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ABSTRACT: Molecular recognition is of crucial importance in
several healthcare applications, such as sensing, drug delivery, and
therapeutics. Molecularly imprinted polymers (MIPs) present an
interesting alternative to biological receptors (e.g., antibodies,
enzymes) for this purpose since synthetic receptors overcome the
limited robustness, flexibility, high-cost, and potential for inhibition
that comes with natural recognition elements. However, off the
shelf MIP products remain limited, which is likely due to the lack
of a scalable production approach that can manufacture these
materials in high yields and narrow and defined size distributions
to have full control over their properties. In this Perspective, we
will confer how breakthroughs in the automation of MIP design,
manufacturing, and evaluation of performance will accelerate the
(commercial) implementation of MIPs in healthcare technology. In addition, we will discuss how prediction of the in vivo behavior
of MIPs with animal-free technologies (e.g., 3D tissue models) will be critical to assess their clinical potential.

1. INTRODUCTION

Molecular recognition is of crucial importance for several
scientific applications, including separation, catalysis, sensing,
and drug delivery.1,2 However, natural recognition elements
such as antibodies and enzymes possess limited stability and
flexibility in use, in addition to having high cost and potential for
inhibition.3 Therefore, researchers are continuously searching
for synthetic substitutes that overcome these drawbacks.
Molecular imprinting is one of the leading technologies to
develop biomimetics, which is based on the creation of specific
cavities in a 3D polymeric network that are complementary to
the spatial configuration and chemical functionality of the
chosen template molecule (i.e., the target).4 A unique property
of theseMolecularly Imprinted Polymers (MIPs) is the ability to
tailor these materials to virtually any target of interest, ranging
from ions to small organic molecules, to proteins and even large
entities such as whole cells and bacteria.5 Moreover, MIPs
represent a versatile, scalable, and cost-effective approach for the
manufacturing of synthetic receptors, which can exhibit similar
or superior affinity to commercial antibodies.6 Due to their
enhanced robustness, ability to customize the material to the
chosen application, and straightforward production process,
MIPs have found application in several areas of healthcare
including medical diagnostics. For instance, MIPs have been
researched for the early diagnosis of cancer via detecting specific
biomarkers with electrochemical and surface plasmon reso-

nance-based sensors.7−9 In addition, imprinting is an animal-free
technology, which is pivotal because since the existence of
recombinant technologies, nearly 1 million animals have been
used (and potentially sacrificed) in Europe for the production of
antibodies used in diagnostics.10

The first scientificmention of molecular imprinting was nearly
a century ago when Polyakov reported in 1931 that when silica
gels were made in the presence of another molecule, the
resulting polymers would selectively absorb that specific
compound.11 In 1949, Pauling presented experiments by Dickey
which demonstrated that silica gels had been prepared by
“procedures analogous to the formation of antibodies.12

However, due to the limited stability and reproducibility of
these silica materials, there was not much interest in the
technology until the groups of Wulff and Klotz independently
presented the first examples of molecular imprinting in the
1970s in synthetic organic polymers.13,14 The introduction of a
general noncovalent approach by the group of Mosbach in the
early 1980’s significantly extended the use of monomers and
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broadened the scope of the technology.15 The most cited
research work remains a report of the group by Mosbach in
Nature in 1993, which demonstrated that MIPs could have
selectivity comparable to biological receptors.16 Since then,
there has been an exponential increase in the number of studies
reporting on MIPs.
Generally, MIPs can be manufactured to form various

architectures such as membranes, layers, microparticles, or
nanoparticles. Traditional MIP synthesis involved the produc-
tion of (heterogeneous) microparticles, which suffer from low
affinity, template leaching, and slow binding kinetics.17

However, due to their low-cost and enhanced robustness,
these MIPs have found commercial applications for purification
and separation where capacity is more important than
sensitivity.18 More recently, the advances in nanotechnology
have enabled the production of uniform nanoMIPs), which can
rival the binding affinity of antibodies.19 In particular, these
nanosystems are water-soluble, have a much higher surface-to-
volume ratio, and exhibit enhanced binding kinetics. This
provides an exciting opportunity to explore the use of these
materials for healthcare applications, such as sensing, drug
delivery, and nanomedicine. However, despite their seemingly
simplistic production processes, off-the-shelf MIP products
remain limited. A reason for this could be that MIPs to date have
mostly been considered as “antibody replacements”, such as in
their use as pseudo-immunoasays.20,21While MIP-based assays
exist with lower cost, enhanced robustness and a significantly
better limit of detection compared to commercial tests, such as
in the case of SARS-CoV-2,22 it is challenging to convince
industry to move away from antibodies and legislative barriers
around adopting new assay modalities can pose significant
issues. However, we argue that MIPs can possess multiple
functionalities that go beyond synthetic recognition: dual
imprinting approaches and further modification of MIPs with,
for instance, enzymes have provided the opportunity to explore
drug delivery and theragnostic applications. For these
applications, it is crucial to obtain materials with a high yield
and narrow and defined size distribution to have full control over
nanoMIP properties. In this Perspective, we will mention which

breakthroughs are needed in the coming years to accelerate the
(commercial) implementation of MIPs in healthcare technol-
ogy. This will involve discussions around automating MIP
development and assessment of the in vitro and in vivo behavior
of these nanomaterials.

