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Suitable sorbents are required for the effective enhancement of sample extraction. Molecular imprinted
polymers (MIPs) and related techniques can be utilized to create sorbents that possess specialized binding
capabilities for target analytes, exhibiting high selectivity, and other unique attributes such as thermo-
chemical stability, reusability, and sensitivity, thus aligning with the principles of green chemistry. These
attributes can be customized; hence sample preparation can be carried out using a variety of methods
and can be applied to a broad spectrum of samples, including environmental, biological, and food
samples. Numerous techniques have emerged for the production of MIPs, that have their individual
advantages and disadvantages. This review places particular emphasis on the interactions between
primary functional groups and monomers and how these functional groups impact MIP performance.
Additionally, we offer insights into how functional groups can significantly enhance the imprinting effect,
resulting in a markedly increased imprinting factor and specific rebinding capacity. This work initially dis-
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cusses the headway made in synthesis approaches and the applications of MIPs over the past five years.
Then, provide a comprehensive overview of the common challenges encountered and the environmental
applications of MIPs. The significance of the availability of various polymerization mechanisms and use of
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1. Introduction

Investigating different analytes using innovative polymers has
become a central focus of research endeavors.' This direction
has yielded positive outcomes in numerous areas, such as
detecting environmental contaminants and enhancing the
functionality of electrochemical devices.”” Molecular reco-
gnition is of crucial importance in biological processes and
currently garners significant attention from researchers, due
to its relevance in catalytic, separation and sensing appli-
cations.” Molecular recognition requires the establishment of
non-covalent interactions between antibodies and antigens
(referred to as “guest” and “host” respectively). These inter-
actions encompass various forces such as hydrogen bonds and
van der Waals forces.? This interaction holds immense signifi-
cance in the biomedical and biotechnological fields.
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diverse functional molecules and cross-linkers is emphasized.

The emergence of Molecular Imprinting Technology (MIT)
can be traced back to its introduction by Wulff and Sarhan in
the early 1970s.> Subsequently, a multitude of researchers have
played a pivotal role in furthering its progress. MIT entails the
polymerization of a functional monomer in the company of a
crosslinker encircling a template molecule that necessitates
imprinting. In the initial stages, a pre-complex develops
between the template molecule and the functional monomer,
followed by polymerization occurring around this pre-complex.
This process generates three-dimensional voids, facilitating
precise molecular recognition.® This molecular imprinting
technique imparts selectivity to recognition sites within syn-
thetic polymers, using template molecules that can be atoms,
ions, molecules, complexes, or micro-organisms. To enable
the molecules to be recognized, the template must be
removed, creating empty spaces.”

The distinguishing feature of molecular recognition lies in
its ability to specifically target particular molecules.®®
Biomedical applications heavily rely on this principle 10.
However, there are certain limitations'® such as limited life-
span, instability under extreme conditions, increased costs,
and challenging adaptation to a large-scale level. To address
these challenges, molecular imprinting was introduced as a
solution, ultimately giving rise to the emergence of MIPs.""
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Biomarkers play a pivotal role in providing crucial infor-
mation about various diseases, including cancer. However,
detecting these biomarkers at low concentrations in complex
matrices poses significant technical challenges.'> Molecularly
imprinted polymer-based sensors have emerged as an attrac-
tive solution for clinical applications due to their cost-effective-
ness, reusability, high stability, and resilience to physical and
chemical factors. These sensors exhibit exceptional sensitivity
to even minor structural changes in biomolecules 6. MIP-
based biosensors offer numerous diagnostic possibilities for
the detection of various cancer biomarkers, including proteins
such as PSA, Myo, CA15-3, HER-2, and CA-125, as well as small
molecules like 5-HIAA and neopterin. This versatility is attribu-
ted to their robustness, sensitivity, and cost-effective analysis
of biomarkers.'” Additionally, Surface Plasmon Resonance
(SPR) sensors, which can serve as an alternative to traditional
albumin monitoring approaches, can also be adapted for real-
time detection and monitoring of various other proteins.”

The research community’s interest in the field of MIPs is
not a recent development. K. Mosbach et al.'* were reportedly
the first to mention an “imprinted polymer” in 1984. G. Wulff
also utilized the term “imprinted polymer” in a paper pub-
lished in 1985, although he had previously published works
as part of a series titled “enzyme-analog built polymers” since
1973." Since then, MIPs have captured conceptual attention™
due to their widespread use, resulting from desirable attri-
butes such as high physical stability, robustness, excellent re-
usability, and cost-effective synthesis.'® Over the past 20 years,
a significant number of research works, review articles and
other publications have been released on the subject,'”'®
demonstrating their applicability in multiple domains, includ-
ing catalysis,'® sensors,*® solid phase extraction," drug deliv-
ery,”> water and wastewater treatment, environmental and bio-
medical sensing,”® and chromatography.”* Furthermore, com-
putational modeling studies have emerged, advancing the
rational design and outcomes of MIPs.>

MIPs are synthetic polymers that are carefully constructed
to possess specific pores matching the structure of the target
material, displaying a remarkable selectivity toward it.>® These
pores are created through polymerization using a monomer a
crosslinker and initiator.”” Porogens also have a significant
part in MIPs as they influence the volume of the pores and
how selective the resulting material is. They serve as a stable
medium for the solubility of other components and contribute
to the porous structure of the polymer film. The selection of
various porogens can be made according to the interactions
observed between the template material and the monomer.>®
Research has demonstrated that MIPs produced using imprint-
ing technology possess the ability to readily recognize mole-
cules, mimicking natural units such as biological receptors
and antibodies.

In recent times, MIPs have emerged as valuable tools for
the recovery of environmental pollutants due to their adsorp-
tion capabilities and adaptability to specific target pollutants,
setting them apart from carbonaceous materials. Recently,
MIPs have gained attention in the recovery of environmentally
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persistent pollutants (EPs). Unlike carbonaceous materials,
MIPs serve as adsorbents and possess the capability to adapt
to the specific pollutant of interest. This adaptability means
that MIPs can be custom-designed for a particular molecule of
interest. The MIP preparation process involves the mixing of
monomers with the chosen pollutant during polymerization,
followed by the removal of this molecule using an appropriate
solvent. As a result, an imprinted polymer is created with cav-
ities that mimic the shape and volume of the pollutant. This
affinity enables the MIP to selectively attract the target mole-
cule, making it more efficient in adsorbing EPs with enhanced
selectivity, specificity, and the ability to concentrate large
volumes of pollutants using a minimal amount of MIP.>
Sorbents based on MIPs provide several benefits, including the
ability to be reused, cost-efficiency, and effective isolation of
the desired analyte from the sample.>® Moreover, they allow
for the use of natural solvents, promoting a green approach
when utilizing MIPs.***"

However, the concept of MIPs is characterized by its
inherent complexity. Firstly, MIPs technology represents a mul-
tidimensional research area. As previously mentioned, it was
initially utilized for the recognition of chemical and biological
molecules. However, the scope of MIPs extends far beyond
molecular recognition and has found applications in diverse
fields such as drug delivery, purification, chemo-biosensing
and catalysis.***® Secondly, the intricacy of MIPs is further
enhanced by the involvement of a wide range of academic dis-
ciplines interested in this research domain, including polymer
and material chemistry, biochemistry, economics, and other
multidisciplinary approaches.** This interdisciplinary perspec-
tive promotes varied exploration and evaluation method-
ologies, resulting in diverse approaches to studying and asses-
sing MIPs technology.

The exceptional selectivity and recognition capabilities of
MIPs make them highly suitable for utilization as adsorbents
during sample preparation,®® due to offering relatively in-
expensive and reusable solutions, facilitating the efficient
removal of the target molecule. These adsorbents are particu-
larly favored in extraction reliant methods. Moreover, MIPs can
be combined with naturally sourced solvents to promote envir-
onmentally friendly practices.**® MIP-based sample prepa-
ration finds significant application in environmental analysis,
especially in the analysis of water samples preparation
methods. Numerous literature reviews have delved on the
applications of MIPs in environmental sample
analysis.?”®

Considering the aforementioned factors, the complexity of
MIPs and the continually increasing publication rate make it
an intriguing research area. There is a need to identify the
underlying sources of influence and conduct a methodological
review of the attributes and advancements within this field.

Over the past four years, several notable reviews have con-
centrated on the synthesis and environmental uses of
Molecularly Imprinted Polymers (MIPs). Kamyab et al. pro-
vided an overview of the current advancements in carbon-
based MIPs for detecting hazardous pollutants with high sen-

water
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sitivity and selectivity in aqueous settings.>* The following
year, Metwally et al. conducted a review of various MIP appli-
cations over the previous five years, focusing on the detection
of various types of water and wastewater contaminants and
proposing future application approaches.'® Kadhem et al.
delved into the progress of imprinted molecular technologies,
particularly their application in environmental and biomedical
sensors.’® Han et al. delved into the fundamental principles,
recent advancements, and diverse applications of MIPs in
various fields, including environmental remediation, waste-
water purification, food analysis, chemical and biological
sensing, precise drug delivery, protein identification and puri-
fication, as well as hormone removal.*' Villarreal-Lucio et al.
aimed to gather information on MIPs’ use as adsorbents for
environmental pollutants and their subsequent utilization in
preconcentration and pollutant analysis.”” In a recent study,
Kaya et al. presented a comprehensive review of the most
current applications and emerging patterns in the use of MIP-
based sample preparation techniques for analyzing environ-
mental water samples.”?

