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Abstract 

Cancer is a disease caused by abnormal cell growth that spreads through other parts of the body and threatens life by 
destroying healthy tissues. Therefore, numerous techniques have been employed not only to diagnose and moni‑
tor the progress of cancer in a precise manner but also to develop appropriate therapeutic agents with enhanced 
efficacy and safety profiles. In this regard, molecularly imprinted polymers (MIPs), synthetic receptors that recognize 
targeted molecules with high affinity and selectivity, have been intensively investigated as one of the most attractive 
biomaterials for theragnostic approaches. This review describes diverse synthesis strategies to provide the rationale 
behind these synthetic antibodies and provides a selective overview of the recent progress in the in vitro and in vivo 
targeting of cancer biomarkers for diagnosis and therapeutic applications. Taken together, the topics discussed in 
this review provide concise guidelines for the development of novel MIP-based systems to diagnose cancer more 
precisely and promote successful treatment.
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Graphical Abstract
Molecularlyimprinted polymers (MIPs), synthetic receptors that recognize targetedmolecules with high affinity and 
selectivity, have beenintensively investigated as one of the most attractive biomaterials for cancertheragnostic 
approaches. This review describes diverse synthesis strategies toprovide the rationale behind these synthetic antibod‑
ies and provides a selective overview of the recent progress inthe in vitro and in vivo targeting of cancer biomarkersfor 
diagnosis and therapeutic applications. The topics discussed in this reviewaim to provide concise guidelines for the 
development of novel MIP-basedsystems to diagnose cancer more precisely and promote successful treatment.

Introduction
Cancer, one of the most severe diseases, starts from a mal-
function at the single-cell level and proliferates through-
out the body, destroying healthy tissue and eventually 
leading to death [1, 2]. More than often, the survival rate 
of a cancer patient highly depends on early diagnosis and 
efficient treatment [3–5]. Generally, the precise diagnosis 
of cancer relies on the histological evaluation of tissues, 
which can be laborious and time-consuming, thus mak-
ing it difficult to diagnose cancer at an early stage [6, 7]. 
To this end, research in the oncologic field has shifted its 
interest toward the development of highly sensitive and 
selective biosensors to monitor cancer biomarkers in 
various biopsies [8, 9]. However, owing to their low con-
centration, especially in the early stages of cancer, highly 
sensitive and specific detection systems are needed for 
successful diagnosis and treatment [10, 11].

Among the emerging contenders, molecularly imprinted 
polymer (MIP)-based detection systems have shown 

promising results owing to their great adaptability, allow-
ing for the more sensitive and selective detection of can-
cer biomarkers [12, 13]. Although traditional antibody and 
aptamer-based targeting materials present great specific-
ity, they are produced through long and laborious selec-
tion processes, such as antibody screening or systematic 
evolution of ligands by exponential enrichment methods 
[14–16]. Whereas molecular imprinting of polymers only 
requires a high-purity sample of the target molecule and 
allows for the relatively straightforward synthesis of equally 
specific targeting materials at a lower cost [17, 18]. MIPs 
are based on the polymerization of a specific monomer 
and crosslinking agent in the presence of a template [19]. 
This molding process produces a specific structure that 
is selective to the molecule of interest used as a template. 
Furthermore, post-imprinting modifications in MIPs not 
only allow for custom tailoring of the polymer, but can also 
increase the affinity between the target and the MIP [20–
22]. For instance, improved performance (i.e., sensitivity 
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and detection range) of the ELISA (enzyme-linked immu-
nosorbent assay) system was able to be achieved while 
utilizing MIP compare to antibodies specific to selective 
biomolecules [23]. Additionally, compared to antibodies or 
aptamers, these synthetic probes offer a greater advantage 
in terms of their stability, thus maintaining better structural 
integrity during storage [24]. Thus, this material can be 
adapted to a broader range of applications.

Although MIPs have had noticeable successes as detec-
tion probes and in the separation of complex biological 
samples, they have also been efficiently used in controlled 
release systems that can be harnessed in cancer therapy 
[25, 26]. By imprinting a target on the surface of carrier 
nanoparticles (NPs), the release of the cargo can be local-
ized to the targeted body area, thereby reducing the toxic 
effect by using only the amount of drug required for thera-
peutic efficacies [27, 28]. Additionally, MIPs can be utilized 
for advanced therapeutic approaches by incorporating 
light-sensitive components [12, 29]. For example, heat can 
be generated by the exposure of a light-sensitive polymer 
to a certain light wavelength, leading to the localized ther-
mal ablation of cancer tissue for photothermal therapy 
(PTT) [29, 30]. Moreover, MIPs exposed to photonic stim-
ulation can locally produce cytotoxic reactive oxygen spe-
cies (ROS) for photodynamic therapy (PDT) [31, 32]. Thus, 
owing to their target specificity and tailorable properties, 
MIPs have been extensively employed as a cancer therapy 
tool to improve the efficacy of the therapy and reduce the 
potential side effects of targeting healthy tissues [33].

Although many reviews address cancer diagnosis and 
therapeutic approaches, as MIPs present an underrated 
profile for the development of more efficient cancer diag-
nostic methods and better-targeted therapy courses, they 
currently warrant a thorough review. This review provides 
an extensive examination of the current cutting-edge devel-
opments in the field (Fig. 1). Specifically, we will describe 
the different types of MIP production methods and the 
applications of the reported biosensors and therapeutic 
approaches, along with a critical discussion of the specific 
advantages and disadvantages. We believe that this arti-
cle will pinpoint the most important challenges yet to be 
overcome and highlight research areas that require further 
investigation in the field. Moreover, by highlighting the 
most recent advancements, we hope that this article will 
incite interest from multiple disciplines and aid in provid-
ing a new perspective on the development of MIP-based 
advanced applications for cancer diagnosis and treatment.

Strategies for the preparation of molecularly 
imprinted polymers
Components utilized in molecular imprinted polymers
The ultimate goal of molecular imprinting is to create 
MIPs that can function similarly to biological receptors, 

allowing them to potentially replace these natural enti-
ties in certain applications. In order to create MIPs with 
a high degree of specificity and affinity to a particular tar-
get molecule, the molecular imprinting process involves 
the use of three essential reagents: template molecules, 
functional monomers, and cross-linkers. The selection of 
appropriate reagents plays a critical role in determining 
the level of affinity and specificity achieved in the final 
product.

Templates
The central importance of the MIP structure is a tem-
plate that can direct organization of the functional group 
pendant to the selected functional monomers during 
molecular imprinting. In the performance of molecularly 
imprinted polymers, the presence of functional groups 
such as amino, carboxyl, hydroxyl, amide, and ester in 
the template is crucial [34, 35]. Generally, there are three 
requirements to satisfy the ideal template. First, the tem-
plate molecule should exhibit excellent chemical stabil-
ity during the polymerization reaction. Second, it should 
contain rich functional groups that can form template-
monomer complex by combining with functional mono-
mers. Finally, it is important to ensure that the binding 
between the template and monomer should not interfere 
with the polymerization or get destabilized during the 
polymerization reaction. So far, biological macromol-
ecules such as proteins or cells were commonly used as 
templates in biomedical areas. This simple approach does 
not necessitate any complicated template preparation 
procedures and typically yields MIPs with suitable bind-
ing capacity and high selectivity [29, 36]. However, this 
approach for imprinting macromolecules has significant 
challenges, including the complexity of these molecules, 
the presence of non-specific recognition sites on their 
surfaces, limited polymerization techniques available 
for native macromolecules, and the potential for smaller 
non-target molecules to bind to the comparatively larger 
imprinted sites, resulting in reduced sensitivity [37–39]. 
To overcome these challenges, recent advancements have 
introduced the utilization of synthetic receptors, such 
as glycan, monosaccharide, oligosaccharide, epitope, or 
aptamer as templates for the molecular imprinting of tar-
get proteins.

Functional monomers
As shown in Fig.  2, due to the wide range of applica-
tions to MIPs, functional monomers and cross-linking 
agents to be used in MIP preparation are selected in 
consideration of the properties of the template (charge, 
size, chemical identity) [40]. The selection of appro-
priate polymers is one of the most important factors 
in molecular imprinting. Monomers typically contain 
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two independent types of units: recognition units and 
units that can be polymerized. A key requirement 
for the selection of monomers is that they must have 
functional groups capable of interacting with the tem-
plate. These groups can form covalent or non-covalent 
interactions, such as hydrogen bonding, dipole, van 
der Waals interaction, or π − π interaction, with the 

template to generate a template-monomer complex. 
The interaction between the template molecule and the 
functional group present in the polymer matrix induces 
molecular recognition [41, 42]. This process occurs in 
the pre-polymerization reaction, and it determines the 
quality and quantity of the recognition unit of a MIP 
[43]. Molecularly imprinted polymers are prepared by 

Fig. 1  Schematic illustration of molecularly imprinted polymers for targeted cancer theragnostic applications
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forming complexes when functional monomers react 
sufficiently with template molecules, followed adding 
crosslinking agents to immobilize functional groups 
of functional monomers on the imprinted molecules. 
A three-dimensional polymer network is then created 
only for the target template. So, the polymer must be 
sufficiently crosslinked to ensure that the binding site 
remains intact even after the template is removed [44].

Crosslinker
The incorporation of cross-linkers in the imprinting 
process enables the functional monomers to be closely 
arranged around the template molecules, giving rise 
to a polymeric matrix that is highly cross-linked. This 
enables accurate manipulation of the morphology and 
mechanical stability of MIPs after the templates are 
removed [43]. Similar to monomers, the type and num-
ber of cross-linker monomers used in the polymerization 
process also plays an important role in MIPs properties 
[45]. The mechanical stability and the number of recogni-
tion sites in MIPs are both dependent on the quantity of 
cross-linker utilized during the polymerization process; 
an insufficient amount of crosslinker can lead to unstable 
mechanical properties, while an excessive amount can 

decrease the number of recognition sites per unit mass 
of MIPs [35, 46]. Thus, it is necessary to optimize the 
ratio of basic cross-linkers beforehand to achieve the best 
polymerization results. In addition, the type of crosslink-
ing agent determines the quality and yield of the MIP 
after polymerization. Proper combination and orienta-
tion of the monomers not only leads to improved affin-
ity and high selectivity for the target template, but also 
determines the mechanical stability and porosity of the 
polymer.

Imprinting strategies
Molecular imprinting consists of creating artificial rec-
ognition sites on polymeric matrices in which the size, 
shape, and spatial arrangement of the functional groups 
are complementary to the chosen templates, such as pep-
tides, proteins, bacteria, and mammalian cells [36, 47]. In 
biological applications, MIPs can be used as tailor-made 
receptors for the recognition of biological substances 
such as antibodies and enzymes. Selecting the appropri-
ate synthesis method is crucial in order to produce a MIP 
with required properties. To manufacture MIPs, there are 
different types of molecular imprinting techniques that 
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Fig. 2  Structure of commonly used functional monomers and crosslinkers for molecular imprinting process
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can be classified in three main categories, including bulk 
imprinting, surface imprinting, and epitope imprinting.