2. AUTOMATING MIP DEVELOPMENT AND
MANUFACTURING

There are several approaches to producing molecularly
imprinted nanoparticles (nanoMIPs). A popular method is the
so-called solid-phase approach, where the solid-phase is used as
an affinity medium to produce nanoMIPs with uniform high
affinity binding characteristics.23 A general synthesis protocol
for this method has been reported by Canfarotta et al.24 In short,
this involves attaching the template, or in the case of a larger
macromolecule a representative epitope, to functionalized glass
beads. After introduction of the monomer mixture and
subsequent polymerization, a series of elution steps at different
temperatures is employed to collect homogeneous nanoMIPs
with high affinity for the target, which is feasible due to the use of
thermoresponsive monomers. Figure 1A summarizes this solid-
phase approach for small scale production in a flask in the lab,
and Figure 1B highlights an innovative double imprinting
approach where two templates are introduced at the stage of the
prepolymerization complex.
Most receptors and biomarkers of pharmaceutical interest are

proteins. In principle, it is feasible to perform imprinting with the
whole protein, and this has been attempted for several proteins
(e.g., lysozyme, trypsin) that are low-cost when purchased
commercially in quantities that are required for imprinting (∼1
mg).25,26However, the majority of proteins are high-cost due to
their complicated production process and sophisticated
conformational structure that highly depends on the environ-
ment (pH, temperature, salts, use of buffers). Epitope
imprinting, where a specific protein region is used for
imprinting, is a popular approach that overcomes the
aforementioned issues.26,27

While the solid-phase approach for nanoMIP production is
promising, it has several distinct drawbacks. At the moment,

Figure 1. Solid phase synthesis of A) single imprinted and B) double imprinted nanoparticles for different templates, for example, small molecules,
proteins, and larger macromolecules such as virus particles.
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there is no automated protocol for selection of monomers to
providematerials with optimum affinity. Thus, most papers use a
combination of the monomers described by Canfarotta et al.,24

covering a range of noncovalent interactions such as hydrogen
bonding, ionic interactions, and hydrophobic interactions. This
can be supplemented with monomers with fluorescent or redox
capabilities to aid sensing.28

Computational modeling holds promise in this regard, and
artificial intelligence and machine learning (ML) approaches are
currently revolutionizing how we design and develop materials
for a vast array of technological applications.29,30 In the context
of nanoMIPs, data-driven optimization and sensing are
becoming crucial for the efficient generation of nanoMIPs
with excellent sensitivity and selectivity.31 Novel developments
such as artificial intelligence (AI) and machine learning (ML)
have not yet been extensively explored for MIPs, most likely due
to the lack of high throughput production. ML can be used to
predict imprinted polymer functionality before carrying out
experiments by determining the optimal interactions between
the target template and the functional monomer interac-
tions.32,33 It can also be used to optimize various factors
affecting synthesis and sensor performance, including monomer
concentration, cross-linkers, initiators, and reaction temperature
andmedia, for a range of applications. For example, Dykstra et al.
developed a data-driven framework based on the synthesis and
sensing performance of MIPs for cortisol detection with 72 sets
of synthesis parameters with replicates.34 Based on the
established framework, the synthesis parameters were optimized
and validated experimentally, leading to a significant 1.5-fold
increase in sensitivity. Yarahmadi et al. used ML based on an
array of nonlinear regression algorithms to predict the
imprinting factor of various MIPs.35 Using experimental data
sets and inputs, including pH, template, monomer, solvent, the
distribution coefficient of the MIP and the distribution
coefficient of the nonimprinted polymer, the most important
factors in influencing the imprinting factor were determined.
Such approaches can dramatically reduce the number of
experimental trials required and are therefore expected to be
critical in the future design and application of nanoMIPs.
Moreover, it is crucial to have a scaled-up approach in place

that can produce particles with precisely defined size and
molecular weight in high yields. There are no commercial
reactors available for MIP manufacturing yet, and literature
reports on reactor designs are sparse; thus, synthesis is therefore
mostly restricted to the use of standard laboratory flasks. The
first automatic reactor for the synthesis of nanoMIPs was
introduced by Poma et al., in 2013, who used an iniferter-type
initiator to control polymerization and enabled recycling of the
template via elution of the nanoMIPs rather than the solid-phase
with immobilized template.23 This reactor was updated to
facilitate production of nanoMIPs for proteins, which require
mild (aqueous) conditions, which was achieved using
ammonium persulfate (APS) and tetramethylethylenediamine
as initiators at room temperature.23 However, these reactors are
not widely implemented in the community due to their limited
yields, cumbersome separation process, and lack of precise
control over polymer formation, since it is not possible to
monitor polymerization conditions in situ. A logical step would
thus be to explore flow systems or automated polymerization
platforms. The first automated reactor preparing MIP macro-
particles was readily reported by Zourob et al., in 2006, using
mineral oil or perfluorocarbon as continuous phase to form the
particles in one-step continuous flow.36 However, the use of a