To date, MIPs have found widespread use in environmental
applications. However, their environmental application has
typically centered on various aspects, including the synthesis
of MIPs, preparation methods (such as solid-phase extraction
and adsorption), analysis methods (e.g:, liquid chromato-
graphy-mass spectrometry and high-performance liquid
chromatography), matrices (including wastewater, river water,
and lake water), and MIP components (crosslinkers, templates,
solvents, and monomers). One notable challenge in this
regard is optimizing the interaction between monomers and
functional groups. MIPs comprise several well-known com-
ponents, with the monomer’s primary role being to provide
functional groups that facilitate complex formation. Given the
dearth of comprehensive reviews on the application of MIPs as
environmental separation tools, especially regarding the criti-
cal role of functional groups, this review is structured to
outline the applications of MIPs as environmental separation
tools. It places particular emphasis on the interactions
between primary functional groups and monomers and how
these functional groups impact MIP performance.
Additionally, we offer insights into how functional groups can
significantly enhance the imprinting effect, resulting in a
markedly increased imprinting factor and specific rebinding
capacity. This review serves a dual purpose: firstly, to provide
current insights into the utilization of MIPs as tools for
environmental separation, and secondly, to assess the role of
functional groups as a parameter influencing MIP
performance.

In essence, this review encapsulates the noteworthy
advancements achieved in the application of MIPs as environ-
mental separation tools over the past five years. This review
highlights its novelty that influence the molecular imprinting
process, notably evaluating the parameter of functional groups
and its effect on MIP performance. Additionally, we delve into
the mechanisms and synthesis strategies of MIPs, presenting
their applications as tools for environmental separation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Lastly, we extend our discussion to explore the future prospects
of this captivating and rewarding research field.

This review takes a more contemporary approach by incor-
porating the latest available studies. It is crucial for future
research to assess recent advancements in technology and
novel approaches. As a result, this review conducts a thorough
assessment of the latest environmental uses of MIPs in sample
preparation methodologies, offering a comprehensive insight
into both MIPs and the primarily utilized sample preparation
approaches.

2. Components of MIPs

In molecular imprinting, the template molecule refers to the
material that interacts with the monomer. When it is sub-
sequently extracted from the polymer matrix, newly formed
cavities that match in shape and functional groups appear.
The template should to exhibit significant physicochemical
interactions with the monomer. However, it should be noted
that not all types of molecules can be used as templates.
Molecules affected by high temperature levels or the presence
of groups that impact the polymerization process may be con-
sidered unsuitable for this role.**

Functional monomers significantly impact the production
of all MIPs, by forming compounds with the templates. The
monomers provide functional hydrogen bonds that impact the
structural stability and porosity of the resulting material.*> The
cross-linking degree in polymers is essential for the structural
stability of the end result, as well as its morphology and the
stability of the binding location. Therefore, the crosslinker is
often used in abundance, as opposed to the monomer.

Initiators play an important role in MIPs, particularly in the
polymerization of free radicals. They can be activated through
a thermal or photochemical process, generating free radicals.
It is important to consider the stability of the template mole-
cule when selecting the appropriate initiator. If the template
molecule is unstable, it would not be suitable for polymeriz-
ation using thermally or photochemically activated initiators,
respectively. In cases where low-temperature polymerization is
necessary, photochemically active initiators are employed.**

3. Mechanism approaches and
synthesis strategies of MIPs
3.1 Mechanisms

Molecular imprinting can be broadly categorised as covalent,
semi- or non-covalent, based on the binding modes among the
template and the monomers. During the preparation of MIPs,
careful consideration must be given to the selection and pro-
portion of templates, monomers, cross-linkers and other para-
meters that might affect the process.*®

The covalent approach to molecular imprinting was pio-
neered by Wulff and his colleagues.*” In this method, the tem-
plate and the monomer form reversible covalent bonds, result-
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ing in a highly stable compound. This approach ensures a
uniform distribution of binding locations within the produced
polymer, leading to improved sensitivity and high yields.
However, the major drawback is the limited amount of tem-
plate molecules capable of forming reversible covalent bonds
with functional monomers, which restricts the widespread use
of this method.**

In contrast, the non-covalent imprinting approach, intro-
duced by Mosbach et al.,*® involves the formulation of a pre-
polymerization compound of the template and the functional
group through weak electrostatic interactions and hydrogen
bonds. This approach closely resembles the biorecognition
process.** Fig. 1 illustrates the schematic diagram of the non-
covalent imprinting mechanism.*’

In the non-covalent imprinting strategy, the creation of a
complex between the template and functional monomer
depends on weak non-covalent forces, such as van der Waals
interactions, hydrogen bonding, n-n stacking, dipole-dipole
interactions, and ion-dipole interactions, among others. These
techniques utilize readily accessible components and, there-
fore, demand minimal synthetic complexity.*®

The principal methodologies employed for the development
of Molecularly Imprinted Polymers (MIPs) can be classified
into two main categories, depending on the interactions that
occur between the template molecule and the monomer’s
functional groups during the pre-polymerization phase.
Additionally, this discussion encompasses variations of these
methods, such as semi-covalent imprinting, metal-mediated
imprinting, and interactions based on host-guest inclusion. In
aqueous environments, the recognition of template molecules
in non-covalently imprinted polymers is significantly influ-
enced by hydrophobic interactions. These hydrophobic inter-
actions are particularly valuable for detecting nonpolar com-
pounds in polar solvents, as demonstrated by MIPs utilizing
cyclodextrins (CD-MIPs). Cyclodextrins are cyclic oligosacchar-
ides characterized by their hydrophilic outer surface and
hydrophobic central cavity, which consists of a-1,4-linked o-p-
glucopyranose units. They readily form non-covalent com-
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Fig. 1 Diagram illustrating the non-covalent method. Reproduced from
ref. 49 with permission from MDPI, copyright 2023.
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plexes with a wide variety of host-guest molecules. The inter-
action between cyclodextrins and the target guest is easily
reversible and functions effectively in polar solvents like water.
This approach has yielded successful results in imprinting
various compounds, including oligopeptides, amino acids,
peptides, steroids, and more.*®

Takeuchi and colleagues engineered a photosensitive func-
tional monomer, comprising diaminopyridine and azobenzene
components. A custom-designed monomer was created to
selectively recognize porphyrin derivatives containing car-
boxylic acids as their template molecules. The scientists noted
that several hydrogen bonds could form between the template
and the functional monomer, facilitating the exact arrange-
ment of the functional monomer next to the template during
the polymerization procedure. This precise alighment led to
the creation of specialized imprinted pockets that perfectly
matched the target molecule’s shape.*”

The research team led by Varenne undertook a study invol-
ving the design and characterization of molecularly imprinted
polymers. These polymers were developed for the purpose of
selectively extracting oxazepam at low concentrations from
environmental water and human urine samples using solid-
phase extraction techniques. In this study, methacrylic acid
(MAA) was employed as the monomer due to its capacity to
engage in polar interactions with NOR and OXA. Additionally,
the research explored the influence of the crosslinker’s compo-
sition by synthesizing MIPs with two variants: one using ethyl-
ene glycol dimethacrylate (EGDMA), a commonly utilized
crosslinker with MAA for MIP synthesis (referred to as MIP/
NIP 1), and the other employing divinylbenzene (DVB),
selected for its ability to establish n—r interactions with com-
pounds possessing aromatic groups (referred to as MIP/NIP
2).52

The term “self-assembly” was introduced based on the
observed adaptability in the template-monomer interaction.
This inherent flexibility, combined with the ease of removing
the template, has generated significant interest among scien-
tists, making the non-covalent option the predominant choice
in molecular imprinting.

Scientists have acknowledged the advantages of both
methods and have devised a hybrid approach for molecular
imprinting. In this hybrid protocol, the rebinding process pri-
marily relies on the non-covalent interaction, while the
covalent method is employed during the initial imprinting
step.**

3.2 Synthesis strategies

To generate molecularly imprinted polymers (MIPs), a process
is undertaken to create a polymer matrix with embedded cav-
ities that possess functional sites. This is accomplished by
combining the template with the monomer while a porogenic
solvent that does not participate in the chemical reactions is
present (Fig. 2).>?

In molecular imprinting, the process of polymerization can
be categorized depending on the mechanisms utilized for poly-
merizing the template-monomer compound and cross-linked

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Diagram illustrating the creation of MIPs. Reproduced from ref.
53 with permission from Elsevier, copyright 2023.

monomers (Table 1). Example categories are bulk, precipi-
tation, emulsion and suspension polymerization, among
various other methods. Among these methods, bulk (tra-
ditional) polymerization,>® is the most commonly employed
due to being simple.

In this method, the template, the monomer, and other
components are combined and sealed together. To prevent the
loss of imprinting complex, external inert gases like nitrogen
are used to remove oxygen. The resulting polymers are in
block form and are subsequently crushed and sieved.
However, this process has drawbacks such as non-regular
shape and dimensions, potential damage to the imprinted cav-
ities during crushing and grinding, and a large input require-
ment. These factors contribute to low production of MIPs and
potential template leakage.”®

In precipitation polymerization, the compounds are formu-
lated in a significant quantity of solvent, and then the end
result is transported to a precipitation medium where they are
not soluble and precipitate at the bottom. This approach
allows control over the particle size but still results in irregular
shapes. It requires a larger amount of solvents compared to
bulk polymerization.>® MIPs created using the bulk approach
have a monolithic structure. If these monoliths are not ready
to use, they must undergo a tedious and time-consuming
process of being crushed, grinded, and sieved to procure
microparticles for the sorption process.>” In contrast, precipi-
tation polymerization yields MIPs that manifest as spherical
beads with uniform sizes ranging from nano to sub-
micrometers, demonstrating excellent suitability for solid-
phase extraction (SPE) in conventional applications. When
polymerization occurs, the template becomes enveloped by the
interconnected chains of the polymer network. By sub-
sequently extracting the template molecule using a solvent,
well-defined cavities with precise dimensions, shapes, and
active surface sites are created.”’

