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The paper is a self-review of works on development of new approaches to formation of mimics of receptor and
catalytic sites of biological macromolecules in the structure of highly cross-linked polymer membranes and thin
films. The general strategy for formation of the binding sites in molecularly imprinted polymer (MIP) membranes
and thin films was described. A selective recognition of a number of food toxins, endocrine disruptors and
metabolites is based on the results of computational modeling data for the prediction and optimization of their
structure. A strategy proposed for the design of the artificial binding sites in MIP membranes was supported by

the research performed by the authors on development of a number of the MIP membrane-based affinity and
catalytic biosensors for selective and sensitive measurement (detection limits 0.3-100 nM) of the target analytes.
Novel versatile approaches aimed at improving sensitivity of the developed biosensor systems were discussed.

1. Introduction

The capability of both eukaryotes and prokaryotes to react on
various external influences, as well as to ensure interactions between the
cells, is possible due to phenomenon of molecular recognition. Molec-
ular recognition provides signal transduction between living cells and
ensures proper functioning of all signaling pathways, including in-
teractions of receptors with ligands, antibodies with complementary
antigens, and enzymes with specific substrates. These special features of
antibodies, enzymes, and receptors determine their wide application in
modern molecular biology, immunology, medicine, and biotechnology
areas. Natural biomolecules are being also widely used for the devel-
opment of biosensors, which are recognized to be the most effective and
versatile methods of analytical biotechnology due to their high selec-
tivity, sensitivity, mobility and low cost [1,2]. Thousands of biosensors
for the effective detection of a number of analytes in a real time have
been developed by the research groups all over the world. However,
there are relatively few examples of their successful commercialization.
Largely, this is associated with instability of biomolecules in the external
environment.

Therefore, the development of highly stable synthetic biomimetic
receptors, which would simulate the active sites of biological macro-
molecules is of a great interest. The method of molecular imprinting [3,
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4] is one of the most effective approaches to synthesis of the
highly-cross-linked biomimetic polymers with “molecular memory”.
That is provided by use of target analytes (so-called template molecules)
in the synthetic procedure. They are further removed from the bio-
mimetic polymer using standard extraction protocols in an appropriate
solvent, resulting in formation of polymers with “molecular memory”
determined by formation of “molecular imprints” of the templates. The
special feature of these materials is their ability to recognition of the
target analytes (Fig. 1) [3,4].

Similarly to antibodies, molecularly imprinted polymers (MIPs) can
be obtained against a number of substances of different chemical nature
[5-7], while artificial binding sites in biomimetic polymers are very
stable [8] and selective [9]. Biomimics are of great interest for the re-
searchers working in both fundamental and applied science. They are
widely used as highly selective stationary phase for separation [10,11]
as well as man-made enzymes and antibodies in biochemistry and
analytical biotechnology [12-13].

Even though the method on molecular imprinting was proposed in
1970s, the number of publications on MIP synthesis and application is
rapidly growing, reaching more than 5500 papers annually. Most of the
currently published works are devoted to synthesis of MIPs in the form
of polymer particles for different applications [14,15]. However, in this
case, the polymer processing procedure is quite labor-intensive and
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often inefficient. At the same time, a number of significant technological
difficulties arise during their application in biosensor technology, im-
munoassays, and separation.

Synthesis of MIPs in the form of porous polymer membranes and thin
films would allow one to avoid problems associated with the integration
of MIPs in biosensor device and their immobilization on the surface of
ELISA plates, as well as conducting experiments at extremely high
pressures in the case of their application as a stationary phase in sepa-
ration. On the other hand, even though during the last decades the
number of publications in MIP area is increasing, most of them are
empirical. In most cases, components for the MIP synthesis are chosen
without thorough analysis of the ability of various monomers to form
receptor sites simulating active sites of biomacromolecules, as well as
their ability to form biomimics where most of the formed selective sites
are available for interaction with the target analytes.

The present paper is a self-review devoted to development of ver-
satile approaches to the rational design and synthesis of MIP membranes
and thin films using computational modeling methods, which is relevant
for both understanding molecular recognition processes and for MIP
application in modern molecular biology and analytical biotechnology.

2. Design and synthesis of artificial receptors
2.1. Target analytes

The technique of molecular imprinting is a versatile approach since
highly selective artificial receptors can be synthesized for a number of
low molecular weight substances with different chemical structure
[16-22]. Quite a few works were also published on MIP development for
selective recognition of peptides and proteins [23,24] as well as DNA
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fragments [25,26]. Our attention was mainly focused on several groups
of toxic substances — food toxins produced as secondary metabolites by
Aspergillus and Fusarium mold species, endocrine disrupting compounds
(triazine herbicides, phenols, pharmaceuticals, etc.), and some metab-
olites (creatinine) (Fig. 2).