Bulk imprinting
Bulk imprinting is the most well-known and straightfor-
ward method for molecular imprinting. In bulk imprinting, 
template molecules, functional monomers, initiators, and 
crosslinkers are mixed with solvents. After polymerization, 
all reagents are entirely converted into a solid polymer and 
the templates are removed. In the next step, to obtain the 
desired particle size and expose the recognition sites in the 
bulk material, post-treatment procedures, such as mechan-
ical crushing, grinding, and sieving, are required [38]. This 
method produces high-purity imprinted materials through 
a quick and simple preparation process, without the need 
for complicated or costly instrumentation [29, 48]. So, the 
high purity of the product obtained through this method 
eliminates the need for additional purification steps, mak-
ing it a sustainable and environmentally friendly approach. 
In this method, three-dimensional binding sites are formed 

for the entire template. This imprinting technique is par-
ticularly used in detection applications such as extraction 
[49–51], separation [52–54], and sensing [55–57]. Ma et al. 
synthesized a bulk imprinted thermo-responsive hydrogel 
layer via redox-initiated polymerization (ammonium per-
sulfate [APS]/tetra-methylethylenediamine [TEMED]) at 
37 ℃ in phosphate-buffered saline (PBS) using N-isopro-
pylacrylamide (NIPAAm) as a thermo-responsive mono-
mer, 3-methacrylamidophenylboronic acid as an affinity 
monomer, and N,N′-methylenebisacrylamide (MBAAm) 
as a crosslinker [58]. Polymerization occurred between 
a 3-(trimethoxysilyl)propyl methacrylate-functionalized 
quartz slide and a cover glass, resulting in the formation 
of a thin hydrogel layer on the quartz side. Poly(NIPAAm) 
served as the thermo-responsive hydrogel backbone for 
the selective capture and release of cancer cells (Fig.  3A, 
B). As an example of separation application used as a NP 
formulation, Zangiabadi et al. developed a convenient one-
pot method to prepare molecularly imprinted micelle NP 
receptors to specifically distinguish between the subtle 

Fig. 3  A Schematic illustration of procedure for preparing sialic acid (SA)-imprinted thermo-responsive hydrogel layer via bulk imprinting. B 
Scanning electron microscopy (SEM) images of the prepared imprinted hydrogel on quartz substrate and estimation of hydrogel layer thickness 
by a syringe needle. C Schematic illustration of the preparation of glycan-binding molecularly imprinted nanoparticles (MINPs) with crosslinked 
structure using a mixture of divinylbenzene (DVB) and MBAAm as the free radical cross-linker. D Transmission electron microscopy (TEM) image of 
the prepared MINPs. E Hydrodynamic size of MINPs in water determined by dynamic light scattering. A, B Reproduced with permission from [58], 
published by Elsevier 2021. C, D, E Reproduced with permission from [59], published by American Chemistry Society 2020
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structural differences in glycans, glycosides, and even gly-
coproteins [59]. During synthesis, amphiphilic template 
molecules were spontaneously incorporated into the mixed 
micelles of cationic surfactants. Then, the mixed micelles 
were crosslinked on the surface owing to the numerous ter-
minal alkynes and azides. This was followed by free radical 
polymerization (Fig. 3C-E). In this study, MIPs with strong 
hydrogen bonding interactions at the surfactant/water 
interface substantially enhanced the binding of molecularly 
imprinted NPs (MINPs) to afford micromolar affinities 
for complex glycans and glycoproteins equivalent to those 
achieved by natural lectins. In bulk imprinting, however, 
post-treatment steps that have to obtain small particles and 
create a large surface area for recapture are time consum-
ing and result in non-uniform sizes and shapes, as well as 
heterogeneities in the binding sites repartition [60]. Addi-
tionally, in the case of large molecules, including macro-
molecules, proteins, living cells, and microorganisms, their 
diffusion to molecular cavities buried inside an MIP matrix 
is hindered significantly [61]. This hindrance results in the 
low sensitivity and selectivity of MIP-based bio-applica-
tions. Hence, alternative imprinting techniques have been 
developed to overcome these drawbacks.

Surface imprinting
In surface imprinting, the template is located at the sur-
face or in the proximity of the polymeric framework’s sur-
face to ensure more effective recognition [38]. Compared 
with bulk imprinting (Table 1), it can provide high acces-
sibility of the template molecules to the binding sites of 
MIPs, resulting in rapid recognition. In addition, the diffu-
sion distance of the target to the binding site and the steric 
hindrance of the molecules are minimized [12], which is 
especially beneficial in (bio)macromolecule imprinting. 
In summary, surface-imprinted nanomaterials show an 
extremely high surface-to-volume ratio and rapid template 
transfer, consequently improving the binding capacity and 
kinetics. Moreover, it can provide additional features by 
integrating other functions. Therefore, synthesized MIPs 
have been used in a wide range of applications [62], includ-
ing affinity separation [63–65], sensing [66–68], and drug 
delivery systems [27, 69]. Surface imprinting can be divided 

into two steps: (i) immobilization of the protein template 
on the solid substrate surface and (ii) polymerization of a 
thin polymer layer around the immobilized template mol-
ecules [70]. To generate an imprinting layer on a surface, 
functionalization steps are necessary for protein immobili-
zation. For example, boronic acid functionalization for ori-
ented glycoprotein immobilization and iminodiacetic acid 
(IDA)-Cu2+ introduction to immobilize surface His-con-
taining proteins are two well-established protocols [12, 62]. 
Subsequently, a thin layer of polymer was formed to cover 
the templates, followed by the elimination of template 
molecules by washing with solvents. Liu et al. proposed a 
universal strategy for the fabrication of an antibody-free 
biomimetic hydrogel via cell imprinting (Fig.  4A-C) [71]. 
The polymerized functional monomer, crosslinker, and 
affinity monomer (3-[acrylamido]phenylboronic acid 
[3-AAPBA]) were added to the culture dish in the presence 
of adhered human hepatocarcinoma SMMC-7721 cells 
to form a hydrogel. By integrating 3-AAPBA into the cell 
imprinting process, the synergistic effect of cell imprinting 
and boronate affinity was realized in one step. After peeling 
off the hydrogel and removing the cells, the imprinted sur-
face selectively captured and released undamaged tumor 
cells. Although surface imprinting addresses the problems 
encountered in macromolecular mass transfer, whole pro-
teins are still difficult to use efficiently for imprinting owing 
to their complex structure, numerous functionalities, and 
risk of denaturation [62].

Epitope surface imprinting technology aims to prepare 
imprinted materials by controlling the epitope template 
such that it is located at the material surface [48]. An 
epitope is a distinctive sequence of amino acids within the 
structures of globular proteins that reflects their struc-
tural specificity [78]. Thus, this method can produce MIPs 
with templates containing protein epitopes, decreas-
ing the complexity of the protein structure. Epitope-
imprinted polymers can distinguish epitope peptides 
through specific sequential or conformational epitopes, 
as well as recognize whole proteins in real samples. If 
the right epitope is selected, epitope imprinting has vari-
ous advantages, including an abundant choice of tem-
plates, improved applicability under a variety of reaction 

Table 1  Comparison of bulk imprinting and surface imprinting

Method Bulk imprinting Surface imprinting Reference

Fabrication accessibility Easy Complicated [36, 72]

Template conformational maintence Usually hard Easy [46]

Template utilization efficiency Usually low Usually high [38, 73]

Template removal Hard Complete removal [74, 75]

Rebinding capacity Low High [36, 76]

Recognition site accessibility Low Easy [35, 39]
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conditions, and a defined orientation to bind to the target 
proteins [79]. Xing et al. introduced a novel strategy based 
on controllable oriented surface imprinting, utilizing a 
glycated C-terminus nonapeptide epitope as a template, 
which could facilitate the immobilization and removal 
of templates on the surface of a boronic acid-functional-
ized substrate [77]. C-terminus nonapeptides for human 
β2-microglobulin (B2M) and myoglobin, attached with 
a lysine, were used as target proteins. Epitope imprint-
ing was conducted via a polycondensation reaction using 
multiple silylating reagents containing functionalities 
interacting with the epitope, including aminopropyltrieth-
oxysilane (APTES), 3-ureidopropyl-triethoxysilane, isobu-
tyltriethoxysilane, and tetraethyl orthosilicate (TEOS) 
(Fig. 4D, E). The resulting MIPs exhibited a strong affin-
ity and high specificity toward B2M. Guo et al. developed 
coreless core/shell NPs with a specific targeting capability 
toward proteins and peptides via a novel approach called 
reverse microemulsion-confined epitope-oriented surface 
imprinting and cladding [80]. N- or C-terminal nonapep-
tides grafted with a hydrophobic fatty acid chain were 

used as templates. In the process of reverse microemul-
sion formation, the epitope is anchored at the microemul-
sion interface, and then silylating monomers are added 
to the aqueous phase and polymerized. After polymeri-
zation, TEOS is added to the microemulsion mixture to 
form a thin hydrophilic silica cladding layer. The result-
ing MIPs successfully differentiated cancer cells from 
other cell lines. Although surface imprinting and epitope 
imprinting have addressed the issues of adsorption effi-
ciency and protein targeting, there are still several possi-
bilities for improving the solvent compatibility, template 
removal, and material recyclability.

Since the molecular imprinting layer can sufficiently 
maintain morphological integrity and can be reused, many 
studies are being conducted to be used in sensing platforms. 
In addition, it can be used as a controllable drug delivery 
platform through smart polymers that cause morphological 
deformation in response to stimuli [81, 82]. MIP materials 
can be selected according to the situation, and the thickness 
of the imaging layer can be adjusted by adjusting the reac-
tion time to generate the appropriate thickness required for 

Fig. 4  A Fabrication of the hydrogel with boronate affinity via imprinting of SMMC-7721 cells for the capture and release of tumor cells. B 
Microscopy images of surface morphology of the imprinted hydrogel with fixed cells. C Cryo-scanning electron microscopy (SEM) of the 
nanostructures inside the imprinted hydrogel. D Schematic of the principle and procedure of controllable oriented surface imprinting of boronate 
affinity-anchored epitopes. E Transmission electron microscopy (TEM) image of the imprinting layer of silver NPs (AgNPs) imprinted with 60 min 
polymerization time. A, B, C Reproduced with permission from [71], published by Wiley 2020. D, E Reproduced with permission from [77], published 
by The Royal Society of Chemistry 2019
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sensing and treatment [83]. MIPs possess superior physical 
strength, heat resistance, and pressure resistance, as well as 
greater resistance to harsh environments, when compared 
to biological systems like proteins and nucleic acids [84]. 
Moreover, the cost of synthesis is inexpensive, they can be 
effortlessly tailored to meet specific needs, and the recogni-
tion capacity can be preserved for numerous years at room 
temperature, contributing to an extended shelf life for the 
polymers [85]. As described in the following chapter, the 
unique properties of MIP materials are beneficial to develop 
various cancer theragnostic applications.

