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Hybrid molecularly imprinted polymers combine features of
molecularly imprinted polymers (MIPs) and other functional
components such as inorganic materials (e.g., nanoparticles),
which provides enhanced selectivity, stability, and reactivity.
This combination makes it possible to integrate benefits of MIPs
(specific binding of a molecular template) with those of other
materials such as high surface area, stability, and catalytic
activity. Recent advances in nanotechnology have improved the
production of new hybrid molecularly imprinted polymers, which
resulted in rapid growth of the use of hybrid MIPs in biomedicine.
Lately, the number of publications (including reviews) devoted
to both classic and hybrid MIPs has been constantly increasing;
however, none of the publications focuses on the preparation and
use of hybrid MIPs for medicine and their possible contribution
to this field. This review presents a detailed description of the
latest research advances in molecular imprinting technology with
the use of nanomaterials in diagnostics, therapeutics, and
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theranostics. The goal of the review is to provide a comprehensive picture of the diversity of currently available hybrid systems for

molecular recognition and their applications in biomedicine.
The bibliography includes 252 references.
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1. Introduction

Molecular recognition is in the focus of many researchers, since
it is fundamentally important for biological processes.® This
unique feature is inherent in molecularly imprinted polymers
(MIPs), synthetic analogues of natural antibodies that can
selectively bind various compounds such as metal ions,?>~8
organic molecules,®'* and biological macromolecules.?>~?!
Therefore, these materials are widely used in various fields of
biomedicine. Fast development of the molecular imprinting
technology began in the 1990s, and since then, the interest of
researchers in this subject has not declined.

Among recent scientific reviews, there are numerous works
that comprehensively consider the capabilities of molecular
imprinting. First of all, quite a few reviews describe the history
of discovery and development milestones of this subject and the
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position of MIPs among other types of macromolecular
compounds. In particular, these publications describe in detail
the principles of molecular imprinting, the mechanisms of
specific binding of target molecules, and methods for the
synthesis and characterization of imprinted polymers; they also
briefly highlight the properties and various application fields of
these materials, including biomedicine, ecology, and
biotechnology.??~2* Our paper considering the potential of these
materials in the context of biomedical applications was already
published in Russian Chemical Reviews;?® however, the current
progress of nanotechnology has brought about a new wave of
development of molecularly imprinted polymers, which
provides for improving the technology and increasing the
potential for practical application, namely, the possibility of
functionalization with various nanomaterials. In view of the
high promise of hybrid MIPs, publications addressing these
materials have already appeared in the scientific literature.
Fresco-Cala ef al.?6 focused attention on the main methods for
the production and structural properties of imprinted
nanocomposite materials and demonstrated various analytical
applications of these materials. In addition, there are studies
describing a particular type of hybrid MIPs and its possible
applications. For example, Ramin et al.?’ reported magnetic
molecularly imprinted polymers, with the key idea being to
describe an environmentally friendly green approach to the
production of nanoparticles (NPs) using various living systems
as well as fundamentals of this concept and application of
magnetic MIPs for analysis of natural, food, and biological
samples. The existing reviews follow a general trend towards
exhaustive description of various classic approaches to the
design of imprinted nanocomposites, while consideration of the
practical applications of these materials receives less attention.
This prevents readers from fully appreciating the capabilities
and potential of hybrid MIPs, particularly in a scientific area
such as biomedicine. Therefore, the goal of this review is to
provide a detailed account of the latest achievements in the field
of molecularly imprinted polymers functionalized with
nanomaterials meant for the development of modern specific
and effective diagnostic, therapeutic, and theranostic methods,
revealing the potential of currently existing hybrid systems for
molecular recognition.

2. Molecular imprinting concept

The technique of production of synthetic polymers containing
imprints of analyte molecules and capable of specific binding to
these molecules is called molecular imprinting. The foundations
of this concept were laid in 1931 by M.V.Polyakov,?® who
observed the ‘molecular memory’ effect for benzene in a
synthetic silica matrix. Over the next few decades, this field
developed and extended to include a wide range of polymer
materials.?® In 1973, Wulff et al.®° described polymer structures
acting as enzyme analogues. The term ‘imprinted polymer’ was
first mentioned in the publications by K.Mosbach and co-
workers3! and G.Wulff et al.,2 which appeared in 1984 and
1985, respectively. These researchers became the founders of
the molecular imprinting concept and the authors of its covalent
(G.Wulff) and non-covalent (K.Mosbach) approaches.
Subsequently, K.Mosbach’s studies made it possible to convert
molecular imprinting from a theoretical concept into a practical
tool used in various fields such as purification and isolation of
components from complex mixtures, detection of specific
analytes, selective catalysis of chemical reactions, and drug
delivery. In addition, Mosbach’s group was the first to

demonstrate that MIPs can indeed be used in immunoassays
instead of antibodies, which significantly expanded the potential
of this field.

Since the 1980s, the molecular imprinting technology has
rapidly developed. Over the past 40 years, MIPs have progressed
from a basic idea to a practically applied area, being developed
from laboratory production and use to a wide range of
biomedical, environmental, and chemical applications, including
the design of highly selective sorbents, drug delivery carriers,
and sensors. The elaboration of the molecular imprinting
technique can be conventionally divided into three stages.

1. From concept inception to technology shaping up (1980s
and 1990s). This period comprised an increasing number of
studies dealing with the preparation of MIPs for a wide range of
molecular templates using various functional monomers and
cross-linking agents. The obtained MIPs were mainly used as
effective tools for separation and purification of complex
samples.

2. Development of synthesis methods and improvement of
characteristics of MIPs (2000s). This period was marked by the
development of new approaches to polymerization, which
enabled the production of MIPs with a more controlled structure
and enhanced selectivity.®® In addition, the range of used
functional monomers has been expanded, which made it possible
to vary the physicochemical properties of the formed polymers
and to obtain MIPs for the solution of particular problems, e.g.,
biocompatible MIPs for biomedical applications.

3. Expansion of the scope of applications and entry into the
market (from the 2010s up to now). In recent years, there has
been rapid development of MIPs for biomedical applications
such as controlled drug delivery and development of biosensors.
The improvement of the methods of synthesis of imprinted
materials resulted in the fabrication of responsive MIPs capable
of changing their properties in response to external stimuli,
which opens up new prospects for the use in medicine.

Currently, the number of publications describing the design,
development, and use of molecularly imprinted polymers has
sharply increased, which reflects the maturity of this research
area and considerable interest of the scientific community.?

The idea of molecular imprinting is to prepare organic or
inorganic macromolecular compounds and polymer matrices
capable of recognizing molecules that were used as molecular
templates during the formation of the polymer backbone. The
structures of these polymers have binding sites capable of
specific interactions with target molecules or structurally similar
molecules. The recognition can be based on the shape or size of
the imprinted molecule or on reactions between functional
groups of the template and the polymer matrix.

The main characteristic of a molecularly imprinted polymer,
like that of natural recognition systems, is the selectivity of
binding to the analyte molecule. In various publications, the
selectivity of MIPs is evaluated by the imprinting factor or the
selectivity coefficient. It is noteworthy that the former value is
the ratio of binding efficiencies of the template to MIP and the
template to a reference non-imprinted polymer (NIP) in isolated
systems, while the latter is the ratio between the efficiencies of
MIP binding to the molecular template and to a structural
analogue (reference molecule). Either of these values can be
used to characterize molecular recognition using an imprinted
polymer.

The classic synthetic route to MIPs consists of three main
stages. In the first stage, called pre-polymerization, functional
monomers react with the molecular template to form a complex
(Fig. 1a). After that, a cross-linking agent and/or polymerization
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initiator is added to form a polymer with cavities defined by the
molecular template. In the final stage, the template molecule is
removed, resulting in a polymer material with imprinted cavities
that have a high affinity for the target compound.®-23-3* According
to the type of interactions between the molecular template and
functional monomers during the MIP preparation and secondary
template recognition, imprinting can be covalent or non-covalent
(involving covalent or non-covalent bonds, respectively). In
addition, there is also semi-covalent imprinting in which the
imprint is formed through the formation of covalent bonds
between functional monomers and the molecular template,
while the secondary binding is achieved through non-covalent
interactions.

Depending on the goals set, characteristics of the imprinted
polymer such as binding strength, selectivity, rigidity, porosity,
molecular weight, stability in the medium, and stimulus
sensitivity can be modulated using various approaches
(Table 1).%

While choosing a molecular imprinting approach in each
particular case, it is necessary to consider quite a few parameters
ranging from the size, structure, and properties of the template to
the intended subsequent application of the resulting material.
The covalent imprinting is preferred in the case where high
binding selectivity is required; however, this approach often
restricts the reusability of the material. If it is necessary to ensure

Table 1. Classification of methods for MIP synthesis.

Classification principle Nature of interactions Ref.

Nature of interactions Covalent 1,30,32,36-38
Noncovalent 1,31,39-44
Semi-covalent 1,29,45, 46

Position of template Bulk imprinting 47-50

imprints in a polymer Surface imprinting 47,51-56
Epitope imprinting 47,57-63

several cycles of reversible binding, it is better to use non-
covalent imprinting. Combining covalent binding for the stage
of imprinting and non-covalent recognition during the operation
is implemented in the semi-covalent imprinting technique,
which provides enhanced specificity of binding of target
molecules and improves the kinetic parameters of template
binding during recognition.

The choice of bulk, surface, or epitope imprinting usually
determines the size and properties of the molecular template:
bulk imprinting is more preferable for low-molecular-weight
templates, while surface imprinting is better for macromolecular
templates, including biomolecules such as proteins or even
whole cells. The epitope imprinting is implemented in the case
of high variability of the imprinted template or impossibility of
forming an imprint for the whole object.

Molecular imprinted polymers are prepared using a variety of
polymerization or polycondensation techniques. The most
widely used classic method is free radical polymerization of
functional monomers, the activation of which requires initiation
of the chain reaction by generating free radicals using initiators
that form free radicals upon action of heat or light.1:64 Radical
polymerization can be carried out under both homogeneous or
heterogeneous conditions. Molecular imprinted polymers can
also be obtained by copolymerization in which two or more
monomers are involved in the polymer formation. Alternatively,
it is possible to use controlled radical polymerization, class of
methods for polymer synthesis in which the radical
polymerization is carried out in such a way as to obtain polymers
with specified properties: controlled molecular weight, low
dispersity, and specific architecture (linear, block, star-shaped,
etc.). Unlike conventional radical polymerization, in which the
process is terminated randomly, in the case of controlled radical
polymerization, the active chain propagation centres are
deactivated, resulting in more regular polymers with a narrow
molecular weight distribution (low dispersity) and a clearly
defined structure, which is impossible with the classic free
radical mechanism.%4® In addition, MIPs can be formed by
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electropolymerization, in which polymers are synthesized under
the action of an electric current on the surface of an electrode.
The key features of electropolymerization include the possibility
of preparing polymers in thin films, with the structure and
properties of the polymer layer being controlled during the
synthesis by variation of electrolysis parameters, and the
preparation of metal—polymer composites by conducting the
process in the presence of metal salts, which increases the
conductivity and improves the electroanalytical properties of the
materials.

Methods that are now used most often to prepare MIPs are
based on heterogencous radical polymerization such as
precipitation polymerization,3>%-68 emulsion (miniemulsion,
microemulsion) polymerization,®67:69-71 and heterogeneous
seed  polymerization methods to give core—shell
structures. 35 67.72-74

In addition to the classic methods of MIP synthesis, an
alternative two-stage approach has been described (see Fig. 15).
According to this approach, the polymer is first dissolved in an
organic solvent and incubated together with the molecular
template to generate a specific interaction between them. After
drying of the solvent or polymer precipitation, the imprinted
compound is removed. In this case, MIP is formed via a change
in the polymer structure on going from the dissolved state to the
solid state.?>7>76 The cavities formed in the polymer material
are capable of specific interaction with the template molecules
to form a high-affinity complex with them. The benefits of this
approach include the absence of additional components such as
polymerization initiators or cross-linking agents, which
substantially reduces the probability of toxic effects, and that the
synthesis is cost-effective, technologically rational, and facile.

The diversity of approaches to the preparation of MIPs makes
it possible to select an optimal composition of the system
depending on the particular requirements. Owing to the
molecular recognition behaviour, MIPs can be compared with
natural structures that possess this feature.

2.1. MIPs as synthetic analogues
of antibodies and aptamers

Systems with molecular recognition behaviour are widely used
in fundamental and applied research owing to their ability to
selectively bind to various compounds that have a pronounced
biological significance. Natural recognition systems are
antibodies, while the most well-known synthetic nature-inspired
systems are aptamers, that is, synthetic nucleic acid molecules
(DNA or RNA) or small peptides.3>7” Being a highly diverse
class as regards chemical composition, MIPs may possess the
same key properties and can be quite competitive with natural
biopolymers.

