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ABSTRACT
Molecularly imprinted polymers (MIPs) are currently widely used and further developed for biological applications. The MIP synthesis procedure
is a key process, and a wide variety of protocols exist. The templates that are used for imprinting vary from the smallest glycosylated glycan
structures or even amino acids to whole proteins or bacteria. The low cost, quick preparation, stability and reproducibility have been highlighted
as advantages of MIPs. The biological applications utilizing MIPs discussed here include enzyme-linked assays, sensors, in vivo applications,
drug delivery, cancer diagnostics and more. Indeed, there are numerous examples of how MIPs can be used as recognition elements similar to
natural antibodies.

Relevant biomarkers are urgently needed to be able to improve diagnosis, prognosis and treatment of diseases. Biomarkers are often a
gene, RNA, a protein or the combination thereof. For early diagnosis of a disease, the biomarker should be part of a routine screening
examination or at the first sign of a questionable symptom [1]. To detect the biomarker, the proper methods and tools need to be selected.

Antibodies, the natural receptors for proteins and peptides, have been the most widely used analytical tool in clinical settings for the
detection of those molecules. However, antibodies are not the best choice for targeting small molecules with a lower degree of com-
plexity, such as lipids and carbohydrates, due to low affinity and specificity of the resulting antibody. Therefore, targeting carbohydrates
require other tools, such as lectins or molecularly imprinted polymers (MIPs). Lectins can contribute to clinical diagnostics by the bind-
ing to glycoconjugates on cells [2]. The design of MIPs and their use as artificial recognition elements have shown to be successful for
targeting both glycans and other molecules, as we will focus on in this review. The target molecule, the template, can in fact be a protein,
peptide, lipid, amino acid, virus, a cell, nucleic acid or even more complex glycan structures (Figure 1).

The technique was first reported in 1972 by Wulff and Sarhan [3], and molecular imprinting has since then been adopted by many
research groups, as evidenced by the increase in studies over the past years. The production of MIPs is reproducible, quick, cheap,
stable and economical, but challenges still exist. Besides the choice of a proper template and preparation thereof, initiators, solvent
compositions, functional monomers and cross-linkers must be selected carefully and the quality of the final MIPs tested thoroughly.
The biological applications of MIPs are extensive: assays such as ELISA and sensors, imaging and in vivo applications including drug
delivery, inhibition of cell signaling and more.

In an excellent way, recent reviews have already discussed some of the main perspectives and applications of strategic MIP synthe-
sis [4–7]. Moreover, MIP-based imaging and selection of the core material was discussed by Vaneckova et al. [8]. Whole cells and cell
epitope development for MIP imprinting have been highlighted recently [9,10], as well as MIP-based electrochemical and optical sen-
sors [11,12]. Finally, Xu et al. evaluated the advantages, and pointed out the shortcomings of the use of MIPs in biomedical applications
today, to inspire the future development of the field [13]. In this review, we aim to summarize different imprinting strategies together with
the most recent biomedical applications of MIPs in cancer diagnostics of humans and animals.

MIPs & synthesis
The technique of molecular imprinting can be described by a technology of creating artificial tailor-made binding sites that are com-
plementary to the size, shape and functional groups of the template molecule. Sialic acid (SA) is used as a proof of concept molecule
to illustrate the principle of the surface-imprinting coupled with reversible addition fragmentation chain transfer polymerization and the
selectivity of the MIPs toward SA on the surface of cancer cells (Figure 2). The synthesis procedure is a key process that directs the
MIP properties. Generally, the mechanism of MIP formation is broadly classified into a free-radical polymerization and sol-gel process,
where the former one is more general.

An overview of polymerization techniques is shown in Table 1. Among the free-radical polymerization methods, bulk polymerization
is a well-used method based on its attractive properties, including rapidity, simplicity and no need for sophisticated instruments [14]. The
synthesized bulk polymer monolith has to be crushed, grounded and sieved to an appropriate size, which is time consuming [15]. This
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Figure 1. The templates for imprinting the polymer particles – molecularly imprinted polymers – are numerous. From left to right, templates such as
RNA, DNA, amino acids, peptide, protein, lipid, glycan, virus, bacteria and a cell are shown.
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Figure 2. Schematic illustration of the molecularly imprinted polymer synthesis mechanism and its selectivity toward sialic acid on cancer cells.

method requires a large amount of template [16], and some high-affinity binding sites are destroyed during this process. To overcome
these drawbacks, a variety of other polymerization techniques have been developed, such as suspension polymerization, emulsion
polymerization, seed polymerization and precipitation polymerization.

The suspension polymerization method is another common method used for MIP synthesis. It provides a heterogeneous polymer-
ization environment where water [47], perfluorocarbon liquid [48] or mineral oil [49] can be used as a continuous phase to suspend the
droplet of the pre-polymerization mixture. Each droplet reacts like a mini bulk reaction that can produce the spherical MIP particles with
a broad size range [14].
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Table 1. Overview of polymerization techniques.
Imprinting methods Examples of templates Ref.