MIP‑based cancer diagnosis
Tissue biopsy is currently the most accurate and defini-
tive method for cancer diagnosis [86]. However, such an 
invasive method not only can be costly, but also provides 
an analysis limited to a specific area of sample collection 
[87–89]. Furthermore, repeated interventions are not 
feasible; thus, accurate monitoring of cancer evolution 
is not possible [90]. The detection of circulating cancer 
biomarkers through liquid biopsies offers a low-cost, sim-
ple, and non-invasive alternative to this problem [6, 87, 
91, 92]. In vivo imaging of cancer biomarkers is another 
possible alternative to tissue biopsy [93]. Either way, 
MIP-based sensors and imaging probes have demon-
strated great results for the detection of cancer biomark-
ers, such as nucleic acids, proteins, exosomes, and cancer 
cells [94–96]. As each biomarker comes with its own 
detection challenges, MIP-based technologies, as well as 
offering great stability and sensitivity, present an unprec-
edented adaptability of the detection probes [96–98].

Nucleic acid
Nucleic acid, deoxyribonucleic acid (DNA), and ribo-
nucleic acid (RNA) have long been used as markers for 
cancer diagnosis because they are often released into 
the bloodstream after cell apoptosis [99, 100]. Hashemi-
Moghaddam et  al. focused their work on the separa-
tion of microRNA 21 from glioblastoma cell line lysates 
(Fig. 5A-C) [101]. A layer of dopamine was polymerized 
on the surface of the silica NPs to synthesize capture 
probes. Then, the outcome of the miR-21 extraction com-
parison among MIP, NIP, and Trizol reagents confirmed 
that the synthesized polymer selectively entrapped miR-
21, leading to an upregulation of miR-21 expression in 
the final eluate.

It has been established that the majority of DNA 
associated with tumor exosomes is double-stranded 
(dsDNA). Thus, dsDNA detection can serve as a can-
cer diagnosis and preoperative assessment tool. Arslan 
et al. developed a radiometric sensor for the fluorescent 
detection of dsDNA (Fig. 5D-F) [102]. Mercapto-propyl-
trimethoxy-silane-capped Mn-doped ZnS quantum dots 

(QDs) were synthesized and imprinted through sol–gel 
polymerization. This imprinting method relies on the 
gelation of a colloidal suspension to form a polymeric 
network around the template of interest, in this case a 
cationic dye, malachite green (MG). The sensing mecha-
nism consisted of a “turning off” mode where the fluo-
rophore’s room temperature phosphorescence (RTP) was 
quenched through phosphorescence resonance energy 
transfer, and a ‘turned on’ mode where the presence of 
dsDNA would induce the release of MG molecules and 
an increase in the RTP signal proportional to the target 
availability. Through their method, a limit of detection 
(LOD) of 19.48  ng/mL was achieved under optimized 
experimental conditions. Furthermore, spiked urine sam-
ples were successfully tested to validate the applicability 
of the sensor to real samples.

As a similar but different approach, what MIP actu-
ally catches is an antibody, but then there is a method of 
detecting the target gene through the antibody. You et al. 
designed an MIP-based electrochemical biosensor for the 
detection of BRCA-1, the gene encoding for breast cancer 
type 1 susceptibility protein, in serum samples (Fig. 5G-
I) [103]. The sensing platform was built on a glass car-
bon electrode (GCE) modified with gold NP-reduced 
graphene oxide. An MIP film coated the surface of the 
GCE with rhodamine B (RhoB) as a template and a mix-
ture of methacrylic acid (MAA) and Nafion as the mono-
mer and additive, respectively. By choosing this polymer 
composition, the team aimed to improve the electrostatic 
interaction between rhodamine B and MIPs. The second 
element of the detection mechanism consisted of fabri-
cating a signal amplification tracing tag. The synthesized 
monodisperse silica NPs were covered with silver NPs 
(AgNPs). This step was followed by the binding of the 
DNA probe to the surface of the AgNPs. In the presence 
of the target DNA, homogenous hybridization would 
occur between the silica NP probe and an RhoB-labeled 
nucleic acid fragment. The electrochemical detection of 
the hybridized probe was performed through differential 
pulse voltammetry (DPV) and demonstrated excellent 
selectivity, reproducibility, and stability with a low detec-
tion limit of 2.53 fM. Despite the interesting approaches 
taken for the detection of nucleic acids as cancer bio-
markers, there are a lack of studies on the direct quantifi-
cation of this category of biomarker in biological samples.

Protein
Protein detection probes are among the most explored 
applications for MIPs. These extremely dynamic mol-
ecules have been successfully used as cancer biomarkers 
owing to their high bioavailability, with a great number of 
studies demonstrating their potential as cancer diagnosis, 
prognosis, and treatment monitoring tools. Lahcen et al. 
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Fig. 5  A Reaction mechanism of polymerization of dopamine. B Preparation of mir-21 imprinted polymer coated silica nanoparticles. C miR-21 
relative expression in the U-87 MG cell lysate using, Trizol reagent, NIP and MIP. D Synthesis of MIP-quantum dots (QDs), and their interactions 
with double-stranded DNA (dsDNA). E Fluorescence spectra of MG (7.0 μM) in the presence of MIP-QDs (0.1 mg/mL) upon addition of dsDNA in 
buffer (pH 7.4). Inset: Change in fluorescence emission intensity of MG at 660 nm depending on dsDNA concentration. F RTP spectra of MIP-QDs 
in the presence of MG as a function of dsDNA concentrations; a) 0 ~ i) 9.6 μg/mL. Inset: Change in RTP intensity of MIP-QDs at 594 nm with 
dsDNA addition. G Schematic illustration of the MIPs-based E-DNA biosensing. Inset of (i) and (ii) display the preparation of SiO2@Ag/DNA and 
homogeneous DNA hybridization. H DPV responses of AuNPs-GO/GCE, NIPs/AuNPs-GO/GCE, MAA/AuNPs-GO/GCE, Nafion/AuNPs-GO/GCE, and 
MIPs/AuNPs-GO/GCE in 0.1 mM PBS (pH 7.4) after incubation with SiO2@Ag/dsDNA/RhoB for 35 min. I calibration curve used for detection of T-DNA 
from 10 fM to 100 nM. A, B, C Reproduced with permission from [101], published by Elsevier 2020. D, E, F Reproduced with permission from [102], 
published by John Wiley and Sons 2016. G, H, I Reproduced with permission from [103], published by Elsevier 2018
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focused on the detection of human epidermal growth 
factor receptor 2 (HER2), a breast cancer marker protein 
(Fig.  6A) [104]. The team developed a gold nanostruc-
ture-modified MIP-based laser-scribed graphene sens-
ing platform with an LOD of 0.43  ng/mL. To fabricate 
the electrode, a polyimide sheet was exposed to a CO2 
laser, and after the isolation of the areas of interest, a gold 
layer was formed through electrochemical deposition. In 
the synthesis of the MIP layer, HER2 was left to adsorb 
onto the platform before being covered with 3,4-ethylen-
edioxythiophene. Electro-polymerization of the film was 
performed through chronoamperometry, followed by the 
removal of the template molecule. The biosensor offered 
high sensitivity and selectivity for HER2 and was further 
integrated with an electrochemical analyzer.

Owing to the high sensitivity, low cost, and simplic-
ity of electrochemical biosensors, numerous researchers 
have turned their attention to MIP-based electrochemical 
sensing. Lai et  al. developed an electrochemical sensor 
for the detection of carcinomaembryonic antigen (CEA) 
[97]. Polydopamine (PDA) was used as the polymer 
through multiple electro-polymerization cycles to form 
the CEA template. The binding properties of the MIP 
were tested through DPV. For electrochemical detec-
tion, a glass carbon electrode was coated with polythio-
nine and gold NPs (AuNPs). Lai et al. achieved an even 
lower LOD of 0.2589  pg/mL [97]. However, Lin et  al.’s 
detection method had a greater success with an LOD 
of 0.064  pg/mL for CEA in real blood samples (Fig. 6B, 
C) [105]. To achieve these results, the team combined a 

Fig. 6  A Schematic illustration of the Laser scribed graphene (LSG)-AuNS-MIP based biomimetic sensor for Her-2 detection. B TEM image of 
Au@PDA NPs. Inset: hydrodynamic diameters of Au@EB@PDA NPs. C Optimization of Au@EB@PDA NPs with Raman signal at a silent zone at 
2024 cm − 1. D Schematic illustration of orthogonal dual molecularly imprinted polymer-based plasmonic immunosandwich assay (odMIP-PISA) 
approach for detection of glycoprotein. E Compared specificity of proposed odMIP-PISA method for target CEA to various proteins. A Reproduced 
with permission from [104], published by Elsevier 2021. B, C Reproduced with permission from [105], published by Elsevier 2019. D, E Reproduced 
with permission from [106], published by Elsevier 2019
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surface-enhanced Raman spectroscopy substrate with 
a surface-molecularly imprinted polymer (SMIP) tar-
get capture method. By encapsulating ethynylbenzene 
(EB) into dopamine (DA) on the surface of AuNPs and 
combining them with an imprinted core-molecule-
shell-molecule NP-coated surface, the internal stand-
ard of the biosensor was optimized with a silent zone at 
2024 cm−1. Zhou et al. took a slightly different approach 
to CEA detection by combining two types of MIPs in 
an immuno-sandwich assay (Fig. 6D, E) [106]. One MIP 
was coated on the gold NP layer designed to recognize 
the peptide epitope, whereas the second MIP covered 
the Raman-active silver NPs to capture the protein itself. 
This orthogonal double recognition method seemed 
to improve the specificity of the sensing mechanism, as 
it was tested on multiple proteins such as horseradish 
peroxidase (HRP), human apo-transferrin, ribonuclease 
B (glycoproteins), bovine serum albumin, and β-casein 
(non-glycoproteins) [106].

Prostate cancer can be detected by measuring prostate-
specific antigen (PSA) levels in the blood of patients. 
Wang et al. developed a ‘signal-off’ electrochemilumines-
cence sensor for the detection of PSA at concentrations 
as low as 3.0 pg/mL [107]. In their experiment, oligonu-
cleotide was self-assembled on the AuNPs functional-
ized glass carbon electrode. This was followed by the 
electropolymerization of DA hydrochloride to form MIP 
layer. The sensing probe achieved a detection limit of 
3.0 pg/mL [107]. However, as it is still difficult to establish 
an accurate diagnosis simply based on the overexpres-
sion of PSA, Karami et al. designed a gold screen-printed 
electrode to simultaneously detect PSA and myoglobin, a 
biomarker often co-expressed with PSA, in human serum 
and urine samples of prostate cancer patients [108]. Can-
cer antigen 125 (CA-125), a glycoprotein of the mucin 
family, is an important biomarker for ovarian cancer. 
Rebelo et  al. engineered an MIP-based screen-printed 
electrode for the detection of CA-125 [109]. Similar to 
previously reported methods, a monomer, in this case 
pyrrole, was electropolymerized on a gold electrode 
through cyclic voltammetry with CA-125 as a protein 
template. Interestingly, both surface plasmon resonance 
and electrochemical detection methods were evaluated, 
with the latter method achieving the lowest LOD at 0.01 
U/mL [109]. Overall, proteins are excellent templates for 
the synthesis of membrane antibodies in cancer detec-
tion systems; they have multiple functional sites that can 
be easily reproduced. However, one of the most challeng-
ing aspects of these biomarkers is to maintain their native 
conformation during the imprinting process. Overcom-
ing this problem could significantly improve the binding 
selectivity of MIPs.