Despite the different nature of MIPs and antibodies, their
comparison is appropriate, since the most important
biomacromolecules such as DNA, RNA, and proteins are
synthesized and programmed in biological systems in the
presence of a molecular template. Accordingly, the ‘synthetic
antibodies’ featuring a molecular fingerprint are prepared by a
method similar to biosynthesis. Furthermore, functional groups
in the ‘synthetic antibody molecules’ are spatially ordered;
therefore, a sort of recognition of the target compound by an
imprinted polymer takes place via dynamic change in the
conformation, which is also observed in the case of natural
antibody —antigen interactions.”®

The need to find and use alternative molecular recognition
techniques for various processes became most acute when

Table 2. Comparison of antibodies, MIPs, and aptamers.

Characteristics Antibodies MIPs NA-based
aptamers
Thermal stability Low High High
pH stability Low High Low
Chemical stability Low High Low
Physical stability Low High Low
Immunogenicity High - Low
Production cost High Low Medium
Production method Immunization Chemical Chemical
of animals synthesis synthesis
Batch variability High Low Low
Number of target Medium High High
molecules
Possibility of Low High High
functionalization

certain limitations in the application of natural platforms were
identified (Table 2).354479.80

Antibodies, most of all, monoclonal ones, have low stability;
this decreases the shelf life of products based on them and
requires continuous provision of storage and transportation
conditions such as cold chain supply and protection from light,
moisture, and temperature gradients.’” Conversely, MIPs are
stable over a broad range of conditions including pH,
temperature, pressure, and action of organic solvents. The
molecular imprinting technology is more versatile due to the
possibility of choosing from a wide variety of functional
monomers, providing recognition of a wider range of target
substrates than in the case of monoclonal antibodies (Fig. 2).
However, it should be notes that the use of MIPs in vivo may
face problems related to toxicity, immunogenicity, and clearance
that are not taken into account in the in vitro development and
upgrading by combining several MIPs, in some cases, for the
same analyte.

Comparison of MIPs with aptamers (mainly based on nucleic
acids) shows opposite binding affinity. For example,
development of MIPs targeting small molecules is currently a
relevant trend, whereas the selection of aptamers for small
molecules is a challenging task due to the absence of mass
transfer (the size difference between bound and free nucleic acid
molecules is insignificant) upon binding to a small molecule.
Also, MIPs can demonstrate non-specific binding, as incomplete
removal of the template after the synthesis is possible, and this
gives rise to false-positive results.80

The affinity and specificity of natural and artificial
recognition systems are difficult to compare directly. The
affinity and specificity of MIPs may be comparable to those of
antibodies and aptamers, but the properties of MIPs are more
dependent on the properties of the molecular template and
functional monomers and on the optimization of the imprinting
process. The MIP affinity can vary from moderate to very high
depending on how successfully the imprinting components
were selected and formation of 3D structure of the polymer
matrix mimicking the shape of the target molecule was
optimized.

Table 2 gives a qualitative comparison of various recognition
systems; however, it is noteworthy that direct comparison of
MIPs and antibodies is rarely presented in a single study.
Nevertheless, S.Piletsky’s research group & reported acomparison
of monoclonal antibodies for fumonisin B2 and L-thyroxine and
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polyclonal antibodies for glucosamine and biotin with analogues
based on hybrid molecularly imprinted polymers. For the
preparation of MIPs, molecular templates were immobilized on
the surface of SiO, NPs functionalized with 3-aminopropyl-
triethoxysilane (APTES). This was done by binding
glutaraldehyde to the amino groups of APTES and template to
give Schiff base, which was then selectively reduced with
sodium cyanoborohydride. Biotin was an exception, as it was
directly immobilized on the surface of SiO, NPs after its carboxyl
group was activated with water-soluble N-ethyl-N'-(3-dimethyl-
aminopropyl)carbodiimide (EDC/NHS). The MIP synthesis was
carried out in an aqueous medium using a monomer mixture
comprising N-isopropylacrylamide (NIPAM), N,N'-methylene-
bis(acrylamide) (MBA), N-tert-butylacrylamide (TBAM),
acrylamide (AA) (for all templates except for fumonisin B2),
and N-(3-aminopropyl)methacrylamide (for fumonisin B2) in
the presence of sodium persulfate initiator and N,N,N,N-
tetramethylethylenediamine (TMED) catalyst (Fig. 3a). The
control polymer was prepared using the same monomer
composition against an unrelated template, trypsin (the
imprinting factor was 2.5).
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Figure 3. Schematic diagram of the synthesis of MIPs (@) and en-
zyme-linked competitive assay involving HRP conjugates of the ana-
lyte and TMB detection (b).81
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An enzyme-linked competitive assay was used to compare
the efficiency of MIPs and antibodies. For this purpose,
conjugates of each target molecule with horseradish peroxidase
(HRP) were prepared by means of EDC/NHS coupling, targeting
the same functional group that was used for template
immobilization on the NP surface. The assay was carried out in
96-well microplates using 3,3",5,5-tetramethylbenzidine (TMB)
as the substrate for HRP (Fig. 3 b). The results are summarized
in Table 3.

As can be seen from the presented data, in almost all cases,
the performance of MIPs was not inferior, or even superior, to
that of antibodies. These studies show that the hybrid MIPs can
compete with antibodies in analysis of at least small-molecule
templates.

Pang et al.3? clearly demonstrated the competitiveness MIPs
relative to natural molecular recognition systems for the
diagnosis of cancer, due to determination of the relative
expression level of the pathological form of a-fetoprotein. The
authors paid attention to determination of the precise
glycosylation status of protein biomarkers, which is of great
importance for accurate and early diagnosis of cancer. In relation
to o-fetoprotein as a glycoprotein biomarker, the authors
proposed a new approach based on MIPs, which demonstrated a
higher selectivity and affinity for the imprinted compound
compared to the classic method involving the use of antibodies
and lectins. The strategy was based on triple recognition of the
used biomarker by different types of MIPs in a single detection
system using plasmon-enhanced Raman scattering. In particular,
the imprinted polymer for the N-terminal a-fetoprotein epitope
was formed on glass coated with Au NP monolayer, whereas the
MIP coating for the C-terminal epitope was deposited on silver
NPs with Raman reporter 1. 3-Aminopropyltriethoxysilane,
ureidopropyltriethoxysilane,  isobutyltriethoxysilane,  and
tetraethoxysilane (TEOS) in 10:20:40:30 ratio were used as
functional monomers. Furthermore, the o-fetoprotein form

Table 3. Comparison of antibodies and MIPs.8!

MIP-based assay Antibody-based assay

Analyte limit 'of lincar limit'of lincar
detection, range. pM detection, range. DM
Biotin 1.2 0.1-30 2.5 0.1-103
Fumonisin B2 6.1 1-10* 25 1-103
Glycosamine 0.4 0.1-10° 0.3 0.1-10*
L-Thyroxine 8.1 1-104 17.5x10%  10°-10°
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expressed in hepatocellular carcinoma has one glycosylation site
that mainly consists of fucosylated glycans. Therefore, using
boronic acid-based oriented surface imprinting, the authors also
prepared MIP for the fucose residue on the surface of silver NPs
with Raman reporter 2, which has characteristic peaks different
from those of reporter 1. The Raman signal from reporter 1
corresponding to the total a-fetoprotein level in the blood serum
and the signal from reporter 2 characterizing the level of
fucosylated glycans of a-fetoprotein were subject to plasmonic
detection. The relative level of expression of fucosylated
glycoforms in relation to the total level of a-fetoprotein served
as a reliable marker of cancer in patients. A comparison of the
proposed system with the classic method demonstrated that the
approach based on natural recognition elements showed a high
level of cross-reactivity towards other monosaccharides (not
less than 35.7%), whereas in the case of MIPs, the cross-
reactivity did not exceed 16% in all cases. In addition, the
proposed synthetic platform demonstrated increased accuracy
compared to classic immunofluorescence assay; this proves the
potential of this system for early diagnosis of diseases.
Comparison of MIPs and natural molecular recognition
techniques unambiguously indicates that the ‘synthetic
antibodies’ proved to be efficient owing to their benefits such as
reproducibility, high speed, and relative cost-effectiveness of
the synthesis, high stability, and resistance to organic solvents.
In addition, functionalization of MIPs with various nanomaterials
bring about additional physicochemical properties (e.g.,
magnetic or photochemical properties) and expands the scope of

applicability of imprinted polymers for biomedical
purposes.®-11:13.14.19,52,54,63,83

2.2. Nanosized MIPs and their functionalization
with inorganic nanomaterials

Molecularly imprinted polymers can be manufactured in various
forms such as films, membranes, hydrogels, microparticles, or
nanoparticles. The decades of studies demonstrated high
efficiency of nanosized MIPs compared with their macroscopic
analogues. In the case of macroscopic materials, performance
decreases due to poor accessibility of interior binding sites for
the molecular template. For the same reason, complete removal
of the template is also complicated in the case of bulk MIPs.8
Conversely, nanosized materials have a number of advantages,
including a high surface area-to-volume ratio, accessibility of the
imprinted cavities and, as a result, easier removal of the molecular
template, and improved recognition capability.”

The achievements in nanoparticle synthesis and in the
production of hybrid MIPs have made it possible to overcome
the drawbacks of the finely divided bulk MIPs used by Vlatakis
et al*® The solid-phase approach using immobilized templates
allows for the successful production of hybrid MIPs in both
organic and aqueous media. Nanoparticles are chosen on the
basis of their affinity for the template, and the synthesis can be
scaled up and automated. Nanoparticles can be additionally
modified by forming functional surface layers that alter the NP
properties and improve characteristics and molecular recognition
performance of the resulting hybrid MIPs.

By combining MIPs with various nanomaterials, it is possible
to take advantage of the benefits of all components and obtain
systems featuring enhanced performance and new functional
capabilities. Despite the fact that the term ‘nanomaterials’ is
broad and covers various types of structures,® we focus attention
on inorganic NPs, which are used most often to functionalize
MIPs. Among the most studied and widely used nanoparticles,
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Figure 4. Various types of inorganic NPs in combination with nano-
sized MIPs and their possible biomedical applications.

Table 4. Types and properties of the most common inorganic NPs
used for MIP functionalization.

NPs Main properties Ref.
Au Localized surface plasmon resonance  86—104
Radioactivity ('8Au, 1 Au) 86, 105-112
High X-ray absorption coefficient 86, 113-118
Formation of stable chemical bonds 86, 119
with N- and S-containing groups
Catalytic activity 86, 120—124
Biological activity 39, 86,
125-127
Fe;04 Superparamagnetism 128—-133
High magnetic susceptibility 132,
134-136
SiO, Versatility with regard to various 137-142
surface modification protocols
Concentration of silanol groups 137,
143-146
Carbon and  Tunable photoluminescence 147-157
graphene Upconversion photoluminescence 151,
quantum (multiphoton excitation) 158-162
dot-based | hemilumi
articles Electrochemiluminescence 151,
p 163-165

one can distinguish gold (Au NPs), iron oxide, and silica
nanoparticles as well as carbon (CQDs) and graphene quantum
dots (Fig. 4).8% The most important properties of these materials
are summarized in Table 4.

It is noteworthy that the behaviour of particular inorganic
NPs depends appreciably on their characteristics such as shape,
size, morphology, and dispersity. The size of NPs can be
responsible for some of their properties such as the plasmonic
properties of Au NPs (1-100 nm), fluorescence properties of
quantum dots (1—10 nm), magnetic properties of iron oxides
(2-50 nm), and sedimentation stability (1—100 nm). The
similarity of the size of nanomaterials to the size of biological
systems such as ion channels (<1 nm in diameter), membranes
(3-8 nm), lipid rafts (<50 nm), endocytic vesicles (60—120 nm
in diameter), viruses (from nano- to microscale), and protein
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microstructures (from nano- to microscale) provides the
possibility of effective development and implementation of
nanomaterials for medicine. The range of possible biomedical
applications for NPs includes the following:

— detection of single biomolecules;

— bioimaging;

— penetration of nanomedicines through the cell membrane;

— prevention of lysosomal/endosomal degradation of
nanomedicines.

However, the use of inorganic NPs in biomedicine requires
particular attention to their characteristics, because additional
requirements are imposed on the materials in this case, e.g.,
biocompatibility, the lack of toxicity, chemical inertness, and
colloidal stability.166-16% The development of nanoparticles for
biomedical applications includes

— chemical synthesis of NPs of various sizes;

— functionalization of the NP surface;

— investigation of the effect of NP size on biochemical and
biophysical processes;

— the choice of optimal size for biomedical applications.

The combination of inorganic NPs and MIPs, that is, the
formation of hybrid molecularly imprinted polymers can be
accomplished using various approaches that include
encapsulation of nanomaterials in a polymer matrix during or
after polymerization and surface modification of NPs for better
compatibility with MIPs. The formation of hybrid MIPs during
the synthesis (in situ) is achieved by addition of NPs into a
solution of functional monomers followed by polymerization to
give MIPs. It is possible to use NPs with immobilized molecules
as templates for the formation of pores in MIPs. The removal of
NPs leaves structures in the polymer matrix that can subsequently
adsorb target molecules, thus improving the MIP performance.
The surface of inorganic NPs can also be modified towards the
formation of bonds with MIP by treatment with a molecular
template during imprinting or by conducting post-polymerization
modification. Among the most widely used structures of hybrid
materials, one can distinguish those with uniform distribution of
NPs within the polymer and core—shell structures in which NPs
serve as the core and MIP is the shell.