Bulk polymerization Iridoid glycosides, spiramycin, 2,4-dichlorophenoxyacetic acid, diclofenac, alfatoxins [17–21]

Suspension polymerization Malachite green, p-hydroxybenzoic acid, timolol, alfatoxins B1, Pb2+ [22–26]

Emulsion polymerization Quercetin, malachite green, Listeria monocytogenes, triazines, Cd2+ [27–31]

Seed polymerization Nicotinamide, bisphenol A, promazine derivates [32–34]

Precipitation polymerization Triclosan and triclocarban, strychnine, caffeic acid, vitamin E, prednisolone [35–39]

RAFT polymerization Benzimidazole, propranolol, polycyclic aromatic hydrocarbons [40–42]

Atom transfer radical polymerization Ofloxacin, �2-agonists [43,44]

Sol-gel Iprodione, methylxanthines [45,46]

RAFT: Reversible
addition fragmentation chain transfer.

Emulsion polymerization and seed polymerization can both produce monodispersed MIP particles. The MIPs produced by emulsion
polymerization are suffering from the presence of remnants of surfactant [50], whereas the seed polymerization needs a time-consuming
multistep procedure [51].

Precipitation polymerization is a single preparative step method that can produce MIP microspheres with a relatively uniform size.
Due to the simplicity and excellent size control ability, this method has become one of the most promising approaches to produce high-
quality spherical imprinted particles [14]. In the polymerization process, the polymer chain can grow individually in the diluted solution,
becoming insoluble and precipitate from the solution [52]. The size and shape of the MIPs can be well controlled by the strict reaction
conditions, including the polarity of the solvents [53], polymerization temperature [54] and stirring speed [55]. The drawbacks of this
method are the need of large volumes of porogen and a long polymerization time.

Besides these conventional polymerization methods, many new techniques have been promoted to synthesize MIPs in recent years,
including reversible addition fragmentation chain transfer [56], nitroxide-mediated polymerization [57] and metal-catalyzed atom transfer
radical polymerization [58]. Compared with the conventional methods, these methods involve a thermodynamically controlled process
that can slow the rate for the polymer chain growth and therefore produce more homogeneous polymers with a narrow distribution of
polymer chain length.

The sol-gel process is another convenient and versatile method in MIP synthesis, which produces a transparent sol-gel matrix to
capture numerous organic, organometallic and biological molecules [59,60]. In the general sol-gel process, a colloidal solution (sol) is
poly-condensed into a solid (gel) phase. This process has several advantages, one of which is the use of the silica-based materials that
can form a rigid high degree cross-linking (SiO2)n network, which can retain the shape of the cavities after the removal of the template.
Moreover, this method uses eco-friendly solvents, such as water, and it can easily be produced at room temperature [61].

Surface-imprinted synthesis
More recently, an increasing number of imprinting procedures were accrued on the surface of particles. Compared with the traditional
MIPs, surface-imprinted polymers (SIPs) exhibit advantages not only including higher binding capacity and faster mass transfer but
also merits shared by the particles themselves. Many particles have been used to synthesize SIP particles, including activated silica
gel [56,62,63], Fe3O4 magnetic nanoparticles [64,65], quantum dots (QDs) [66,67] and carbon QDs [68,69]. Among them, silica gel is a
widely used particle in the surface-imprinting process due to its excellent characteristics, like high stability under acidic conditions and
high thermal resistance. The silica gel-based surface-imprinted particles have been applied to metal ions [70,71], pharmaceuticals [72,73],
glycans [74,75] and proteins [76,77] in the past few years. In addition, magnetic bead-based MIPs have been widely used for the separation
of complicated samples due to their simplicity, high efficiency, low cost and remarkable advantages of magnetic separation [78].

MIPs & biomarkers
A biomarker shows a specific physical trait or a measurable biologically produced change in the body that is linked to a disease or a
health condition [1]. Delays in results are still responsible for a significant number of mortalities and morbidities, and hence there is a
need for faster, cost-effective and sensitive analytical methods. MIPs could help solve these issues, as MIPs are synthetic materials that
can mimic biological recognition well enough to be called ’plastic antibodies’ [79]. In the past decade, the number of studies toward using
MIPs as a biomarker has increased, as they hold a potential to provide a sensitive, undamaged, rapid and low-cost diagnostic tool [80].
The detection of serum albumin [81,82], hemoglobin [83,84], ferritin [85] and avidin [86], as well as studies of infectious diseases [87–89],
bone loss [90,91], cardiovascular diseases [92] and various cancers are some areas [4,93–102] that are of high interest for the use of
MIPs as biomarkers.