Exosomes
When it comes to targets such as exosomes, the challenge 
resides in the irregularity of template size and shape. 
More than often, dull templates are used as substitutes 
for extracellular vesicles. This is because of the difficulty 
in extracting a homogeneous sample of exosomes for use 
as a template. For instance, Zhu et al. developed a sensor 
based on the double imprinting polymer method for the 
construction of an electrochemical detection platform for 
the particle size distribution of exosomes (Fig. 7A) [110]. 
AuNP-graphene oxide-modified glassy carbon electrodes 
were coated with a layer of 4-mercaptophenylboronic 
acid. To achieve double imprinting, HRP-coated silica 
NPs of different diameters (50, 100, and 150  nm) have 
served as templates. Despite the lack of application of 
the sensing mechanism to biological samples, the devel-
oped detection mechanism allowed for successful and 
reproducible analysis of mimetic exosome size ratio. 
With the technology of Liu et al., exosomes from cell cul-
ture media and urine samples can be efficiently isolated 
[111]. Owing to the difficulty faced in purifying exosomes 
for use as a mold, the capture mechanism was based on 
dull template imprinting with similar proprieties to the 
extracellular vesicles. Negatively charged silica NPs with 
a size distribution between 40 and 160  nm were effec-
tively molded into a mixture of 2-(diethylamino)ethyl 
acrylate, and acrylamide monomers were combined with 
N,N′-methylene diacrylamide, a hydrophilic cross-linker. 
Once the template is removed, through the combina-
tion of both conformational recognition and electrostatic 
interaction, the artificial antibody is comparable to com-
mercially available precipitation methods for exosome 
capture [111].

Another way to overcome the surface irregularities 
of exosomes is to combine the usage of MIPs with spe-
cific antibodies and aptamers. Mori et  al. designed a 
molecularly imprinted sensing platform for the detec-
tion of prostate cancer-derived exosomes (Fig. 7B) [112]. 
A His-tagged protein G was used to bind CD9 targeting 
antibody to the gold surface of the sensor. It should be 
noted that CD9 is a protein abundantly expressed on the 
surface of exosomes. Template exosomes secreted from 
a prostate cancer cell line, PC3, were immobilized on 
the surface. This step was followed by the anchoring of 
methacryloyl disulfide groups onto the vesicles to allow 
for post-imprinting modifications after polymeriza-
tion of the surrounding matrix and the removal of both 
exosomes and antibodies. Takeuchi et  al. used a molec-
ular imprinting-based dynamic molding technique to 
fabricate antibody-conjugated signaling nanocavities for 
the detection of exosomes secreted in the tears of breast 
cancer patients with an analysis time of 5 min per sample 
(Fig. 7C, D) [113]. In their experiment, they used a mold 
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based on methacrylamide-coupled His-tagged silica 
NPs attached to the substrate through a Ni(II)-nitrilo-
triacetic acid bond. To minimize non-specific binding, 
a 20-nm thick polymer matrix was formed through the 
surface-initiated atom transfer radical polymerization 
of 2-methacryloyloxyethyl phosphorylcholine. During 
the post-chemical processing of the cavity, a fluorescent 
reporter molecule was added through a thiol bond, fol-
lowed by the addition of a His-tagged protein G that 
allows for the insertion of the desired antibody.

The application of MIPs to pre-existing sensing mecha-
nisms can significantly improve their sensitivity. Feng 
et  al. developed a fluorescence resonance energy trans-
fer system (FRET) for the detection of exosomes in the 

serum of breast cancer patients with an LOD of 2.43 × 106 
particles/mL [95]. The sensor consisted of two elements 
that formed a sandwich in the presence of the target of 
interest: an MIP capture element and an aptamer/gra-
phene oxide (GO) selective ‘turn-on’ component. Fe3O4 
NPs were used as a base for molding the extracellu-
lar vesicles within a mixture of APS and TEMED. The 
GO quenched the fluorescence of the aptamer-bound 
FAM; however, in the presence of the target, the oli-
gonucleotide would be released from the GO and the 
fluorescence would increase proportionally to the avail-
ability of the analyte. Liao et  al. developed the ‘turn-on’ 
fluorescent sensor to detect the presence of exosomes 
in patient serum with a sensitivity comparable to the 

Fig. 7  A Schematic illustration of double imprinting-based electrochemical detection of mimetic exosomes with size distributed nanoparticles. B 
Preparation of the exosome-binding cavity by molecular imprinting with post-imprinting in-cavity modifications (PIMs). C Antibody-conjugated 
signaling nanocavities for sensing intact small extracellular vesicles (sEVs) fabricated by molecular imprinting-based dynamic molding chemical 
nanoprocessing. (i) Dynamic molding nanoprocessing. (ii) Postchemical nanoprocessing. (iii) Scanning electron microscopic and fluorescence 
images during the dynamic molding nanoprocessing approach. D Tear sEV detection procedure. A Reproduced with permission from [110], 
published by Elsevier 2020. B Reproduced with permission from [112], published by John Wiley and Sons 2019. C, D Reproduced with permission 
from [113], published by The American Chemical Society 2020
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enzyme-linked immunosorbent assay [94]. The detection 
process was achieved through aptamer-mediated aggre-
gation-induced emission. The crosslinking of TEMED 
and APS via a cross-linking agent on the surface of mag-
netic microparticles allowed the molding of the target 
exosomes. After exposure to patient-derived serum, the 
beads were magnetically collected and then exposed 
to the mixture of aptamer and fluorogen (TABD-Py) to 
mediate aggregation induced emission. This sensing 
method achieved a detection limit of 1.3 × 106 particles/
mL. Owing to the variable sizes, shapes, and surface 
proteins of exosomes, the development of highly effec-
tive MIPs will most likely require more research on 
post-polymerization surface modifications. Nonetheless, 
the detection and capture of these vesicles and analysis 
of their proteomes can provide great insight into cancer 
diagnostics and prognostics, thus highlighting the impor-
tance of developing better MIP fabrication methods.

Cells
The detection of cancer cells is one of the biggest chal-
lenges in modern science. Only a limited number of 
surface proteins can be used as targets, and more often, 
it is about the ratiometric expression of those targets 
rather than their presence or absence that differentiates 
a healthy cell from a cancer cell. Demir et  al. devised a 
simple fluorescent probe for the targeting and imaging 
of cancer cells (Fig. 8A-E) [114]. The hydrothermal syn-
thesis of N-doped carbon nanodots (CDs) from starch 
and L-tryptophan had a 25.1 ± 2% yield with an average 
particle size of 3.2 nm. The QDs were quoted with a mix-
ture of functional monomers, AB and methacrylamide 
as well as a cross-linker, ethylene glycol dimethacrylate 
(EGDMA) to molecularly imprint a shell of glucuronic 
acid cavities. As the QDs emitted fluorescence at 450 nm, 
internal light was used to polymerize the MIP. A com-
parison between human cervical cancer cell staining and 
reference human keratinocytes demonstrated the func-
tionality of the probe.

Sialic acid (SA) is a nine-carbon atom sugar that is 
highly present on the surface of cancer cells at the gly-
can terminal of membrane proteins and lipids. Ma et al. 
devised a thermo-responsive imprinted hydrogel layer 
for the detection of SA (Fig.  8F-H) [58]. To overcome 

the challenges presented by the commonly used lectin-
based detection technique that can be expensive and 
easily denatured, the imprinting process was performed 
at 37  °C using a thermo-responsive functional mono-
mer. Interestingly, this feature allows for the capture and 
release of cancer cells in both culture media and real 
blood samples. Beyer et al. also focused on the detection 
of SA [115]. The team developed an SA-imprinted fluo-
rescent core–shell sensing probe. In brief, a mixture of 
methacrylamide, 2-{3-(4-nitrobenzo[c] [1,2,5] oxadiazol-
7-yl)ureido} ethyl methacrylate, vinylbenzene boronic 
acid, ethylene glycol dimethacrylate, and N,N-dimethyl-
formamide served as the pre-polymerization solution for 
monosaccharide imprinting. Silica-coated polystyrene 
particles, SA, and an initiator, 2,2′-azobis(2,4-dimethyl-
valeronitril), were added to the solution to complete the 
reaction. Interestingly, after removal of the template, the 
probe was tested on multiple cancer cell lines with pen-
tavalent SA conjugates, and the results demonstrated dif-
ferent binding patterns according to the level of α2,3- and 
α2,6-SA expression. Targeting, isolation, and imaging are 
great applications of MIPs. However, despite these prom-
ising results in cancer cell detection, we are still far from 
the efficient sensing of circulating cancer cells. Further 
development of molecular imprinting strategies will shed 
new light on this issue (Table 2).

MIP‑based cancer therapy
Cancer is the second leading cause of death and a major 
public health issue worldwide [117]. Millions of peo-
ple are diagnosed with cancer annually. There are many 
things that should be considered in cancer treatment, 
including multidrug resistance issues, intrinsic complex-
ity and heterogeneity of tumors, and the selective ability 
of anticancer therapeutics to only target cancer lesions 
[118–120]. Despite these factors playing an important 
role in cancer therapy, the most important thing to con-
sider is that the drug is only effective in certain places. 
Conventional therapeutic agents have several limitations 
that affect their efficacy and safety profile, resulting in 
permanent genetic alterations and adverse effects [93, 
121] owing to their non-specific targeting ability. These 
drugs can damage unrelated healthy tissue and can-
not deliver sufficient amounts to target sites. MIPs solve 

(See figure on next page.)
Fig. 8  A CD-MIPGlcA and (B) CD-NIP with different excitation wavelengths in the range of 365–445 nm, slit 2.5 nm. The small peak around 
420 nm at excitation 365 nm is due to the water Raman peak. Insets are corresponding transmission electron microscopy (TEM) images. Confocal 
micrographs showing labeling of GlcA on a single (C) HeLa and (D) HaCaT cell by CD-MIPGlcA (green) and nuclear staining with propidium iodide 
(red). E Analysis of labeled cells with CD-MIPGlcA, CD-NIP, and CD as obtained from ImageJ by measuring the normalized fluorescence of each 
single cell area from five different images. F Thermo-responsive SA-imprinted hydrogel layer enables selective capture and release of cancer cells. G 
The numbers of captured HepG-2 at different time intervals. H Comparison of capture and release efficiency of cancer cells. A, B, C, D, E Reproduced 
with permission from [114], published by The American Chemical Society 2018. F, G, H Reproduced with permission from [58], published by Elsevier 
2021
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Fig. 8  (See legend on previous page.)
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these problems by targeting certain proteins such as sac-
charides and glycans, which are well-known biomarkers 
over-expressed and secreted by cancer cells [12]. This 
property of MIPs can be utilized in drug delivery, PTT 
and PDT, as well as a therapeutic in its own right.