In the case of highly toxic templates, application of a “dummy-template
approach” was demonstrated to be much more effective as compared to the
natural toxins (aflatoxin B1, zearalenone, etc.) [27,28]. The approach
assumes application of nontoxic analogues of the natural toxins that pro-
vide formation of the selective receptor sites and, at the same time, de-
creases the cost of the resulting MIPs significantly [27,28]. Application of
dummy templates is also very effective in the case of fluorescent templates
since the high background fluorescent signals that are normally observed
for aflatoxin B1- and zearalenone-imprinted polymers can be avoided [27,
28]. The structures of the dummy-templates used for the synthesis of
aflatoxin Bl- and zearalenone-selective MIP membranes (ethyl-2--
oxoceclopentanecarboxylate and cyclododecyl-2,4-dihydroxybenzoate
(CDHB)) as compared to the structure of their natural counterparts are
shown in Fig. 3.

2.2. Development of methods of MIP synthesis in the form of free-standing
membranes and thin films on inert surfaces

The method of in situ MIP synthesis today remains the most widely
used one for obtaining biomimics with different types of selectivity [29].
First of all, this is associated with extremely high degrees of cross-linking
of such materials, which ensure that no changes in the structure of
artificial binding sites takes place for a long time. Highly-cross-linked
MIPs can hardly be obtained in a membrane format due to their high
fragility (Fig. 4, a). At the same time, synthesis of MIP membranes
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Fig. 1. The scheme of MIP synthetic procedure (T- template; 1. Formation of molecular complex between the molecule of interest (“template”) and functional
monomers; 2. Polymerization in the presence of cross-linker; 3. Removal of the template; 4. “Imprints” contain functional groups, which are complementary to those

of template).
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Fig. 2. Chemical structure of some endocrine disruptors, food toxins and metabolites used as template molecules for the synthesis of artificial binding sites in

MIP membranes.

combining high degrees of cross-linking with high mechanical stability
and capability of generation either optical or electrochemical sensor
responses is of great interest for both biosensor technology and other
analytical applications.

The first works on synthesis of molecularly imprinted polymers
membranes were published by Piletsky et al. in 1990s [30,31]. Mem-
branes based on traditional acrylate polymers were obtained by poly-
merization of a monomer mixture containing a functional monomer
(methacrylic acid) and a cross-linker (ethylene glycol dimethacrylate) in
the pores of glass filters. In this case, glass filters were used as an inert
substrate to be modified by the MIP and ensure its mechanical stability.
It was shown that membranes obtained in the presence of adenosine
monophosphate were capable of its further selective recognition [30].
Application of diethyl aminoethyl methacrylate as a functional mono-
mer in the synthetic procedure provided selective recognition of
L-phenylalanine with the MIP membranes as compared to p-phenylala-
nine and t- or p-tyrosine [31].

Sergeyeva et al. developed the method of synthesis of highly cross-

Fig. 3. Chemical structure of dummy templates used for the
synthesis of mycotoxin-selective receptor sites in MIP mem-
branes as compared to the structures of aflatoxin Bl and
zearalenone: a - ethyl-2-oxocyclopentanecarboxylate, b -
cyclododecyl-2,4-dihydroxybenzoate (CDHB); c - aflatoxin B1;
d - zearalenone. Structural similarity between ethyl-2-
oxocyclopentanecarboxylate and aflatoxin B1 is shown by
green color, structural similarity between CDHB and zear-
alenone is shown by red color.

linked MIPs in a form of flexible membranes with stable physico-
chemical properties [32,33]. In these works, difunctional methacrylate
- triethylene glycol dimethacrylate (TEGDM) was selected as a
cross-linker and the main component of the polymer network (Fig. 5). As
compared to ethylene glycol dimethacrylate traditionally used in mo-
lecular imprinting, TEGDM provides formation of MIP membranes with
sufficient mechanical stability. Further progress in synthesis of the
free-standing membranes (Fig. 4, b) as well as thin MIP films immobi-
lized on inert glass surfaces (Fig. 4, ¢) was achieved by introducing
flexible oligomeric fragments (i.e. oligourethaneacrylate - OUA) into the
polymer composition (Fig. 5) [32-34]. Linear oligomer OUA was
selected as a modifier-elastifier because of flexibility of its oligomeric
chain, relatively simple synthetic procedure, and a possibility to be
easily incorporated in the MIP structure through either thermo-initiated
or UV-initiated radical co-polymerization. Application of flexible olig-
omeric fragments as modifiers-elastifiers was proposed by our group for
the first time [32,33].

Accessibility of the artificial binding sites formed in the MIP
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Fig. 4. A molecularly imprinted polymer synthesized by the traditional in-situ polymerization method (a), a MIP membrane synthesized in situ using oligour-
ethaneacrylate as a modifier-elastifier (b) and a thin MIP film immobilized on a glass surface (c).
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Fig. 5. Chemical structure of the main components of the MIP membranes obtained by in situ polymerization: cross-linker — triethylene glycol dimethacrylate (a) and

modifier-elastifier - oligourethaneacrylate, n = 35 (b).

