functionalized silane (including an organic functional group as a
catalytic center), polycondensation occurs in the water emulsion phase
to afford a silica particle whose surface is molecularly imprinted with
the TSA (tetrahedral shape in Fig. 8.9). On the basis of this strategy,
artificial protease is prepared by using an appropriate TSA for peptide
hydrolysis.

. Surfactant

Surfactant TSA

Ny —

* TEOS

N Functionalized
silane

Fig. 8-9 Schematic illustration of the preparation of catalytic silica by surface imprinting in
the presence of TSA as a template by use of the water-in-oil emulsion technique
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Chapter 9
Conclusions and Prospects

For a long period of time, people have regarded solutions and gases as
»simple aggregates of randomly moving molecules«. There has been no
way to freeze the movements of these molecules and take a snapshot of
their positions. The molecular imprinting method has for the first time
made this dream come true. We can pick up any molecules in the sys-
tem and place these target molecules on desired sites in the snapshot.
Undoubtedly this method paves the way to the molecular devices (mo-
lecular memories, molecular machines, molecular computers, etc.)
which are the keys to the advanced science of the 21st century. No other
methods have ever provided important receptors so easily, promptly,
and economically. Tailor-made receptors thus obtained protect our
earth from environmental disruption. Other potential applications are
too many to be counted.

Of course, the current molecular imprinting method has not yet
been perfected with respect to its strictness in the »freezing«. The
»shutter speed« of our camera must be further increased and the »shut-
ter timing« must be more precisely controlled. We also have to know
much more about the mechanism of imprinting. However, this area
has been growing so rapidly in depth and breadth that these factors
should be solved soon. No doubt, this versatile method will be still more
widely used for a great many purposes in the near future. It is hoped
that this book will help to achieve this goal.
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