MIPs target small molecules approximately ranging between ∼0.1 and ∼10 nm, whereas SIPs are applied for larger biomarkers [11].
SIPs can form cavities directly on the surface of polymers, which enhances the removal of the template, providing better use for larger
biomarkers such as viruses, bacteria or cells.
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Figure 3. Molecularly imprinted polymers targeting sialic acid on the cell surface of a breast cancer cell line. (A) Schematic picture of sialic acid (SA) –
molecularly imprinted polymer binding to SA at the terminal end of the glycans at the surface of the cell membrane. (B) Fluorescent SA – molecularly
imprinted polymers in a concentration of 0.1 mg/ml bind to the surface of the breast cancer cell line MDA-MB-231. The cytoskeleton is stained in red
with phalloidin and the nuclei in blue with DAPI. Scale bar at 10 μm.

The development of protocols for the synthesis of MIPs targeting glycans and glycosaminoglycans (GAGs) have recently emerged due
to the need for detection tools targeting carbohydrate structures. Since antibodies and lectins against glycans and GAGs are lacking both
specificity and stability, and are expensive to produce, MIPs have been considered to be used as an alternative [4,5,8–10,13,56,103,104].

Hyaluronan (HA) is a nonsulfated GAG and a major component of the extracellular matrix. The monosaccharide glucuronic acid, which
is a part of HA, was used as a template for molecular imprinting [105]. Apart from the fact that a successful imprinting of glucuronic
acid was shown, the authors also evaluated beneficial environmental protocols for the synthesis. Indeed, other approaches have been
shown for MIP synthesis using glucuronic acid or SA as the template [94,106–111]. The SA-MIPs target SA at the terminal end of the
glycosylated cell surface membrane proteins (Figure 3A). The glycan chains are usually branched and/or elongated. El-Schich ET AL.
[SUBMITTED MANUSCRIPT (2020)] showed that fluorescent SA-MIPs synthesized according to the protocol of Shinde et al. [56] bind to
MDA-MB-231 breast cancer cells, decorating the surface membrane of the cells (Figure 3B).

MIP-based sensors for point-of-care diagnostics is an increasing field, as MIPs can be combined with several different electrochemi-
cal transducers in a wide variety of sensor platforms [112]. Eersels et al. incorporated MIPs into a thermal biomimetic sensor platform for
detection of vitamin K in serum samples [90]. UV-visible spectroscopy and two custom-made thermal readout techniques were used to
analyze the target rebinding of a synthetic vitamin K compound, which was both selective and specific [90]. Serum C-terminal telopeptide
of Type I collagen is a turnover biomarker for bone loss, and by combining MIP technology, both sensitive and rapid measurement of
serum C-terminal telopeptide of Type I collagen could be performed [91].

A technique to determine cardiovascular biomarkers relies on expensive, time-consuming and complex procedures, which are un-
suitable to carry out at the point of care. Moreira et al. used an alternative approach by using myoglobin-imprinted films by electropoly-
merizing o-aminophenol around a protein layer previously absorbed to gold. The myoglobin biosensor was evaluated by electrochemical
impedance spectroscopy and square wave voltammetry. A good selectivity toward myoglobin was presented together with short mea-
suring time, reusability and low limit of detection [92].

A major challenge in molecular imprinting is targeting of viruses due to their comparatively large dimensions (vs usually imprinted
small molecules), fragile architecture and poor stability in organic solvents. Adenovirus-imprinted particles were synthesized providing
enhanced selective virus recognition by coating with blocking agents such as polyethylene glycerol or bovine serum albumin to prevent
unspecific binding [87]. Interestingly, a new ‘double-imprinted’ method was applied, based on a virus-bioimprinted hydrogel, which is
micromolded into a diffraction-grating sensor to give a MIP gel laser diffraction sensor. The target in this study was apple stem pitting
virus, which showed good selectivity and thereby confirms that the mechanism of the hydrogel volume change involves specific binding
interactions between the apple stem pitting virus and the hydrogel-bound aptamers [88]. Although some successful virus imprints have
already been developed, further progress is required regarding size of the target, its fragile structure, its functional complexity and its
limited solubility. These challenges may be addressed by innovative imprinting strategies that enable utilizing virus-imprinted materials.
This could be virus-imprinted materials that are packed into columns for selective/enrichment of viral species [89].
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Figure 4. Histograms presenting the mean fluorescence values of the T47D breast cancer cell line stained with (left histogram) dSA-molecularly
imprinted polymers in a concentration of 0.04 mg/ml (blue) and sialic acid – molecularly imprinted polymers in a concentration of 0.1 mg/ml (red),
and (right histogram) lectins MAL (blue) and SNA (red) both in 5 μg/ml. Numbers show the positivity of the cells in percentages as analyzed by flow
cytometry.