solid-phase leads to complications due to posing diffusion
barriers and difficulty to disperse the immobilized glass beads in
the reactor. Moreover, scaling-up processes might lead to hot
spots forming in the reactor, which can have serious safety
implications. Automated platforms that enable self-optimization
for identifying the best performing materials have shown
promise in this respect.37,38 These platforms can develop
models that enable hybrid in silico and experimental screenings
of the polymer parameter space and monitor a range of
important polymerization parameters (e.g., molecular weight,
size, temperature, pH) in situ39,40 and with careful reactor design
can handle multiphasic and rheologically complex systems while
maintaining good control over reaction conditions.41While the
size of nanoMIPs is conventionally determined via dynamic light
scattering or electron microscopy, molecular weight is not
typically recorded in literature reports, yet this could support
assessment of the degree of homogeneity of the system.
Monitoring the evolution of molecular weight of nanoMIPs
will provide a better fundamental understanding of their
production process and how target and functional monomers
interact. The latter is particularly important for larger macro-
molecules that exhibit multiple binding sites, where it is often
not clear how many functional monomers are involved in
selective recognition. Thus, adapting these automated reactor
systems used in polymer chemistry to MIP synthesis is expected
to lead to breakthroughs in the (large scale) manufacturing of
synthetic receptors; experience of automated systems inherently
gives highly controlled and repeatable reaction outcomes, which
in turn can underpin Good Manufacturing Practice, as required.
However, while innovations in reactor engineering enable us

to have precise control over polymer formation, none of these
parameters are directly linked to the affinity of the material.
Therefore, it will be critical to combine novel reactor systems
with high throughput screening approaches. While there are
methods (such as via modeling, isothermal titration calorimetry
or nuclear magnetic resonance) in place to screen the
prepolymerization complex, which is a measure of affinity, it is
not commonplace to have high throughput approaches in place
after MIP production.29,42 With emerging advances in reactor
engineering and a significant reduction in MIP production time,
we believe that this will be an important area of focus. High
throughput surface plasmon resonance (SPR) is an example of a
technique that can facilitate high throughput screening in a 96-
well plate format; while this is not an equipment that is
standardly available in laboratories, it is appealing because it
does not require labeling of the nanoMIPs to achieve
detection.43 A more common alternative would be to consider
pseudo-ELISA type assays or array formatted systems for
electrochemical detection. This is possible since nanoMIPs
typically contain ample functional groups, such as amine and
carboxylic acid moieties, making it straightforward to modify
them postpolymerization with suitable probe molecules. The
alternative is to embed functional monomers with an integrated
fluorescent or redox (e.g., ferrocene) functionality in the
monomer mixture.44 However, fluorescent probes are typically
bulky, and it must be carefully considered how well they are
integrated in the overall polymer structure (due to having
different reactivity ratios) and what their influence is on overall
affinity.45 Therefore, computational approaches for monomer
screening should also involve the inclusion of probe molecules
to assess their impact on binding.
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3. PREDICTING AND ASSESSING NANOMIP
PERFORMANCE

3.1. Biochemical Assays.There are increased reports of the
use of nanoMIPs for healthcare applications, but these
nanomaterials have not yet been tested in clinical trials. Most
studies assess the biocompatibility (IUPAC definition: Ability to
be in contact with a living system without producing an adverse
effect) of nanoMIPs through in vitro functional assays using
either immortalized cell lines or primary cells which assess their
binding phenotype, cytotoxicity and proliferative effect.45 The
general conclusion of these reports tends to be that “nanoMIPs
have the potential to replace biological therapeutics”. So while
the application of nanoMIPs in healthcare is an exciting field, our
understanding of the in vivo interactions of nanoMIPs remains
underdeveloped due to lack of standardized testing protocols
and evidence reported in the literature, especially with regard to
their biodistribution, cytotoxicity, and clearance. It is worth
noting that these properties are highly dependent on the surface
chemistry and size of the resulting nanomaterial, its dose,
mechanical properties, and method of administration. More-
over, considering the cross-linked nature of the nanoMIPs,
determining the stability of the nanosystem in vivo and the
impact of potential degradation products will be key. As such, it
will be required to analyze each nanoMIP formulation
individually to determine and predict its behavior in vitro as
well as in vivo.
A study byHaupt’s group that evaluated the cytocompatibility

of MIPs on human keratinocytes and axillary-hosted bacteria
demonstrated that MIPs do not perturb the skin flora or lead to
skin irritation, which was assessed via quantifying the amount of
pro-inflammatory cytokines produced in addition to standard
cytotoxicity experiments. Therefore, this presents a first step
toward using these nanoMIPs for cosmetic or pharmaceutical
formulations for skincare applications.46 In 2010, the group of
Shea was one of the first to report on the use of imprinted
materials for therapeutic function and application via consider-
ing their impact on systemic distribution.47 NanoMIPs,
composed of acrylamide- and acrylic-acid-based monomers
(dose = 30 mg/kg), were injected intravenously into
immunocompetent mice. Over a period of 2 weeks, there was
no significant difference in body weight between control mice or
those who were administered nanoparticles (NPs), suggesting
no apparent cytotoxic effects. Fluorescent images of the
histological sections of the mice liver demonstrated that the
nanoMIPs were concentrated in the liver, which gives an
indication of their method of clearance.
p32, also known as the “Receptor of the globular head of C1q

(gC1qR)” and the folate receptor-α (FR-α), has been found to
be overexpressed in various cancer types.50,51 Zhang and
colleagues used the conformational N-terminal epitope of the
p32 receptor to synthesize nanoMIPs to recognize p32.48 The
results showed that nanoMIPs were capable of specifically
binding to both conformational and linear epitopes. In
particular, nanoMIPs specifically bound to p32 positive cancer
cells, thus leading to higher cellular uptake in these cells
compared to control nonimprinted polymers. Consequently, the
nanoMIPs showed an increased accumulation in p32-positive
tumors in a mouse model (Figure 3B). Liu et al. synthesized
nanoMIPs by imprinting a conformational epitope of FR-α.49

These nanoMIPs specifically targeted FRα-overexpressingHeLa
cells without interference from the natural ligand, folate, both in
vitro and in vivo (Figure 2B).