Suspension polymerization, pioneered by Mayes and
Mosbach,® entails the dissolution of all necessary polymeriz-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ation components in an appropriate organic solvent, which is
subsequently blended with another solvent. Through vigorous
stirring, small droplets are formed during the polymerization
process.>® The resultant particle size produced through this
method ranges from 10 to 100 pm.®°

Emulsion polymerization occurs in an oil/water system con-
sisting of two phases.®® In this method, the monomer, cross-
linking agent and template are initially emulsified in an aqueous
solution, followed by the disperse phase where stabilizers are
added. This approach has a high polymerization rate; however, it
is challenging, costly, and often results in low polymer purity.
The use of water can also negatively impact its effectiveness.>

Cui et al produced hydrophilic MIPs by cross-linking
copper cations and styrene-methacrylic acid copolymer.
Hydrogen bonding and metal chelation enabled the formation
of a cross-linked network where tetracycline served as the tem-
plate molecule®” (Fig. 3).

The surface imprinting technique involves the application
of imprinted layers onto porous silica or a solid medium using
various mechanisms. This method offers simplicity, versatility,
a large imprinted surface area, controlled morphology and
dimensions, and a high number of binding sites.” It sur-
passes traditional polymerization methods in terms of
enhanced reproducibility, selectivity, and sensitivity. However,
large-scale production of surface-imprinted polymers still
faces limitations.**Compared to bulk imprinting, it offers
better access to the binding locations, achieving fast reco-
gnition and minimizing the diffusion distance between the
target molecule and the binding site, while steric hindrance is
limited. This provides notable benefits when imprinting bio-
macromolecules.®® Surface-imprinted nanomaterials facilitate
a quick template transfer, thereby enhancing the binding
capacity and kinetics. Additionally, they can integrate other
functions, providing additional features.®* Stimuli-responsive
MIPs (SR-MIPs) are intelligent compounds that can respond to
a particular stimulus such as pH, temperature, magnetic fields
by undergoing significant changes in their morphology or
other attributes, resembling natural receptors. Two main
methods are employed for synthesizing SR-MIPs: grafting/
incorporating responsive materials into MIPs and including
responsive substances in the MIP framework. The former is
primarily used for magnetic SR-MIPs.** Photo-irradiation is a
frequently utilized stimulus due to its convenience and con-
trollability. Photo-responsive materials have gained significant
attention for their potential applications in areas such as
optics and memory storage and processing.’ Fig. 4 depicts the
various new imprinting technologies and strategies for the
preparation of TCM-related MIPs.®>

Nanoimprinting technology involves the preparation of
MIPs with nano-sized dimensions.®® These nano-MIPs elimin-
ate the need for further processing and exhibit high mechani-
cal strength, ensuring the durability of their recognition
locations. The nanoscale dimensions of MIPs result in a large
specific surface area, allowing for almost full extraction of the
template and maximizing the available binding locations, that
can be found typically on or close to the surface, providing
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Fig. 4 Recent advancements in imprinting technologies and strategies
applied in the development of MIPs specifically designed for traditional
Chinese medicine. Reproduced from ref. 65 with permission from MDPI,
copyright 2023.

notable binding abilities. Additionally, the accessibility of tem-
plate molecules to the molecularly imprinted sites is
enhanced, leading to fast binding dynamics. Therefore,
nanoimprinting technology holds great potential for a variety
of applications and can contribute to the stability of molecu-
larly imprinted sensors by synthesizing more robust
nanomaterials.®”

© 2024 The Author(s). Published by the Royal Society of Chemistry

Illustration demonstrating the fabrication of Cu-MMIPs. Reproduced from ref. 61 with permission from Elsevier copyright 2023.

To address the issue of template molecule leakage, the
dummy template imprinting strategy is commonly employed.
This strategy involves using a structurally similar molecule to
the target molecule as the template for imprinting. By doing
so, specific recognition by MIPs is maintained while avoiding
interference caused by template molecule leakage.’® This
approach is particularly useful when working with expensive,
chemically unstable, or potentially hazardous template mole-
cules. The successful utilization of dummy template MIPS has
been demonstrated for the extraction of pesticides in
cinchona.®

The objective of the multi-functional monomer imprinting
approach is to enhance the bonding between the target and
the monomer, by employing multiple monomers that have
interactions with the template.”’ This method is an effective
means to enhance the selectivity and adsorption ability of
MIPs. It offers a valuable approach to imprinting various ana-
Iytes and enhancing selectivity. However, continuous explora-
tion is needed to determine the appropriate selection and
combination of existing functional monomers, as well as the
design and synthesis of new monomers, in order to fully take
advantage of their synergistic nature.®”

Multi-step swelling polymerization is a meticulous and
laborious approach employed to produce spherical, uniform
MIPs. The polymerization proceeds gradually in sequential
steps, starting with small polymeric seeds like polystyrene.
With each step, particle swelling increases. In spite of the long
duration of the process and the requirement for extensive
optimization of each polymerization step, multi-step polymer-
ization demonstrates versatility with various templates.””

Electro-polymerization facilitates the direct creation of thin
MIP films with the desirable thickness on the electrode by reg-
ulating the amount of electro-polymerization cycles applied.
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This approach presents a straightforward, rapid, and cost-
efficient technique for preparing MIPs.®

Controlled or living polymerization denotes a polymeriz-
ation procedure that advances in a regulated fashion. In this
approach, adverse reactions occur at remarkably low frequen-
cies, and the degree of polymerization of the resulting poly-
mers increases proportionally with monomer conversion. The
concept of ‘living’ polymerization made its debut in 1956,
thanks to the groundbreaking research by M. Szwarc,*® who
introduced the idea of living anionic polymerization to the
scientific community. This pivotal discovery laid the foun-
dation for modern polymer science, enabling the elongation of
polymer chains with consecutive blocks and resulting in poly-
mers with exceptionally low polydispersities. For a significant
period, living anionic polymerization remained the primary
method for producing block copolymers. It was only many
years later that this ‘living’ approach was extended to include
cationic (ring-opening) polymerization of heterocyclic com-
pounds and the polymerization of vinyl monomers.%®

However, it wasn’t until the emergence of contemporary
controlled radical polymerization (CRP) techniques that these
ionic processes were surpassed in providing precise control
over molecular weight and molecular weight distribution in
synthetic polymers. Nevertheless, they faced limitations due to
their susceptibility to impurities and moisture, as well as their
restricted applicability to specific monomers (i.e., aprotic and
apolar), which limited their utility.*®

Otsu in 1982%%°° coined the term “Controlled Radical
Polymerization” when discussing the use of dithiocarbamates
as initiators. These initiators undergo reversible photo-dis-
sociation, resulting in the formation of a propagating alkyl
radical and a dormant dithiocarbamyl species. The introduc-
tion of substances capable of deactivating propagating radicals
in a reversible and selective manner, rather than initiating new
polymer chains, marked a significant milestone in achieving
control over radical polymerization. Otsu coined the term “ini-
ferters” to describe these compounds, combining “initiator”,
“transfer agent”, and “terminator” to emphasize their sequen-
tial roles in the polymerization process.?¢

As an evolving polymerization technique, controlled/living
radical precipitation polymerization (CRPP) incorporates the
CRP mechanism into established precipitation polymerization
systems. This fusion combines the benefits of CRP with the
framework of conventional precipitation polymerization. We
will explore various CRPP approaches that have been
devised.”’Both atom transfer radical polymerization (ATRP),
and reversible addition-fragmentation chain transfer (RAFT)
are well-suited techniques for achieving the goal of creating
uniform polymeric materials.”>

In recent times, there has been substantial interest in CRPs
owing to their capacity to precisely synthesize well-defined
polymers with predetermined molecular weights and low
molar mass dispersions. CRPs combine the advantages of tra-
ditional free radical polymerization with the characteristics of
living polymerization, making them a highly explored subject
in polymer science. While CRPs provide control over the syn-
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thesis process akin to living anionic polymerization, they do so
with a slightly reduced level of precision. Nevertheless, CRPs
hold a distinctive advantage in operating under gentler and
less restrictive reaction conditions, making them applicable to
a broader spectrum of monomers. The attainment of control
in CRPs is contingent upon establishing a dynamic equili-
brium between active and dormant species, resulting in
exceedingly low radical concentrations within the polymeriz-
ation systems and consequently minimal radical termination,
ultimately leading to regulated polymerizations.®®

The core principle underlying controlled radical polymeriz-
ation (CRP) revolves around maintaining an equilibrium
between actively progressing free radicals or active species and
dormant ones. This balance serves to minimize chain-breaking
reactions and the sudden initiation of multiple polymer
chains. Among the various CRP techniques, the most effective
ones include ATRP, stable free radical polymerization (SFRP),
nitroxide-mediated polymerization (NMP), and RAFT. The pres-
ence of CRP “living” groups on the polymer’s surface is of
paramount importance because these “living” groups facilitate
advanced surface modifications, such as the incorporation of
hydrophilic comonomers.”’