Another target for a MIP-based biosensor is bacterial detection that is needed in many fields, including biosafety, clinical diagnostics,
food safety and biosecurity. A study done by Golabi et al. used 3-aminophenylboronic acid for the electrochemical fabrication of cell-
imprinted polymers. Boronic acid groups were attached to the surface of Staphylococcus epidermidis, and electropolymerization was
used to preserve the structure of the bacteria at the polymer network. Finally, the cells were removed, and the complementary cavities
remained, some of which contained boronic acid for increased affinity. Compared with other bacteria, the MIPs showed high specificity
and affinity for S. epidermidis [113]. Moreover, chitosan has been used to create MIP matrices that had high bacteria affinity [114].

Cancer biomarkers have become more compelling over the past decade because they provide early diagnostics, which increases
survival. Pyruvic acid, SA, pro gastrin releasing peptide, p53, carbohydrate antigen 15-3, CEA, PSA, EGFR and VEGF are some of the
cancer biomarkers that have been studied by using the molecular imprinting technique [4,93–102].

MIPs & cancer
Glycosylation has an important role in cancer biology and disease progression [115]. This makes SA an interesting biomarker
for a diversity of cancer types. Several research groups have explored SA-imprinted MIPs in cancer-associated cellular applica-
tions [56,94,103,104,106,107,110,111]. Some normal epithelial cells express low amounts of SA, whereas malignant epithelial cells express
more, a cellular system elegantly utilized by Wang et al. [104]. They showed that the hepatoma carcinoma HepG-2 and the breast carci-
noma cell line MCF7 were exhibiting much stronger fluorescence with monosaccharide-imprinted nanoparticles, compared with normal
hepatic cells and normal mammary epithelial cells MCF-10A. The monosaccharides investigated were SA, mannose and fucose [104].
Moreover, it was shown that SA-MIPs synthesized according to the protocol of Shinde et al. [56] bind efficiently to MCF7 cells (14.2%
as shown by flow cytometry analysis) [EL-SCHICH ET AL., SUBMITTED MANUSCRIPT (2020)]. Staining MCF7 cells with MAL and SNA lectins
targeting 2,3-SA and 2,6-SA, respectively, it was shown that this invasive ductal breast carcinoma cell line expresses 2,3-SA but almost
no 2,6-SA. Flow cytometry analysis of another invasive ductal breast carcinoma cell line, T47D, reveals that the same SA-MIPs bind to a
lower degree (8% when using a concentration of 0.1 mg/ml of SA-MIPs and 3.9% when using a concentration of 0.04 mg/ml of dSA-MIPs)
to this cell line (Figure 4). Interestingly, both 2,3-SA and 2,6-SA are expressed on T47D, according to the flow cytometry analysis using
the lectins MAL and SNA. These results could indicate that the SA-MIPs either have a preference for targeting 2,3-SA or the complexity
of the glycan chains vary in terms of branching and/or elongations, which could affect the accessibility of the SA-MIPs.

Moreover, to better understand whether the immune cells will discover the SA-MIPs, the particles have been evaluated for uptake
by phagocytosing immune cells [116]. The SA-MIPs show binding to murine macrophages, RAW264.7 cells, and by studying uptake by
microscopy, it is revealed that the fluorescent SA-MIPs are present inside the cells by the change in color from green fluorescence to
orange due to interference with the red phalloidin (Figure 5B).

Interestingly, Medina Rangel et al. used MIPs as chemical antibodies in inhibiting cell–cell adhesion [117]. The MIPs were more po-
tent than commercially available therapeutic antibodies for inhibiting invasion of cells, cell–cell adhesion in aggregation assays and
disrupting 3D tumor spheroids as well as inhibiting invasion of HeLa cells.
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Figure 5. Murine macrophage RAW264.7 cells bind and thereafter ingest fluorescent dSA-molecularly imprinted polymers in a concentration of
0.04 mg/ml as imaged by fluorescence microscopy. (A) Control RAW264.7 cells. (B) RAW264.7 cells incubated with green fluorescent sialic acid –
molecularly imprinted polymers. The cytoskeleton is stained in red with phalloidin and the nuclei in blue with DAPI in both images. Scale bar at 10 μm.

Prostate cancer is the second most common cancer in men worldwide. PSA is the most widely used biomarker for screening prostate
cancer, although not without debate [118]. However, PSA is an approved cancer biomarker from the US FDA and is currently used in
screening and diagnosis of prostate cancer [119]. Interestingly, several research groups have reported different approaches to detect
PSA with MIP technology [120–125]. A nanobiosensor using a MIP on a gold screen-printed electrode in the presence of PSA as a
template was fabricated, showing high affinity and specificity for PSA [125].