The use of inorganic NPs for the formation of hybrid MIPs
dictates the need to ensure reliable attachment of the polymer.
Depending on the chemical composition of inorganic materials,
different approaches are required for functionalization of the
polymer component. One approach includes modification of the
surface of inorganic NPs with various bifunctional molecules
capable of binding to both the inorganic surface and the polymer,
i.e., an additional organic layer is formed on the surface. An
alternative approach implies the presence of functional groups
in the inorganic component for chemical binding to the polymer
surface.®

The possibility of using inorganic NPs to design composite
materials based on MIPs opens up new opportunities for the use
of these systems to solve various biomedical problems such as

isolation of biomolecules, diagnosis, therapy, drug delivery, and
theranostics. Knowledge of the properties of inorganic NPs
helps to make a choice in favour of a definite type of NPs
depending on the particular problem.

2.3. Biocompatibility and in vivo efficiency
of hybrid MIPs

An important characteristic that should be taken into account for
the use of any material in vivo is biocompatibility, that is, the
absence of unfavourable effects on healthy cells and tissues. In
the case of hybrid MIPs, this characteristic depends on the
chemical composition of both the polymer matrix and the
inorganic NPs, as the complexity of the system can increase the
number of possible side effects.

New materials are typically tested for biocompatibility
in vitro using various cell lines. The toxic effects are evaluated
depending on whether or not the system under study induces cell
death. The cytotoxicity concept is tightly connected to certain
aspects such as inflammatory response, changes in the natural
morphology and functions of cells, and the overall impact on
cellular metabolism.170

In a recent study, Peng et al.1"* reported the development of a
hybrid MIP capable of active tumour targeting and providing the
possibility of simultancous delivery of the photosensitizer
chlorin e6 and the anticancer drug doxorubicin (Fig. 5). The
resulting composite was a core—shell polymer nanomaterial, in
which gadolinium-doped SiO, NPs and an added photosensitizer
acted as the fluorescent core, while the imprinted polymer layer
for molecular templates such as doxorubicin and the epitope of
CD359 protein, which is overexpressed in many cancer cells,
served as the outer shell. The functional monomers were
NIPAM, TBAM, and AA; the imprinting factor was 5.46.
Owing to the fluorescent core, the resulting hybrid MIPs were
applicable for fluorescence imaging and MRI. The authors
achieved a synergistic therapeutic effect owing to the fact that
chlorin e6 is able to generate toxic singlet oxygen under the
action of laser radiation at 655 nm to kill cancer cells. The
possibility of doxorubicin release in the acidic microenvironment
of a tumour was studied by placing hybrid MIPs in neutral
(pH 7.4) and acidic (pH 5.5) solutions, which resulted in a total
drug release of 4.6% and 27.4%, respectively. This demonstrates
the potential of the obtained nanocomposite for targeted release
of an anticancer drug. The internalization and targeting and
therapeutic efficiency were evaluated using the MCF-7 cell lines
(overexpression of CD59) and LoVo (low expression of CD59).
It was shown that hybrid MIPs had high penetration efficiency
and higher cytotoxicity and had a synergistic effect on cancer
cells compared to the effect of monotherapy. The cytotoxicity
was evaluated in vitro using two cell lines, while biosafety and
histocompatibility were investigated in vivo using histo-
pathological analysis. The testing showed that the developed
hybrid MIPs have biocompatibility and minor side effects (the

doxorubicin <€
TEOS, MPS epitope @& 1 -
_—
) functional
chlorin E6 monomers

Gadolinium-doped
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removal \
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R E——

Figure 5. Schematic diagram of the synthesis of hybrid MIPs based on fluorescent NPs against doxorubicin and epitope of CD59 protein.t’*
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cell viability in the presence of MIPs was markedly higher than
80% even at a high concentration of 1000 pg mL™).

In another study, Boitard e al.*"? addressed the influence of
polymer coating of hybrid MIPs on the intracellular degradation
of y-Fe,O5 NPs, as this issue was directly related to the possible
accumulation of this material in organs and tissues. As the
molecular template, the authors used green fluorescent protein,
which is absent in cells or in the culture medium; therefore, the
observed effects could be attributed only to the presence of the
imprinted polymer rather than to particle binding to any cellular
structure. The biocompatibility and degradation experiments
were conducted in a buffer solution simulating the internal
medium of lysosomes using the PC3 prostate cancer cell line
and a model of cartilage tissue formed by differentiated human
mesenchymal stem cells. These cells serve as a biocompatibility
standard, as they are highly sensitive to any toxic extracellular
perturbations. According to the results, the hybrid material is

biocompatible and the polymer coating does not markedly affect
the degradation of maghemite NPs or cellular internalization;
therefore, this material can be considered for clinical use.

For biomedical applications of hybrid MIPs, it is important to
consider one more factor, that is, endocytosis by macrophages,
as excess endocytosis reduces the number of circulating
particles. Dong et al.1"® reported a hybrid MIP with fluorescein
isothiocyanate-doped fluorescent SiO, NPs meant for blocking
the signalling pathway of HER2, which is overexpressed in
some types of breast cancer cells, via binding to HER2 glycans
(Fig. 6). HER2 is a glycoprotein containing seven N-glyco-
sylation sites in the extracellular domain. All N-glycans were
obtained, purified, and used as templates for imprinting (Fig. 7).

The nanocomposites were obtained by oriented surface
imprinting using boronic acid. The cytotoxicity of the obtained
MIPs was evaluated using normal mammary epithelial cells
(MCF-10A). The high biocompatibility of hybrid materials was
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Figure 6. Schematic diagram of the blocking principle of the HER2 signalling pathway through receptor binding to MIPs.1”® Copyright 2019,
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demonstrated. The in vitro experiments carried out with SKBR-
3 (overexpression of HER2) and MCF-7 (low expression of
HER?2) cell lines showed that MIPs are selective to cells that
overexpress the imprinted receptor and that they inhibit tumour
cell proliferation by 30%. The nanocomposite uptake by
macrophages was evaluated. The results attest to endocytosis of
a minor amount of MIPs by immune system cells. According to
in vivo tests in mice, the average tumour volume in the group of
mice that received the hybrid material was only about half the
tumour volume in the untreated group. The data presented in this
study indicate that this hybrid system could serve as an effective
strategy for combating breast cancer. Despite the fact that the
issue of biocompatibility of MIPs and nanocomposites based on
them has long remained poorly addressed, numerous studies
along this line have been carried out in the last decade and the
methods of synthesis were advanced and improved to provide
the absence of toxicity of the imprinted material. These results
attest to the possibility of the safe use of hybrid MIPs for the
development of new biomedical tools.

3. Hybrid MIPs and their application
in biomedicine

3.1. Diagnostics

The development of new diagnostic platforms is an actively
developing trend of biomedicine, which opens up new prospects
for highly sensitive and specific detection of a broad range of
analytes and, as a consequence, for the fight against many
socially important diseases.

Modern diagnostic systems are based on analytical methods
of molecular biology and bioorganic chemistry such as
chromatography, enzyme-linked immunoassay, hybridization
analysis, enzymatic approaches, and various imaging methods,
including radiology and ultrasound examination. Most often,
specific interaction is provided in these systems by using
biological molecules such as antibodies, enzymes, and receptors
that possess molecular recognition properties, which accounts
for the wide use of these molecules in biosensors. The use of
these approaches ensures high reliability and sensitivity of the
results. Although natural recognition elements possess high
affinity for their targets, their practical use is markedly limited
because of high sensitivity to the environmental conditions and

low stability. Meanwhile, synthetic MIPs can act as alternative
recognition elements free from these drawbacks (Section 2.1).174
Therefore, there is now considerable interest in the development of
inexpensive methods for accurate and fast diagnosis of target
analytes, including devices with high selectivity. The development
of highly stable synthetic platforms mimicking the capabilities
of natural analogues is very relevant today.1”®

The advances in the study of hybrid polymer materials and
their applications in nanotechnology induced the emergence of a
research area focused on molecularly imprinted polymer
sensors. The increasing interest in these materials is due to their
benefits associated with specific action of the recognition
element provided by the imprinted component and with the
possibility of choosing the most appropriate method for signal
detection owing to diversity of inorganic components and their
properties. The affinity and selectivity of imprinted systems are
comparable to those of natural receptors. MIP stability and
resistance to environmental conditions are many times greater
than those of natural biomolecules. Due to the ease of synthesis,
preparation of the receptor for a particular analyte can be much
faster than, for example, isolation of an antibody. Certainly,
mention should be made of the versatility of this approach for
virtually any molecular template and easy adaptation to practical
applications such as various types of analysis and sensors
(Fig. 8).17

The first attempts to use imprinted polymers in sensor
applications were made in 1992. Since then, a huge number of
papers on the use of MIPs in various detection systems have
been published, indicating growing interest in this field and its
high promise (see, for example, a review !7°).

In recent years, studies have mainly focused on the
development of electrochemical and optical platforms based on
hybrid imprinted materials.'’"-1"® A pronounced increase in the
sensitivity of these diagnostic systems can be followed: the
sensitivity reaches pico-, femto-, and even attomolar
concentrations of the analyte.17%180

Recently, Majd and co-workers® succeeded in the
development of a highly selective and sensitive hybrid diagnostic
system, which included aptamer and molecularly imprinted
components, with a limit of detection of 3.0 aM. The goal of the
work was to fabricate a platform for early diagnosis of breast
cancer based on the detection of the breast cancer susceptibility
gene 1 (BRCA1) (Fig. 9). The synergistic effect was achieved
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Figure 8. General schematic diagram of the diagnostic process using MIP-based sensor platforms.
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Figure 9. Schematic diagram of synthesis of the hybrid aptasensor with a molecular imprinted layer to detect BRCA1.180

by using insulin-stabilized Ag and Au NP-containing bimetallic
nanocluster as the inorganic component, on which aptamer
probes and a molecularly imprinted layer were immobilized.
o-Phenylenediamine was used as a functional monomer, and
BRCAI1 single-stranded DNA target sequence acted as the
template to form an aptamer—MIP hybrid detection system. The
analytical characteristics of the produced sensor system were
studied to determine the target complementary single-stranded
DNA; the obtained results revealed the sensitivity of the hybrid
material in the linear range from 10 aM to 1 nM. In this case, a
combination of molecular imprinting technology with highly
sensitive electrolyte-gated molybdenum disulfide field-effect
transistor (FET) was demonstrated. Owing to the semiconductor
nature, FET biosensors provide a high level of detection of
biological objects, while combination of this sensor with the
MIP- and aptamer-based hybrid sensing element provides
selectivity of the proposed platform. The selectivity of the
aptasensor to the template sequence was confirmed by
conducting experiments with a single-stranded DNA fragment
differing from the target sequence by one base; a very high
selectivity of the hybrid material with a coefficient of 12.28 was
demonstrated. The analytical applicability and accuracy of the
proposed diagnostic platform was evaluated by detecting a
complementary sequence in a real blood serum sample from a
healthy person after addition of the target template. Under these
conditions, the detection limit was calculated as 6.4 aM, which
attests to correctness and accuracy of operation of the molecularly
imprinted hybrid as well as to the possibility of using this hybrid
for diagnostic purposes.

Moving beyond laboratory experiments to the practical use
of MIP-based detection platforms on real samples occurs more
and more often. Wang and co-workers'”” developed a simple
and effective approach to the fabrication of test strips based on
dual-emission fluorescent molecularly imprinted polymeric NPs
for the colorimetric detection of the dopamine neurotransmitter
in blood serum (Fig. 10). As compared with the conventional
detection methods, the paper sensors can provide fast and
convenient visual on-site analysis without the use of expensive
tools or devices.

The system comprised two types of quantum dots with
different colour emission: blue carbon quantum dots were
embedded in an SiO, NP-based inorganic core to maintain a
constant fluorescence intensity, while red CdTe quantum dots
were incorporated into the imprinted polymer shell and served
for recognition of dopamine based on fluorescence quenching
upon binding of the molecular template and change in the colour
of hybrid emission. Acrylamide and 4-vinylphenylboronic acid
served as functional monomers. The proposed test strip clearly

revealed the colour differences for dopamine concentrations
from 50 to 1200 nM, which attests to relatively low limit of
detection of the analyte with the naked eye (80—150 nM). The
selectivity of the obtained MIPs was investigated in experiments
with structural analogues such as catechol, gallate, levodopa,
quinone, noradrenaline and glutamic and y-aminobutyric acids.
It was shown that the fluorescence quenching efficiency was
much higher upon binding to dopamine than to analogues. The
anti-interference ability of nanocomposites, which is necessary
for their practical use, was studied by testing the efficiency of
fluorescence quenching in the presence of excess amounts of
physiologically common ions, proteins, and saccharides. The
results showed no significant interfering effect of these
components. When a test strip was used to determine dopamine
in a human blood serum sample, the obtained results were
similar to the results of high-performance liquid chromatography,
which confirms the efficiency and reliability of this approach.