The reports on nanoMIPs for therapeutic use remain limited
but follow-on work of Shea’s group focused on the development
of nanoMIPs for anti-high-mobility group box 1 (HMGB1).52

HMGB1 is a multifunctional protein, and blocking of its
functionality via binding of nanoMIPs to the receptor offers a
therapeutic approach for treating ischemic injury. Upon
injection of nanoMIPs (0−100 μg/mL) in rat brains, there
was no increase in the levels of inflammatory cytokines (TNFα
and IL-12) observed. However, the profile of these markers was
only assessed over a short time frame and this is not sufficient to
assess the true in vivo application of these materials, especially
considering that degradation might occur due to the (loosely)
cross-linked nature of the nanoMIPs.
A recent study evaluated uptake in tissue, biodistribution, and

clearance of fluorescent nanoMIPs (100−200 nm) produced in
aqueous systems in periods up to 168 h using trypsin as a model
system. After oral and intravenous administration of nanoMIPs
to rats, confocal microscopy revealed that the nanoMIPs were
observed in all harvested tissue samples (in the brain, liver,
spleen, and intestines when nanoMIPs were administered
orally).53 The uptake of nanoMIPs in brain tissue is an exciting
development which was not reported before, as most common
small drugs are not able to penetrate the blood−brain barrier
(BBB). Therefore, this establishes the potential for use of
nanoMIPs to transport drugs for neurological conditions across
the BBB, an area that has not been explored yet. However, at the
same time, this may lead to potential issues related to the
accumulation of these nanoMIPs in the brain. To improve the

Figure 2. In a subcutaneous tumor-bearing mice model, NP
distribution was observed at various time points in vivo, alongside
fluorescence imaging of major organs and tumors ex vivo at 24 h
postinjection. A) a. shows the conformational epitope of p32-imprinted
NPs, b. conformational epitope of Lyp-1 (a peptide ligand binding to
the N-terminal domain of p32) imprinted NPs, c. nonimprinted NPs.48

Reprinted with permission. Copyright 2015, Wiley-VCH.48 B) a.
Illustrates the conformational epitope of FRα-imprinted NPs, b.
scrambled epitope of FRα-imprinted NPs, c. nonimprinted NPs.
Reprinted with permission. Copyright 2017, Royal Society of
Chemistry.49
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biocompatibility and intracellular uptake of imprinted polymeric
and other polymeric nanoparticles, PEGylation (covalently
attachment of polyethylene glycol), ionic liquid coating, and
cell-penetrating peptides can be cross-linked.54,55

The study by Kassem et al. did highlight some concerns with
regard to cytotoxicity caused by exposure to nanoMIPs in vivo,
which could be due to the longer experimental time compared to
previous studies.53 When trypsin nanoMIPs were administered
intravenously to rats at lower concentrations (100 μg/L), a
minimal effect on cells and tissue, such as infiltration of cells or
presence of inflammatory cells, was observed. It is worth noting
that even currently used clinical nanomaterials (e.g., monoclonal
antibodies) have some level of nonspecific binding which leads
to toxicity. However, a higher level of inflammatory biomarkers
and more pronounced toxicity effects were observed in the case
of oral administration of nanoMIPs or at higher dose (200 μg/
L), underlining the importance of dose and administration
mode. A caveat to the study is that sterilization techniques were
not applied to the nanoMIPs, and therefore, it is not clear
whether the observed effects were due to the material itself or
potential residuals (solvents, initiators) originating from the
synthesis. It has been well-established that autoclaving of
nanoMIPs is possible without compromising affinity, and it
should be considered whether this needs to be a standard
practice before studying their behavior in vivo.56 Moreover,
purification of product is also important to ensure that the
cytotoxic response is not due to residues from the reaction.
A further key trepidation for the clinical application of

nanoMIPs is that prolonged exposure to these materials can
induce an immune response, whether positive or negative
immune response remains to be evaluated, which can be
dependent on the nanoMIP used. The size of the materials is
crucially important to dictate the method of clearance; NPs with
a size of <10−20 nm can escape the liver and spleen
macrophages and would primarily be excreted via a renal
pathway, which generally results in decreased toxicity. However,
the majority of nanoMIPs are on the order of 50−150 nm
(depending on the clinical application), where one would expect
clearance by liver and spleen macrophages as reported in the
literature,57 which is associated with longer exposure of
nanoMIPs in the body. It must be noted that it depends on
the intended clinical application of the nanoMIPs.
For drug delivery, NPs with a size of 50−200 nm are generally