Zhou et al. used CEA as a target to imprint MIPs [126]. CEA is a glycoprotein serving as a biomarker for colorectal, breast, ovarian, lung,
gastric, bladder and pancreatic cancer [127,128]. CEA is produced during fetal development and therefore present in low levels in healthy
persons [129]. Orthogonal dual MIP-based plasmonic immunosandwich assay was used to measure the CEA levels in human serum for
healthy and colon cancer patients. This method could distinguish between samples from colon cancer patients and healthy individu-
als [126]. Xing et al. used a similar method to detect neuron-specific enolase in human serum, which is used as a protein biomarker of
small cell lung cancer. Dual MIP-based plasmonic immunosandwich assay is a method that could show a specific and sensitive detec-
tion of NSE for healthy individuals compared with small cell lung cancer patients. It was concluded that the dual MIP-based plasmonic
immunosandwich assay method had several significant advantages compared with commercially available ELISA kits, such as shorter
procedures, less time-consuming, lower sample volume requirement and a wider linear range [130].

A surface molecularly imprinted polymer (SMIP) technology recently was integrated with surface-enhanced Raman spectroscopy
(SERS) to develop a more powerful quantitative detection strategy (SMIP-SERS). Lin et al. detected CEA levels in human serum for healthy
individuals and colon cancer patients with comparison with ELISA. The detection was lower compared with ELISA [102]. The SMIP-
based SERS immunoassay was also used for determination of cancer biomarkers such as �-fetoprotein, erythropoietin, alkaline, survivin
and SA, indicating that the SMIP-SERS analysis provided a promising potential tool for quantitative detection of cancer biomarkers in
complex samples [102,131,132]. Lin et al. used SERS to detect low concentrations of nasopharyngeal cancer-related DNA, and the results
demonstrated that SERS technology could provide a reliable and ultrasensitive method for cancer biomarker detection [133]. Moreover,
the MIP technology has been used to measure the levels of drugs in human plasma.

A molecularly imprinted magnetic solid-phase extraction technique using Fe3O4@MIP nanoparticles was developed and coupled with
the LC-MS/MS protocol for simultaneous quantification of the antileukemic agent 6-mercaptopurine and its active metabolite thiogua-
nine in human plasma. The adsorption experiments indicated that MIPs have good recognition properties for 6-mercaptopurine and
thioguanine [134]. Obtained data on the levels of these drugs in plasma or serum can give valuable guidelines to more effective ther-
apy [135].

Electrochemical DNA biosensing using MIPs to capture homogenously hybridized DNA nanocomposites was recently evaluated with
the determination of brca1 in human serum samples. The results showed excellent selectivity, reproducibility, stability and feasibility in
serum analysis of breast cancer patients [136].

In vivo applications of MIPs
Despite the broad use of MIPs in in vitro applications, the in vivo applications remain challenging because long-term toxicity, biodegrad-
ability, biocompatibility and distributions in fluids are not very well known yet.

MIPs are small, stable particles with well-defined characteristics such as size, specificity and fluorescence, and thus they are consid-
ered for therapeutic applications. Due to the imprinting procedure, the MIPs are versatile and can be imprinted against various targets
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in vivo such as proteins, glycans or any other moieties present in living organisms. MIP targeting in drug delivery is rapidly increasing,
and in this review we have dedicated a separate section for drug delivery systems (DDS) using MIPs.

Hoshino et al. used MIPs for the recognition and neutralization of melittin, a cytolytic peptide that is a principal component of bee
venom. The MIPs significantly cleared melittin from the bloodstream of mice and neutralized its activity, which enhanced the survival
rate of the mice [137]. A study using MIP nanofibers showed that it is less invasive to living mice compared with in vitro sampling, and that
the MIP nanofibers have higher selectivity and capture efficiency, reducing interference of the other compounds in rat liver [138]. Another
study has used MIPs as a part of a biosensor to detect the bacterial factor RoxP on skin. Despite the complexity of the environment
(e.g., presence of skin proteins), the detection was suitable due to the sensitivity and selectivity of the MIPs [139]. Some MIP applications
aim to immobilize the nanoparticles into a layer to detect small organic molecules. Diliën et al. made a MIP layer as a receptor for
molecules such as dopamine, cortisol or serotonin and were able to efficiently detect those molecules. The authors suggest integrating
this biocompatible setup in a catheter, for example, to provide a convenient method for real-time detection for patients [140].

With the current rapid development of fluorescence imaging technologies coupled with other multimodal approaches
(fluorescence/magnetic resonance imaging) [141], MIPs play an important role as a new labeling agent. MIP imaging uses imprinted
polymer particles linked with dyes (QDs, carbon dots or conjugated polymers) to yield higher stability or avoid photobleaching, as these
issues are rather present when working with fluorescently labeled antibodies [68,142]. Cecchini et al. used MIPs coupled with Cd QDs
(QD-MIPs) to localize VEGF, responsible for tumor angiogenesis, in zebrafish. QD-MIPs showed negligible toxic effects and specifically
localized proximity of the tumor mass in contrast to nonimprinted QDs [143]. In a different study, MIPs were used as cargo for the anti-
cancer drug doxorubicin and with an embedded photosensitizer producing free radicals after 655-nm laser irradiation to synergistically
kill the cancer cells. There were no reported toxic effects of MIPs in mice, and the authors showed significant inhibition of tumor growth
after laser irradiation compared with other experimental groups [144].