ATRP stemmed from atom transfer radical addition (ATRA),
a modified iteration of Kharasch addition, enabling the cre-
ation of 1: 1 adducts between alkyl halides and alkenes.®®

ATRP has undergone thorough examination and offers dis-
tinct benefits, including a broad spectrum of initiators, adap-
tability to diverse monomers, and the use of mild reaction con-
ditions. Nevertheless, ATRP faces obstacles in terms of indus-
trial implementation, chiefly stemming from the toxicity of the
halide initiator and the vulnerability of the reduced metal cata-
lyst to oxygen. Consequently, its large-scale application
necessitates careful consideration of environmental contami-
nation risks and the potential expense associated with equip-
ment needed to maintain controlled oxygen levels within the
polymerization vessel.”® It functions by establishing an equili-
brium between addition and fragmentation through the use of
thiocarbonylthio compounds to control the progression of
radical polymerization.”®

RAFT has evolved into a remarkably successful CRP tech-
nique recognized for its broad utility and straightforward
implementation. In RAFT polymerization, a specialized trans-
fer agent is used, enabling the swift degenerative transfer of
propagating radicals. This pivotal chain-transfer function com-
petes effectively with propagation, resulting in a notable
reduction in termination occurrences. Within RAFT polymeriz-
ation, propagating radicals swiftly engage with the RAFT agent,
rendering it more reactive than typical vinyl monomers. This
proficient degenerative transfer process becomes the predomi-
nant mechanism, leading to a decreased frequency of propa-
gation events and a decelerated polymerization rate.®®

Within RAFT polymerization, propagating radicals swiftly
engage with the RAFT agent, rendering it more reactive than
typical vinyl monomers. This proficient degenerative transfer
process becomes the predominant mechanism, leading to a
decreased frequency of propagation events and a decelerated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymerization rate.®® A significant advantage for industrial
applications is its flexibility, which can be applied to various
categories of free radical polymerization. Its efficacy is not
reliant on a specific catalyst or environmental settings.”®

3.3. Factors that impact the molecular imprinting process

There are various factors affecting the molecular imprinting
process, influencing the properties and performance of MIPs.
Careful selection and optimization of each factor is essential
to achieve the highest efficiency and favorable characteristics
in MIPs. Parameters such as functional groups, the type and
quantity of templates, monomers, cross-linkers, and porogens
are thoroughly examined in this section.

3.3.1 Functional groups. MIPs are composed of established
components, and the primary role of the monomer involves
two pivotal functions: (i) providing functional groups that
enable complex formation and (ii) generating precise voids
custom-tailored for the target molecule.”® In the creation of
MIPs, the selection of constituent components plays a critical
role in determining the resulting imprinted polymer’s per-
formance (Fig. 5).

The preference for a functional monomer over a conven-
tional one stems from its incorporation of Y functional groups,
enabling interactions with the template molecule through
H-bonds, dipole-dipole interactions, and ionic bonding, ulti-
mately culminating in the formation of a template-monomer
complex.”® The selection of the appropriate functional
monomer is crucial, and three types are commonly employed:
(i) acidic compounds such as methacrylic acid, (ii) alkaline
compounds like 4-vinyl pyridine, and (iii) pH-neutral com-
pounds such as styrene.”®

The choice of an appropriate functional monomer that can
engage favorably with the template molecule is crucial. In
cases where the template molecule is acidic, it is often advan-
tageous to select a functional monomer with basic functional
groups, and vice versa. For instance, methacrylic acid is pre-
ferred for a basic template, while vinylpyridine is suitable for
an acidic template. However, this selection becomes more
complex when the template molecule lacks functional groups
that enable well-defined interactions with other molecules.”®

Monomer,

Pr——

/ Porogen /“ Functional

at
. Crosslinker.

b—\ Template

MIPS

Fig. 5 The role of functional groups in MIP performance.
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The template’s functional group, whether it be amino, car-
boxyl, hydroxyl, amide, or ester, plays a vital role in MIP per-
formance. Through the creation of custom-designed binding
sites, MIPs not only recognize the size and shape of the tem-
plate but also respond to the functional groups present on the
molecule.””

The molecular imprinting process encompasses various
interactions, including hydrogen bonding, dipole-dipole inter-
actions, and ionic interactions. These interactions between the
template molecule and the functional groups within the
polymer matrix drive molecular recognition, allowing the
resulting polymer to selectively recognize and bind to the tem-
plate molecules. Therefore, comprehending the chemical
interactions that occur during MIP development is of para-
mount importance.”Fourier-transform infrared spectroscopy
(FTIR) serves as a suitable technique for monitoring the func-
tional groups within MIPs. FTIR spectra enable the assessment
of non-covalent interactions like hydrogen bonding that take
place within MIPs.”®

Numerous examples underscore the significance of func-
tional groups in influencing MIP performance (Table 2).

For instance, Bakhtiar et al. prepared a MIP for 2-phenyl-
phenol using styrene as the functional monomer and divinyl
benzene as the cross-linker via precipitation polymerization.
FT-IR spectroscopy of the MIP particles revealed peaks corres-
ponding to C-H stretching from alkane functional groups.
Batch binding assays with template molecules and analogs
possessing similar functional groups indicated that the MIP’s
high selectivity depended largely on the binding sites created
by functional groups.®®

In another study, Sun et al developed molecularly
imprinted polymers for climbazole (CBZ) using either micoma-
zole (MNZ) or CBZ as templates. They employed methacrylic
acid (MAA) as the functional monomer to establish strong
hydrogen interactions with the azole group.'® Varenne’s
research team conducted an investigation into the develop-
ment and characterization of MIPs designed for the selective
solid-phase extraction of oxazepam from trace concentrations
found in environmental water and human urine samples.
Methacrylic acid (MAA) was selected as the monomer due to
its capacity to engage in polar interactions with NOR and OXA.
Furthermore, the study delved into the influence of the cross-
linker’s nature by producing MIPs with either ethylene glycol
dimethacrylate (EGDMA), commonly used in conjunction with
MAA for MIP synthesis (referred to as MIP/NIP 1), or divinyl-
benzene (DVB), chosen for its ability to establish n-n inter-
actions with compounds containing aromatic groups (referred
to as MIP/NIP 2).*

Amaly and co-workers designed uniformly sized molecu-
larly imprinted polymer nanospheres through precipitation
polymerization, employing methacrylic acid (MAA) as the func-
tional monomer and N,N-methylenebis(acrylamide) (MBAA) as
a crosslinker for the removal of diclofenac (DFC), serving as a
model for pharmaceutical pollutants. MAA, a commonly used
functional monomer in noncovalent imprinting, exhibits an
excellent ability to interact with DFC through hydrogen
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Table 2 Functional groups evident in MIP performance in different environmental matrices
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Analytes (matrix) Template Functional group ~ Functional monomer Crosslinker Porogen (solvent) Ref.
Spiked blood serum 2-Phenylphenol Alkane functional  Styrene Divinyl benzene ACN 99
and river water (agricultural group
fungicide)
Environmental water ~MNZ Azole group MAA EGDMA ACN 100
samples
Environmental and BZDs Aromatic groups MAA EGDMA & DCM/toluene 52
biological samples Divinylbenzene
Different real water DCF Carboxyl group MAA MBAA Water/MeCN, MeCN, 101
samples chloroform, toluene/
MeCN
Environmental water ~ E2 Amino, hydroxyl, Dopamine Dopamine ACN 102
samples and phenyl groups
Wastewater Fenoprofen Pyridine group 2-VP EGDMA ACN 103
Environmental water ~ TC Carboxyl and Styrene-methacrylic cu* — 61
samples hydroxyl groups acid
Wastewater CR Acidic functional ~ MAA Methyl acrylic acid ~ ACN 104
groups ethylene glycol
Wastewater Diclofenac, naproxen, Carboxylic group MAA and 2-VP EGDMA Toluene 105
and ibuprofen
Seawater samples NFX Hydrogen bonding MAA EGDMA ACN 106

and ionic bonding

Key: EGDMA: ethylene glycol dimethacrylate, NSAIDs: non-steroidal anti-inflammatory drugs, MAA: methacrylic acid, ACN: acetonitrile, MNZ:
miconazole, DCM: dichloromethane, MBAA: N,N-methylenebis(acrylamide), DCF: diclofenac: Benzodiazepines, E2: 17p-estradiol, NFX:

norfloxacin, TC: tetracycline, CR: Congo red, 2-VP: 2-vinylpyridin.

bonding and acid-base interactions between acidic carboxylate
groups and the basic (-N-) lone pair of DFC. Rebinding experi-
ments confirmed that increasing the introduction of carboxyl
groups from MAA significantly enhanced the imprinting effect,
leading to a substantially increased imprinting factor and a
specific rebinding capacity of up to 450 mg g ' after
15 minutes.'”!