Drug delivery
Drug delivery systems based on NPs can be engineered 
to load anticancer drugs in a variety of configurations 
and selectively reach cancer sites while avoiding healthy 
tissues [122]. In cancer treatment, chemotherapy remains 
the prevailing course for many types of cancers because 
of its high efficiency compared to other methods [123, 
124]. However, chemotherapeutics, when used alone, 
lack specificity and selectivity, resulting in damage to 
healthy tissues, rapid clearance by the gastrointestinal 
tract, thus leading to severely diminished therapeutic 
effectiveness. Among the advanced nanocarriers for tar-
geted delivery, MIPs have shown a breakthrough in over-
coming the aforementioned challenges with high affinity 
and selectivity, easy fabrication process, low cost, and 
excellent stability. Recently, their potential has led to a 
rapid expansion from the traditional separation and puri-
fication fields to the expanding field of tumor-targeted 
drug delivery [125]. Canfarotta et al. produced novel dou-
ble-imprinted nanoMIPs based on a solid-phase method 
[126]. MIPs were loaded with doxorubicin (DOX) and 
targeted toward the linear epitope of epidermal growth 
factor receptors (EGFRs). EGFRs are overexpressed in 
several malignancies and are one of the critical regula-
tors of cell proliferation and cancer invasiveness. EGFR-
nanoMIPs measuring 150–200 nm exhibited the highest 
binding affinity toward breast cancer MDA-MB-468 cells 
overexpressing EGFR but did not show any appreci-
able binding affinity toward SKBR3 normal cells. Upon 
interaction with EGFR-nanoMIPs, EGFR undergoes 
endocytosis and subsequent internalization, resulting in 
its accumulation in the cytoplasm. These results dem-
onstrate that DOX-loaded EGFR-nanoMIPs lead to the 
preferential killing of cells that overexpress EGFR. Apart 
from chemotherapy, MIPs have shown potential for the 
delivery of various new anticancer therapeutic agents, 
including antisense oligonucleotides, small interfering 
RNA, mRNA, and DNA inhibitor oligonucleotides [127].

Recently, stimulus-responsive MIPs have been devel-
oped via the introduction of certain functional mono-
mers into their structures to enhance the efficacy of drug 
delivery. These smart nanoMIPs can release drugs on 
demand, allowing a more controlled drug delivery pro-
cess [62, 125]. In response to an intrinsic stimulus, such 
as pH levels, enzymes, and reducing agents, or extrinsic 
stimuli, such as heat and electromagnetic fields [128], 
MIPs can achieve good control of release kinetics. As an 

indicator for some cancer cells, SA has been attracting 
intense interest for compounds with the cis-diol structure 
to covalently combine or dissociate with phenyl-boronic 
acid groups [129, 130]. Lu et  al. reported SA-imprinted 
biodegradable silica NPs (BS-NPs) for therapeutic pro-
tein delivery enabling targeted cancer therapy [93]. BS-
NPs could specifically bind SA, which is overexpressed at 
the outermost position of glycoproteins on the cancer cell 
membrane, and be subsequently absorbed into the cell 
through endocytosis and degraded in the intracellular 
acidic microenvironment, resulting in a progressive cargo 
accumulation profile and enhanced cell cytotoxicity. In 
comparison to NIPs, BS-NPs showed superior target-
ing ability and enhanced cytotoxicity against SA-overex-
pressing human liver carcinoma HepG2 cells (Fig. 9A-E). 
In vitro, under a reductive tumor microenvironment (pH 
4.5–5.5), the BS-NPs disintegrated into small fragments 
within 48 h. These results show the promising potential 
of the BS-NP-based nanoplatform for controlled drug 
delivery.

Intrinsic stimuli are relatively complex, uncontrolla-
ble, and present variations between preclinical and clini-
cal models [128, 132]. Extrinsic stimuli can be controlled 
more accurately, leading to the development of numerous 
smart nanomaterials for drug delivery systems. Typical 
extrinsic stimuli that are manipulated from outside the 
body are light, temperature, ultrasound, electric pulses, 
and magnetic field. Liu et  al. fabricated an NIR-light-
responsive surface MIP (NSMIP) using upconversion 
NPs as the core, a green-light-responsive azobenzene 
derivative as the functional monomer, and paracetamol 
as the template [133]. The NSMIP showed a controlled 
release of the drug in aqueous solution and through por-
cine tissue under laser irradiation (980  nm, 5 W/cm2). 
Unlike MIPs that display single-response behavior, those 
with dual or multiple responses exhibit multifunction-
ality and a heightened degree of responsiveness [134]. 
Kubo et  al. reported a new thermal-responsive drug 
delivery system using Fe3O4 NPs coated with MIPs [135]. 
The Fe3O4 was used as a magnetic-field stimuli-sensi-
tive seed (MTS) that generates heat under an alternat-
ing current (AC) magnetic field, and MAA was used as 
a thermal-responsive MIP layer for effective drug release 
at 60 ℃, which was sufficient to cleave most of the inter-
actions with the target molecule, methotrexate (MTX), 
which was used as an anticancer drug. MIP-MTS showed 
a higher amount of MTX adsorption than NIP-MTS, 
and MTX was completely released within 10  min at 60 
℃, but not at 25 ℃. These MIPs have achieved controlled 
drug release by applying an AC magnetic field using the 
heat-generating property of MTS. Another study, Li et al. 
also, prepared temperature and magnetism bi-respon-
sive molecularly imprinted polymers (TM-MIPs) based 
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Table 2  Molecularly imprinted polymer (MIP)-based cancer biomarker detection

Biomarker MIPa components Template Mechanism Detection range LOD Reference

Nucleic acid Monomer: Methacrylic acid 
(MAA)
Additive: Nafion

Rhodamine B Electrochemical 
sensing

10 fM—100 nM 2.53 fM [103]

Monomer: (3-aminopropyl)
triethoxysilane (APTES)
Crosslinker: Tetraethyl ortho‑
silicate (TEOS)

Malachite green (MG) Phosphorescence 
and fluorescence 
sensing

0.089 -1.79 μg/mL 19.48 ng/mL [102]

Monomer: Dopamine MicroRNA 21 RNA separation - - [101]

Monomers: acryla‑
mide (AA) and N,N′-
methylenebisacrylamide 
(MBAm)
Initiator: ammonium persul‑
fate (APS) Catalyst: N,N,N′,N′-
tetramethylethylenediamine 
(TEMED)

HeLa cell-derived 
ribosomes

Ribosome and associ‑
ated RNA separation

- - [116]

Protein Monomer: 3, 4-ethylenedi‑
oxythiophene

Human epidermal 
growth factor recep‑
tor 2 (HER2)

Electrochemical 
sensing

1—200 ng/mL 0.43 ng/mL [104]

Monomer: APTES, 3-urei‑
dopropyl-triethoxysilane, 
isobutyltriethoxysilane, 
and tetraethyl orthosilicate 
(TEOS)

Carcinomaembryonic 
antigen (CEA)

Surface enhanced 
Raman spectroscopy

- 5.6 × 10−14 M [106]

Monomer: Dopamine Carcinomaembryonic 
antigen (CEA)

Electrochemical 
sensing

0.001—1000 ng/mL 0.2589 pg/mL [97]

Surface enhanced 
Raman spectroscopy

0.1 pg/mL- 10 μg/mL 0.064 pg/mL [105]

Prostate-specific 
antigen (PSA)

Electrochemilumines‑
cence

5 pg/mL—50 ng/mL 3.0 pg/mL [107]

Monomer: Acrylamide
Crosslinker: N,N′-
methylenebisacrylamide

Prostate-specific 
antigen (PSA)

Electrochemical 
impedance spectros‑
copy

0.01—100 ng/mL 5.4 pg/mL [108]

myoglobin (Myo) 1—20,000 ng/mL 0.83 ng/mL

Exosome Monomer: 2-methacryloylox‑
yethyl phosphorylcholine

Exosomes Fluorescence sensing - 6 pg/mL [112]

Silica nanoparticles - 1.2 × 10–17 M [113]

Monomer: MAA and 4-vinyl‑
phenylboronic (VPBA)

Silica nanoparticles 
wrapped by horserad‑
ish peroxidase with 
diameters in 50, 100, 
and 150 nm

Electrochemical 
sensing

- 1.44 × 103, 
5.68 × 102 and 
7.70 × 102 particles/
mL

[110]

Monomer: 2-(diethylamino)
ethyl acrylate and acrylamide
Cross-linker: N,N′-methylene 
diacrylamide

Silica nanoparticles Exosome capture/
proteome analysis

- - [111]

Monomer: Acrylamide 
(AAm), N, N-methylene 
bisacrylamide (MBA), N-iso‑
propylacrylamide (NIPAAm), 
and MAA
Initiator: N,N,N′,N′-
tetramethylethylenediamine 
(TEMED) and ammonium 
persulfate (APS)

Exosomes “Turn-on” fluores‑
cence sensing

- 1.3 × 106 particles/mL [94]

Fluorescence reso‑
nance energy transfer

2.43 × 106 particles/
mL

[95]
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on Fe3O4 encapsulating carbon nanospheres [136]. TM-
MIPs were prepared by grafting N-isopropylacrylamide 
(NIPAM) as the thermosensitive monomer on a surface 
of Fe3O4 modified with MPS, followed adding methylene 
bisacrylamide (MBA) as a crosslinker to form an imprint-
ing layer via free radical polymerization. 5-Fluorouracil 
(5-FU), which widely used in the clinical treatment as 
an anticancer drug, was used as a target template. TM-
MIPs showed the potential for drug delivery systems by 
verifying temperature-controlled absorption and release 
behavior. Future research aimed at achieving more 

effective and controlled drug delivery can be facilitated 
through the development of MIPs capable of targeting 
multiple targets and exhibiting responses to multiple 
stimuli.