considered to be suitable candidates for drug delivery due to
their high retention time, large capacity for therapeutic payloads,
and enhanced permeability.58,59 However, this might be
different for in vivo diagnostics or therapeutics. In addition,
the overall charge and softness of the materials also has a
significant impact on clearance besides the size. However, one
option to overcome the buildup of nanoMIP is to include a
switch that may allow degradation of the nanoMIP on payload
delivery. This degradation process could break down the
nanoMIP to smaller sizes which can then be cleared through
the normal physiological pathways.
The immunogenicity of nanoMIPs is comparable to that of

other polymeric nanoparticles, as their interaction with the
immune system is influenced by their physicochemical proper-
ties.60 Nanomaterials including nanoMIPs with highly charged
surfaces tend to associate with plasma proteins, making them
more readily absorbed by phagocytic cells.61 Immunogenicity
negatively impacts the use of nanoMIPs as drug carriers or in vivo
diagnostic materials. This stimulation is undesirable andmust be
assessed before using these nanomaterials for such applications.

One approach is to measure the surface marker expression of
CD40 and CD86; their upregulation is indicative of the
activation of antigen-presenting dendritic cells. This activation
subsequently stimulates T cells and induces an immune
response.62 An indirect method involves determining the levels
of cytokines such as TNF-alpha and interleukins, which increase
in response to an immune reaction. Canfarotta and colleagues
screened the nanoMIPs for the levels of cytokines and
chemokines (IL-1α, IL-1β, MCP-1, TNFα, and rKC) on
macrophages. Results showed that there was no enhancement
in cytokine levels except MCP-1, suggesting a low probability of
these nanoMIPs inducing inflammatory and immunogenic
responses. However, an increase in MCP-1 levels was observed,
recommending further monitoring of neutrophil and monocyte
activity54 with an in vitro comparative immunogenicity assess-
ment (IVCIA) assay. While useful for risk ranking and candidate
selection, the assay is limited by the absence of key in vivo factors,
such as administration route, antigen-presenting cell processing,
and interactions with other cell types and tissues.63,64 Although
it can identify potential clinical immunogenicity, the assay
cannot predict immunogenicity rates in clinical settings, which
require a multidose clinical assessment. Immunogenicity is a
crucial parameter for clinical application of nanoMIPs but there
are no comprehensive immunogenicity studies reported in the
literature yet.
3.2. Model Systems. Traditionally, animal models have

been used to predict the in vivo behavior of NPs in clinical
application. However, it has been well-established that these
animal models are not always able to accurately capture the
complexities of the human environment. Mice have remained
the traditional experimental model in the field of biomedical
research but have significantly different dietary requirements,
lifestyle and microbiomes compared to humans. Alternative
animal models, in particular those (e.g., fertilized hen-eggs,
zebrafish embryos) that have a less severe impact on animal
welfare, should be considered. Cecchini et al. coupled nanoMIPs
with quantum dots (QD) to employ them for imaging of
vascular endothelial growth factor, which is overexpressed in
certain cancer types.65 To evaluate potential toxic effects,
nanoMIPs were injected into the yolks of zebrafish embryos. It
was shown that there was no significant difference (n = 40, p >
0.5, chi-squared test) between embryos injected with nanoMIPs
and relevant controls.
There is a growing interest in sophisticated animal-free

technologies to predict the in vivo behavior of NPs. This is fueled
by the European policy, Directive 2010/63/EU, which prohibits
the use of animals where alternative models exist.66 Moreover,
the Food Drug Authority Modernization Act 2.0 that was
approved in 2022 allows for drug makers to collect initial safety
and efficacy data using tools such as organ on chips and 3D tissue
constructs instead of live animals. In vitro tissue constructs/
models are three-dimensional structures that can capture
features that are present in actual tissues and that are important
for the tissue response to a therapy. Examples of those features
are the following: (i) cellular features and cellular complexity
(especially in 3Dmodels consisting of multiple cell types such as
diseased cells and healthy surrounding cells which can interact
with the diseased populations), (ii) biochemical features and
more specifically Extracellular Matrix Proteins (ECM), (iii)
biomechanical features (e.g., stiffness). Furthermore, immersing
3D constructs into bioreactors enables mimicking the interstitial
flow. For the development/generation of 3D tissue models,
commonly used biomaterials (synthetic or natural) are
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employed to generate 3D structures of various structural
biochemical configurations (hydrogels or polymeric scaffolds).
There are also models using a combination of materials, e.g. a
synthetic polymer combined with a natural polymer. Inclusion
of spatial complexity in the models by mapping different cell
areas (e.g., fibrosis) provides an additional advantage toward
better biomimicry in vitro.67−75 Singla et al. employed one such
model,76 which is a polyurethane based scaffold, surface
modified with ECM proteins for ECM mimicry and loaded
with breast cancer cells, to evaluate the action of nanoMIPs.
More specifically, the developed nanoMIPs targeted a linear
epitope of estrogen receptor alpha (ERα), and the nanoMIPs
were loaded with drug doxorubicin to achieve specific drug
delivery toward ERα+ positive breast cancer cells (Figure 3).76

There has been one report in the literature to date on double
imprinting using a membrane receptor, but this study was the
first to report on nuclear drug delivery using this innovative
approach that uses two targets of distinctly different size and
functionality (a protein and a small drug compound).76 High
efficacy of the nanoMIPs was shown both in the 2D models and
in preliminary studies using these complex 3D models. Future
studies will focus on incorporating patient cell lines to enable a
true precision medicine approach for testing of novel drugs and
evaluating of toxicity.
While promising, complications might arise when using this

system for the delivery of hydrophobic drugs that are not water-
soluble. Moreover, drug delivery for this method relies on
diffusion and thus can be hard to control, rather than having

systems that are triggered by, for instance, difference in pH,
redox environment, and temperature. Therefore, it might be
worth considering the payload to the imprinted nanoMIPs with
cleavable linkers, such as is done for antibody-drug conjugates
(ADCs).