Dong et al. used glycan-imprinted MIPs as a treatment for breast cancer [145]. In their study, a mouse model was used and showed that
MIPs inhibited cell proliferation resulting in a decrease of the tumor volume. The MIPs specifically bind the glycans of HER2, blocking the
HER2-dependent signaling pathways via suppressing the dimerization of HER2 that leads to inhibition of breast cancer cell proliferation.
The biological toxicity was reported, as well as minimal uptake of the particles by macrophages, suggesting that the MIPs could be used
as a novel effective cancer therapy [145]. This application could apply to other cancer therapies, as MIPs can be imprinted for various
signaling proteins and glycans in other pathways.

As cancer recurrence contributes to higher mortality, fluorescent nanoparticles were used for punctual detection of relapsed cancer
tissue. The nanoparticles were derived from HA, as it is a naturally occurring biopolymer to provide higher biocompatibility and targeting,
and ensuring specific uptake. These parameters resulted in higher contrast in tumor tissue compared with healthy surrounding tissue.
Additionally, the fluorescence signal was also enhanced and detectable alongside MRI. Since multimodal imaging methods combining
MRI and fluorescence imaging are widely used, these nanoparticles would have a great clinical impact [146].

The crucial step for the applications in living systems is the low toxicity of the nanoparticles. The element of the core constituting a
nanoparticle determines properties important for the toxicity, as particle surface charge, its size and shape affect the cellular uptake and
how the particles interact with organelles and biomolecules [147,148]. In addition, the toxicity of the nanoparticles differs between in vitro
and in vivo applications. Canfarotta et al. described no toxicity of fluorescent MIPs in different concentrations to human keratinocytes
HaCaT and human fibrosarcoma HT1080 cells [149]. Other studies reported low cytotoxic effects of MIPs in vitro after 72-h exposition
to breast cancer cell lines MCF7, MDA-MB-231 and mouse fibroblast cell line NIH-3T3, respectively [111,150]. Other studies report low
toxicity to different model organisms such as mice or zebrafish [138,143].

To summarize, applications of MIPs in living organisms have limitless possibilities from clearance or blocking of targeted compounds
to the possible detection of specific molecules. The enormous potential of MIPs represents their utilization in imaging, as they can be
highly specific and easily linked with stains and other probes.

MIPs & drug delivery
DDS need to be able to regulate the amount of drug and the rate at which a drug is released. Ideally, to avoid causing harm to healthy
tissues and to increase bioavailability, the drug is transported to the appropriate site into the body before it is released [151]. MIPs
have been investigated as drug delivery agents in biological applications. Their high chemical and physical stability, easy and cheap
preparation, and long shelf life are just some of the advantages that make them suitable to be used for drug delivery (Figure 6).

The applicability of MIPs as DDS can mostly be accredited to the fact that they can be functionalized to selectively bind to almost
any kind of drug molecule with high affinity, resulting in a much higher drug loading capacity [6,152]. MIPs are resistant to extreme pH,
temperature and pressure, and they can protect a drug from being degraded by enzymes before they reach their target site [153,154]. Paul
et al. synthesized MIPs that were imprinted with insulin as a template molecule to investigate the MIPs’ capability of delivering the drug
to gastrointestinal cells. Indeed, after being administered in vivo to rats, these MIPs proved to be efficient as oral DDS for diabetic rats.
The MIPs protected the drug from degradation, had a better absorption into gastrointestinal epithelial cells and allowed for an extended
release of the drug [155,156].

Various concepts have been discussed, investigating the selective binding properties as well as drug loading capacity and release
profiles of different MIPs both in vitro and in vivo. The potential of MIPs to prolong the residence time of a drug and to control its
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pharmacological activity in the body is one of their best advantages. The sustained release of a drug can reduce the administration
frequency and unwanted side effects that might arise due to high concentrations of drug. The most commonly applied method for MIP
synthesis in DDS is with the noncovalent approach for interactions between the drug and the functional monomers, as almost any kind
of template can be used [153]. The drug release can be sustained by adjusting the strength and kind of interactions between the template
and the functional monomers, but even the choice of cross-linker affects the binding and release properties of the MIPs [152,157,158].