To monitor the treatment response, it is very impor-
tant to directly visualize the release and accumulation 
of the drug to specific sites during the delivery process. 
The integration of treatment and diagnosis, defined as 
theragnostics, is being extensively utilized as imaging-
guided drug delivery systems for cancer treatment 
[137]. Among the various theragnostic nanocarriers, 

Table 2  (continued)

Biomarker MIPa components Template Mechanism Detection range LOD Reference

Cell Monomer: 4-acrylamidophe‑
nyl)(amino)methaniminium 
acetate (AB) and methacryla‑
mide
Initiator: Coumarin 6 and 
triethylamine
Cross-linker: Ethylene glycol 
dimethacrylate (EGDMA)

Glucuronic acid Fluorescence imag‑
ing

- - [114]

Monomer: Acrylamide 
(AAm), N-(3-aminopropyl)
methacrylamide hydrochlo‑
ride (NAPMAAm), N-isopro‑
pylacrylamide (NIPAAm), and 
3-methacrylamidophenylbo‑
ronic acid
Initiator: N,N,N′,N′-
tetramethylethylenediamine 
(TEMED) and ammonium 
persulfate (APS)
Cross-linker: N,N′-
methylenebisacrylamide 
(MBAAm)

Sialic acid (SA) Cancer cell capture - - [58]

Monomer: meth‑
acrylamide (MAAm), 
2-{3-(4-nitrobenzo[c][1,2,5]
oxadiazol-7-yl)ureido} ethyl 
methacrylate, vinylbenzene 
boronic acid (VBBA) and 
EGDMA
Initiator: 2,2′-azobis(2,4-
dimethylvaleronitril) (ABDV)

Fluorescence imag‑
ing

- - [115]

a Molecularly imprinted polymer

Fig. 9  A Schematic illustration of drug delivery route of RNase A@biodegradable silica nanoparticles (BS-NPs) through redox-triggered 
biodegradation. B Time-dependent variation of fluorescence intensity at tumor sites of HepG2 tumor-bearing mice. C Ex vivo fluorescence imaging 
of tumor and other organs collected from mice in the sialic acid (SA)-imprinted molecularly imprinted polymer (MIP) and nonimprinted (NIP) group 
after 72 h. D Relative tumor volume growth curves of the mice during the 15 d of treatment. E Photograph of the dissected tumors in each treated 
group. F Schematic representation of targeted fluorescent imaging and glutathione (GSH)/pH-responsive drug delivery route of FZIF-8/DOX-MIPs. 
G Confocal microscopy images of MCF-7 cancer cells after coculture with FZIF-8/DOX-MIPs for 1 h. H Fluorescence images of MCF-7 tumor-bearing 
mice with at different times after intraperitoneal injection of MIPs and NIPs. I Relative tumor volume and (J) representative photographs of excised 
tumors in different groups after 20 d of treatment. A, B, C, D, E Reproduced with permission from [93], published by American Chemical Society 
2021. F, G, H, I, J Reproduced with permission from [131], published by American Chemical Society 2020

(See figure on next page.)
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Fig. 9  (See legend on previous page.)
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MIPs, in particular, have a great advantage in that 
there is no need to modify the surface with ligands and 
they already contain specific binding sites. In addition, 
because therapeutics can be encapsulated directly into 
the MIP network during its synthesis, they can be pro-
tected until the cleavage of the carrier [12]. Qin et  al. 
synthesized a fluorescent zeolitic imidazolate frame-
work-8 loaded with doxorubicin (FZIF-8/DOX) as a 
core and prepared MIP with the epitope of CD59 cell 
membrane glycoprotein as a template, termed FZIF-8/
DOX-MIPs [131]. These FZIF-8/DOX-MIPs not only 
targeted tumors that overexpressed CD59 glycopro-
teins, but also allowed for both the in vitro and in vivo 
CD-based fluorescence imaging of cancer cells (Fig. 9F-
J). Consequently, MIP-coated FZIF-8/DOX can be 
degraded in the tumor microenvironment, and FZIF-8/
DOX is further degraded in response to the weakly 
acidic conditions, resulting in controllable release of 
DOX for targeted treatment. A wide range of sources, 
such as QDs, CDs, and various dyes, have been exten-
sively applied in the biological field for imaging [27]. In 
recent years, compared to fluorescent dyes, silicon NPs 
(SiNPs) have been increasingly used in image-guided 
drug delivery owing to their excellent optical properties, 
low biotoxicity, and biocompatibility [138].

Photothermal therapy
PTT uses photothermal agents that generate heat upon 
irradiation with a specific wavelength of light, thus 
increasing the temperature of cancerous tissues and 
inducing cell death. Over the past few years, PTT has 
emerged as an attractive therapeutic in oncology because 
it offers several advantages over traditional treatments, 
including spatially controlled action, noninvasiveness, 
and low toxicity [139, 140]. In recent years, near-infrared 
(NIR) light-mediated PTT has been widely used in can-
cer therapy, which can cause apoptosis or necrosis of 
cancer cells by triggering a localized hyperthermia effect 
[141–143]. The photothermal agents generally used in 
PTT can be classified into four main subgroups: plasmon 
resonance-generating metallic nanostructures, carbon-
based light-absorbing materials, organic materials, and 
polymeric materials [144]. However, the lack of speci-
ficity of nanomaterials can result in damage to the sur-
rounding healthy cells. To solve this problem, targeting 
biomolecules such as antibodies, aptamers, peptides, and 
receptors are commonly conjugated to nanomaterials. 
However, these biomaterials sometimes suffer from poor 
specificity, stability, and reproducibility. MIPs, which are 
robust biomimetic recognition molecules, exhibit many 
advantages, such as simple preparation, chemical sta-
bility, and high specificity toward template molecules. 

Clearly, combining these elements is highly favorable for 
more efficient cancer-targeting PTT.

Wang et  al. reported sialic acid-imprinted upconver-
sion NPs (UCPs@MIPs) as artificial antibodies for active 
tumor targeting and microinvasive PTT [145]. UCPs@
MIPs were prepared using boronic acid-functionalized 
lanthanide-doped UCPs as a substrate, followed by the 
formation of an imprinting layer via the in-water copo-
lymerization of dopamine and m-aminophenylboronic 
acid synchronously acting as a photothermal couplant 
and tumor-targeting element. In  vitro, confocal micros-
copy demonstrated that UCPs@MIPs enabled not only 
the distinction between SA-overexpressing cancerous 
cell lines (HePG2 and MCF-7) and normal cell lines (L02 
and MCF-10A), but also complex tissue levels. In addi-
tion, tumor cells underwent dramatic cell death as a con-
sequence of the heat generated by 980 nm laser radiation, 
while normal cells maintained a remarkably high viability 
(> 85%). In vivo, UCPs@MIPs inhibited the proliferation 
of HepG2 tumors in mice within 20 d based on the fast 
PTT mode with a single treatment time at the second 
level. As designed, UCPs@MIPs may be used to achieve 
tumor-targeted microinvasive PTT by semi-accurate 
hyperthermia tumor ablation while protecting normal 
tissue from overheating.

Compared to a single treatment, integrating PTT and 
chemotherapy reduces the regrowth of residual tumors 
by enhancing the therapeutic coverage and improving 
the therapeutic index [146, 147]. The heat generated by 
PTT increases cell membrane penetrability, resulting in 
enhanced drug uptake by cancer cells or the increased 
cytotoxicity of certain heat-sensitive anticancer drugs 
[148, 149]. Xu et al. presented a novel controllable drug 
delivery system based on this photothermal effect [150]. 
Antibacterial polymerizable imidazolium-based ionic liq-
uids were used as surfactants in mini emulsion polymeri-
zation. During polymerization, graphene quantum dots 
were encapsulated with DOX in MIPs. After irradiating 
with an 808 nm laser for 40 min, the MIP was increased 
to 43 ℃; because of this, the interactions with the CQDs, 
imprinting layer, and DOX were weakened, and the drug 
was gradually released for 3 h, showing that the cumula-
tive release was slowly increased to 36.54%. Drug-loaded 
MIPs combined with inductive NIR heating could be 
applied in synergy with chemotherapy and thermother-
apy for cancer therapy. Polymerizable DA has frequently 
been used as a functional monomer and crosslinker of 
MIPs owing to its excellent biocompatibility, biodegra-
dability, and photothermal conversion ability [151, 152]. 
Considering this, Liu et  al. designed a simple capsule-
like MIP for targeted chemo-photothermal synergistic 
cancer therapy [153]. Using zeolitic imidazolate frame-
work-8 (ZIF-8) carrying DOX as the core, polymerizable 



Page 21 of 32Kang et al. Biomaterials Research           (2023) 27:45 	

DA as the functional monomer to form the MIP layer as 
well as a photothermal agent, and an epitope of EGFR as 
a template molecule, DOX@MIP (MD) was constructed 
to specifically bind EFGR-overexpressing cancer cells. 
After irradiating the MDs with an NIR laser (808  nm) 
for 10  min, the temperature rapidly increased to 44.2 
℃, with a photothermal conversion efficiency of 36.3%. 
These MDs specifically targeted EGFR-overexpressing 
cancer cells (A549 and MDA-MB-468) while avoiding 
normal cells (16HBE). The MIP layer maintained a rigid 
shape under physiological conditions but was degraded 
by the acidic tumor environment, releasing DOX. Taken 
together, MD NPs may be used as chemo-photother-
mal therapy tools with minimal toxicity to normal cells 
(Fig. 10A-G).

Additionally, PTT can also be combined with immu-
notherapy for better cancer treatment. PTT, when com-
bined with immunotherapeutic components, can activate 
immune stimulation by generating heat within the tumor 
microenvironment leading to tumor regression [154–
156]. Aiming for the destruction of tumors through the 
synergic effect of PPT and immunotherapy, Ma et  al. 
fabricated human serum albumin (HSA)-imprinted 
polymer-coated Fe3O4 NPs (Fe3O4@MIPs) through the 
oxidative polymerization of polydopamine in the pres-
ence of HSA [157]. The MIP exhibited rapid and spe-
cific HSA reabsorption with an improved photothermal 
effect of the Fe3O4 NPs. Albumin binds to the secreted 
protein acidic and rich in cysteine (SPARC), which is 
overexpressed in most tumor tissues. Compared to the 
non-albumin-imprinted particles (Fe3O4@NIPs) in vitro, 
the HAS-imprinted Fe3O4@MIPs could specifically bind 
to 4T1 cells (SPARC​+ cells) and resulted in less elimina-
tion from RAW 264.7 cells, which indicates the involve-
ment of the reticuloendothelial system. In vivo, albumin 
camouflage in Fe3O4@MIPs led to a 2.6-fold improve-
ment in tumor accumulation in comparison to Fe3O4@
NIPs, and more heat was produced upon 808  nm laser 
irradiation, which further triggered efficient immuno-
genic cell death. In addition, combining the programmed 
death-ligand 1 (PD-L1) antibody with Fe3O4@MIPs PTT 
could effectively inhibit not only the growth of primary 
tumors, but also tumor metastasis by eliciting immuno-
logical effects.

Photodynamic therapy
In contrast to PTT, which requires photothermal conver-
sion agents to generate heat for the thermal ablation of 
cancer cells, PDT is another powerful phototherapeutic 
strategy to treat cancer. PDT uses three major elements: 
light, a photosensitizer (PS), and oxygen. Under certain 
light irradiation conditions, the PS becomes activated 
from a ground singlet state to an excited triplet state and 
then undergoes two different photochemical reaction 
mechanisms to produce highly toxic ROS [158, 159]. The 
type I reaction mechanism involves electron/hydrogen 
transfer directly from the PS to the biomolecules, yield-
ing free radicals or radical ions, which react with molecu-
lar oxygen to produce ROS such as hydrogen peroxide, 
superoxide anions, and hydroxyl radicals. In contrast, 
the type II reaction involves direct energy transfer from 
the triplet state PS to molecular oxygen, forming another 
ROS, an extremely electrophilic singlet oxygen [160]. 
PDT has received much attention over the years as an 
emerging anticancer therapeutic modality owing to its 
numerous merits, including noninvasiveness, selective 
localized irradiation, and minor side effects [161].