4. FUTURE PERSPECTIVE

It has been shown that nanoMIPs can rival the affinity of
commercial antibodies while offering the advantages of low-cost,
robustness, versatility, and being an animal-free technology.
Therefore, there are immediate applications for these materials
as antibody replacements, such as in diagnostic assays and
sensors. However, the true strengths of nanoMIPs lie in their
“soluble” format and their potential for multiple functionalities
beyond just recognition, which opens up the opportunity to use
thesematerials for drug delivery, therapeutics, and theragnostics.
To reach their full potential, we have discussed in this
Perspective which advances are needed in the development
and in manufacturing and have presented a thorough
investigation of the in vivo behavior of nanoMIPs. In particular,
we predict that automating MIP manufacturing, which is
possible with computational approaches/AI and innovative
reactor designs, in addition to high throughput screening to
predict their clinical behavior, will be necessary to achieve
breakthroughs in this field. Biodegradable imprinted polymers77

would show promise in this regard, since they naturally degrade
into smaller parts that can be cleared without accumulating in
the tissue. Further avenues of research are likely to be around the

Figure 3. (A) Confocal images (after 1 h) of MCF-7 (ERα positive cell line) incubated with doxorubicin loaded and fluorescein tagged nanoMIPs
(FLU-DOX-nanoMIPs): (i) DAPI, (ii) nanoMIPs with green fluorescence, and (iii) plasma membrane with red fluorescence (WGA antibody Alexa
Fluor 594) with fluorescein tagged nanoMIPs, iv) merged. (B) The mean fluorescence intensity of FLU-nanoMIPs and FLU-DOX-nanoMIPs in
MCF-7 cells andMDA-MB-231 cells (ERα negative cell line). (C) Translocation of nanoMIPs frommembrane to nucleus; (D) 3D scaffolds ofMCF-7
cell line showing live (green)/dead (red) staining: (i) control, (ii) fluorescein tagged nanoMIPs, (iii) DOX drug, iv) FLU-DOX-nanoMIPs (Reprinted
from Singla et al., Advanced Science, p 2309976, 2023).76
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combination of nanoMIPs with cleavable linkers and cell-
penetrating peptides (CPPs) for healthcare applications. The
future perspectives of using CPPs applied to nanoMIPs for
personalized medicine, drug delivery, and vaccine development
are highly promising and include several possible key advance-
ments such as enhanced delivery efficiency, personalized
medicine approaches, and overcoming biological barriers to
expand the range of diseases that can be targeted.

■ AUTHOR INFORMATION

Corresponding Author

Marloes Peeters − University of Manchester, School of
Engineering, Manchester M13 9QS, United Kingdom;
orcid.org/0000-0002-0429-8073;

Email: marloes.peeters@manchester.ac.uk

Authors

Saweta Garg − University of Manchester, School of Engineering,
Manchester M13 9QS, United Kingdom; Newcastle
University, Newcastle upon Tyne, Tyne and Wear NE1 7RU,
United Kingdom

Pankaj Singla − University of Manchester, School of
Engineering, Manchester M13 9QS, United Kingdom

Sarbjeet Kaur − Newcastle University, Newcastle upon Tyne,
Tyne and Wear NE1 7RU, United Kingdom

Francesco Canfarotta − MIP Discovery, Colworth Park,
Sharnbrook MK44 1LQ Bedfordshire, United Kingdom

Eirini Velliou − University College London, Centre for 3D
Models of Health and Disease, London W1W 7TY, United
Kingdom; orcid.org/0000-0003-3313-4446

James A. Dawson − Newcastle University, Newcastle upon
Tyne, Tyne and Wear NE1 7RU, United Kingdom;
orcid.org/0000-0002-3946-5337

Nikil Kapur − University of Leeds, School of Mechanical
Engineering, Leeds LS2 9JT, United Kingdom; orcid.org/
0000-0003-1041-8390

Nicholas J. Warren − School of Chemical, Materials and
Biological Engineering, University of Sheffield, Sheffield S1 3JD,
United Kingdom; orcid.org/0000-0002-8298-1417

Shoba Amarnath−Newcastle University, Newcastle upon Tyne,
Tyne and Wear NE1 7RU, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.4c01621

Notes

The authors declare no competing financial interest.

Biographies

Saweta Garg is a Research Assistant at the University of Manchester,

UK. Previously, she worked as research assistant in Biosensor

development at Newcastle University and has submitted her PhD

thesis in October 2024. Mrs Garg has expertise in the development of

polymeric nanoparticles including molecularly imprinted polymers for

sensing and drug delivery applications. She has published over 12

research and review articles onmolecularly imprinted polymers for drug

delivery/sensor development as well as on polymeric micelles for the

solubilization of hydrophobic drugs.