Recently, Tian’s research team introduced an innovative
approach for fabricating magnetic molecularly imprinted
nanobeads (E2-MMINs) designed to target 17f-estradiol (E2).
These E2-MMINs were synthesized by applying molecularly
imprinted polymers onto the surface of magnetic nanobeads
in aqueous solvents. In this technique, carboxyl group-functio-
nalized Fe304 nanoparticles were employed as carriers, while
E2 served as the template molecule, and dopamine was used
as the functional monomer. The selection of dopamine was
motivated by E2’s hydrophobic characteristics, as dopamine,
with its amino, hydroxyl, and phenyl groups, could engage in
interactions with E2 through hydrogen bonding and == stack-
ing. Furthermore, dopamine readily underwent oxidation to
produce thin polydopamine layers on solid carriers under
mildly alkaline conditions at room temperature.'®*

Mbhele et al. synthesized a molecularly imprinted polymer
used as a solid-phase extraction (SPE) sorbent for selectively
isolating fenoprofen in aqueous samples. The choice of
2-vinylpyridine as the functional monomer was driven by its
ability to establish weak hydrogen bonds between its basic
nitrogen atom and the carboxyl hydrogen atoms of acidic phar-
maceuticals. Moreover, the pyridine group formed stacking
electrostatic interactions with the aromatic rings of non-
steroidal anti-inflammatory drugs (NSAIDs), including feno-

136 | RSC Appl. Polym., 2024, 2,127-148

profen. These compounds, including fenoprofen, ketoprofen,
gemfibrozil, and triclosan, contain hydroxyl groups capable of
binding with the nitrogen atom of the 2-vinylpyridine func-
tional monomer. Given the close physicochemical resem-
blance of these compounds to fenoprofen, they had the poten-
tial to compete for binding sites within MIP cavities imprinted
with fenoprofen.'®?

Cui and colleagues devised a straightforward method to
synthesize hydrophilic molecularly imprinted polymers (MIPs)
with full physical cross-linking. Copper ions (Cu®*) and a
styrene-methacrylic acid copolymer (poly(St-co-MAA)) were
employed as cross-linkers in this process. Initially, magnetic
nanoparticles coated with CMC (CMC@Fe;0,) interacted with
the template tetracycline (TC), forming the initial cross-linking
network through hydrogen bonds and coordination bonds,
with Cu®" serving as the cross-linker. After TC was removed,
the resulting magnetic hydrophilic imprinted polymers (Cu-
CMMIPs) retained imprinted cavities that matched TC in size,
dimensions, and functional groups. In Cu-CMMIPs, the
absorption peak of C=0 shifted to 1600 cm™", indicating the
involvement of carboxyl groups from CMC in coordination
bonds formation. Additionally, a weak absorption band at
630 cm™ " was attributed to Cu-O stretching vibrations, demon-
strating successful coordination between Cu®>* and the
polymer network. This strategy offered several distinct features,
including the hydrophilicity imparted by the abundant car-
boxyl and hydroxyl groups in the imprinted network.®*

Yuan et al. prepared MIPs via a one-step swelling polymeriz-
ation method. Polystyrene microspheres served as seeds,
Congo red (CR) as template molecules, methacrylic acid as the
functional monomer, methyl acrylic acid ethylene glycol ester

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as the crosslinker, acetonitrile as the solvent, and azobisisobu-
tyronitrile as the initiator. The interactions between the func-
tional groups (-COOH and -NH2) in the pores, created by the
functional monomers, played a crucial role in providing
adsorption selectivity for CR on CR-MIP.'**

J. Meléndez-Marmolejo et al. synthesized a series of mole-
cularly imprinted polymers (MIPs) for diclofenac, naproxen,
and ibuprofen using different polymerization approaches. Two
functional monomers, methacrylic acid (MAA) and 2-vinylpyri-
dine (2-VP), were tested, and ethylene glycol dimethacrylate
(EGDMA) was used as the crosslinker. These MIPs were
designed to adsorb the target molecules through chemisorp-
tion bonds, involving chemical reactions or chemical-like
forces between the functional groups of the adsorbent and the
template. Diclofenac, which features a benzene ring and a car-
boxylic group similar to 2-vinylpyridine, was found to have
high extraction capacity but low selectivity when using 2-vinyl-
pyridine as the monomer. Although ibuprofen shares struc-
tural similarities with diclofenac and naproxen, its extraction
capacity was lower, indicating that the presence of specific
functional groups played a significant role in conformational
memory. Therefore, MIP recognition depended not only on
molecule size but also on the distribution of their functional
groups.'®

Li and collogues devised a novel approach for the purifi-
cation and preconcentration of norfloxacin (NFX) in seawater
samples using molecularly imprinted solid-phase extraction
(MISPE). The functional monomer, methacrylic acid (MAA),
and crosslinker, ethylene glycol dimethacrylate (EGDMA), were
carefully chosen for this purpose. MAA was specifically chosen
as the functional monomer due to its ability to promote hydro-
gen bonding and ionic interactions in the porogen prior to
polymerization.'%°

3.3.2 Template. The choice of template molecules for
molecular imprinting relies on various factors, depending on
if the template is stable, costly, soluble, potentially toxic, and
the functional groups able to interact with monomers.'®” The
selectivity of MIPs is significantly influenced by the functional
groups present, as their abilities rely on the shape selectivity of
these groups. Pas research has emphasized the importance of
generating binding locations that exhibit enhanced specificity
and affinity.'%®

In a study by Simon et a it was demonstrated that tem-
plates with maximum two functional groups exhibited remark-
able selectivity, implying that the predominant mechanism for
molecular recognition is shape selectivity. This observation
may be ascribed to a potential clash between shape selectivity
and pre-organization of functional groups during the pro-
cedure, or it could suggest an incomplete realization of the re-
binding behavior. Noteworthy is the notable enhancement in
efficiency for templates containing three or more functional
groups, as the spacing between these groups is increased.

Two significant insights were put forth by Spivak et al.''°
concerning the selectivity of MIPs, both of which are affected
by the cavity’s shape. Firstly, steric constraints emerge when a
molecule exceeds the size limit of an imprinted site designed

1
l., 09
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using a smaller template. Secondly, for optimal interactions
within the binding locations, the chosen morphologies must
not exceed the size of the template. Additionally, branching
topologies demonstrate superior selectivity compared to linear
hydrocarbons, whereby simple chain groups with more than 8
carbons lose their recognition capability entirely.

3.3.3 Monomers. The types of monomers used are very sig-
nificant for the production of MIPs. During the selection of
ideal monomers for the development of imprinted materials,
various factors including the strength and nature of inter-
actions between the template and monomer are considered.
The efficacy of recognition hinges on the establishment of a
stable compound, allowing for the optimization of their inter-
actions and the creation of highly specialized binding
locations tailored to the template molecule.'*! Matching the
monomer and template activities is crucial for enhancing the
interactions. Additionally, the monomer selection should take
into account its compatibility with the solvent, ensuring stabi-
lity and solubility in the selected solvent.''* The unique reco-
gnition sites of MIPs are formulated because of the interaction
between analytes and monomers. After removing the tem-
plates, particular recognition sites with a complementary mor-
phology, dimensions and functionality to the template are
formed, as illustrated in Fig. 6.

Ideally, monomers with the ability to demonstrate cage
effects or strongly interact in the specific solvent are preferred
as they enhance the capacity and homogeneity of the binding
cavities. Moreover, the monomers should be suitable for the
chosen polymerization method.'”® Furthermore, the mono-
mers used in MIPs should possess thermal and chemical stabi-
lity, resisting environmental influences."'®''” Zhang et al.”
evaluated the use of UV-vis spectra for the selection of MIPs.
Monomers should have the capacity to bond with the tem-
plate. Non-covalent interactions are more commonly employed
in MIP synthesis due to their relatively weaker intensity.™*®
These interactions are typically based on weak forces such,
resulting in easy template extraction. Non-covalent interactions
are rather simple and efficient, although they can be easily dis-
rupted during the separation of the template-monomer
complex. In contrast, covalent interactions involve slower
binding and more difficult template extraction. The most fre-
quently used monomers include but are not limited to MAA,
2-VP and 4-VP.'"’

In 2010, Nunez et al'?® utilized 4-VP and MAA in their
study to develop the molecularly imprinted solid-phase extrac-
tion (MISPE) process. The selection was made considering the
capacity of non-steroidal anti-inflammatory drugs (NSAIDs) to
establish hydrogen bonds. This characteristic contributes to
achieving a high extraction efficiency. Therefore, 2-VP and 4-VP
are frequently employed as monomers for NSAIDs.'*! On the
other hand, MAA and other polar monomers demonstrate
limited effectiveness in establishing hydrogen bonds with tem-
plates that are polar or have at least weak polarity. In such
scenarios, hydrophobic monomers can be utilized, although it
is more advantageous to design and synthesize monomers that
possess morphologies complementing the template.'**
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Fig. 6 A illustrates a schematic representation of the preparation and recognition process for a MIP. Reproduced from ref. 113 with permission from
Elsevier, copyright 2023. Fig. 4.B depicts a schematic representation of the synthesis of CNT-mer dispersed MIP and the fabrication of CNT-mer dis-
persed MIP-modified PGE (electrodel). In this study, the use of CNT-mers in the MIP matrix required a solvent that facilitated their homogeneous
dispersion. The synthetic protocol for preparing template-free MIPs using the activator produced by electron transfer for atom-transfer radical
polymerization method is presented. Reproduced from ref. 114 with permission from Elsevier, copyright 2023.