MIPs in DDS are being developed for different routes of administration, including oral, intravenous, ocular and transdermal applica-
tions [159]. Molecularly imprinted hydrogels or therapeutic contact lenses have been proven to be a good option for sustained ocular
drug delivery as an alternative for eye drops that have to be administered several times a day [160,161]. Contact lenses imprinted with
the antihistamine ketotifen in rabbits demonstrated a higher bioavailability of the drug, as well as a highly increased residence time
of the drug compared with drug-soaked lenses and eye drop treatment [162]. MIPs imprinted with the antibiotic agent vancomycin, for
surface coating of implants for sustained drug delivery to prevent bacterial infections, were able to release the drug at a slower rate
and for a much longer time course compared with nonimprinted particles [163]. To establish a floating property of the MIP for sustained
drug delivery in the GI tract, a liquid crystalline monomer was incorporated into the MIP structure [164,165]. This resulted in a better
bioavailability of the drug in vivo in mice and rats due to the longer residence time of the drug in the stomach.

Due to their specificity, MIPs can even bind and release single enantiomers in racemic drugs, which is useful in case one enantiomer is
more effective than its opposite. This has been shown by Suedee et al., who investigated the use of enantio-selective MIPs in both oral and
transdermal DDS [166–169]. Moreover, molecularly imprinted cellulose membranes were successfully employed for the enantioselective
transdermal drug delivery of the ß-blocker S-propranolol through excised rat skin [169,170].

By including responsive copolymers in the MIP synthesis, a drug can be released in response to either internal (e.g., pH levels or tem-
perature changes) or external (e.g., a near-infrared [NIR] light or a magnetic field) stimuli in the environment [6]. The prodrug sulfasalazine
was used to imprint MIPs that were shown to be released by a rapid change from acidic to basic pH, implying their possible use as DDS
for sulfasalazine treatment in colon diseases. Even for cancer therapy, MIPs have been investigated as possible drug delivery agents.
The more acidic pH inside the cancer cells makes them a perfect target for pH-induced drug release [171]. Interestingly, nanoparticles
imprinted with the anticancer drug paclitaxel showed a higher release of the drug at pH 5 than at pH 7, making them suitable as a possi-
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ble DDS for paclitaxel [172]. Liu et al. utilized an NIR light-responsive MIP that released paracetamol through porcine skin, controlled by
the external stimulus of NIR light, which in the future could lead to the development of a DDS to deep tissues [173].

For targeted drug release, the surfaces of MIPs can be coated with specific ligands that can bind to receptors on target cells and
release the drug at a specific site of action [6,10]. This reduces side effects and impact on healthy cells, and increases the efficacy of
the drug in target cells. Esfandyari-Manesh et al. successfully applied this approach by conjugating polyethylene glycerol-folic acid to
paclitaxel-imprinted MIPs for targeted drug release [174]. Zhang et al. investigated the possibility of using p32-epitope-imprinted MIPs
loaded with the photosensitizer methylene blue for active targeting and treatment of p32-positive breast tumor cells in mice. The tumor
cells had a higher uptake of the MIPs and a higher intracellular concentration of the photosensitizer. When photodynamic therapy (PDT)
was applied and the photosensitizer was exposed to light, it produced free radicals that were able to kill the cancer cells and inhibit tumor
growth [175]. A combination of both a HER2 epitope, which is overexpressed in breast cancer cells, and the anticancer drug doxorubicin
for targeted drug delivery was used to imprint silica nanoparticles, resulting in a higher uptake of MIPs in breast cancer cells compared
with nonimprinted particles [176]. Peng et al. imprinted a transmembrane helical peptide onto drug-loaded nanoparticles for pancreatic
tumor-targeted PDT in mice. After intravenous administration, the MIPs were able to recognize the transmembrane domain of the target
protein in the cancer cell membranes and the drug was released in the cells upon external PDT with a laser [177]. A similar concept
was applied by imprinting MIPs with lipopolysaccharides from Pseudomonas aeruginosa and loading them with a photosensitizer for
PDT. The results indicated that the MIPs could be used for targeted drug delivery, as the treatment could inhibit bacterial growth [178].
A drawback of PDT is the challenge of delivering light to deep tissues. For this reason, a core-shell MIP with a titanium oxide core that
can absorb x-rays and emit visible light during radiotherapy was developed, which activates the photosensitizer imprinted onto the MIP
shell to produce free radicals and singlet oxygens to kill the tumor cells [179].

MIPs were imprinted both with the anticancer drug bleomycin and a peptide of the human fibroblast growth factor-inducible 14 that
is overexpressed in pancreatic cancer cells. Fibroblast growth factor-inducible 14 on tumor cells was successfully targeted, and the
drug was released in response to the acidic pH inside the cancer cells [159]. Canfarotta et al. used epitope-imprinted MIPs loaded with
the anticancer agent doxorubicin to target EGFR, which is overexpressed on cancer cells [180]. A targeted drug delivery and cell death
that only occurred in cancer cells could be observed. Double-imprinted nanoparticles selective to SA were synthesized. The MIPs were
loaded with a drug sensitive to high concentrations of glutathione (an environment that can be found in cancer cells), to target and treat
tumors in vivo in mice [181]. Combining targeting folate-positive cancer cells with loading the MIPs with the glutathione-sensitive drug
vinblastine showed that the drug accumulated in tumor tissues while the drug concentration decreased in organs, as compared with the
pure drug, decreasing the toxicity of the drug to healthy tissues [182].