structure for the further interaction with target analytes is one of the
main issues in successful molecular imprinting. Traditionally that is
achieved by addition of organic solvents of different polarity to the
monomer mixture (chloroform, acetonitrile, etc.). Synthesis of porous
OUA-containing MIP membranes was described for the first time by our
group using an additional polymeric porogen and synthesis of molecu-
larly imprinted semi-interpenetrating polymer networks (semi-IPNs)
[35]. The MIP membranes were formed in the presence of an inert linear
polymer, while its molecular weight can vary from 10,000 to 50,000.
Significantly more porous structure (Fig. 6) was formed due to ther-
modynamical incompatibility between the highly cross-linked and
linear polymers in the porous MIP membrane. The water fluxes also
increased significantly from 0 to- 10,000 1 m~2 h™! [30]. Polyethylene
glycol (PEG) MW 20,000 and linear polyurethane MW 40,000 were

demonstrated to be the most effective polymeric porogens for this pur-
pose [35]. The molecular modeling was used as a tool, which allows to
minimize the number of compositions of the highly-cross-linked
component (MIP network) in the semi-IPN-based membranes, while
the inert linear semi-IPN component plays a role of a polymeric porogen,
which doesn’t influence the structure of the artificial binding sites. At
the same time, addition of the inert linear polymers significantly
improved porosity and permeability of the MIP membranes, providing
formation of the systems where the increased number of the artificial
binding sites are available for the template binding [30,35-37]. Both,
rational design and knowledge of how to make the highly-specific IPN
are important tools in making the highly-specific and affinity membrane
materials.

An alternative method of porous MIP membranes’ synthesis was
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Fig. 6. SEM images of cross-section of the MIP membranes synthesized in situ with dimethylformamide (a) and PEG (MW 20,000) (b) as porogens.

developed through grafting modification of the surface of industrial
microporous membranes by~ 10 nm-thick MIP films, combining high
selectivity of MIPs with high fluxes of the microporous supports
[38-43]. It was shown that the grafted MIP membranes can generate
both electrochemical and optical sensor responses, e.g. effective elec-
trochemical detection of triazine herbicides and optical detection of
creatinine was demonstrated [39—45]. For instance, a capacitive sensor
for desmetryn detection was constructed using grafting modification of
Au electrodes by the thin MIP film [44]. In this case, the method of
grafting polymerization from aqueous solutions developed for the
modification of inert surfaces was used [38,40-44]. Significant changes

CH
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Hm/\///’/// tc\%\(ovﬁ\ofc
e}

in the value of the sensor response were observed after addition of the
template (desmetryn) in the range 50-850 nM in the electrochemical
cell, while negligible sensor responses were caused by addition of
structurally similar substances. An effective colorimetric sensor system
based on grafted MIP membranes was also developed for creatinine
detection in aqueous solutions. The colorimetric sensor response was
generated on the MIP membrane surface after creatinine binding in a
further reaction with Prussian blue and potassium ferricyanide, which
formed brown-colored complexes in alkaline media. Intensity of staining
of the MIP membrane was proportional to creatinine concentration in
the sample [39].
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Fig. 7. Functional monomers traditionally used in non-covalent molecular imprinting capable of interaction with small organic molecules: 1. — acrylonitrile, 2. —
ethylene glycol dimethacrylate, 3. - N,N’-methylenebisacrylamide, 4. — 2-vinylpyridine, 5. — styrene, 6. — 2-(trifluoromethyl)-acrylic acid, 7. — methacrylic acid, 8. —

m-divinylbenzene, 9. — acrolein, 10. — acrylamide, 11. — acrylic acid, 12. — diethyl

aminoethyl methacrylate, 13. — 4-vinylpyridine, 14. — urocanic acid, 15. - p-

divinylbenzene, 16. — - hydroxyethyl methacrylate, 17. — 2-acrylamido-2-methyl-1-propanesulfonic acid, 18. — vinylimidazole, 19. — urocanic acid ethyl ester, 20. —

allylamine, 21. - itaconic acid.
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2.3. Design of artificial receptor sites

The idea of creation of artificial receptor binding sites in biomimetic
polymers is based on assumption that molecular complexes between
target analytes and functional monomers are formed before the initia-
tion of the synthetic procedure [3,4]. These complexes are then included
in the structure of the acrylate/methacrylate polymer network, which
ensures fixation of the active groups of the functional monomer in a
certain spatial position for a long time. However, it is recognized that the
structure of the formed complexes can be changed during the
exothermic radical polymerization, while affinity of the resulting bind-
ing sites will be mainly determined by the binding energy between
target analytes and functional monomers [45-47]. Traditionally selec-
tion of functional monomers is based on literature analysis as well as
general considerations as for the ability of different monomers to form
complexes with the analyte followed by extensive synthetic work.
Combinatorial approach, which assumes synthesis of large numbers of
polymers with further screening of their affinity and selectivity was also
proposed [45].

An effective computational method for screening potential func-
tional monomers as for their interaction with target analytes was pio-
neered by Piletsky et al. [46]. The method assumed fast screening of the
library consisting of functional monomers traditionally used in molec-
ular imprinting (Fig. 7) with further selection of potential candidates
providing the highest binding energies with the target molecule through
non-covalent interactions using LEAPFROG algorithm [46,47].

The modeling of the MIPs is an effective tool, which allows to select
the most suitable monomers and minimize the number of compositions
before the optimal is selected. It is possible to do modeling of a molec-
ular complex between the functional monomer and template, or even
predict a complete monomeric mixture [44,48].