Diagnostic platforms based on molecularly imprinted
polymers have attractive physicochemical properties and can
serve to detect target molecules at relatively low concentrations
in complex samples, which indicates a promise of using the
molecular imprinting concept in the design of diagnostic tools.
In turn, the relative simplicity and economic feasibility of the
synthesis of MIPs make it possible to implement the huge
potential of MIPs as accessible and robust analytical devices and
to scale up the MIP production. This would enable better and
faster detection of various analytes. The diversity of diagnostic
systems based on hybrid imprinted materials is demonstrated by
examples summarized in Table 5.

Apart from the rapid progress in the development of
diagnostic tools based on hybrid MIPs, numerous studies aimed
at the preparation and comprehensive investigation of therapeutic
platforms using imprinted nanocomposites appeared in the last
few years. The interest of researchers in these systems is due to
the convenience and ease of handling MIPs, diversity of
approaches to MIP production, and the possibility of component
optimization and modification for the fabrication of high-
performance and multifunctional therapeutic systems. In view
of the relevance and intensity of development of this area, the
next part of the review is devoted to the use of hybrid MIPs as
therapeutic platforms.

3.2. Therapy

As mentioned above, MIP-based hybrid nanomaterials attract
considerable attention of researchers owing to effective
combination of biomimetic recognition of the imprinted material
with unique properties of NPs. The use of such nanocomposites
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Figure 10. Schematic diagrams of synthesis of MIPs («) and detection of dopamine (b) using MIP-based test strips.!”” Copyright 2018, Wiley.

in the therapy requires that a number of important criteria be
met, including the ability to bypass the reticuloendothelial
system during circulation in blood stream and the possibility of
active targeting and/or controlled release of drugs. Fulfilment of
these requirements ensures optimization of therapeutic efficacy
with minimized side effects.

Currently, the possibilities of application of the molecular
imprinting concept in therapy are versatile. The use of medicinal
agents as molecular templates makes it possible to use hybrid
MIPs as drug carriers. Meanwhile, nanocomposites themselves
can act as therapeutic platforms by regulating cell signalling
pathways without the use of any medications. Moreover,
imprinted materials can integrate quite a few functions in a
single system and thus form a potent and versatile tool for
synergistic therapy.?*?

3.2.1. Drug delivery

The potential use of MIPs for drug delivery was first reported in
1998.213 In this study, the imprinted polymer was formed using
MAA, while EGDMA served as the cross-linking agent. The
resulting MIP could selectively recognize the anti-asthmatic
drug theophylline in comparison with the structurally similar
caffeine. In addition, the possibility of gradual drug release was
described. This study paved the way for in vivo application of
MIPs and served as a starting point for acknowledging these
materials as promising platforms for the delivery of therapeutic
agents. Since then, numerous studies appeared describing
versatile applications of MIPs, including hybrid ones, in this
field,3446,170,214,215

Unlike other nanocarriers the surface of which needs to be
modified with targeting ligands, MIPs contain such moieties

from the very beginning as sites formed for the specific binding
of the target compound. Furthermore, owing to intermolecular
interactions such as hydrogen bonds and hydrophobic, dipole—
dipole, and ionic interactions between the molecular template
and functional groups of the polymer, it is possible to increase
the stability or solubility of the drug, as well as regulate the
release kinetics.®

The nature of the molecularly imprinted template plays the
crucial role in the drug release, and the drug release mechanisms
can be quite complicated. Here, one can consider ways to
regulate the release of the drug from the polymer by using
systems with varying swelling ratios. For example, hydrogels
with a low degree of cross-linking and a high swelling ratio can
be combined with rigid polymer networks that are not prone to
swelling.?16 In this type of systems, relaxation of the polymer
matrix controls the penetration of physiological fluid into the
polymer network, while transport is described by Fick diffusion
laws. A possible mechanism consists in the drug release in
response to various stimuli (heating, pH change, exposure to
electric or magnetic field, or enzymes) that bring changes into
the polymer structure or the strength of interactions between
functional groups of the polymer matrix and the molecular
template. Most often, this mechanism is implemented in hybrid
MIPs that use integration with materials that disclose their
additional properties.170.214.217

3.2.1.1. pH-responsive drug release

The release of therapeutic molecular templates in response to a
change in the acidity of the medium is a key method of stimulus-
responsive delivery of therapeutic agents. For example, pH-
dependent drug release may be appropriate for the treatment of



Table 5. Application of hybrid MIPs in diagnostic systems.

Type of NPs Functional monomer Molecular template Principle of analysis, diagnostic tool Limit of detection Test samples Ref.
CNTs 4-Vinylphenylboronic acid a-Fetoprotein Nanosensor for the determination of glycoproteins 1 ng mL~! Complex samples, 181
including serum

Fe;O4 NPs Pentaerythritol tetrakis(3- Trisaccharide Optical blood typing based on specific factors - Blood 182
mercaptopropionate), methacrylic Gal-a-1,3(Fuc-a-1,2)Gal rather than whole red blood cells
acid (MAA), trimethylolpropane
trimethacrylate

CQDs/Si0, NPs Methylenebisacrylamide, AA, Dopamine Test strips for colorimetric imaging (100-150)x10° M Biological fluids 177
4-vinylphenylboronic acid

Magnetic cluster ortho-Aminothiophenol Bilirubin Electrochemical sensor for detection of neonatal 1.36 pM Saliva, blood serum 179

based on MWCNTs, jaundice

Fe,O; NPs, and Au

NPs

Fe;04 NPs/Au NPs  Tannic acid Prostate-specific antigen Surface-enhanced Raman spectroscopy sensor for 0.9 pg mL™! Blood serum 183

the detection of cancer biomarkers

CQD APTES Promethazine hydrochloride Optical sensor 0.5 pmol L1 Blood serum 178

SiO, NPs AA, MBA, MAA, 2-(Bimethyl- Chicken egg white Recognition material for quality analysis 0.5 mgmL"! Physiological saline 184
amino)ethyl methacrylate lysozyme and regulatory control in food matrices solution

SiO, NPs MAA Amlodipine besylate Biomimetic recognition 4.67 ng mL™! Aqueous solution 185

SiO, NPs MBA, acrylic acid (AAc), TBAM,  Ciprofloxacin Method for determination of fluoroquinolone 0.2 ugmL! Urine 186
NIPAM antibiotics

Fe;O, NPs 1-Vinyl-3-aminoformylmethyl- Lysozyme Adsorbent for isolation of proteins - Aqueous solution 187
imidazolium chloride

CQDs NIPAM, 4-vinylphenylboronic acid  a-Fetoprotein Biomimetic fluorescent nanosensor for detection of 0.474 ng mL~! Blood serum 188

tumour biomarkers
Au NPs/graphene  3,4-Ethylenedioxythiophene Human epidermal growth Biomimetic sensor for detecting cancer biomarkers 0.43 ng mL"! Blood serum 189
factor receptor 2 (HER2)

Fe;04 NPs Itaconic acid, allylamine, fluorescein Leukotrienes, insulin Assay in magnetic microplates 0.73 pM for Urine and blood plasma 190
for leukotrienes; ethylene glycol leukotrienes and
methacrylate phosphate, NIPAM, 27 pM for insulin
MBA, allylamine, itaconic acid,
fluorescein for insulin

GO Phenyltriethoxysilane, Ovalbumin Biomimetic electrochemical sensor for 0.02 pg mL! Chicken and quail eggs 191
tetramethoxysilane glycoproteins

Fe;0,@SiO, NPs  MAA, AA Pyocyanin Detector for Pseudomonas aeruginosa - Sputum 192

Fe;0,@Si0, NPs  Methyl methacrylate, ethylene Tumour necrosis factor Electrochemical sensor for biomarkers of neonatal 0.01 pM Phosphate buffer 193
glycol dimethacrylate (EGDMA) (TNF-0) sepsis

SiO, NPs doped APTES Metronidazole Optical nanosensor 0.15 uM Blood plasma 194

with graphene

quantum dots

Au NPs 4-Vinylphenylboronic acid Carcinoembryonic antigen  Surface-enhanced Raman scattering for detection 0.1 ng mL! Blood serum 195

of glycoproteins
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Table 5 (continued).

Type of NPs Functional monomer Molecular template  Principle of analysis, diagnostic tool Limit of detection Test samples Ref.
Fe;0, NP/GO/Au NP MAA, MBA Epinephrine Electrochemical sensor 5nM Urine and blood 196
composite
Fe;0, NP/GO/AgNP  AA Quercetin Electrochemical sensor 13 nM Pharmaceutical samples 197
composite
Fe;O4 NPs 4-[(4-Methacryloyloxy)phenyl-  Paracetamol Electrochemical sensor 0.43 umol L! Urine 198
azo]benzenesulfonic acid
Bimetallic nanocluster  o-Phenylenediamine Biomarker of the BRCA1 Aptasensor for detection of the BRCA1 6.4 aM Blood serum 180
Ag NPs/Au NPs gene gene
MWCNTs MAA Norfloxacin Electrochemical sensor for pharmaceutical 1.58 nM Pharmaceutical samples, 199
analysis and clinical monitoring rat plasma
MWCNTs Aniline Metronidazole Electrochemical sensor 0.48 nM Blood serum, urine 200
functionalized with
CuCo,04 NPs
MWCNTs Aminopropyltrimethoxysilane  Tinidazole Electrochemical sensor 1.25 pmol L™! Pharmaceutical samples, 201
blood serum, urine
MWCNTs Cysteine Ceftizoxime Electrochenmical sensor 0.1 nmol L™! Blood serum, urine 202
GO, Au (nanowire) Aniline Cefixime Electrochemical sensor 7.1 ;M Blood serum, urine 203
GO, ZnFe,04 NPs N-vinylcaprolactam, MBA Ciprofloxacin Electrochemical and optical sensor 0.39 pg L' for the electro- Blood serum, blood 204
chemical component and
0.40 pg L~! for the optical
component
Fe;O4 NPs/ Methyl acrylate Prostate-specific antigen,  Electrochemical sensor for simultaneous 5.4 pg mL! for the antigen and Blood serum, urine 205
MWCNT/GO myoglobin detection of two target analytes 0.83 ng mL~! for myoglobin
Magnetic nanocluster ~ 4-Carboxyphenylboronic acid ~ Cancer markers CA125 Fluorescent sensor for simultaneous detection 50 pU mL! Blood serum 206
GO/Ni NPs/Cd NPs and CA15-3 of two target analytes and breast cancer
screening
Au NPs Dopamine a-Fetoprotein Differential pulse voltammetry-based sensor 0.81 pg mL™! Blood serum 207
Au NPs/GO-based Nicotinamide Dopamine, chlorpromazine Electrochemical sensor for simultaneous 0.25-2.8 nM Blood serum, urine, and 208
quantum dots detection of two target analytes pharmaceutical samples
CdTe quantum dots 3-Aminophenylboronic acid Sialic acid, fucose, System for multiplexed cancer cell imaging - Phosphate buffer 209
mannose
CQD (4-acrylaminophenyl)(amino)  Glucuronic acid Optical imaging of biomarkers on the surface - Phosphate buffer 210
methaniminium acetate (AB), of cancer cells
methacrylamide
SiO, NPs (4-acrylaminophenyl)(amino) D-glucuronic acid Fluorescent nanogel for intracellular location - Phosphate buffer 211

methaniminium acetate (AB),
rhodamine, NIPAM

(hyaluronic acid epitope)

and detection of target molecules
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certain cardiovascular pathologies due to changes in blood
serum acidity and for the treatment of cancerous tumours, since
almost all tumour tissues are characterized by low pH (5-7).
These pH values can be used to cleave acid-labile bonds in an
imprinted delivery system formed between a molecular template
and a functional monomer or covalent bonds of a cross-linked
polymer network. Polymers that respond to a change in pH are
polyelectrolytes in which functional groups are protonated or
deprotonated upon a change in the acidity, thus inducing a
change in the swelling ratio. As aresult, the globule conformation
is converted to a coil because of the electrostatic repulsion of the
generated charges. The sensitivity to the pH value is induced by
basic functional groups of the polymer such as amine and
morpholine groups and pyridine and piperazine residues
(Fig. 11a) or by acidic functional groups including carboxylic,
phosphonic, boronic, and sulfonic acid residues (Fig. 11b).
Various vinyl monomers containing the above groups are often
used to provide for the pH lability of polymers. Thus, the
medicinal agent is selectively released from the pH-responsive
polymer matrix only around the target site in an acid medium.-

Using thermodynamic calculations of the dynamics of
interaction between a drug, a monomer, and a solvent, Talavat
and Giiner?® predicted the structure of hybrid MIP based on
Fe;0, NPs for the delivery and controlled released of the
anticancer drug 5-fluorouracil. Relying on the obtained results,
the authors chose 4-vinylpyridine (4-VPy) and AAc as the
optimal monomers. The results of high-performance liquid
chromatography demonstrated that the rate and degree of release
of 5-fluorouracil was higher at pH 5.8 than at the biological
pH 7.4, which was favourable for the selective drug release in
the tumour microenvironment. A comparison of magnetic MIPs
containing different functional monomers demonstrated that the
release rate was higher for the hybrid material containing 4-VPy
than for MIP consisting of acrylamide: in the former case,
approximately 90% of the drug was released within 30 days at
pH 5.8, while in the latter case, the percentage of release was
80% under the same conditions. Nevertheless, the results
obtained in each case illustrate the optimal controlled release of
S5-fluorouracil, and the authors also emphasize the
biocompatibility of the hybrid materials.