3.3.4 Crosslinker. A higher number of cross-linkers
enables the formation of a stable porous material."** However,
excessive cross-linker content, exceeding 80%, has a detrimen-
tal effect on the performance of MIPs. This can be ascribed to
the polymer blocking binding locations, thereby hindering the
removal of templates and making rebinding challenging.'**
Certain cross-linkers exhibit superior properties compared to
others. With fewer available cross-linkers for interaction, the
overall affinity of the MIPs decreases.'> The use of a cross-
linking material also influences the morphology of MIPs,
thereby affecting their binding capacity.

Holland et al.**® and Rosengren et a
results, indicating that lower concentrations of cross-linkers
result in better binding ability. Gavrilovic et al.'*® suggest that
adding functional cross-linkers to traditional polymerization
reagents can improve “shape selectivity”. By adopting this
approach, the quantity of binding sites is augmented, and
their uniformity is enhanced, thus underscoring the remark-
able potential of these functional cross-linkers. The monomer
to crosslinker ratio is particularly significant as it affects the
physical attributes of the produced MIPs, according to
Mueller."®® Porogens are frequently used to enhance the
surface area and capacity of MIPs. The available surface area is
greatly influenced by the template, monomer and cross-linker
solubility. If the complex or polymer precipitates, phase separ-
ation can diminish the surface area, whereas the use of non-
solvents that cause emulsion formation can generate pores or
cracks. Incorporating solid porogens, such as dissolvable salt
particles, proves to be an effective method for augmenting
surface area. The surface area, pore dimensions, binding
ability, and morphology of the pre-polymerization complex are
influenced by the properties of the cross-linker. Research has
shown that intermolecular forces among the template,
monomer, cross-linker, and solvent drive the formation of the

1127 observed similar
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pre-polymerization complex.’*® Similar to porogens, this can
lead to phase separation, leading to denser morphologies and
more limited surface area. Typically, the presence of distinct
pre-polymerization complexes with varying structures is
observed, as molecules with similar characteristics demon-
strate comparable binding capacities.

3.3.5 Porogens. The solvent used in the MIPs process plays
a significant role in its outcome. The interaction between the
target and the monomer is affected by both the attributes and
quantity of the solvent. The solvent serves as a dispersing
agent during polymerization, aiding in the formation of a con-
sistent cavity. Toluene and chloroform are commonly
employed solvents in such cases. It is crucial to choose a
solvent that generates large pores to ensure favorable flow-
through properties of the resulting MIP. Increasing the volume
of the solvent corresponds to larger pore sizes in the polymer,
which is why the term “porogen” is often used for the
solvent.""”

According to Guyot and Bartholin,"*° solvents with higher
solubility are advantageous for liquid-based applications like
solid phase extraction (SPE) because they increase cavity acces-
sibility owing to larger surface areas. However, employing a
minimal quantity of solvent may yield a polymer with reduced
surface area, resulting in a thicker and less permeable
material.*! Sellergren et al."**> noted that the use of dichloro-
methane resulted in smaller pores and surface area.

In a study by Spivak et al.,"*? it was found that the best out-
comes were often achieved when using a polymer based on
chloroform with limited porosity. This suggests that the
material’s identification properties are not directly linked to
the polymer’s topology. Furthermore, the potential solvent
polarity plays a significant role, with a solvent exhibiting stable
polarity being essential for facilitating the assembly of
monomer-template interactions. In cases where the template

0
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and monomers interact primarily through hydrophobic inter-
actions, water is often preferred as the solvent,"** whereas
polar solvents can assist in the imprinting of hydrophilic or
weakly polar templates.'®®

3.3.6 Characterization. The characterization of imprinted
and non-imprinted polymers typically involves various analyti-
cal techniques. Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) are commonly employed
to analyze the morphology of materials. For assessing the
elemental composition within polymers, techniques like
energy dispersive X-ray (EDX) analysis and elemental mapping
are widely used. Atomic force microscopy (AFM) and various
fluorescence-based techniques have garnered increasing atten-
tion in characterizing thin-film Molecularly Imprinted
Polymers (MIPs). Spectroscopic methods, including infrared
(IR), nuclear magnetic resonance (NMR), and UV-vis spec-
troscopy, play a crucial role in studying interactions between
templates and monomers, assisting in the selection of suitable
functional monomers, and validating computational data. For
determining pore sizes and specific surface areas of imprinted
polymers, Brunauer-Emmett-Teller (BET) analysis is con-
ducted through nitrogen adsorption experiments. Additionally,
the utilization of X-ray absorption fine structures, X-ray photo-
electron spectroscopy (XPS), and diffraction studies has gained
prominence. To assess thermal stability, thermogravimetric
analysis (TGA) is employed. In the case of magnetic materials
like Fe;0,, they are characterized with the help of a vibrating
sample magnetometer.”® Raman spectroscopy has been inte-
grated with MIPs in numerous publications,"**'*” with many
of these studies utilizing Surface Enhanced Raman
Spectroscopy (SERS) to detect the target analyte. This inte-
gration results in highly selective and sensitive sensors for
various target analytes, particularly small molecules.™*®

Surya et al'®® devised an electrochemical biomimetic
sensor for ciprofloxacin detection. They utilized a chitosan
gold nanoparticle-modified Molecularly Imprinted Polymer
(Ch-AuMIP) to modify a glassy carbon electrode (GCE) for con-
structing the sensor. To characterize Ch-AuMIP, various pro-
perties were examined using Fourier transform infrared spec-
troscopy (FT-IR), scanning electron microscopy (SEM), atomic
force microscopy (AFM), and cyclic voltammetry (CV). FT-IR
analysis revealed the presence of intramolecular hydrogen
bonding in chitosan between the -NH2 and -OH groups, evi-
denced by a broadband between 2400 cm™* and 3400 cm™,
along with an absorbance band at 1650 cm ™", confirming the
presence of an amide group in chitosan. AFM showed a high
roughness in the MIP sample, indicating the presence of active
sites, which facilitated the conversion of analyte adsorption
into electrical changes during CV and DPV measurements.
SEM images displayed a surface area with numerous cavities
on Ch-AuMIP.

Wei et al'® introduced a molecularly imprinted fluo-
rescence sensor using carbon quantum dots (CQDs) with
surface modification by acrylic acid for tetracycline detection.
The sensor underwent characterization through transmission
electron microscopy (TEM) and FT-IR. Tetracycline, acrylamide
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(AM), ethylene glycol dimethacrylate (EGDMA), and azobisiso-
butyronitrile (AIBN) were employed as the template molecule,
functional monomer, cross-linker, and initiator, respectively.
TEM analysis revealed CQDs coated with polymers, resulting
in an irregular structure with agglomeration due to strong
adhesion between the polymer layers and CQDs. FTIR spectra
confirmed the successful elution of the template molecule
from MIPs-AA/CQDs. Characteristic peaks at 3440 and
1610 cm—1 indicated imine group vibrations of the functional
monomer (acrylamide), while the peak at 1675 cm—1 indicated
carbonyl group vibrations of acrylamides, confirming the suc-
cessful preparation of MIPs-acrylic acid/CQDs with good
selectivity and sensitivity for tetracyclines.

Shaheen et al'*' synthesized two-dimensional graphitic
carbon nitride nanosheets (g-C3N4) through microwave-
assisted methods and incorporated them into MIPs using
chloramphenicol as a template to create a novel mass-sensitive
sensor for chloramphenicol detection. Structural characteriz-
ations and phase identification of g-C3N4 were conducted
using X-ray diffraction (XRD), while FTIR characterized the
chemical bonds within g-C3N4. Scanning electron microscopy
revealed 2D lamellar structures of g-C3N4 with wrinkles and
irregular folds, and atomic force microscopy confirmed sheet
layers approximately 30 nm thick. The sensor demonstrated
excellent sensitivity and selectivity, offering a practical method
for detecting chloramphenicol residues in complex samples.

Zhang et al.*** developed surface plasmon resonance (SPR)
sensors based on Molecularly Imprinted Polymers (MIPs)
using a surface-immobilized initiator approach with kanamy-
cin (KAN) as the template, 4-vinylbenzeneboronic acid as the
functional monomer, and EGDMA as the cross-linking agent.
Characterization of the sensor under optimal conditions
involved SEM and FT-IR. AFM was used to examine the surface
morphologies of the bare chip, MUA-modified film, and MIP
film. The MIP film exhibited smoother and more regular topo-
graphy, indicating the formation of evenly distributed holes.
FTIR spectrometry revealed successful binding of 4-vinylbenze-
neboronic acid to the MIP or non-imprinted polymer (NIP)
film, with slight shifts in absorption peak positions in the MIP
film after template molecule removal.

4. Applications
4.1 MIPs-solid-phase extraction

MIPs offer practicality in processing and analyzing a wide
range of soluble samples. The solid-phase extraction (SPE)
process plays a crucial role in MIPs applications, as it serves as
the fundamental method for extracting, pre-concentrating, and
analyzing emerging pollutants. MIPs are primarily utilized in
the pre-concentration and extraction of target pollutants from
various water samples, including wastewater.** This approach
employs materials like C18, HLB, and ion-exchange stationary
phases to extract compounds with a wide range of physico-
chemical characteristics, including solubility, pK,, logP, and
functional groups. To enhance selectivity in solid-phase extrac-
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tion (SPE) and improve analytical reproducibility and sensi-
tivity, molecularly imprinted polymers (MIPs) can be utilized
as sorbents. The most commonly employed application of
MIPs in sample preparation is MIP-SPE, which entails filling
cartridges with the synthesized sorbent using either dry or
slurry packing methods. The selective extraction of analytes is
achieved through a series of standard SPE steps, including
conditioning, sample loading, washing, and elution."*?