Pankaj Singla is a Research Associate at the University of Manchester,

UK. Prior to this, he worked as a Marie Curie Individual Postdoctoral

Fellow at Newcastle University, UK. He completed his PhD at Guru

Nanak Dev University, Amritsar, India. Dr. Singla has expertise in

designing polymeric nanostructures, molecularly imprinted polymers

for drug delivery, and biosensors. He has published over 25 research

and review articles on topics including polymeric micelles, nano-

medicine, molecularly imprinted polymers for drug delivery, and

biomedical applications.

Sarbjeet Kaur is currently working as an Assistant Professor at Khalsa

College, Amritsar, India. She obtained her PhD in 2024 from Guru

Nanak Dev University, Amritsar, India. Her research focuses on the

development and applications of electrochemical sensors for detecting

metal ions, pathogens, and biomolecules. She specializes in the use of

molecular imprinted nanoparticles, self-assembled monolayers, and

Schiff base receptors to design advanced sensing platforms for

environmental and healthcare diagnostics.

Macromolecules pubs.acs.org/Macromolecules Perspective

https://doi.org/10.1021/acs.macromol.4c01621
Macromolecules 2025, 58, 1157−1168

1163

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marloes+Peeters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0429-8073
https://orcid.org/0000-0002-0429-8073
mailto:marloes.peeters@manchester.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saweta+Garg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pankaj+Singla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarbjeet+Kaur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Canfarotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eirini+Velliou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3313-4446
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+A.+Dawson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3946-5337
https://orcid.org/0000-0002-3946-5337
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikil+Kapur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1041-8390
https://orcid.org/0000-0003-1041-8390
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+J.+Warren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8298-1417
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shoba+Amarnath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01621?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Francesco Canfarotta is an expert in molecularly imprinted polymers

and works as Head of Chemistry at Tozaro, where he drives scientific

innovation and leads the development of smart polymers for cell and

gene therapy applications. He holds a PhD in Polymer Chemistry from

the University of Leicester, funded by a prestigious Marie Curie

Fellowship, where he developed molecularly imprinted polymer

nanoparticles for diagnostic applications. His work has resulted in 58

peer-reviewed publications. He is now pursuing an Executive MBA at

the University of Cambridge, blending scientific acumen with strategic

business insights.

Eirini Velliou is Professor of Bioengineering at UCL. Prof Velliou’s

research interests fall within the engineering and validation of novel

biomaterial based, bioinspired platforms for in vitro studies of biological

systems and diseases. She is working on developing advanced 3D

models of (i) different types of cancer, i.e., pancreatic and ovarian; (ii)

healthy tissues, i.e., skin; and (iii) bacterial communities to study

bacterial communication and bacterial−host interactions. Previously

Prof. Velliou was Senior Lecturer in the Department of Chemical and

Process Engineering of the University of Surrey (from September

2014). She was Principal Investigator and Founder of the Bioprocess

and Biochemical Engineering group (BioProChem), conducting

research and teaching in the multidisciplinary domain of Bioprocess

and Tissue Engineering. Prof. Velliou holds a PhD from KU Leuven,

Belgium (Department of Chemical Engineering), where she worked on

an integrated in vitro/in silico approach for predicting microbial

environmental stress adaptation phenomena in liquid state and in

viscoelastic biomaterials.

James A. Dawson is a Reader andNewcastle University Academic Track

Fellow in Energy Materials in the School of Natural and Environmental

Sciences. His research utilizes state-of-the-art computational techni-

ques to investigate ion transport and interfaces in energy materials.

Before joining Newcastle University in 2020, James held postdoctoral

positions at the Universities of Bath (2016−2019) and Cambridge

(2015−2016), as well as a prestigious JSPS Postdoctoral Fellowship at

Kyoto University (2013−2015). He completed his PhD on perovskite

oxides at the University of Sheffield in 2013. James has received several

early career awards, including the 2023 Harrison-Meldola Memorial

Prize from the Royal Society of Chemistry.

Nikil Kapur received his PhD from the School of Mechanical

Engineering at the University of Leeds in 1999, where he is now

Professor of Applied Fluid Mechanics. He previously completed an

undergraduate degree in Chemical Engineering. His research is highly

interdisciplinary and draws on his underpinning research in fluid

dynamics and heat transfer. Much of his work focuses on creating highly

characterized fluidic environments, whether for manufacturing

materials under highly precise conditions, to control or measure a

response in a biological material, or for studying the fundamental

behavior of the fluid itself. He has been instrumental in bringing

products to market including the Reactor flow and photochemistry

platform and electrochemical reactors.

Macromolecules pubs.acs.org/Macromolecules Perspective

https://doi.org/10.1021/acs.macromol.4c01621
Macromolecules 2025, 58, 1157−1168

1164

pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NicholasWarren graduated from the University of Bristol in 2005. After

a short period in industry, he undertook his PhD at the University of

Sheffield, where he continued his postdoctoral researcher until 2016,

when he started as a University Academic Fellow, leading to his

promotion to Associate Professor in 2021. In 2024 he returned to the

University of Sheffield as the Chair (Professor) in Sustainable Materials

within the School of Chemical, Materials and Biological Engineering..