The modeling of the molecular complexes demonstrated in this re-
view was made using a Linux operating system - based computer
equipped with Sybyl 7.3 software (Tripos Inc., Missouri, USA). During
modeling, the template minimized to 0.01 kecal mol ! is screened against
the functional monomers using a Leapfrog algorithm. The library con-
sists of 30 monomers and cross-linkers that are commercially available
and most commonly used by molecular imprinting community. The
polymerizable monomers contain various functional groups (neutral,
positively and negatively charged, aromatic and hydrophobic) and are
able to interact with a template through ionic and hydrogen bonds, van
der Waals’, and dipole-dipole interactions. As a result of the Leapfrog
simulation, a table of the monomers sorted by the energy of their
complexes with template is produced [47]. Typically, the top monomers
showing the lowest energy upon interaction with template, are good
candidates for imprinting. The molar ratio between the functional
monomers and template could also be optimized using a Molecular
Dynamic simulation, formerly known as Simulated annealing, when a
virtual box is filled with a template and selected monomers packed in a
large quantity. The box is then heated and cooled between 700 K and
300 K. As a result, it is possible to see how many molecules of the
particular monomer or monomers could bind to one template molecule,
allowing to select the optimal composition for the Molecularly Imprin-
ted Polymer synthesis [49].

When functional monomers and a template molecule form multiple
point interactions, they generate an affinity-binding site but cross-linker
is essential for its stabilization and preservation. A well-selected cross-
linker could also minimize a non-specific binding [50].

Molecular dynamics simulation allows visualization of a possible
structure of the template-functional monomer complex as well as pre-
diction the number of functional monomers involved in the complex
formation and approximate template: functional monomer ratio in the
initial mixture of monomers [51].

The effectiveness of this approach was confirmed by numerous works
on synthesis of selective MIP adsorbents for microcystin-LR [52], tylosin
[53], abacavir [54], biotin [55], ephedrine [47], simazine [56], etc.
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All the monomers included in the virtual library of functional
monomers, in addition to their ability to form complexes with small
organic molecules due to non-covalent interactions, also had unsatu-
rated double bonds necessary for their covalent incorporation into the
polymer network (Fig. 7) [52-56].

The method was proven to be effective for optimization of the MIP
membranes’ and thin films’ composition and was comprehensively
highlighted in the publications [27,28,36,37,39,41,44,57-59]. It was
shown that the effectiveness of the functional monomer for the forma-
tion of high affinity sites in MIP membranes and thin films is associated
with both binding energy with the analyte as well as the number of its
molecules/functional groups participating in the complex formation
[27,28,36,37,39,41,44,57-59].

Typical results as for the selection of functional monomer obtained
by this method are presented in Fig. 8. It was demonstrated that highly
selective artificial binding sites capable of effective recognition of target
analytes are formed in the case of participation of at least two mole-
cules/functional groups of a functional monomer in the interaction with
the template. On the contrary, participation of only one functional group
normally results in formation of either weakly selective or non-selective
binding sites in MIP membranes and thin films, which was confirmed by
numerous studies [27,28,36,37,39,41,44,57-59].

For example, two molecules of the best functional monomers for
atrazine and desmetryn (methacrylic and 2-acrylamido-2-methyl-1-
propansulfonic acid, respectively) form complexes with the target ana-
lytes (Fig. 8). As a result, the most selective affinity sites in the MIP
membranes are formed under their participation, which was confirmed
by numerous experimental data [37,44]. Similar situation was observed
for the substances, which significantly differ in chemical structure, i.e.
creatinine [39], phenol [57] sulfamethoxazole [60], etc.

3. Electrochemical MIP membrane-based sensors
3.1. Electrochemical sensors based on affinity membranes

The selected functional monomers were applied for the synthesis of
MIP membranes to be used as a receptor part of the biosensor device. To
estimate the effectiveness of the molecular imprinting procedure, all the
sensor responses were compared with the responses generated by blank
(non-imprinted) polymers obtained from the same mixture of monomers
where no template molecules were added and, as a result, no imprinted
binding sites were formed [32,33].

Affinity and selectivity of the synthesized MIP membranes towards
the target analyte were estimated through evaluation of their electrical
conductivity [32,33]. For this purpose, specially constructed electro-
chemical cell was used and electrical conductivity of the membranes was
measured as a function of the analyte concentration. The MIP mem-
branes demonstrated significant changes of their electrical conductivity
in response to addition of the target analyte (e.g, triazine herbicide
atrazine) in contrast to non-imprinted membranes. The sensor demon-
strated fairly good working parameters: detection limit and linear dy-
namic range achieved for atrazine comprised 5 nmol L~! and 5-50 nmol
L7}, respectively [32,33]. Ability of MIP membranes to bind the tem-
plate effectively was determined by the type of the functional monomer
used in the synthetic procedure, while effectiveness of different func-
tional monomers in formation of highly selective artificial binding sites
was in agreement with computational modeling data [37]. The influence
of the MIP membrane composition on the ability of the receptor sites to
bind the target analyte and generate sensor response was thoroughly
investigated. Influence of degree of cross-linking, type and amount of a
porogenic solvent were optimized [32,33]. It was shown that polarity of
the organic solvent had strong influence on the ability of the MIP
membranes to generate conductometric responses. Except for its direct
influence on the complex formation in the pre-polymerization mixture,
the swelling degrees of the resulting membranes during the analysis
should be taken into consideration [32,33]. At the same time, the MIP