Hassanpour et al.?'® proposed a strategy for the delivery
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Figure 11. pH-sensitivity of a polymer material is provided by basic
(a) or acidic (b) groups.

azidothymidine using the hybrid molecular imprinting
technology (Fig. 12). Methacrylic and itaconic acids were
chosen for the comparison as functional monomers, EGDMA
and trimethylolpropane triacrylate served as variable cross-
linking agents, and Fe3;0,4@SiO, NPs were chosen among
inorganic materials. The combination of itaconic acid and
ethylene glycol dimethacrylate with hybrid NPs proved to be
most efficient. The azidothymidine release was studied
in vitro at pH 5, which corresponds to the intracellular pH for
cancer cells, and at pH 7.4, which corresponds to that in
healthy cells and plasma. The proposed carrier did not
demonstrate a considerable release (the release was
approximately 14%) in healthy cells and blood circulatory
system, which markedly decreased the dose-dependent side
effects. Meanwhile, lower pH resulted in the destruction of
hydrogen bonds between the molecular template and the
polymer active site, which induced drug release.

The cytotoxicities of free azidothymidine and the obtained
delivery system were compared using MCF-10 normal cells and
MCF-7 breast cancer cells. It turned out that the cytotoxicity of
free azidothymidine did not depend on the cell type, being
approximately 11%, while the cytotoxicity of MIPs was much
higher in MCF-7 cancer cells (91%), with almost no effect on
the normal cell line (MCF-10). These results demonstrate a
combination of high efficiency and biocompatibility of the
composite.

and increase in the activity of the anticancer drug
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Figure 12. Schematic diagram of the synthesis of hybrid MIPs for the delivery and increase in the therapeutic efficacy of azidothymidine. ITC

is itaconic acid, AZT is azidothymidine.?!®
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3.2.1.2. Light-responsive drug release

Light-controlled release of a therapeutic agent is another
attractive approach for targeting of therapeutic agents. In this
type of drug delivery systems based on light-responsive MIPs,
the incorporation of azobenzene derivatives into a mixture of
functional monomers is used most often. The active groups of
this compound can exist in two forms: stable cis-isomer and
metastable trans-isomer. On exposure to ultraviolet radiation
(340—380 nm), azobenzene isomerizes, being converted from
the trans- to the cis-form. The reverse conversion can be initiated
by visible light or a temperature rise (Fig. 13).170.220 However,
the phototoxicity of ultraviolet radiation limits the use of
conventional  photosensitive  azobenzene-based = molecularly
imprinted polymersin biomedicine.??! For biomedical applications,
it is more appropriate to use long-wavelength light sources and the

UV-light
_~—

—
@ cis

visible light/heating
trans

Figure 13. Schematic diagram of light-responsive isomerization of
azobenzene.

near-infrared range; this radiation can penetrate into tissues and
provide for light-responsive drug release in the local therapy of
tumours. Therefore, researchers develop various approaches
that allow the use of alternative wavelengths that have no
adverse effect on the body.
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Figure 14. Schematic diagram of the synthesis of hybrid MIP and mechanism of light-induced acyclovir release.??2 Copyright 2018, American

Chemical Society.
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Liu and co-workers?? described an approach to the
fabrication of a hybrid molecularly imprinted polymer based on
SiO, NPs and tetra-ortho-methoxy-substituted azobenzene
derivative for the delivery and controlled release of the drug
acyclovir, which is widely used for the treatment of viral
diseases (Fig. 14). The functional monomer, N-[4-((4-amino-
2,6-dimethoxyphenyl)diazenyl)-3,5-dimethoxyphenyl]-
methacrylamide, enabled the use of isomerization for the release
of the molecular template, owing to photoswitching induced by
visible light, which is biocompatible (irradiation at 440 nm for
trans to cis conversion; irradiation at 630 nm for the cis to trans
conversion). The obtained nanocomposite demonstrated high
adsorption capacity towards acyclovir (12.65 umol g), which
was almost three times higher than this value for the non-
imprinted analogue. The selectivity of hybrid MIP to the
template was studied in experiments with ganciclovir and
triacetyl-ganciclovir as competing drugs. It was found that the
most effective binding occurs particularly with acyclovir, that is,
the template. Light-induced drug release in deep tissues was
evaluated using 1 mm-thick chicken skin, which was located
between the light source and the cuvette with the test material.
The photoisomerization of the polymer coating under these
conditions required more time, but remained effective. This
study demonstrates good prospects for the use of red and blue
light in combination with molecular imprinting for stimulus-
responsive release of medicinal agents.

The limitations related to the use of azobenzene can also be
overcome by using hybrid systems based on inorganic NPs
owing to certain properties such as pronounced absorption in the
infrared region and high efficiency of photothermal conversion.
In a recent study, Liu et al.??! proposed an interesting and
unconventional approach to the development of a multilayer
supramolecular structure of light-responsive hybrid MIPs for
the delivery and infrared light-induced release of paracetamol, a
widely known analgesic (Fig. 15). Inorganic lanthanide-doped

upconversion nanoparticles (UCNPs) that convert infrared
radiation (980 nm) to visible light served as the core. An
azobenzene derivative sensitive to green light (520—550 nm),
4-[(4-methacryloyloxy)-2,6-dimethylphenylazo]-3,5-dimethyl-
benzenesulfonic acid, was used as the functional monomer. In
the obtained system, the infrared irradiation induced green
fluorescence of the inorganic core. This emission was absorbed
by azobenzene-containing MIP on the NP surface, which
induced trans/cis-isomerization and release of the medication.
In addition, the hybrid material provided light-controlled release
of paracetamol into an aqueous solution through pig skin, which
demonstrated the potential and efficacy of this system in vivo.
The synthesized MIP had an imprinting factor of 1.7 and
simultaneously demonstrated high specificity to the template in
experiments with structural analogues such as antifebrin and
phenacetin (the selectivity coefficient was 2—4 depending on
the type of analogue). The biocompatibility of MIPs was
demonstrated using the CT26 human colon cancer cells; the
viability of the studied malignant cells in the presence of MIP
did not decrease below 80% even at the concentration of
100 pg mL2. Thus, the hybrid MIP proposed in this study has a
potential for the delivery of therapeutic agents into deep tissues.

3.2.1.3. Temperature-responsive drug release

Another class of materials for stimulus-responsive release of
therapeutic agents are thermoresponsive polymer systems. In
this case, the mechanism of release of bound molecules upon
temperature rise is similar to the mechanism observed for
polymers sensitive to the pH change. As a rule, the therapeutic
molecules are incorporated into thermoresponsive polymers at
minimum temperatures of the solution where the polymer occurs
in the hydrophilic state and the imprinted areas are sterically
closed and thus hold the useful therapeutic load within the
polymer. As the temperature increases to the lower critical

980 nm

-
in the dark

Figure 15. Mechanism of light-induced release of paracetamol from hybrid MIP.??
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solution temperature (LCST), a reversible phase transition
occurs, the polymer becomes hydrophobic, the binding sites are
opened, and the embedded molecules are released to the outside.
Thermoresponsive MIPs are usually prepared by incorporation
of temperature-dependent functional monomers such as NIPAM
or N,N-dimethylacrylamide (Fig. 16).1° The former contains a
hydrophilic amide and hydrophobic isopropyl group; as a result,
it is possible to change the hydrophilic—hydrophobic balance by
varying the external temperature. An important concept is the
lower critical solution temperature (LCST), below which the
mixture components are miscible in any proportions. In the case
of NIPAM, this value is approximately 32°C. As a polymer
solution is heated above this temperature, a reversible phase
transition occurs from a soluble hydrated state, in which the
amide group forms hydrogen bonds with water and determines
the hydrophilic properties of the polymer, to an insoluble
dehydrated state, in which the polymer forms globules and
becomes predominantly hydrophobic.??® Owing to the
thermosensitivity, NIPAM-based polymers are capable of
releasing the drugs loaded into them at a temperature close to
human body temperature and, hence, they can be used as a basis
for controlled drug delivery. A combination of thermoresponsive
polymers with magnetic NPs in hybrid MIPs allows for targeted
delivery of the hybrid system to the target, thus increasing the
local therapeutic efficacy.

Sedghi et al.?** presented a new smart molecularly imprinted
nanocomposite based on thermoresponsive NIPAM and
magnetite NPs for the targeted delivery and controlled release of
curcumin, a drug with broad pharmacological action. The hybrid
material was supplemented with acryl functionalized
cyclodextrin for better covalent binding of the template in the
polymer matrix (Fig. 17). The presence of hydrophilic
cyclodextrin in the copolymer leads to an increase in the

hydrophilic—hydrophobic transition temperature of NIPAM to
34°C. The nanocomposite proved to be selective in experiments
with structural analogues such as benzophenone and phthalimide.
Examination of the curcumin release profile showed that at
room temperature, the major portion of the drug is released from
the nanocomposite surface within the first 7 h and, after that,
prolonged release of the remaining drug occurs in three days.
Temperature rise to 38°C results in a sharp release of
approximately 86% of curcumin, which is due to a change in the
volume of the temperature-sensitive polymer. These data
indicate that increase in the hydrophobicity disrupts the
hydrogen bonds between the molecular template and the
polymer network, leading to increasing percentage of drug
release, while more stable binding sites between cyclodextrin
and curcumin ensure prolonged release of the drug remaining in
the hybrid MIPs.

The use of magnetic NPs in hybrid MIPs not only allows for
the delivery of the targeted system to the desired tissue or organ
using an external magnetic field, but also makes it possible to
generate heat in a magnetic field of alternating current by
weakening of their magnetic moment. Moreover, the amount of
released heat can be controlled by modulating the magnetic field
strength and the size of NPs.??5

Cazares—Cortes et al.??® developed and compared two hybrid
systems for the delivery and controlled release of doxorubicin
under the action of alternating magnetic field. One of the
materials represented a magnetic nanogel produced from
thermoresponsive and biocompatible polymers based on
oligo(ethylene glycol) methyl ether methacrylate, while the
second one was a core—shell system with a magnetic core coated
with MIP based on acrylic acid and acrylamide (Fig. 18).
v-Fe,O3 nanoparticles were used as the magnetic component.
The systems behaved in different ways. In the case of magnetic
nanogel, only physical capture of the anticancer agent took
place. Therefore, doxorubicin was efficiently released both
under the action of alternating magnetic field (45%) and without
a field (24%). Hybrid MIPs formed hydrogen bonds with the
template; as a result, more than half of the drug was released
under an external stimulus, whereas passive release was low
(10%). Thus, magnetic nanogel can serve as a reservoir for
continuous release of doxorubicin, with the maximum release
efficiency being observed upon local activation by a magnetic
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Figure 17. Schematic diagram of the synthesis of hybrid MIPs and mechanism of temperature-induced release of curcumin.??




18 of 34

A.Yu.Sedelnikova, D.V.Pyshnyi, E.V.Dmitrienko
Russ. Chem. Rev., 2026, 95 (2) RCR5194

v-Fex03
nanoparicles

AA

. (Z A

NV 1;2)

Doxorubicin
(template)

Pre-polymerisation
complex

Initiator,
crosslinking
agent

Alternating magnetic
field

Contrlled release of doxorubicin
by magnetic hyperthermia

Figure 18. Schematic diagram of the synthesis of hybrid MIPs for the delivery and controlled release of doxorubicin induced by alternating

magnetic field.??® Published under the CC BY license.

field, while MIP can substantially decrease the nonspecific drug
release and deliver the drug only under the action of a stimulus.
During the release of doxorubicin in vitro even when the
macroscopic temperature was maintained at 37°C, the
temperature inside the polymer matrix was close to 60°C, which
was attributable to the local heating of magnetic NPs under the
action of alternating magnetic field and resulted in more efficient
release of the template and, as a consequence, decreased the
viability of cancer cells.

3.2.1.4. Drug release under the action of dual/multiple
stimuli

The dual or multiple stimulus sensitivity refers to the response
of polymeric material to a set of external stimuli. These
systems can include heat/light, heat/pH, magnetic field/light,
magnetic field/heat, or other combinations. As compared
with MIPs that respond to a single stimulus, the complex
composites are characterized by multifunctional and higher-
level response; hence, development of hybrid MIPs with
multiple stimulus response and multi-parameter targeting is a
promising branch in the design of targeted drug delivery
systems.?23

Lin et al.?" reported the synthesis of molecularly imprinted
nanospheres with adjustable polymer layer thickness
(40—150 nm) and a magnetic core (Fe;0,@SiO, NPs) for the
controlled release of ibuprofen (Fig. 19). 4-Vinylpyridine was
used as a functional monomer. The prepared nanospheres were
modified with hydrophilic macromolecular chains of poly(/NV-
isopropylacrylamide-co-spiropyran acrylate) to obtain a
multiresponsive surface. Experiments on binding of the
prepared material to structural analogues of ibuprofen such as
naproxen and ketoprofen were carried out; this demonstrated
the selectivity and specificity of binding to the template (the
selectivity coefficient was more than two for both structural
analogues). The presence of an inorganic Fe;O, core provided
the material with high magnetization and enabled fast
separation of the nanospheres from the solution using a magnet.
The obtained hybrid MIP possessed multifunctionality, being
responsive to both temperature and UV radiation. A study of
NIPAM-induced effect of temperature on the drug release
dynamics demonstrated that due to the shrinkage of
macromolecular chains during the first 5 h, the amount of the
released drug was higher at 25°C than at 45°C. However, as
the incubation time was increased, the total release coefficient
was more than 3.5 times higher at 45°C, which is due to more
intense molecular diffusion. The light-responsive behaviour
was due to the introduction of spiropyran acrylate units, which
provided for the electrostatic interaction between the

macromolecular chains as a result of isomerization and affected
the drug release dynamics. Upon UV irradiation (4 = 365 nm),
the cumulative release of ibuprofen somewhat decreased (from
42 to 38%); however, the process of drug release can be
deliberately prolonged in this case. The results clearly attest to
the dual response of the proposed hybrid MIP and show the
effect of delayed release under the influence of external
stimuli.