His team focuses on combining controlled polymerization chemistries

with new “enabling” technologies including flow chemistry, online

monitoring and the application of artificial intelligence to accelerate

innovation in polymer sciences. His interdisciplinary research

contributions resulted in him being awarded the 2022 Macro Group

UK Young Researchers Medal and the 2023 RSC Reaction Chemistry

& Engineering Outstanding Early Career Paper Award.

Shoba Amarnath established her laboratory on immune regulation at

Newcastle University in the UK in 2016. She is from Chennai, India,

where she completed her first degree in B.Sc. Biochemistry from

Madras University with distinction and University Rank. She pursued a

M.Sc. in Biotechnology and Molecular Biology at the University of

Hull, followed by a Research council and overseas research scholarship

from the UK secretary of state funding for a PhD in Immunology. She

then pursued her postdoctoral fellowship at the National Cancer

Institute, National Institute of Health, USA. She returned to the UK to

establish her independent programme at Newcastle. Her work lies

within the area of Immune Regulation and has been recognized by

international and national awards, namely the LeoFoudation Award for

cutaneous biology and a Lister Prize. Her group has published several

seminal papers on checkpoint receptors and their importance in cancer

immunotherapy.

Marloes Peeters graduated from Eindhoven University of Technology
with a degree in Chemistry & Chemical Engineering. For her PhD, she
moved to Belgium, where she was part of the BIOSensors group of Prof
Wagner. After finishing her PhD, she continued as a postdoctoral
researcher within the same group to study novel polymer-based sensor
platforms. Since 2014 she has been in the UK, where she commenced
her independent research career at Manchester Metropolitan in 2015.
In December 2023, Marloes joined the University of Manchester as a
Chair (Professor) in Engineering Biology. Her research group focuses
on the development of advanced functional polymer materials to solve
complex healthcare problems such as in the field of biosensors,
bioelectronics, and drug delivery. Marloes is a keen science
communicator and is very active in promoting research on polymer
science via her YouTube channel and as a member of the IUPAC
Polymer Division.

■ ACKNOWLEDGMENTS

E.V. is grateful to the Medical Research Council UK for a New
Investigator Research Grant (MR/V028553/1). MP and SG
would like to acknowledge funding from the Medical Research
Council UK for research grant MR/Y008421/1. MP and PS are
supported by the USDA National Institute of Food and
Agriculture, AFRI project NIFA 2022-67021-36408.

■ REFERENCES

(1) Vasapollo, G.; Sole, R. D.; Mergola, L.; Lazzoi, M. R.; Scardino, A.;
Scorrano, S.; Mele, G. Molecularly imprinted polymers: present and
future prospective. Int. J. Mol. Sci. 2011, 12 (9), 5908−5945.
(2) Resmini, M. Molecularly imprinted polymers as biomimetic
catalysts. Anal Bioanal Chem. 2012, 402, 3021−3026.
(3) Staiano, M.; Pennacchio, A.; Varriale, A.; Capo, A.; Majoli, A.;
Capacchione, C.; D’Auria, S. Enzymes as sensors. Methods Enzymol.
2017, 589, 115−131.
(4) Ertürk, G.; Mattiasson, B. Molecular imprinting techniques used
for the preparation of biosensors. Sensors 2017, 17 (2), 288.
(5) Lowdon, J. W.; Diliën, H.; Singla, P.; Peeters, M.; Cleij, T. J.; van
Grinsven, B.; Eersels, K. MIPs for commercial application in low-cost
sensors and assays-An overview of the current status quo. Sens.
Actuators B Chem. 2020, 325, 128973.
(6) Piletsky, S.; Canfarotta, F.; Poma, A.; Bossi, A. M.; Piletsky, S.
Molecularly imprinted polymers for cell recognition. Trends Biotechnol.
2020, 38 (4), 368−387.
(7) Pilvenyte, G.; Ratautaite, V.; Boguzaite, R.; Ramanavicius, A.;
Viter, R.; Ramanavicius, S. Molecularly imprinted polymers for the
determination of cancer biomarkers. Int. J. Mol. Sci. 2023, 24 (4), 4105.
(8) Wang, L.; Pagett, M.; Zhang, W. Molecularly imprinted polymer
(MIP) based electrochemical sensors and their recent advances in
health applications. Sens. Actuators Rep. 2023, 5, 100153.

Macromolecules pubs.acs.org/Macromolecules Perspective

https://doi.org/10.1021/acs.macromol.4c01621
Macromolecules 2025, 58, 1157−1168

1165

https://doi.org/10.3390/ijms12095908
https://doi.org/10.3390/ijms12095908
https://doi.org/10.1007/s00216-011-5671-2
https://doi.org/10.1007/s00216-011-5671-2
https://doi.org/10.1016/bs.mie.2017.01.015
https://doi.org/10.3390/s17020288
https://doi.org/10.3390/s17020288
https://doi.org/10.1016/j.snb.2020.128973
https://doi.org/10.1016/j.snb.2020.128973
https://doi.org/10.1016/j.tibtech.2019.10.002
https://doi.org/10.3390/ijms24044105
https://doi.org/10.3390/ijms24044105
https://doi.org/10.1016/j.snr.2023.100153
https://doi.org/10.1016/j.snr.2023.100153
https://doi.org/10.1016/j.snr.2023.100153
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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