T. Sergeyeva et al.

BBA Advances 3 (2023) 100070

Fig. 8. Typical results of computational modeling used for the formation of highly selective artificial receptors for triazine herbicides atrazine (a-c) and desmetryn
(d-f) with functional monomers giving the highest binding energy: methacrylic acid (a, e), itaconic acid (b, d), acrylamide (c), 2-acrylamido-2-methyl-1-propansul-

fonic acid (f).

membranes demonstrated impressive selectivity in binding of atrazine
as compared to the other triazine herbicides that was similar to the
selectivity of atrazine-selective antibodies. The developed biosensors
provided “a real time” analysis within 6-10 min, while their storage
stability was estimated as 18 months at room temperature [32,33].

An alternative approach to the development of the MIP-based elec-
trochemical biosensors assumes modification of physical transducer
surface with a thin layer of highly-cross-linked MIP by grafting poly-
merization. The method of modification of inert surfaces from aqueous
solutions that is applicable to water-soluble templates [44,61] can be
also adapted for modification of gold electrodes. The initiator of pho-
topolymerization is immobilized directly on the surface of the electrode,
which is modified with a hydrophobic layer of hexadecanethiol. UV
irradiation leads to the transition of the initiator into a triplet state
capable of distraction of hydrogen from the substrate surface. This leads
to the formation of a radical on the surface of the substrate as well as free
radicals, providing synthesis of highly cross-linked polymer chains
grafted to the surface of the electrode as it takes place in the case of the
inert microfiltration membranes [38,40-42]. The formation of selective
receptor sites on the surface of the gold electrode occurs after the
extraction of the template as in the case of free-standing MIP mem-
branes. Effective registration of the MIP-analyte binding event was
achieved through the development of the capacitive sensor [44]. It was
shown that the presence of triazine herbicide desmetryn used as a
template in this study caused significant changes of the capacity, pro-
portional to its concentration in the sample [44].

It was confirmed that the type of functional monomer used in the
MIP synthesis has a crucial effect on the selectivity of the analyte
binding. A pronounced imprinting effect was observed only for polymers
synthesized with 2-acrylamido-2-methyl-1-propanesulfonic acid as a
functional monomer, which provides high binding energy —90,64 kCal

mol ! with desmetryn along with formation of the bi-functional binding
site. The sensor demonstrated low detection limit for desmetryn (100
nM), fast sensor response (10 min), and reasonably high storage stability
(12 months) at room temperature [44].

3.2. Towards development of catalytic sensors based on MIPs and MIP
membranes

Wide application of MIPs in biosensor technology is restrained by
significant difficulties in registration of the MIP-analyte binding event
since no electroactive substances are generated. Development of cata-
lytic MIPs capable of highly selective cleavage of target analytes pro-
ducing electrochemically active substances would provide the
possibility of their effective electrochemical detection. Synthesis of
catalytic MIPs and MIP membranes possessing tyrosinase activity for the
selective recognition of phenols was demonstrated by our group [62,
63].

It is widely known that the polyphenol oxidase active center cata-
lyzes oxidation of o-hydroxyphenols to o-quinones, which is accompa-
nied by O, consumption from the solution (Fig. 9). Two Cu?" ions in the
active center of the enzyme are coordinated by two oxygens of o-
hydroxyphenol at a distance- 4 A (Fig. 10) [64].

The possibility of synthesis of both MIP particles and MIP mem-
branes with tyrosinase activity were demonstrated and described in
detail in [62,63] by our group. Taking into account the data published
by Decker et al. [64], the o-hydroxyphenol-selective sites in both bio-
mimetic catalytic polymers and polymeric membranes were formed
using complex of o-hydroxyphenol with two Cu?* ions as a template,
while urocanic acid ethyl ester was selected as a functional monomer
due to the presence of imidazole moieties in its structure similarly to
imidazole rings present in the natural catalytic center [62-64]. The
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Fig. 9. Oxidation of o-hydroxyphenol catalyzed by tyrosinase.

free-standing catalytic MIP membranes were synthesized in situ, while
the mixture of TEGDM and OUA was used as a cross-linked component
of the PEG 20,000-containing semi-IPN. Their catalytic properties were
estimated by measuring changes in Oy concentration in an electro-
chemical cell using portable laboratory Og-meter and Os-sensitive
electrode as a transducer. No catalytic sites were formed in blank
membranes used in control experiments. MIP membranes synthesized
from a monomer mixture where o-hydroxyphenol was replaced by
m-hydroxyphenol were used as another control [62,63]. The developed
biomimetic sensor was able to detect o-hydroxyphenols in aqueous so-
lutions within the range 0.063-2.5 MM [63]. The selectivity of the
detection was reasonably high: significantly lower catalytic activity was
observed for the sensors based on blank membranes. That was also
typical for the MIP membranes synthesized using m-hydroxyphenol as a
template molecule. Therefore, changes in the structure of the bio-
mimetic catalytic site lead to a significant decrease in the catalytic ac-
tivity of biomimetic polymers [62,63]. The developed catalytic
tyrosinase-mimicking active sites formed in the MIP structure were
able to discriminate between o-hydroxyphenols and the other phenols
[62,63]. In contract to biosensors based on natural tyrosinase, storage
stability of MIP-based sensors at room temperature was estimated as 12
months. This value exceeds storage stability of the natural enzyme-based
devices approximately by 25 times.