Abdolyousefi et al.??8 proposed a method for the preparation
of multifunctional hybrid MIP based on zinc-doped titanium
dioxide NPs. The authors used a mixture of two functional
monomers: N-vinylcaprolactam as a thermoresponsive
component and MAA for pH sensitivity. In addition, the
introduction of methacrylic acid as a hydrophilic comonomer
to N-vinylcaprolactam made it possible to increase the LCTS
value to optimum for thermoresponsive drug delivery (40°C).
In the synthesis of the composite, uracil acted as the
5-fluorouracil pseudo-template molecule; therefore, the
selectivity of hybrid MIPs to 5-fluorouracil was evaluated in
comparison with its pseudo-template and gemcitabine. Owing
to the molecular structural matching of the binding sites, the
uracil extraction rate was estimated at approximately 95%,
while this value for 5-fluorouracil was calculated as 80% due
to the presence of an additional fluorine atom and some
changes in the molecular conformation; in the case of
gemcitabine, the percentage of binding was only 35% due to
pronounced differences in the chemical structure. Thus, the
use of pseudo-template instead of the target molecule during
the synthesis provided an imprinting factor for 5-fluorouracil
of 3.2. The release profiles of the anticancer drug at different
pH and temperatures demonstrated effective release in an
acidic medium (pH 5.5) and at temperatures exceeding low
critical temperature for the copolymer solution (41°C), which
ensured selective drug release only in the tumour
microenvironment and mitigated toxic side effects. An
additional therapeutic effect was also demonstrated for
superficial tumours such as melanoma, due to high absorbance
of TiO, NPs in the visible and infrared regions, resulting in
heat release and temperature rise to levels much exceeding the
low critical temperature. High biocompatibility (the viability
of healthy cells in the presence of drug-free material was more
than 80% even at high concentrations) and minor hemolytic
activity (less than 5%) of the hybrid MIP even at concentrations
of 250 pg mL~! were demonstrated. The results indicate that
the proposed system can be used for stimulus-responsive
chemotherapy of tumours in combination with additional
effects caused by the physicochemical properties of the
inorganic component for the treatment of various types of
cancer.



A.Yu.Sedelnikova, D.V.Pyshnyi, E.V.Dmitrienko
Russ. Chem. Rev., 2026, 95 (2) RCR5194

19 of 34

. _TEOS g _APTES g N
HoN

DAl

HOOC ?

Z

) Ibuprofen

and controlled release of ibuprofen.??’

poly(N-isopropylacrylaime-co-
spiropyranacrylate)

Figure 19. Schematic diagram of the synthesis of temperature/light responsive multifunctional hybrid MIP for the delivery

3.2.2. Drug-free therapeutic systems

In any type of disease, pathological cells coexist with normal
cells, such as fibroblasts, phagocytes, and endothelial cells
embedded in a protein-rich extracellular matrix and interstitial
fluid, which constitute the complex microenvironment of the
tumour. In the administration of nanomedicines into the body,
selective targeting to malignant cells is of crucial importance.
Biomolecules and biomarkers specifically overexpressed as a
result of metabolism of pathological structures or as
characteristics of a disease serve as potential candidates for
active targeting. In most cases, specific targeting of therapeutic
nanostructures is based on biological ligands including
antibodies or aptamers. However, screening and preparation of
high-quality materials for targeting in this case is an expensive,
labour-intensive, and sometimes impossible task. Conversely,
MIPs can perform active targeting only owing to the intrinsic
specific recognition and do not need additional biological
ligands, which are often unstable and immunogenic.2'? In
addition, the design of hybrid imprinted materials allows the use
of such systems as therapeutic platforms the action of which is
based only on the physicochemical properties of the inorganic
component.

3.2.2.1. Photothermal therapy

Over the past few years, photothermal therapy (PTT) has
become an appealing method for treatment of cancer because it
offers a number of advantages over traditional types of treatment
such as spatially controlled action, non-invasiveness, and low
toxicity. Currently, this approach is used in cancer therapy based
on local hyperthermia, which causes apoptosis or necrosis of
cancer cells.??’

Photothermal therapy is based on the use of photothermal
agents that generate heat under irradiation at a definite
wavelength, thus raising the temperature of cancer tissues and
inducing cell death. These agents can be generally divided into

four main groups: metal nanostructures possessing plasmon
resonance behaviour, carbon-based light-absorbing materials,
organic materials, and polymer materials.?’® However, an
important drawback of these systems in a pure state is the lack
of specificity, which may induce damage of the surrounding
healthy tissues. This problem can be solved by conjugation of
nanomaterials with components capable of specific recognition,
in particular such as MIPs.

Wang et al.?®' reported a molecularly imprinted hybrid
material based on SiO, NPs doped with lanthanides and
functionalized with boronic acid for active targeting of tumours
andformicroinvasivePTT.Dopamineandm-aminophenylboronic
acid were used as functional monomers, while sialic acid served
as the molecular template for the generation of imprinted cavities
targeting tumour cells, with the imprinting factor being 4.11
under optimal conditions. Since the expression of
monosaccharides on the membrane of tumour cells is
heterogeneous, the selectivity of the nanocomposite to sialic
acid was assessed in comparison with fucose, galactose,
mannose, and glucose; this demonstrated high binding affinity
for the molecular template, while binding of non-specific
templates did not exceed 7.3%. The highest efficiency of the
repeated binding of hybrid MIPs to the template occurred at
pH 6.5, which may be used for in vivo interactions with sialic
acid on the surface of cancer cells in the weakly acidic medium
of the tumour. The active pathological cell targeting by the
obtained material was studied in vitro using two cancer cell lines
(HepG2 and MCF-7) and two normal cell lines (LO2 and
MCEF-10A). It was shown that only tumour cells exhibited bright
fluorescence after the introduction of the hybrid system. The
specificity was additionally assessed using more complex tissue
models, hepatocarcinoma and normal liver tissue; fluorescence
was observed only for the pathological tissue. These results
attest to active selective binding of hybrid MIPs to target
monosaccharides on the surface of cancer cells. Cytotoxicity
assay in vitro showed biocompatibility and biosafety of the
composite, since even at high concentrations (0.5 mg mL™!) the



20 of 34

A.Yu.Sedelnikova, D.V.Pyshnyi, E.V.Dmitrienko
Russ. Chem. Rev., 2026, 95 (2) RCR5194

viability of normal cells reached 89%. Infrared thermal imaging
was used to evaluate in vitro availability of induced infrared
PTT. After introduction of the hybrid material and laser
treatment at 980 nm, a noticeable death of cancer cells took
place (the cell viability was up to 15%), whereas the mortality
rate of normal cells was much lower under similar conditions
(cell viability above 80%). The in vivo assays in HepG2 tumour-
bearing mice demonstrated that hybrid MIP can be an effective
photothermal agent (the tumour temperature increased to 60°C
within 7 s), inhibiting tumour proliferation and finally causing
complete destruction of the tumour. The presented system
appears promising for cancer therapy.

Wen et al.?*? presented a magnetic molecularly imprinted
material for cancer therapy. As the molecular template, the
authors used a segment of the amino acid sequence of human
vascular endothelial growth factor (hVEGF), which is an
important factor in the angiogenesis of pathological tissues. The
resulting nanocomposite was meant to reduce the amount of
hVEGF in the tumour microenvironment by binding to imprinted
sites in the polymer matrix and thus to inhibit angiogenesis
(Fig. 20). Meanwhile, magnetite present in the hybrid material
was an agent for PTT. y-Methacryloxypropyltrimethoxysilane
was chosen as the functional monomer for the formation of
molecular imprinted polymer layer. The adsorption capacity of
MIP with respect to the molecular template was found to be
72.5mg ¢! with an imprinting factor of 3.1. Experiments
in vitro using various cell lines proved the specificity and
selectivity of the proposed nanocomposite, as it demonstrated
selective binding of hVEGH in complex samples and selectively
recognized hVEGH among similar factors of a different origin.

Cytotoxicity assays showed biocompatibility and effective
antitumour activity of hybrid MIPs against several cancer cell
lines compared to normal cells upon irradiation with infrared
light at 808 nm with a power density of 2.0 W cm~2. Moreover,
the synergistic therapeutic effect of angiogenesis and PTT was
shown to surpass the effect of monotherapy. The simple strategy
for the fabrication of a hybrid multimodal platform proposed in
this study has a great potential as an effective tool for cancer
therapy.

3.2.2.2. Photodynamic therapy

Photodynamic therapy (PDT) is one more potent strategy for the
therapy of cancer, which has attracted attention of researchers
for many years owing to its numerous benefits such as non-
invasiveness, selective local irradiation, and minor side
effects.???

The principle of operation of this method is based on three
main constituents: light irradiation, photosensitizer, and oxygen.
Under particular irradiation conditions, the photosensitizer is
activated, being excited from the singlet ground state to a triplet
excited state, and then undergoes various photochemical
reactions, which are subdivided into two main types, to give
highly toxic reactive oxygen species. The mechanism of type I
reactions includes electron or hydrogen atom transfer directly
from the phorosensitizer to biomolecules to give free radicals
and radical ions, which react with molecular oxygen to give
reactive oxygen species including hydrogen peroxide,
superoxide anions, and hydroxyl radicals. Type Il reactions
include direct energy transfer from the photosensitizer in the
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triplet state to molecular oxygen, giving rise to reactive
electrophilic singlet oxygen (Scheme 1).233

Currently, effective PDT requires overcoming certain
limitationsrelated to specific features of the used photosensitizers.
Due to their hydrophobic nature, easy aggregation, and low
payloads, photosensitizers have poor accumulation and tumour
targeting capability, resulting in unsatisfactory therapeutic
effects. These problems can be addressed by physically loading
photosensitizers into nanocarriers or by chemically conjugating
them with nanocarriers.??? Among various systems used for this
purpose, MIPs have attracted attention of researchers due to
their high specificity and easy modification.

Lin ef al.?! proposed a complex core—shell system based on
magnetic NPs doped with the photosensitizer merocyanine 540
with a molecular imprinted poly(ethylene-co-vinyl) alcohol
layer for targeting tumour cells followed by PDT (Fig. 21). The
effective excitation of the photosensitizer was achieved by using
UCNPs, that is lanthanide-doped yttrium lithium tetrafluoride
NPs, as the inorganic core to enhance green luminescence upon
irradiation in the IR range (the NP emission at a wavelength of
520 nm was thus enhanced by more than 80%). One peptide
sequence from the programmed cell death protein (PD-L1)
served as the molecular template for imprinting, which facilitated
active targeting of tumour cells. The adsorption capacity of
hybrid MIPs towards the template was estimated as 28.7 mg g,
which is approximately 1.8 times higher than that for non-
imprinted analogue. The authors measured the viability of
HepG2 human liver carcinoma cells upon incubation with the
prepared nanocomposites; it was shown that the material was

biocompatible, as the cell viability exceeded 90% of this value
in the control set. Comparison of the effect of imprinted and
non-imprinted materials on tumour cells on exposure to infrared
radiation showed that non-imprinted composites had virtually
no cytotoxic effect, while imprinted hybrids induced a
statistically significant decrease in the viability of tumour cells
due to specific binding to the cells. As the system was exposed
to infrared light at a wavelength of 980 nm for 5 min, MIP in
a concentration of 1.0mgmL' induced apoptosis in
approximately a half of cancer cells. This result can be attributed
to the transfer of luminescence energy from inorganic NPs and
excitation of merocyanine 540, which catalyzes the generation
of cytotoxic reactive oxygen species. The results presented in
the paper show that this hybrid system may be promising for
effective PDT.