There are still several limitations to overcome for effec-
tive PDT. Owing to their hydrophobic nature, easy aggre-
gation, and low payloads, PSs possess poor accumulation 
and tumor-targeting capabilities, leading to an unsatisfac-
tory therapeutic effect [162]. Among the different nano-
material-based PS-loading carriers, MIPs have recently 
received attention owing to their high target specificity 
and ease of modification. PSs can be physically loaded 
or chemically conjugated to nanocarriers, leading to suf-
ficient accumulation at the tumor site. Thus, this process 
achieves efficient PDT without affecting healthy tissue. 
Lin et al. incorporated merocyanine 540 (MC540)-grafted 
magnetic NPs into MIPs, where the imprinting layer was 
formed by poly(ethylene-co-vinyl alcohol) (EVAL) via 
a precipitation method, and entrapped UCNPs in the 
imprinted particles for exciting the MC540, resulting 
in catalyzing the generation of ROS [163]. The PD-L1 
peptide sequence (EDLKVQHSSYRQRA) was used as a 
template to enhance the targeting ability of MIPs against 
HepG2 human liver cancer cells. In vitro studies showed 
that upon irradiation with 980 nm NIR for 5 min, MIPs at 
a concentration of 1.0 mg/mL induced apoptosis in about 
half of the cells; however, the viability of HepG2 cells was 

(See figure on next page.)
Fig. 10  A Synthesis process of capsule-like molecularly imprinted polymers (MIPs) nanoparticles (NPs) as drug carriers with chemo-photothermal 
therapeutic effects. Photothermal heating curves of the MIP water solution (B) with various concentrations and (C) various power density 
under 808 nm laser irradiation. D Cell viabilities of 16HBE cells incubated with doxorubicin (DOX)@MIP (MD), DOX@NIP (ND), zeoliticimidazolate 
framework-8 (ZIF-8)@DOX (ZD), and DOX at pH = 7.4 (MD, ND, ZD, DOX), E pH = 5.0 (MD-A, ND-A, ZD-A), and with near-infrared (NIR) laser irradiation 
(MD-NIR, MD-A-NIR) (808 nm, 1.5 W/cm2, 5 min). F Cell viabilities of A549 cells incubated with MD, ND, ZD, DOX at pH = 7.4 (MD, ND, ZD, DOX), 
G pH = 5.0 (MD-A, ND-A, ZD-A), and with NIR laser irradiation (MD-NIR, MD-A-NIR) (808 nm, 1.5 W/cm.2, 5 min). The cells were pretreated with acidic 
PBS (pH = 5.0, denoted as X-A). X represents MD, ND or ZD. A, B, C, D, E, F, G Reproduced with permission from [153], published by Elsevier 2021
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Fig. 10  (See legend on previous page.)
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Fig. 11  A Preparation procedure and therapeutic mechanism of programmed death-ligand 1 (PD-L1) peptide-imprinted composite nanoparticles 
(NPs). B Cellular viabilities of HePG2 cells incubated with various concentrations of non-imprinted polymers (NIPs) and molecularly imprinted 
polymers (MIPs). C Optical, 4′,6-diamidino-2-phenylindole (DAPI)-stained, and merged images of HepG2 cells treated with MIPs without and with 
NIR irradiation. D Schematic illustration for the preparation of MIPs@doxorubicin (DOX). E Live/dead cell staining assays under various treatments. 
F Relative tumor volume in 14 d with various treatments. The average tumor weight (G) and corresponding tumor tissues (H) after treatments for 
14 d. I Synthetic procedure and photodynamic killing mechanism of two cyclopenta-dithiophene units and one boron dipyrromethene core as a 
photosensitizer, and poly(styrene-co-maleic anhydride) (PSMA) modified with phenylboronic acid as a polymer matrix (CB/PSMAB-SA NPs) toward 
sialic acid (SA) over-expressed cancer cells. J Cellular cytotoxicity of DU 145 cells after treatment with MIPs under normoxia or hypoxia along with 
light irradiation (660 nm, 0.1 W/cm.2). A, B, C Reproduced with permission from [163], published by MDPI 2021. D, E, F, G, H Reproduced with 
permission from [162], published by American Chemical Society 2020. I, J Reproduced with permission from [164], published by Wiley 2022
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maintained at about 85%. In addition, imaging of HepG2 
cells confirmed that laser irradiation of MIPs induced a 
decrease in cell survival by about 1.7 times compared to 
that of non-irradiated MIPs (Fig. 11A-C).

Evidence from recent literature suggests that when 
administered as a monotherapy in  vivo, PDT may lead 
to cancer cell resistance by inducing hypoxia, thus seri-
ously hindering the therapeutic effect [165, 166]. How-
ever, when used in combination with other therapeutic 
methods PDT can significantly inhibit tumors and pre-
vent resistance [167]. Thus, developing a multifunctional 
nano-system is an efficient method for cancer treatment. 
Peng et  al. prepared dual-template imprinted polymers 
with a core–shell structure for synergistic chemo-/pho-
todynamic cancer therapy [162]. Fluorescent silica NPs 
(FSiO2) were used as a core in which gadolinium-doped 
silicon QDs for target fluorescent/magnetic resonance 
dual imaging, combined with chlorin e6 (Ce6) as a PS, 
were encapsulated. The imprinted layer was constructed 
on the surface of FSiO2 via free-radical polymerization 
using the epitope of CD59 (YNCPNPTADCK) and DOX 
as a dual template (Fig.  11D-H). The resulting DOX-
loaded MIPs (MIPs@DOX) exhibited a specific target-
ing ability for CD59-overexpressing MCF7 cancer cells 
with FI-guided target imaging. After binding with cancer 
cells, DOX was effectively released from MIPs@DOX 
in the acidic microenvironment, integrating with a high 
abundance of cytotoxic 1O2 generated from 655 nm light 
irradiation by Ce6. Cell imaging and synergistic targeted 
therapy were successfully achieved both in  vitro and 
in vivo with negligible toxicity toward healthy tissues and 
organs.

Another option to overcome hypoxia and increase the 
efficiency of PDT involves changing the PS agent. Most 
traditional PSs function through the type II mechanism, 
which requires an adequate level of O2. However, the pro-
liferation of aberrant neoplastic cells and the distortion 
of tumor vasculatures result in unexpected local hypoxia, 
which is worsened by the consumption of oxygen dur-
ing PDT. To address this problem, Peng et al. developed 
conjugated oligomer-based hollow NPs imprinted with 
SA for targeted photodynamic therapy under hypoxia 
[164]. The MIPs were fabricated using a conjugated oli-
gomer, which consisted of two cyclopenta-dithiophene 
units and one boron dipyrromethene core as a photosen-
sitizer, and poly(styrene-co-maleic anhydride) (PSMA) 
modified with phenylboronic acid as a polymer matrix, 
termed CB/PSMAB-SA NPs. Owing to sialic imprinting, 
it was confirmed that CB/PSMAB-SA NPs could selec-
tively bind toward SA over-expressed human prostate 
carcinoma cells (DU 145) and efficiently accumulate in 
the cells compared to human cervical cancer cells (HeLa) 
with low expression levels of SA. In  vitro experiments 

demonstrated that CB/PSMAB-SA NPs had an efficient 
photodynamic performance by generating prominent 
1O2 via the type II mechanism under normoxia (20% O2) 
and O2

ㅡ• via the type I mechanism even under a severely 
hypoxic environment (1% O2) triggered by 660 nm laser 
irradiation (Fig. 11I, J).

Biological activity regulation
MIPs can be used as drugs by regulating proper biologi-
cal activity. The design and synthesis of potent enzyme 
inhibitors have recently received considerable attention 
owing to their great potential in regulating biological 
processes through enzyme inhibition or activation [168, 
169]. Small organic molecules, with easy large-scale pro-
duction through chemical synthesis, are commonly used 
as inhibitors. However, they exhibit side effects owing to 
their lack of specificity. Antibodies have been proposed 
as an alternative; however, they are expensive and unsta-
ble in physiological environments. To address the above 
issues, the molecular imprinting strategy has gained 
considerable attention as a viable option because it has 
proven to be a highly tailored artificial inhibitor with high 
affinity and selectivity toward various target enzymes 
[170, 171]. Among the various enzymes, trypsin, one of 
the best-characterized matrix serine proteases, plays 
essential roles in various pathological processes, includ-
ing tumor invasion and metastasis [172]. The inhibition 
of trypsin activity offers an appropriate treatment for 
active trypsin-dependent cell injury. Xu et al. developed 
molecular imprinting enzyme inhibitors with high speci-
ficity and potent inhibitory effects toward trypsin [173]. 
The trypsin-imprinted NPs (MIP_trypsin) were obtained 
by immobilizing the enzyme on glass beads, which were 
functionalized with IDA-Cu2+, followed by the formation 
of an imprinting cavity employing solid-phase imprint-
ing. With this method, the fabricated MIP_trypsin could 
obtain an exposed immobilized active site of the enzyme, 
which made it possible to obtain oriented binding sites at 
the surface. MIP_trypsin showed high selectivity toward 
trypsin through a quartz crystal microbalance sensor 
immobilized with proteins that have similar proper-
ties as trypsin. In addition, an inhibitory effect toward 
trypsin was observed, with an inhibition constant of 
3.4  nM, whereas no inhibitory effect was observed 
for kallikrein, which has a 70.3% sequence similarity 
with trypsin. In  vitro assays revealed that MIP-trypsin 
could protect human normal liver cells (L-02) from 
active trypsin-caused cell damage by preventing tryptic 
digestion-induced extracellular matrix lysis (Fig.  12A, 
B). Dihydrofolate reductase (DHFR) has been studied 
for the treatment of a wide variety of human diseases 
owing to its essential role in DNA synthesis [174]. Block-
ing the enzymatic activity of DHFR in tumor cells can 
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inhibit DNA synthesis and ultimately lead to cell death. 
Qin et  al. proposed a new anti-metabolic therapy using 
molecularly imprinted NPs with an inhibitory effect on 
the enzymatic activity of DHFR to inhibit tumor growth 
[175]. MIP-(3-propanecarboxyl) triphenyl phosphonium 
bromide (CTPB) was prepared by imprinting the active 
center peptide of DHFR related to DNA metabolism, fol-
lowed by modifying the mitochondrial targeting moiety 
(CTPB) on the surface of MIP for effective targeting of 
the mitochondria. MIP-CTPB exhibited excellent bind-
ing specificity with DHFR and blocked its catalytic activ-
ity in a dose-dependent manner. MIP-CPPB showed 
its cytotoxic effects, inhibiting HeLa cell proliferation 
by 42.2% in vitro. In  vivo experiments showed that the 
tumor growth rate of HeLa tumor-bearing mice in the 
MIP-CTPB group was the slowest, and the tumor volume 
of the MIP-CTPB treated group was only one-sixth of 
that of the untreated group.