SPE is a well-established sample preparation technique,'*?
which conventionally involves four steps: (a) SPE column acti-
vation, (b) transportation of the sample solution to the
column, (c) rinsing with a suitable solvent, and (d) utilizing a
solvent to elute the target analyte. The SPE process is straight-
forward, time-efficient, and cost-effective in terms of solvent
usage.’® Table 3 provides a short presentation of the recent
applications of sample preparation techniques based on MIPs
in terms of environmental sample analysis.

In addition to their highly selective adsorption of target
templates, imprinted polymers possess another intriguing
characteristic known as re-adsorption. After an imprinted
polymer has been utilized for a particular application, it needs
to be cleaned and can then be reused. This sustainable
approach not only prolongs the lifespan of the polymer or
material but also reduces the overall analysis costs. From a
practical perspective, reusing the adsorbent diminishes the
expenses associated with treatment and lessens the environ-
mental impact of spent adsorbents."**

View Article Online
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The utilization of microtechniques in combination with
more selective sorbents represents one of the most recent
advancements in sample preparation based on Molecularly
Imprinted Polymers (MIPs). This approach aligns with the
principles of green analytical chemistry, allowing for the reuse
of sorbents, the substitution of harmful solvents with eco-
friendly alternatives, and the reduction of both solvent and
sorbent usage. In accordance with green analytical chemistry
principles, the introduction of new materials in microtechnol-
ogy also leads to reduced sorbent requirements, resulting in
lower precursor and solvent consumption during sorbent
material manufacturing.*****

This approach resulted in a high degree of hydrophilicity,
thanks to the abundant presence of carboxyl and hydroxyl
groups. Additionally, the incorporation of magnetic structures
allowed for magnetic separation throughout the extraction
phase. The synthesized MIPs, referred to as MIP(Cu-CMMIPs),
exhibited remarkable selectivity and effectiveness in the extrac-
tion of tetracycline from real lake water samples, displaying a
substantial adsorption capacity. The linear range of detection
expanded between 10 to 2500 pg L™" and 3.75 pg L™, respect-
ively. Recovery research studies yielded satisfactory values,
ranging from approximately 91% to 101%. Overall, this
approach demonstrated favorable enrichment effectiveness
and is adequately hydrophilic and compatible with water.®*

Varenne et al., attempted the solid-phase extraction of oxa-
zepam (OXA) via MIPs. Oxazepam is known for its persistent

Table 3 Applications of MIP-based methods for the analysis of environmental samples

Polymerization Environmental
Method MIP Target analytes/compounds Analytical technique Recovery  medium Ref.
Emulsion Magnetic hydrophilic ~ Tetracycline/antibiotic High-performance liquid  91.2% to  Lake water 61
polymerization imprinted polymers chromatography 101.3%
(Cu-CMMIPs) combined with diode-
array detection
Bulk Methacrylic acid-MIPs  Oxazepam/anxiolytic drug Liquid chromatography 88.0%-— Tap, mineral and 52
polymerization with mass spectrometry 92.0% river water
Precipitation MIP-nanospheres Diclofenac/NSAIDs — — Lake and river 101
polymerization water
method
Bulk E2-MMINs- 17p-Estradiol (E2)/Estrogen High-performance liquid ~ 99.7%- Lake water 102
polymerization Hydrophilic magnetic chromatography with 102.5%
molecularly imprinted ultraviolet detection
nanobeads
Precipitation MAA-EGDMA MIP Norfloxacin/antibiotic High-performance liquid ~ 77.6%-— Seawater 106
polymerization chromatography 86.8%
In situ MIPs-E1 Estrone (E1), estradiol (E2), High-performance liquid ~ 88.5%-— Sewage plant 146
polymerization estriol (E3), testosterone (TTR), chromatography 105.1% water
androstenedione (ADD) and
boldenone (BLD)/estrogens
Bulk Bulk polymerization Oxytetracycline/antibiotic High-performance liquid ~ 80.78%-  Soil 147
polymerization MIP chromatography 93.75%
Bulk Magnetic molecularly  Norfloxacin/antibiotic High-performance liquid ~ 94.5%-— Wastewater 148
polymerization imprinted polymer chromatography 95.0%
(MMIP)
Bulk Bulk polymerization Sertraline/antidepressant High-performance liquid — Wastewater 149
polymerization MIP chromatograph
combined with a diode
array detector
Bulk Bulk polymerization Ketoprofen/NSAIDS High-performance liquid — Wastewater 150
polymerization MIP chromatography
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structure, which makes its complete removal from surface
waters challenging. Therefore, it is crucial to identify the
harmful residues present in environmental waters that pose
risks to human health. The researchers developed MIPs with
high selectivity that could remove OXA even at very low concen-
trations in environmental settings. The bulk polymerization
method was utilized for synthesis. The efficiency of the fabri-
cated MIPs was juxtaposed to that of a typical sorbent using
river water samples. The results revealed that the MIPs exhibi-
ted a 30% higher sensitivity than the commonly used sor-
bents. This approach shows promise as a removal method for
environmental samples.>>

N. Amaly employed a precipitation polymerization method
to design uniformly MIP nanospheres for the elimination of
diclofenac (DFC), a model pharmaceutical pollutant.
Methacrylic acid was utilized as the monomer. Rebinding tests
demonstrated that the incorporation of carboxyl groups from
methacrylic acid significantly enhanced the imprinting effect.
The molecularly imprinted polymers exhibited an adsorption
capacity of over 85% even after seven regeneration cycles, indi-
cating their potential for multiple reuse.'®*

X. Tian developed an innovative type of magnetic molecu-
larly imprinted nanobeads, known as E2-MMINs, specifically
designed for 17p-estradiol (E2). The synthesized materials were
thoroughly evaluated in terms of production and adsorption
conditions, as well as their physicochemical properties.
Notably, they featured thin imprinting layers, a stable crystal
structure, and the ability for rapid magnetic separation. The
nanobeads exhibited swift kinetics, a high binding capacity of
approximately 41.5 mg g™, satisfactory specificity (imprinting
factor of around 8.1), and excellent reusability (with an adsorp-
tion efficiency of over 95% even after ten cycles). Moreover,
when combined with high-performance liquid chromato-
graphy, the method achieved an impressively low detection
limit of 0.008 pg L™'. The effectiveness of this approach was
successfully demonstrated through its application to water
samples.'>

Li developed a very selective and efficient approach for the
purification and pre-concentration of norfloxacin (NFX), using
molecularly imprinted solid-phase extraction (MISPE). The
MIP was created through precipitation polymerization and
exhibited excellent adsorption capacity for NFX. An innovative
approach was implemented for the quantification of NFX in
seawater by combining offline MISPE with high-performance
liquid chromatography and diode array detection. The
columns demonstrated recoveries close to 78% for spiked sea-
water samples, with a relative standard deviation below 5.6%
and a detection limit of 0.027 pg L.

X. Wang used (MIPs)-coated solid-phase microextraction
(SPME) fibers for the determination of Estrone (E1). The MIPs-
E1 coating was synthesized via in situ polymerization on the
inner and outer surfaces of the capillary. This method offers
almost twice the enrichment capacity as opposed to in-tube
SPME (IT-SPME). Under optimized conditions, the low limits
of detection (max 0.8 pg L") and quantification (max 2.6 ug
L") were achieved. The method exhibited good reproducibil-

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

ity, with a fiber-to-fiber relative standard deviation ranging
between approximately 4.5 and 8%. The recoveries ranged
from 88.5% to 105%. Furthermore, the produced fiber demon-
strated great adsorption ability and specific selectivity in com-
parison to commercial alternatives.'*®

Cui developed a new and efficient pretreatment process for
the analysis of bioavailable oxytetracycline (OTC) found in
soils using a MIP synthesized through bulk polymerization.
For comparison purposes, the total extractable content of OTC
in soils was measured using an Oasis HLB SPE method. The
MIP method achieved OTC recoveries ranging from approxi-
mately 80% to 94%. In assessing the intensity of OTC pol-
lution and evaluating potential environmental hazards, the
newly introduced method provided more valuable data than
the Oasis HLB SPE method."*”

In a separate investigation, composites of magnetic MIPs
(MMIPs) were successfully synthesized, cross-linked using
Fe;0,4, and later coated with oleic acid. This innovative
approach enabled the selective elimination of norfloxacin from
waste and drinking water using NORF-MMIP, which is based
on surface molecular imprinting and magnetic separation.
The primary objective was to address environmental pollution.
The adsorption performance of the fabricated material at
room temperature was evaluated through various tests, noting
that the maximum adsorption ability was achieved at 35 °C
reaching approximately 42 mg g~ *.*®

Gornic, examined the potential of MIPs as adsorbents for
the elimination of SSRIs in water treatment. Sertraline was
specifically selected as the template. The structure of the MIPs
was customized towards selectivity for sertraline. Notably, the
maximum capacity was found to be approximately 72 mg g™,
while the highest imprinting factor reached about 3.7.
Furthermore, the MIPs exhibited cross-reactivity towards other
SSRIs. The fabricated MIPs could be reused. Despite their rela-
tively smaller surface area the MIPs generally displayed
superior sorption ability than activated carbon in wastewater
samples.'*’