4. Optical MIP membrane-based and smartphone-based sensors

The special feature of the MIP membranes synthesized according to
the methods developed by our group is their ability to generate not only
electrochemical, but also optical sensor responses, which can be recor-
ded either by standard laboratory spectrophotometers/spectrofluorim-
eters or by using new digital approaches including software for digital
image analysis and smartphones for the registration and analysis of the
optical signals [27,28,34,39,57,58,60,65].

All the developed optical sensors function as follows. At the first
stage, the target analytes are to be recognized by the receptor sites in
MIP membranes. We demonstrated an effective detection of the bound
molecules after UV-irradiation of the MIP membranes, which initiates
native fluorescence of the target analytes further registered and

Fig. 10. Crystal structure of mushroom tyrosinase active center according to
Decker et al., 2007 [64].
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quantified using smartphone [27,28,34,58,66,67]. Development of
colorimetric sensor systems was also described for the detection of target
analytes capable of color complexes’ formation [39,57,60,65].

A colorimetric sensor system for phenol detection within the wide
range from 50 nmol L to 10 mmol L~ ! was described earlier [57,65].
The colorimetric sensor system was constructed using ability of phenol
to form pink complexes with 4-aminoantipyrine, while higher analyte
concentrations provided higher colorimetric signals. (Fig. 11) [57,65].
Preferential binding of phenol as compared to its structural analogues by
the MIP membranes was confirmed in the selectivity studies [57,65].

The effectiveness of computational modeling approach used for the
selection of functional monomer was also confirmed: the highest
colorimetric responses were observed for the itaconic acid-containing
biomimics, which provides the highest binding energies of the com-
plex with the target analyte as compared to other functional monomers
[57]. The same colored reaction with 4-aminoantipyrine can be also
applied for the detection of bisphenol A [68].

Similar principle was used also for the development of the colori-
metric sensor system for sulfamethoxazole and creatinine detection
based on computationally-designed MIP membranes. Both types of the
developed affinity membranes were used in these studies: micro-
filtration membranes modified with a thin MIP layer as well as MIP
membranes synthesized in situ. Ability of sulfamethoxazole to form
brown complexes with Prussian blue and potassium ferricyanide was
used for its detection [60], while creatinine could be revealed using Jaffe
reaction on the surface of the grafted MIP membrane [39]. In all the
cases, the analyte-binding sites formed under participation of at least
two molecules of the functional monomer demonstrated the best selec-
tivity, virtually no binding of potential interferents was observed [39,
60].

Very sensitive fluorescent sensor systems can be designed on the
basis of MIP membranes for a number of fluorescent analytes. An extra
advantage of this approach is that no additional reaction is needed for
revealing MIP-analyte binding event [27,28,58]. The analytes are
detected on the MIP membrane surface after its UV-irradiation, while
intensity of fluorescence can be measured using both the spectrofluo-
rimeters (including portable devices) and smartphone cameras as de-
tectors of the sensor responses.

The effective method of aflatoxin B1 detection was proposed recently
[27]. Aflatoxin B1 attracted our attention as the most toxic secondary
metabolite of Apergillus spp. affiliated to the group of aflatoxins. [27].
Analysis of molecular dynamics data allowed us to form aflatoxin
B1-binding sites with impressive selectivity. According to computational
modeling data [27], acrylamide was selected as a functional monomer
for the formation of the aflatoxin Bl-selective binding sites in
free-standing MIP membranes synthesized in situ. On the one hand,
acrylamide provides sufficient binding energy with aflatoxin B1
(—~19.06 kCal mol™!). On the other hand, it ensures formation of the
imprinted binding sites highly selective for aflatoxin B1, as it interacts
with various parts of the molecules of the target analyte and its struc-
tural analogues. Therefore, the imprinted sites formed under participa-
tion of the dummy template, which mimics the ketolactone part of
aflatoxin B1 would not bind difurane part of the other representatives of
the group (aflatoxin G2, etc.). At the same time, analysis of computa-
tional modeling data allows one to form artificial binding sites with
desirable selectivity: it is possible to get materials either with high
selectivity towards the target analyte or with group selectivity, capable
of recognition of a group of chemically-related substances [27,59]. For
instance, effective group-selective recognition of aflatoxins was
demonstrated for N, N'-methylenebisacrylamide-containing MIP mem-
branes synthesized in-situ [59]. The developed optical sensors demon-
strated reasonably low (14 nmol L’l) detection limit for aflatoxin B1.