Immune checkpoints are co-inhibitory ligands that 
downregulate the activation and function of T cells. 

They play a key role in tumors by maintaining self-toler-
ance and modulating immune responses [177]. The reac-
tivation of T-cell immunity by blocking programmed 
death 1 and PD-L1 immune checkpoints has been exten-
sively applied in cancer therapy [178–180]. However, the 
N-linked glycosylation of PD-L1 can promote immune 
evasion by hindering the recognition of polypeptide 
antigenic regions [181]. To avoid the PD-L1 antibody 
recognition limit, Zhou et al. presented a new approach 
for a PD-L1 blockade strategy based on a molecularly 
imprinted nanostructure called “NanoNiche” to improve 
T-cell-mediated tumor-killing activity [176]. NanoNiche 
was prepared by immobilizing PD-L1 N-glycans on gold 
NPs and then forming a thin imprinting layer of SiO2. 
Moreover, the NanoNiche surface was further func-
tionalized with sialidase to selectively strip SA on the 
tumor cell membrane, enhancing immune T-cell infil-
tration. Therefore, it can bind to PD-L1 surface N-gly-
cans, resulting in more efficient PD-L1 blockade and 
desialylation (Fig.  12C-E). It was confirmed that after 

Fig. 12  A Schematic illustration of molecularly imprinted polymers (MIP)_trypsin used as an enzyme inhibitor to prevent trypsin-caused 
cell damage. B Microscopy imaging of L-02 cells incubated with trypsin or trypsin/A1AT or trypsin/MIP_trypsin. C Graphical illustration of the 
principle of tumor cell immune evasion from T-cells and the reactivation of T-cell immunity by blocking programmed death-ligand 1 (PD-L1) via 
N-glycan-imprinted NanoNiche with a desialylation function. D Microscopy images of the T-cell-mediated apoptotic effect in MDA-MB-231 cells 
incubated with NanoNiche (220 μL) after treatment for 0, 1, 2, and 3 h. E Average tumor volumes and body weights of tumor-bearing mice under 
different treatments at different time intervals. A, B Reproduced with permission from [173], published by Wiley 2021. C, D, E Reproduced with 
permission from [176], published by American Chemical Society 2021
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NanoNiche treatment, the proliferation of PD-L1-posi-
tive MDA-MB-231 human breast cancer cells was signif-
icantly inhibited via T-cell killing. In vivo tests revealed 
favorable therapeutic efficacy in tumor cells with almost 
no biological toxicity. This technology has the potential 

to be easily applied in many other immune checkpoint 
therapies.

HER2, a glycoprotein belonging to the EGFR family, 
is overexpressed in the outer membrane of several can-
cer cells [182, 183]. Once bound to growth factors, the 
extracellular domain of HER2 binds to a second closely 

Table 3  MIP-based specific recognition intended for cancer therapy

a Molecular imprinting technology

Type of therapy MIPa components Template MITa strategy Therapeutic agents Targeted cancer Reference

Drug delivery Monomer: VPBA, 
AMMH
Crosslinker: BAC, 
EGDMA

SA Precipitation polym‑
erization (Surface 
imprinting)

Nitric oxide (NO) Hepatocellular 
carcinoma
(HepG2 cells)

[129]

Monomer: NIPAm, 
TBA, APMA
Crosslinker: MBA

C-terminal linear 
peptide of EFGR

Solid phase method 
(Surface imprinting)

DOX Breast cancer
(MDA-MA-468 cells)

[126]

Monomer: TFMA, 
DMAEMA, NIPA, 
TBAm
Crosslinker: BAC

N-terminal epitope 
of CD59 glycoprotein

Free radical polym‑
erization (Surface 
imprinting)

DOX Breast cancer
(MCF-7 cells)

[131]

Monomer: Zinc 
acrylate, acrylamide
Crosslinker: EDGMA

HER2, DOX Free radical polym‑
erization (Epitope 
imprinting)

DOX Breast cancer
(SK-BR-3 cells)

[27]

Monomer: Zinc 
acrylate, VPBA
Crosslinker: EDGMA

71–80 peptides of 
FN14, BLM

Free radical polym‑
erization (Epitope 
imprinting)

Bleomycin Pancreatic cancer
(BxPC-3 cells)

[138]

Photothermal 
therapy

Monomer: DA, APBA
Crosslinker: DA

SA Self-polymerization 
(Surface imprinting)

PDA Breast cancer
(MCF-7 cells)
Hepatocellular 
carcinoma
(HepG2 cells)

[145]

Photothermal 
therapy + Drug 
delivery

Monomer: DA
Crosslinker: DA

Epitope of EGFR, 
DOX

Self-polymerization 
(Epitope imprinting)

PDA + DOX Breast cancer
(MDA-MB-468 cells)
Lung cancer
A549 cells

[153]

Photothermal 
therapy + Immuno‑
therapy

Monomer: DA
Crosslinker: DA

HSA Self-polymerization 
(Surface imprinting)

PDA + PD-L1 anti‑
body

Breast cancer
(4T1 cells)

[157]

Photodynamic 
therapy

Monomer: 
PSMAB + CB

SA Precipitation polym‑
erization (Surface 
imprinting)

Photosensitizer (CB) Prostate cancer
(DU 145 cells)

[164]

Monomer: EVAL
Crosslinker: BAC

Peptide sequence 
from PD-L1

Precipitation polym‑
erization (Epitope 
imprinting)

Photosensitizer 
(MC540)

Liver cancer
(HepG2 cells)

[163]

Photodynamic 
therapy + Drug 
delivery

Monomer: NIPAm, 
TBAm, AAM
Crosslinker: BIS

Epitope peptides of 
CD59, DOX

Free radical polym‑
erization (Epitope 
imprinting)

Photosensitizer 
(Ce6) + DOX

Breast cancer
(MCF-7 cells)

[162]

Enzyme inhibitor Monomer: NIPAAm
Crosslinker: MBAAm

Trypsin Solid phase method 
(Surface imprinting)

MIP_trypsin itself as 
therapeutic

Trypsin-induced cell 
injury

[173]

Monomer: 
Mercapto-propyl-
trimethoxy-silane, 
N‐(2‐aminoethyl)‐3‐
aminopropyltrimeth‑
oxy silane

Active center of 
DHFR

Sol–gel method (Sur‑
face imprinting)

MIP-CTPB itself as 
therapeutic

DHFR-induced DNA 
synthesis

[175]

Immune checkpoint 
blockade therapy

Monomer: TEOS N-glycans of PD-L1 
glycoprotein

Surface imprinting NanoNiche itself as 
therapeutic

HER2+ breast cancer [176]

Blocking signaling 
pathway

Monomer: TEOS N-glycans of HER2 
glycoprotein

Surface imprinting NanoMIP itself as 
therapeutic

Breast cancer (MDA-
MB-231 cells)

[185]



Page 27 of 32Kang et al. Biomaterials Research           (2023) 27:45 	

related HER family member, forming a heterodimer [62]. 
The heterodimerization of HER2 enhances the affinity 
of ligands for other receptors, which ultimately triggers 
a multistep signaling cascade within the cell that initi-
ates tumorigenesis and metastasis [184]. Thus, prevent-
ing the dimerization of HER2 is a valuable method for 
the effective treatment of cancer. Based on this mecha-
nism, Dong et al. employed MINPs to inhibit the growth 
of HER2 + breast cancer cells by blocking the HER2 
signaling pathway [185]. The HER2-glycan-imprinted 
nanoMIPs were fabricated by immobilizing HER2 gly-
cans onto FITC-doped SiO2 NPs, followed by boronate-
affinity-controllable oriented surface imprinting. This 
process was found to bind nearly all HER2 glycans and 
suppress the dimerization of HER2 with other HER fam-
ily members, thereby blocking downstream signaling 
pathways and inhibiting breast cancer growth. In  vitro, 
the nanoMIPs inhibited HER2 phosphorylation and 
cancer cell proliferation up to 30%. In  vivo, the average 
tumor volume of the nanoMIP-treated groups was only 
about half of that of the untreated groups, with no visible 
biological toxicity (Table 3).

Conclusion
This review covers the most recent advancements in the 
application of MIPs in cancer diagnostics and therapy. 
MIP-based technologies are low cost and time efficient, 
and can be tailored through pre- and post-polymerization 
modifications. Considering the complexity of most bio-
logical fluids, MIPs have repeatedly proven their potential 
to overcome some of the most challenging aspects in the 
fabrication of biosensors, such as the stability of the detec-
tion probes and the reaction time of the sensing mecha-
nism, with great sensitivity and selectivity. When it comes 
to the theragnostic applications of MIPs, the capacity of 
these artificial antibodies to specifically target the moiety 
of cancer cells and simultaneously allow for the controlled 
release of chemotherapeutics demonstrates great poten-
tial in cancer eradication. Furthermore, as MINPs dem-
onstrate better photostability and higher biocompatibility, 
their application in PDT and PTT has promising results in 
reducing the side effects of cancer therapy.

Despite their potential advantages, the use of MIPs 
in cancer theragnostic is still in its infancy, and there 
are several reasons for this. One of the main challenges 
in using MIPs for cancer theragnostic is the complexity 
and heterogeneity of cancer cell subtypes and tissues. 
Based on the original and specific subtype, cancer cells 
and tissues can have a wide range of surface antigens, 
proteins, and other biomolecules that are potential tar-
gets for MIPs, making it difficult to design MIPs that can 
selectively recognize and bind these targets in a com-
plex biological environment, which limits the successful 

development of target specific diagnostic system and 
nanomedicines for cancer treatment. Secondary, the lack 
of standardization in the synthesis and characterization 
of MIPs presents a significant challenge, requiring careful 
optimization of several parameters such as the choice of 
monomers, template molecules, and cross-linkers. Third, 
as there is still no standardized method for evaluating 
the selectivity and binding affinity of MIPs, it remains 
challenging to compare diagnostic accuracy and affin-
ity among different MIP-based sensors. Lastly but not 
least, there is still a lack of adequate researches on the 
prolonged toxicity, biodegradability, compatibility with 
biological systems, and dispersion of fluids, thus poses 
challenges to the practical implementation of in  vivo 
applications.

Considering these aspects, though MIPs have shown 
great potential for cancer theragnostics, there are still sev-
eral challenges that need to be addressed before they can 
be widely utilized in clinical practice. For this purpose, 
further research and development efforts are needed to 
optimize the synthesis and characterization of MIPs, as 
well as to validate their efficacy and safety in preclinical 
and clinical studies. The exceptional characteristics of 
MIP technology make it a promising tool in cancer diag-
nostics and therapeutics. In the future, MIP application in 
sensing, isolating, or targeting will require more real sam-
ple testing and in vivo experiments, which will involve the 
development of new ligands and improved polymer coat-
ing techniques. Nonetheless, we believe the application of 
these artificial antibodies, MIP, in cancer diagnostics and 
therapeutics is expected to increase.
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