Magnetic MIPs have been investigated as controlled drug release agents, as they qualify for the application of an alternative magnetic
field that can initiate drug release [183,184]. Magnetic doxorubicin-loaded MIPs for controlled stimuli-triggered drug release in cancer
cells were investigated. It was demonstrated that upon the application of an alternative magnetic field, the hydrogen bonds between the
MIPs and the drug were broken, so the drug was rapidly released in the cells [185]. Hashemi-Moghaddam et al. adopted a similar approach
with drug-loaded magnetic MIPs for the controlled release of 5-fluorouracil in a mouse breast cancer model, observing a decrease in
tumor growth and increase in the animal life span [186]. The magnetic properties of MIPs can also be used for targeted drug delivery
to specific tumors by applying an external magnetic field that directs the MIPs to the tumor site [187,188]. Zavareh et al. investigated
the use of doxorubicin-magnetic MIPs for targeted delivery to breast cancer tumors in mice. They implanted magnets subcutaneously
at the tumor sites and applied an external magnetic field to direct the MIPs to the site of action, where doxorubicin was released in a
sustained manner. Most interestingly, a significant reduction in tumor size and higher survival rates of mice treated with MIPs under a
magnetic field could be observed [189].

To summarize, MIPs are promising for use as DDS because they can bind to their template selectively and load high amounts of drug.
They can sustain the release of a drug, and the release can be triggered by different stimuli in the environment. MIPs can be directed to
different sites in the body for targeted drug release, and the possibilities to apply MIPs as drug delivery agents are numerous, as almost
any kind of molecule can be imprinted on the polymer matrix. However, to be able to use MIPs in biological applications in vivo, the MIPs
have to be biodegradable and nontoxic [6]. As many of the cross-linkers and functional monomers are toxic, the choice of these becomes
limited. Even the choice of solvent for MIP synthesis is important. Many of the MIPs originally synthesized for analytical applications
have used organic solvents, as these promote a stronger binding between the functional monomers and template. However, to be able to
be used in biological applications, the solvents should be aqueous to mimic biological fluids [190]. The residues of the organic solvents
in the MIPs can be toxic, and many drugs and biological compounds are not compatible with organic media [174]. Unfortunately, due
to nonspecific hydrophobic interactions between the MIPs and the template, the selectivity decreases in aqueous environments. This
problem can be solved by applying hydrophilic monomers in the polymerization process that decrease the interference of water in the
binding process between the template and monomers [191,192]. To improve the biodegradability of the MIPs, a biodegradable cross-linker
or monomer can be incorporated into the synthesis [6]. MIPs are still under development, and apart from the challenges mentioned, which
obviously need to be addressed, MIPs seem to have a promising future in application as DDS.
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Conclusion & future perspective
MIP synthesis was developed almost 50 years ago. Initially, the imprinting methods were different, and cellular applications were not
possible. Recent work has shown progress with imprinting approaches that give hope for the future. The main advantages of using MIPs
are their high stability, including resistance to pressure, high temperatures, extreme pH and possibility for long-term storage. Moreover,
functionalization with fluorophores and short production time are other benefits. MIP synthesis also relies on the template of choice,
which can be any biological structure, small enough to create a specific and selective imprint used for a variety of applications. An
encouraging development for recognition of cells and molecules within the biomedical area has been witnessed. Interesting approaches
are those describing imprinting of whole cells, cell membranes and microorganisms. If successful, this could expand the usability of
MIPs for clinical diagnostics and personalized medicine, and in applications of specific diseases, such as cancer.

MIPs have been suggested to replace antibodies and have therefore been named ’molecularly imprinted synthetic antibodies’ and
’plastic antibodies’. The use of MIPs as plastic antibodies is particularly important when targeting structures of low immunogenicity,
as natural antibodies do not perform well under those circumstances. Areas for further improvement that can be foreseen in MIP de-
velopment are reduction of nonspecific binding for higher selectivity of the target and reproducible high-quality large-scale production.
Indeed, MIPs with high specificity and affinity are desirable in biomedical applications for cellular targets that are lacking promising
detection tools. The desired MIPs for future applications need to be specific for the biomarker, reproducible, small and equipped with
fluorophores that are functionalized for both in vitro and in vivo applications. Another area of future interest is MIPs with dual functions,
such as cellular targeting combined with drug delivery or targeting combined with altered cellular function.
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