The use of smartphones for the recording and further processing of
both electrochemical and colorimetric sensor signals is one of the latest
trends in bioanalytical chemistry. This significantly simplifies the
analytical procedure and, as a result, can provide point-of-care analysis
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Fig. 11. Formation of colored complexes “phenol-4-aminoantipyrine" on the surface of the computationally-designed MIP membranes (a) and MIP membrane-based

sensor system for phenol detection (b).

(either at home or in the field) in real time (within minutes).
Smartphone-based biosensors are currently being used for both food
[69] and water quality control [70] and in medicine (in particular, for
early diagnostics and the prescription of adequate treatment) [71].
Smartphone-based electrochemical glucose-sensors have been already
reported [72] and more sophisticated smartphone-based affinity
SPR-sensors have been also developed [73].

Due to versatility of MIP membranes regarding generation colori-
metric and fluorescent responses, they can be effectively combined with
a smartphone equipped with high-resolution camera for recording the
optical signals. The commercially available smartphone applications for
Android 6+ also provide fast and effective data analysis [66,67].

Successful combination of MIP membranes with smartphones was
demonstrated by our group recently for the fluorescent detection of
widespread food toxins - aflatoxin B1 and zearalenone [64,65]. Both the
smartphone-based sensors were based on registration of native fluores-
cence of aflatoxin B1 and zearalenone (Fig. 12) [66,67].

The novel sensors were also validated and proven to be useful for the
mycotoxins’ detection in “real” cereal samples [66,67].

A significant progress in sensitivity of the developed fluorescent MIP-
membrane-based sensors was demonstrated recently [34] through
application of plasmon-enhanced fluorescence phenomenon. It is widely
recognized, that metal nanoparticles can modify properties of fluores-
cent molecules in the case of overlapping fluorescence and local surface

Concentration of zearalenone, pg mL"!
b

Fig. 12. Photos of the aflatoxin B1- (a) and zearalenone-selective (b) MIP membranes’ surfaces after toxins’ binding by the artificial receptor sites from aqueous

samples and UV-irradiation.



T. Sergeyeva et al.

plasmon resonance spectra, occasioning plasmon-enhanced fluores-
cence phenomenon [74]. The versatile method for the in situ synthesis of
Ag nanoparticles in close proximity to artificial receptor sites in
toxin-imprinted biomimetic membranes and thin films has been pro-
posed in our recent work [34]. For example, in situ formation of 30-70
nm diameter Ag nanoparticles in the aflatoxin B1-selective biomimetics,
allowed us to decrease the detection limit for aflatoxin B1 from 10 ng
mL~! to 0.3 ng mL™!. Wide linear dynamic range (0.3-25 ng mL™})
along with superior selectivity was typical for the developed biosensor
system [34]. The proposed approach is very versatile and can be adapted
to the formation of selective materials towards the other fluorescent
molecules, which differ in chemical structure (i.e. fluorescent mycotoxin
zearalenone, bisphenol A, etc.)

All the sensors based on the MIP-membranes and thin films
demonstrated extremely good storage stability at room temperature,
which comprised 12 and 18 months for grafted MIP membranes and MIP
membranes synthesized in situ, respectively. At the same time, the data
obtained using biosensors based on artificial toxin-selective biomimetic
polymers were in accordance with those obtained by standard ELISA and
HPLC methods. All the developed sensors were validated as for their
effectiveness for detection of target analytes in “real” samples in
numerous studies (extracts of food products and feeding stuffs; tape,
drinking, natural, and wastewaters; pharmaceutical drugs, etc.) [27,28,
34,39,57,58,60,65-67].

5. Versatile approach to the highly-sensitive detection of the
analytes. Solid-phase extraction based on porous MIP
membranes

Another large area for the application of polymers-biomimics in a
form of porous membranes is their use for the selective pre-
concentration of diluted samples of target analytes. This can signifi-
cantly decrease detection limits of existing traditional biochemical
methods, biosensors, and instrumental analytical methods. Porous
membranes can also compete with traditional SPE adsorbents in se-
lective removal of interfering components from “real” samples, they
also can be used for their storage and transportation. Computational
MIP membranes can be rapidly custom-made for a variety of chemical
substances. At the same time, they have advantages as compared to
traditional SPE adsorbents, first of all, surpassing them in selectivity,
adsorption capability and productivity [27,35-43,49,59,60,63,65,
68].

Both types of the MIP membranes synthesized either in situ or by
grafting modification of the inert microfiltration membranes with a thin
MIP layer were shown to be an effective stationary phase for SPE of
small organic molecules [27,35-43,49,59,60,63,65,68]. The porous MIP
membranes synthesized in situ obtained by bulk radical cross-linking
polymerization of methacrylate monomers demonstrated increased
porosity and water fluxes, which depended on the type and concentra-
tion of the linear polymer in the semi-IPN [35-37]. Application of
polyethylene glycol MW 20,000 and linear polyurethane MW 40,000
provided an increase in the water fluxes up te- 10,000 1 m2h~!and 15,
000 1 m2 h™, respectively, as compared to 0 1 m—2 h™! for the mem-
branes obtained without “linear porogens”. The values of selective
adsorption towards target analytes were increased proportionally to the
amount of the linear semi-IPN component, which is apparently associ-
ated with better accessibility of their supramolecular binding sites. The
adsorption capacity of semi-IPN-based herbicide-imprinted membranes
varied from 6.53 to 12.5 mg g * of polymer (up to ~25% of the theo-
retically calculated value) depending on chemical nature of the linear
polymer, which has dramatic influence on both the morphology of the
MIP membrane and the structure of its binding sites [35,52,53].