Gu et al.'"*! presented a developed strategy for the preparation
of a hybrid molecularly imprinted material for PDT of mutated
types of cancer that cannot be treated with the classic approach
based on the use of antibodies. This is associated with increased
proliferation and the emergence of resistance of cancer cells to
therapeutic antibodies due to mutations. The new nanocomposite
comprised an inorganic core made of UCNPs and a thin polymer
shell with a molecular imprint for the specific recognition of the
truncated human epidermal growth factor receptor HER2
(P9SHER?2) (Fig. 22). The formation of this receptor form is a
major mechanism of emergence of resistance, since truncated
HER?2 lacks the extracellular domain that binds to antibodies.
The N-terminal epitope of P9SHER2 consisting of nine amino
acids was used as the molecular template. Considering the
amino acid properties of epitopes, 3-ureidopropyltriethoxysilane,
APTES, isobutyltricthoxysilane, and benzyltricthoxysilane
were chosen as functional monomers to create an imprinted
polymer shell. The photodynamic effect in the nanocomposite
was achieved by introducing chlorin e6 as the photosensitizer
into the polymer matrix. It was shown that the imprinted material
specifically binds to P9SHER at the peptide level and exhibits
selectivity in binding to the truncated receptor on the cell surface
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Figure 21. Schematic diagram of the synthesis of hybrid MIP and PDT under the action of merocyanine 540.2! Published under the CC BY
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Figure 22. Schematic diagram of specific delivery of hybrid MIP and mechanism of PDT induced by chlorin 6, ROS are reactive oxygen spe-
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compared to the normal form at the cellular level. Studies of the
photodynamic properties demonstrated that hybrid MIP can
effectively generate reactive oxygen species under infrared
irradiation (980 nm) and be specifically accumulated in
pathological cells and inhibit the growth of tumour tissue in vivo
by 87%. The presented strategy has great prospects for effective
treatment of antibody-resistant cancer.

Over time, scientific progress leads to the appearance of
increasingly complex systems that possess multifunctionality
owing to the combination of active targeting with drug delivery
or several types of therapeutic approaches. In view of the
substantial interest of researchers in synergistic methods,
examples of such methods are presented in the following
Section.

3.2.3. Integrated therapeutic systems

Platforms that simultaneously incorporate a targeting component
and a drug are used most widely. This effect can be achieved
either by using double imprinting, resulting in the formation of
MIPs that possess affinity to several molecular templates and
thus providing more effective interaction, or by incorporating an
inorganic material possessing an additional function into hybrid
MIP.

3.2.3.1. Therapeutic systems sensitive to redox processes

Drug delivery systems that are activated by redox processes are
used to treat cancer, cardiovascular, neurological, and other
diseases that require the delivery of active substances in a
changed redox environments. These systems are activated in
pathological tissues such as tumours and ischemic zones. Hence,
the drug is released directly in the affected sites, thus increasing
the efficiency of the therapy and decreasing side effects. Polymer
materials that respond to redox processes are attractive research
objects in the field of drug delivery systems, since disruption of
the number of molecules that regulate redox reactions is
associated with the progression of various diseases. The most
frequently encountered biologically active redox molecules are

reactive oxygen species and glutathione (Fig. 23 a). For MIPs to
be responsive to these compounds, appropriate reactive groups
should be incorporated into the polymer structure. For example,
thioketals and arylboronic ether are widely used in the polymer
materials that respond to reactive oxygen species, while disulfide
structures are used in glutathione-responsive systems.
Diselenides, which are sensitive to both oxidative and reductive
conditions, are also used; this enables the design of
multifunctional polymer materials (Fig. 23 5).234

Lu et al.?° developed redox-responsive hybrid MIPs based on
biodegradable SiO, NPs and boronic acid designed for targeted
delivery ofa therapeutic protein for the cancer therapy. Cytotoxic
ribonuclease A was encapsulated into a matrix of disulfide-
hybridized inorganic NPs, while sialic acid serving for targeting
cancer cells was used as the molecular template for imprinting
(Fig. 24). Study of the composite material under redox conditions

a
07"  superoxide radical anion
HO,  hydroperoxide radical
H,O, hydrogen peroxide

OH®  hydroxide radical

s
o
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Figure 23. Examples of biologically active redox molecules, ions,
and radicals (a) and groups sensitive to redox processes (b).
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Figure 24. Schematic diagram of the synthesis of hybrid MIP degraded by treatment with glutathione for the targeted delivery of ribonuclease
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(10 mM glutathione, 48 h) showed effective degradation of
hybrid MIPs with the release of up to 78% of ribonuclease A,
with the catalytic activity of the enzyme being retained. The
biocompatibility of the hybrid system was assessed using human
fetal hepatocyte cells (L02) and human breast epithelial cells
(MCF-10A), which showed high cell viability (more than 90%)
after 48-h incubation with various MIP concentrations. Also, it
was demonstrated that the obtained composite material can be
selectively targeted to HepG2 human liver carcinoma cells,
which overexpress sialic acid, taken up by the cells via
endocytosis, and then cleaved by intracellular glutathione to
release ribonuclease A, which provides cytotoxicity. The in vivo
studies in mice demonstrated that this MIP has a specific tumour
targeting and high therapeutic efficacy. The in vivo
biocompatibility was evaluated by administration of elevated
doses of the composite (up to 20 mg kg ') to healthy mice; the
subsequent histological analysis did not detect any inflammatory
reactions or noticeable tissue damage in main organs; the key
blood parameters also did not change. Hybrid MIPs presented in
this study can serve as a potent platform for the targeted
intracellular delivery of therapeutic proteins in the treatment of
cancer.

Liu et al.?® proposed a biodegradable drug delivery system
based on dendritic organosilicon materials, sialic acid, and
transferrin for the targeted cancer therapy. The dendritic
mesoporous disulfide-bridged organosilicon nanoparticles
provided a high specific surface area for the molecularly
imprinted shell. The imprinted polymer shell was fabricated
using 2-amino-N-(3,4-dihydroxyphenethyl)-3-mercaptopropan-
amide and 4-mercaptophenylboronic acid as functional
monomers, which promoted stimulus-responsive release of
therapeutic agents as a result of degradation in acidic and highly
reducing (due to high glutathione concentration) medium around
the tumour (Fig.25). Sialic acid and transferrin acted as
molecular templates for specific targeting of the nanocomposite.
Mesoporous SiO, NPs were modified with disulfide bridges,
which enhanced the reductive degradation of nanocarriers. The
introduction of chlorin e6 and doxorubicin into the dendrite core
enhanced the appearance of chemical and photodynamic
synergistic antitumour effect. The obtained hybrid MIP was
shown to have a high adsorption capacity for molecular
templates compared to competing compounds and structural
analogues such as beta-hydroxybutyrate, CA-125 glycoprotein,
immunoglobulin A, and fulvic acid, which can be present in the
tumour microenvironment and body fluids. The ability of the
composite to selectively capture transferrin was assessed using
mouse blood samples. The biodegradation and drug release
efficiency were evaluated at different pH values and glutathione
contents in the medium: the optimal degradation took place in
the phosphate buffer containing 10 mM of glutathione at pH 5.5;

as a result, the particle diameter decreased from 130 to 15 nm
after incubation for 150 h, which promoted easy renal excretion
of the material in vivo. In a model tumour microenvironment,
the hybrid MIPs demonstrated extended release of therapeutic
drugs owing to cleavage of disulfide and amide bonds in the
polymer layer, which not only prevented premature release of
molecular templates, but also contributed to maintaining drug
concentrations at a level needed for therapeutic effect. The
biocompatibility of the materials was assessed in vitro using
normal MCF-10A cells and 4T1 and MCF-7 breast cancer cells
upon laser irradiation at 655 nm. Throughout the experiment,
the activity of MCF-10A cells remained above 90%, while in the
case of cancer cells, pronounced cytotoxicity was observed (the
cancer cell mortality reached 88%) due to specific binding and
enhanced uptake of nanocomposites. In in vivo assay of
anticancer effects in mice, it was shown that hybrid MIP was
mainly accumulated in the tumour environment, while causing
no adverse changes in healthy tissues and organs. This indicates
the presence of specific recognition of pathological cells. In
addition, the authors noted a synergistic therapeutic effect,
which was manifested as suppression of the tumour growth,
high efficiency of MIP degradation, and fast excretion from the
body.

The proposed approach has a considerable potential for
translational medicine.

3.2.3.2. Combined PTT and PDT systems

Platforms for PTT and PDT can be used in combination with
other therapeutic approaches to increase the sensitivity of cancer
cells. Compared to treatments based on a single method, the
integration of these approaches with chemotherapy increases the
efficacy of treatment and reduces the repeated growth of residual
tumour tissue by increasing therapeutic coverage.

Shi et al?3¢ used an approach to the manufacture of an
integrated hybrid system based on magnetic NPs for the targeted
synergistic treatment of breast cancer (Fig. 26). In this study, the
researchers focused attention on the selection of effective
photosensitizer, as it should ensure the formation of a sufficient
amount of reactive oxygen species in a physiological medium
under light irradiation. As mentioned in Section 3.2.2.2, the
molecules of traditional photosensitizers often have a planar
hydrophobic structure, form aggregates under these conditions,
which results in a critical decrease in the level of generated
oxygen radicals. This problem can be solved by using
photosensitizers, the emission of which is induced by
aggregation. In this study, for the fabrication of an imprinted
therapeutic nanoplatform, a photosensitizer and a cell-
penetrating peptide incorporated for active tumour cell targeting
of the hybrid system were covalently conjugated on the MIP
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Figure 25. Schematic diagram of the synthesis of hybrid MIP for the targeted delivery of doxorubicin and chlorin €6 (a) and glutathione-
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Figure 26. Schematic diagram of the synthesis of hybrid MIP for synergistic chemotherapy/photodynamic therapy and active tumour cell tar-

geting. 2% CPP is cell-penetrating peptide.

surface. The anticancer drug doxorubicin served as the molecular
template, while TEOS and APTES were the functional
monomers. The experiments demonstrated that the covalent
binding of the photosensitizer to the polymer surface did not
lead to the loss of photodynamic properties. A study of the
adsorption properties of conventional MIP compared to
covalently conjugated MIP revealed no influence on the
adsorption capacity (58.9 and 58.8mgg!, respectively).
Meanwhile, in the case of non-imprinted material, this value
was much lower (14.0 mg g!), which attests to high efficiency
of imprinting (the imprinting factor was 4.2). The proposed
system exhibited prolonged pH-dependent release of doxorubicin

(17.1% at pH 5.5 after 48 h); this is beneficial for long-term
maintenance of high concentration of the drug in the tumour
environment. In vitro experiments showed enhanced cellular
uptake of the hybrid system and effective release of doxorubicin,
which is attributable to the presence of cell-penetrating peptide.
The biocompatibility of conventional nanocomposites was
demonstrated on 4T1 breast cancer cell line. The covalently
conjugated MIPs exhibited a greater cytotoxicity due to
enhanced penetration and the presence of a photosensitizer. It is
noteworthy that irradiation with white light resulted in sharp
enhancement of toxic effects with increasing concentration of
the therapeutic platform because of high photodynamic effect.
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Histological analysis of tumour tissues after in vivo study on
mice with 4T1 tumour demonstrated specific and prolonged
accumulation of the multifunctional system in the tumour and
synergistic efficacy of chemotherapy and photodynamic therapy.
This study proved the possibility of creating a promising model
based on hybrid MIP by integrating different therapeutic
approaches to achieve optimized results.

Ma et al.?*7 reported a hybrid imprinted system based on
Fe;0,4 NPs directed towards an increase in the efficiency of PTT
and decrease in the elimination of magnetic NPs by the
reticuloendothelial system (Fig. 27). Serum albumin, which is
the main transport protein in the human body, was used as a
molecular template. This made it possible to achieve immune
stealth owing to the formation of protein corona and targeted
accumulation of nanocomposite in the tumour tissue as a result
of albumin binding to the receptors overexpressed in cancer
cells such as SPARC. The imprinted polymer layer was prepared
by oxidative polymerization of dopamine as a functional
monomer. The adsorption capacity of the imprinted hybrid
material was calculated to be 180 mg g!, which was almost 3.5
times higher than that of the non-imprinted analogue. Evaluation
of the MIP selectivity in experiments with proteins such as
bovine haemoglobin, immunoglobulin G, and fibrinogen
showed the predominant binding to particularly the molecular
template (selectivity coefficient of 3.46). According to the study
of photothermal properties of the nanocomposite, the
polydopamine layer increased the efficiency of photothermal
conversion, while the hybrid material itself remained stable
upon repeated laser irradiation. The formation of the albumin
corona on the MIP surface markedly reduced internalization by
macrophages, which was mentioned in Section 2.3 as a key
aspect for in vivo use of a system. The biocompatibility of
conventional nanocomposites was demonstrated using 4T1
breast cancer cell line without laser irradiation; under laser
irradiation at 808 nm, high anticancer activity was observed.
In vivo biodistribution studies on mice with 4T1 tumour
demonstrated accumulation of MIP in pathological tissues,
which was facilitated by the enhanced permeability and retention
effects, transmembrane transport, and the interaction of albumin
with SPARC receptors. An unusual approach in this study was
the use of PD-L1 antibodies, which promote the immune activity

by tuning the relationship between tumour cells and the immune
system of the body, to prevent breast cancer metastasis. The
synergistic therapy proved to be much more effective than
monotherapy protocols, in which PTT did not make it possible
to prevent lung metastasis, while PD-L1 antibodies alone did not
suppress the progression of cancer at all, which may be
attributable to the absence of an activated immune system. In the
integrated approach, hybrid MIP improved the penetration of
T-cells into the tumour via PTT; this activated the immune
system towards the action of therapeutic antibodies, resulting in
the prevention of cancer cell development and elimination of
metastasis. The proposed strategy demonstrates the great
potential of synergistic therapy and reflects the advantages of
using molecularly imprinted materials in vivo.