A MIP specifically targeting ketoprofen was fabricated and
utilized for adsorbing the desired compound from water. The
synthesis process employed the bulk polymerization approach
at elevated temperatures (ranging between 60 to 80 °C), incor-
porating ketoprofen as the template. A non-imprinted polymer
(NIP) was also created following a similar procedure, but
without the presence of ketoprofen. Findings suggested that
the interactions between the template and the monomer were
primarily driven by hydrogen bonding, a finding corroborated
by experimental results. The extraction efficiency was notably
high, exceeding 90% under acidic conditions (pH 5). The MIP
demonstrated superior selectivity over the NIP, as evidenced by
a selectivity coefficient of 7.7 towards ketoprofen while structu-
rally similar substances were present."°

4.2. Pesticides

Another area of focus pertains to the identification and
measurement of pest-controlling substances employed in agri-
cultural crops. Pesticides, insecticides, herbicides, and similar
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Table 4 Applications of MIPs in pesticides
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Type of
Pesticides Sensor polymerization Sample Instrument  Recovery LOD Ref.
Pirimicarb ~ Quartz crystal — Tomato sample and aqueous LC-MS/MS 91 and 0.028 nM 154
microbalance sensor solutions. 94%.
Pesticides Surface plasmon Photopolymerization = Environmental water samples LC/ Between 90 8.3 ngL™' 153
Dimethoate resonance sensor MS-IT-TOF  and 95% 71ngL™"
Carbofuran
Malathion  Electrochemical — Contaminated olive oil and fruit DPV 87.9% 0.06 pg 155
samples mL™,
Carbofuran  Electrochemical Bulk polymerization = Tap and river water UV-vis Between 3 x 156
nanocomposite 94%-97%  ~107*°
sensor
Profenofos ~ Amperometric — Vegetable sample (spring onion, HPLC — 0.002 pM 152

tomato, Chinese cabbage,
cabbage, green and chili

peppers).

agents have been extensively utilized to manage pests and
enhance crop yield. Currently, there is increased attention
towards detecting pesticides due to the reduction of maximum
residue limits (MRLs) by both domestic and foreign experts.
Consequently, there is a need for more efficient pre-treatment
extraction techniques to enable trace-level pesticide detec-
tion."”" In Table 4, various pesticides detection methods utiliz-
ing MIPs-based sensors are outlined.

A novel and straightforward approach for selectively
measuring profenofos (PFF) involves employing a MIP-coated
carbon nanotube (3D-CNTs@MIP) amperometric sensor, as
suggested by Amatatongchai et al. The sensor was constructed
by coating a glassy carbon electrode the fabricated material
and subsequently extracting the imprinting template through.
Characterization tests demonstrated that the integration of
MIP onto the CNT surface notably increased the selective
surface area, resulting in a greater number of imprinting
locations. The produced MIP sensor exhibited rapid response
and demonstrated excellent recognition capabilities.">>

SPR sensor chip nanofilms were synthesized using mole-
cular imprinting technology. To assess the selectivity of the
pesticide-imprinted nanofilms, comparative adsorption experi-
ments were conducted utilizing SPR sensors. The imprinted
nanofilms displayed greater sensitivity and selectivity com-
pared to the non-imprinted counterparts for pesticide detec-
tion. The findings provided evidence that SPR sensors offer
enhanced selectivity, sensitivity, and lower detection limits."*?

5. Future directions and challenges

MIPs have been extensively used in numerous domains such
as extraction, sensors, catalysis, drug delivery, and more,
serving as effective mimics of natural receptors.””’
Nanoimprinting techniques have greatly enhanced the
number of functional recognition sites, leading to significant
improvements in imprinting capacity. Highly selective and sen-
sitive MIP reliant fluorescent sensors can be developed by
taking advantage the sensitivity of fluorescence. Incorporating
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magnetic materials and catalytic micromotors into MIP syn-
thesis allows for the creation of magnetic imprinted micro-
motor microsensors, offering not only insights into target
imprinting but also avenues for multi-functionalization and
intelligent nano-devices.'>® Within the realm of biosensing,
MIPs have primarily centered around imprinting individual
target species, subsequently optimizing their performance and
assessing selectivity in the presence of structurally similar
species. However, early detection of diseases often requires the
synchronous recognition of multiple biomarkers present in
the same medium. Therefore, it is imperative to create and
advance multiplexed sensing platforms or arrays that can
identify biomarkers relevant to diseases, thus broadening the
clinical importance of MIP biosensors.

In alignment with the increasing significance of green
chemistry principles in various domains, molecular imprint-
ing is also anticipated to embrace these principles. Presently,
there is limited research focused on the utilization of less toxic
and environmentally friendly chemicals that ensure user safety
and minimize harm to the environment. By embracing green
synthesis techniques, such as utilizing renewable reagents,
minimizing the overall quantity of necessary reagents, and
adopting safer analytical procedures, it is possible to
implement approaches that prioritize sustainability and estab-
lish a “non-toxic” environment. This dedication to sustainabil-
ity enhances the welfare of both healthcare and the
ecosystem.">®

Recently, MIPs have expanded beyond their traditional
applications in sensors and analytical purposes, finding new
potential in the field of nanomedicine. Significant advance-
ments have been made in synthesis techniques to enhance
biocompatibility, control size, and even manipulate imprint
orientation. Compared to antibodies, MIP nanoparticles offer
advantages such as cost-effectiveness, improved stability, and
scalability, rendering them an attractive alternative for targeted
applications in bioimaging and therapy. These developments
have sparked interest in utilizing MIPs for nanomedicine."®®
However, when using MIP particles in vivo, it is crucial to con-
sider the formation of a protein corona, which can diminish
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their ability to identify the target molecules by obstructing
access to the internal imprint within the polymer. This
phenomenon has been investigated by Lagana et al. in 2020,
emphasizing the need for careful consideration in the future
development of MIPs for nanomedicine.'®!

Additionally, to impart new and desirable properties, MIPs
can be integrated with inorganic materials like gold, silver or
iron oxide nanoparticles, which display responsiveness to
external physical stimuli. For instance, Asadi et al. demon-
strated drug release triggered by polymer degradation in their
Fe;0,-modified MIP nanoparticles containing olanzapine
(Fig. 7). The release of the drug was observed at pH levels
similar to the physiological environment, as the fructose-based
polymer underwent degradation.'®® These approaches show-
case the potential of MIPs in nanomedicine and highlight the
possibilities for tailored applications and enhanced function-
ality. Molecularly imprinted polymer (MIP)-based sensors have
been deemed a valuable tool for the specific detection of
diverse pathogenic bacteria and viruses.'®?

Lu et al conducted a study on the fabrication of bio-
imprinting sensors targeting HIV-1-linked glycoprotein 41
(gp41), as depicted in Fig. 8(1)."®* Particularly, magnetic MIPs
have demonstrated significant advantages when integrated
with immunoassays, providing a sensitive, straightforward,
and cost-effective approach for the preliminary evaluation of
HIV carriers, as illustrated in Fig. 8(2)."%

While molecularly imprinted polymers (MIPs) offer numer-
ous advantages, their synthesis is influenced by various factors
such as the properties of the solvent, functional monomer,
and cross-linker, which can limit their application in biosen-
sing. One key challenge in MIP synthesis relates to the nature
of the monomer, as it significantly affects the polymer imprint-
ing process. An additional obstacle arises from the insolubility
of hydrophilic substances in organic solvents, leading to
inadequate imprinting. However, this issue can be addressed
by functionalizing the hydrophilic substance with alkyl chains,
thereby converting it into a hydrophobic form."®®

6. Conclusions

Molecularly imprinted polymers technology is experiencing
rapid growth in multiple scientific disciplines. This review has
compiled the fundamental principles of MIPs and their
diverse applications. The monomers utilized in MIPs for non-
covalent molecular imprinting procedures include MAA, 2-VP,
dopamine, and styrene. Additionally, a crosslinker is employed
to establish non-covalent interactions, with EGDMA being the
most commonly used crosslinker. The choice of non-covalent
molecular imprinting is driven by the simplicity of the method
and the ease of template removal. The majority of porogens
utilized in MIP synthesis is acetonitrile. The exceptional
selectivity and sensitivity offered by MIPs have proven advan-
tageous in numerous areas. To further enhance their pro-
perties, there is significant potential for introducing innovative
approaches in the synthesis of MIPs by using diverse mono-
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mers and alternative solvents instead of the typical ones.
However, further research is required to address the synthetic
mechanisms and advance the design of MIPs. Moreover,
careful consideration must be given to controlling solvent resi-
dues when organic solvents are employed in the productions
of MIPs. The potential applications of MIPs span a variety of
fields. The solid-phase approach in MIP preparation, along
with the interaction between MIPs and imprinting targets, pre-
sents an innovative avenue for coating soluble polymers onto
nanoparticles. As we look towards the future, a higher demand
for the utilization of green synthesis methods alongside MIP
sample preparation techniques is anticipated. This approach
aligns with the principles of waste reduction, cost-effective-
ness, ecological compatibility, production safety and confor-
mance with sustainable chemistry. It is crucial to establish
techniques that are both friendly to the environment and
efficient for supervising food safety, addressing pollution and
health concerns. The implementation of extraction systems
based on MIPs will support the creation of analytical
approaches that are eco-friendly, cost-effective, and fast by
minimizing solvent usage. Ongoing research focuses on creat-
ing nano- or magnetic materials that can enhance the
efficiency and capacity of analyte sorption. The ultimate goal is
to create intelligent platforms appropriate for analysis in
diverse research areas, including healthcare and environ-
mental sciences.
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