The method proposed by our group for the synthesis of the IPN-based
MIP membranes can be easily adapted for various analytes. We
demonstrated their effectiveness for the pre-concentration of diluted
samples of a number of endocrine disruptors and toxins: triazine
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herbicides, phenol, bisphenol A, mycotoxins, etc. The type of selectivity
of the affinity membranes can be varied by changing type of the func-
tional monomer used for the polymer synthesis. Estimation of binding
energy together with molecular dynamics data can provide synthesis of
artificial binding sites either with group or individual selectivity for
different purposes [27,35-43,49,59,60,63,65,68]. As a result, the MIP
membranes demonstrated selectivity comparable to the selectivity of
natural antibodies and receptors.

The composite MIP membranes obtained by the thin-layer modifi-
cation of the inert microfiltration supports with MIPs is another prom-
ising alternative to the traditional SPE adsorbents. Polypropylene,
polyamide, polyvynylidenefluoride, and cellulose microfiltration mem-
branes can be successfully modified with biomimetic polymer layers.
Surface modification normally provides the following degrees of modi-
fication with MIP layers: 670-1500 ug cm ™2 for modification procedure
from aqueous solutions and 50-800 pg cm ™2 for modification from
organic solvents [38,40-42]. Importantly, MIP modification does not
influence productivity of the inert microfiltration supports, which
comprises-12,000 1 M~ 2-h" L,

It was shown that the most important factors affecting the selec-
tivity of composite MIP membranes are the type and amount of the
functional monomer, as well as the cross-linking agent used for the
surface modification [38,40-42]. At the same time, in contrast to the
IPN-based affinity membranes, the composite membranes can be
developed not only for the templates soluble in organic solvents, but
also for the water-soluble target analytes. The adsorption capacity of
composite MIP membranes modified under optimized conditions
comprise 5-6.8 pg cm ™2, which corresponds to ~40% of the theoreti-
cally calculated value [38,40-42]. Both types of the porous MIP
membranes were shown to be effective in solid-phase extraction and
ensured effective preliminary concentration (up to 100 times) of
diluted samples of the target analytes.

6. Future outlook

Clear evidence of effectiveness of the computational modeling
approach for the design of affinity binding sites in the biomimetic
polymers, membranes and thin films were presented. Analysis of mo-
lecular dynamics data can provide synthesis of biomimetic polymers
with predictable properties (e.g. affinity and selectivity) towards a
number of target analytes with different chemical structures. Other
obvious benefits of biomimetic polymers are their low cost and rela-
tively easy, time-effective synthetic procedure, as well as significantly
higher stability as compared to their natural counterparts. Mainly, the
effectiveness of this approach was confirmed for the small organic
molecules that are of significant interest for environmental monitoring,
evaluation of water and food quality, and in diagnostics. The developed
versatile methods of the MIP membranes synthesis assume mild poly-
merization conditions. Moreover, generic methods of artificial binding
sites formation were developed for target analytes with different types of
solubility: for water-soluble ones and for those soluble in organic sol-
vents. This might provide in a combination with computer-aided design
further prospective for synthesis of the MIP membranes towards a
number of much more “sophisticated” biological molecules (proteins,
DNA, oligonucleotides, etc.) that are of significant interest for medical
diagnostics (e.g. genetic disorders, hereditary and infection diseases,
cancer, etc.) as well as development of smart biosensors for their
effective point-of-care detection. This might significantly improve
treatment of chronic diseases, provide effective early diagnostics, pro-
mote the development of personalized medicine, and, as a result,
decrease expenditures on medical care. Further investigation of func-
tioning of artificial receptor sites in biomimetic polymers using
computational modeling methods would definitely add to our under-
standing of molecular recognition phenomena.
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7. Conclusions

New principles and versatile methods of synthesis of receptor and
catalytic sites mimicking those of natural enzymes and receptors in the
structure of molecularly imprinted polymer membranes and thin films
were proposed. It is possible to highlight that the research objectives
have been successfully achieved and highly stable, selective and sensi-
tive biosensors for various applications of Analytical Biotechnology
were developed. Combination of molecular imprinting with computa-
tional modeling approach provides an effective method for synthesis of
artificial receptors with desirable selectivity (either with individual or
group selectivity) for a number of target analytes of various chemical
structure (herbicides, pharmaceuticals, metabolites, food toxins, etc.).
Porous MIP membranes with artificial receptor sites in their structure
can be successfully used as selective elements of electrochemical and
optical sensor devices for various “point-of-care” applications and as SPE
stationary phase for the effective pre-concentration of diluted samples of
target analytes.
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