The information on the studies considered in Section 3.2 and
additional examples of therapeutic systems based on hybrid
MIPs are summarized in Table 6.

As can be seen from the examples, therapeutic platforms
based on hybrid MIPs have enormous potential for clinical use
to treat various diseases. A reasonable combination of an
imprinted polymer matrix with inorganic NPs gives rise to
materials in which each component possesses a particular
function, for example, a combination of active targeting and
hyperthermia, or in which the properties are combined to enable
functioning of the whole system, e.g., thermosensitive polymers
in combination with heat-generating inorganic nanomaterials. In
addition, hybrid MIPs can act as therapeutic agents in drug-
loaded or drug-free states, depending on the goal set by
researchers. The diversity of compatible components and their
properties makes hybrid MIPs really versatile systems.

3.3. Theranostics

A rapidly developing trend in modern biomedicine is
theranostics, an area that combines the capabilities of diagnostics
and therapy. As shown in previous parts of the review, the
applications of MIPs as separate platforms directed towards
screening, delivery of therapeutic agents, and targeted therapy
have been extensively investigated and are actively utilized. In
turn, the interest in using an integrated approach has emerged
quite recently; therefore, there is a modest number of effective
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Table 6. Application of hybrid MIPs in therapeutic systems.

NP type Functional monomer Molecular template Release trigger Note Ref.
Fe;0, 4-VPy, AAc 5-Fluorouracil pH pH-responsive release of 5-fluorouracil 218
Fe;0,@Si0, MAA, itaconic acid Azidothymidine pH pH-responsive release of azidothymidine 219
Si0, N-{4-[(4-amino-2,6-dimethoxy- Acyclovir Irradiation (440 nm for the trans Light-responsive release of acyclovir 222
phenyl)diazenyl]-3,5-dimethoxy- to cis-conversion and 630 nm for cis-
phenyl} methacrylamide to trans-conversion)
Graphene quantum dots Methyl methacrylate Doxorubicin Heating induced by IR irradiation Thermoresponsive release of doxorubicin, PTT 238
(808 nm)
SiO, doped with 4-[(4-methacrylotloxy)-2,6-di- Paracetamol Irradiation in the near-IR range (980 nm,  Light-induced release of paracetamol 221
lanthanides (Yb, Er) methylphenylazo]-3,5-di- 5 W cm?)
methylbenzenesulfonic acid
Fe;0, NIPAM Curcumin Temperature Thermoresponsive release of curcumin 224
Fe;0, MAA Methotrexate Heating induced by alternating magnetic ~ Release of methotrexate induced by magnetic hyperthermia 225
field
v-Fe,05 coated with an AAc, AA Doxorubicin Heating induced by alternating magnetic ~ Release of doxorubicin induced by magnetic hyperthermia 226
acrylic acid polymer layer field
Modified biodegradable 4-formylphenylboronic acid Sialic acid Reduction of the S—S bond Release of ribonuclease A induced by redox processes 20
Si0O,-based NPs
Modified biodegradable 2-amino-N-(3,4-dihydroxy- Sialic acid, Reduction of the S—S bond Release of doxorubicin and chlorin e6 induced by redox 235
Si0O,-based NPs phenethyl)-3-mercapropropanamide, transferrin processes, PDT, targeting tumour cells
4-mercaptophenylboronic acid
Fe;0,@Si10, 4-VPy Ibuprofen Temperature, UV irradiation (365 nm) Temperature-/light-responsive release of ibuprofen 227
Fe;0, and GO composite  Dopamine, boronic acid Carcinoembryonic  pH pH-responsive release of doxorubicin with magnetic 239
antigen CA125 targeting, tumour cell targeting
Fe;0, coated by Methacrylamide Doxorubicin pH pH-responsive release of doxorubicin 240
acrylamide polymer layer
TiO, MAA Mitoxantrone X-ray radiation PDT 241
Zinc-doped TiO, N-Vinylcaprolactam, MAA 5-Fluorouracil pH, temperature pH/temperature-responsive release of 5-fluorouracil, PTT 228
and PDT
MOF doped with 2-Aminoterephthalic acid Doxorubicin pH pH-sensitive release of doxorubicin 242
ethylenediamine-
functionalized CQDs
Fe;0, Dopamine Human serum Heating induced by IR irradiation Enhancement of PTT efficiency, achieving immune stealth ~ 237
albumin (808 nm)
SiO, Dopamine, m-aminophenylboronic  Sialic acid Irradiation in near-IR region (980 nm, PTT, tumour cell targeting 231
acid 4.0 W cm?)
Gd- and SiO,-based NIPAM, TBAM, AA Doxorubicin, CD59 pH pH-sensitive release of doxorubicin; PDT induced by 171

quantum dots doped with a
photosensitizer (chlorin e6)

protein epitope

chlorin e6; fluorescence imaging, tumour cell targeting
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Table 6 (continued).

NP type Functional monomer Molecular template Release trigger Note Ref.
Si0O, doped with a fluores-  4-formylphenylboronic acid HER?2 glycans None Blocking the HER2 signalning pathway in cancer cells 173
cence dye (FITC, NIR797)
CNTs MAA Aminoglutethimide None Controlled release of aminoglutethimide 243
v-Fe,03 Diethylaminoethyl Pemetrexed Heating induced by alternating Thermoresponsive pemetrexed release 244
methacrylate magnetic field
Fe;0, doped with y-Methacryloxypropyltri- Segment of the amino acid Heating induced by IR irradiation Inhibition of angiogenesis, PTT 232
1,6-diaminohexane methoxysilane sequence of human vascular
endothelial growth factor hVEGF
Fe;0,@Si0, enriched with  Poly(ethylene-co-vinyl) Peptide sequence from the Heating induced by IR irradiation Tumour cell targeting, PDT under the action of 21
upconversion NaYF, alcohol programmed cell death merocyanine 540
particles (Er?*, Ho*", Yb’") protein
Si0,-based NPs enriched 3-Ureidopropyltriethoxysilane, — N-terminal epitope of the Irradiation in the near-IR range Mutated tumour cell targeting, PDT induced by chlorin 141
with upconversion NaYF, APTES, isobutyltriethoxy-silane, truncated human epidermal (980 nm, 1.5 W cm2) E6
particles (Er**, Yb3") benzyltriethoxysilane growth factor receptor PO9SHER
Mesoporous SiO, NPs 3-(Trimethoxysilyl)propyl Sialic acid pH pH-responsive release of doxorubicin, tumour cell 245
methacrylate targeting
Fe;0,@Si10, APTES, TEOS Doxorubicin pH pH-responsive release of doxorubicin, PDT, cell 236
penetration due to the presence of a cell-penetrating
peptide
CNTs MAA, EGDMA, 4-methyl- Levofloxacin None Liquid-crystalline material for controlled release of 246

phenyldicyclohexylethylene

levofloxacin
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systems combining diagnosis and therapy that have been
developed and comprehensively studied to date. However, the
rapid development of this area brings every year new results
worthy of attention.?

Using hybrid molecularly imprinted materials, it is possible
to design systems with various combinations of the performed
functions. Thus, combining the capabilities of platforms for
imaging and drug delivery allows for simultaneous precise
detection of the affected area and controlled release of the
therapeutic agent. For example, Wang et al.**’ described a
bifunctional system based on fluorescent SiO, NPs and a
molecularly imprinted polymer for imaging and targeted
therapy. As molecular templates, the authors used a linear
peptide of the extracellular domain of human epidermal growth
factor (HER2), which is overexpressed on the surface of
pathological cells, for the specific detection of breast cancer
cells, and the anticancer drug doxorubicin. Zinc acrylate and AA
served as functional monomers. The two-colour fluorescence of
the hybrid material (blue fluorescence from the inorganic
component and red fluorescence from doxorubicin) provided
imaging of cancer cells and real-time monitoring of drug
distribution. The prepared nanocomposite showed high
adsorption capacity towards each molecular template:
55.2mg g ! for the peptide and 110.5 mg ¢! for doxorubicin.
The proposed hybrid system exhibited pH-dependent release of
doxorubicin reaching a maximum at pH 5.5, which amounted to
17.5% after incubation for 23 h. Experiments using various
HER2-positive and HER2-negative cell lines demonstrated high
MIP biocompatibility and specific pathological cell targeting,
which ensured the therapeutic effect. This proves the prospects
of using the proposed approach as a promising biomedical
nanoplatform.

Examples of hybrid systems that could potentially be used for
therapeutic purposes are given in Table 7. As can be seen from
the publications covered in this review, the most recent
achievements in the field of hybrid MIPs include platforms for
diagnosis, therapy, drug delivery, and bioimaging and integrated
systems combining a few functions. The vast number of
approaches to the preparation of nanocomposites, as well as
cost-effectiveness and simplicity of synthesis, expand the range
of biomedical applications and enable scaling-up of the
methods.??

Table 7. Application of hybrid MIPs in theranostic systems.

4. Conclusion

The integration of MIPs with inorganic nanoparticles provides
the fabrication of complex materials that combine targeting,
imaging, and drug delivery functions, and in some cases,
therapeutic action, owing to the ability of NPs to respond to
external physicochemical stimuli. Hybrid MIPs exhibit high
specificity of molecular template binding and chemical and
mechanical stability, which makes them promising therapeutic
and diagnostic tools. MIPs can be used as specific drug carriers,
providing gradual and controlled drug release in the body, and
the properties of the inorganic material present in the hybrid
system allow for the use of photothermal and photodynamic
therapy approaches, which increases the efficiency of therapy
and reduces the side effects.

The drawbacks of MIPs include the necessity of selecting the
conditions of synthesis for each molecular template, potential
toxicity, and low biocompatibility and biodegradability. It is
necessary to thoroughly select monomers and synthesis
conditions to avoid the formation of toxic residues that can
cause undesirable reactions in the body. In addition, the low
biodegradability of MIPs limits their use in long-term implants
and requires the development of new biocompatible materials.

In view of the high interest of the scientific community in
imprinted materials, the appearance of new and improved
methods for the production and application of hybrid molecularly
imprinted polymers should be expected in the next few years
with the goal of solving biomedical problems such as targeted
drug delivery, biosensor design, development of artificial organs
and tissues, and separation and purification of biological
molecules.

New synthetic strategies towards the development of hybrid
molecularly imprinted polymers will focus on improving
synthetic methods, expanding the scope of functions of the
materials by invoking new monomers and additives, developing
smart polymers that respond to external stimuli, and designing
multifunctional theranostic platforms based on non-toxic and
biocompatible hybrid molecularly imprinted materials. The
progress in this area would provide for the substantial expansion
of the range of therapeutic and diagnostic tools and for the
transition from scientific research to production and practical
application of MIPs in various fields of biomedicine.

Type of NPs  Functional monomer Molecular template

Notes Ref.

Fe;0,@Si0, Dopamine Catalase

Inhibition of the catalytic activity of catalase; reaction of Fe with 248

excess H,0O, giving reactive hydroxyl radicals, resulting in
apoptosis; PTT; magnetic targeting

Carcinoembryonic antigen Chemotherapy by doxorubicin; magnetic targeting; active targeting 239
owing to biomarkers on the cancer cell surface; possible magnetic

resonance imaging

Merocyanine-induced PDT; active targeting and immunotherapy 249
owing to receptors on the surface of cancer cells; possible magnetic

resonance imaging

Haemodynamic therapy; active targeting owing to receptors on the 250
cancer cell surface; fluorescent diagnosis owing to the presence of

fluorescent calcium peroxide

Fe;0, and Dopamine
GO cluster CA125
Fe;0, Poly(ethylene-co- Programmed cell death
vinylene alcohol) protein ligand 1 (PD-L1)
SiO, Copper arylate Cell surface glycoprotein
CD47
Au Pyrrolidyl acrylate Human serum albumin

Low-dose X-ray radiation therapy; passive targeting due to 251

increased permeability and retention effect; protein corona
formation in vivo for stealth masking; possible magnetic resonance
imaging
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5. List of abbreviations and symbols

AA — acrylamide,

AAc — acrylic acid,

APTES — 3-aminopropyltriethoxysilane,
CQD — carbon quantum dot,

CNT — carbon nanotube,

DNA — deoxyribonucleic acid,

dsDNA — double-stranded deoxyribonucleic acid,
ssDNA — single-strand deoxyribonucleic acid,
EGDMA — ethylene glycol dimethacrylate,
GO — graphene oxide,

MIPs — molecular imprinted polymers,

MRI — magnetic resonance imaging,

MMA — methacrylic acid,

MBA — N,N"-methylene-bis(acrylamide),
MPS — 3-methacryloxypropyltrimethoxysilane,
MWCNT — multi-walled carbon nanotube,
NA — nucleic acid,

NP — nanopatrticle,

NIPAM — N-isopropylacrylamide,

PDT — photodynamic therapy,

PTT — photothermal therapy,

RNA — ribonucleic acid,

TBAM — N-tert-butylacrylamide,

TEOS — tetraethoxysilane,

UCNP — upconversion nanoparticle,

4-VPy — 4-vinylpyridine.
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