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The molecular imprinting technique (MIT), also described as the “lock to key” method, has been
demonstrated as an effective tool for the creation of synthetic polymers with antibody-like sites to
specifically recognize target molecules. To date, most successful molecular imprinting researches were
limited to small molecules (<1500 Da); biomacromolecule (especially protein) imprinting remains a
serious challenge due to their large size, chemical and structural complexity, and environmental
instability. Nevertheless, protein imprinting has achieved some significant breakthroughs in imprinting
methods and applications over the past decade. Some special protein-imprinted materials with
outstanding properties have been developed and exhibited excellent potential in several advanced fields

Received 7th February 2022, such as separation and purification, proteomics, biomarker detection, bioimaging and therapy. In this
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Finally, we summarize the major challenges remaining in protein imprinting and propose its
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1. Introduction

Molecular recognition, which is the most extensive and subtle
recognition mechanism in nature, plays a vital role in various
biological processes such as DNA replication, cell division and
differentiation, and immune responses in the immune system."
Because of the precise recognition properties, considerable
attempts have been made to create synthetic recognition systems
with high specificity and selectivity for certain molecules by
utilizing biological macromolecules such as antibodies, receptors,
enzymes and aptamers.'™ Despite their high selectivity and broad
range of applications, these biomolecules always suffer from short-
comings such as low long-term stability and high manufacturing
cost.>® Therefore, developing stable, scalable, reusable and low-
cost synthetic recognition systems remains an urgent need. To this
end, molecular imprinting technique (MIT), which could obtain
synthetic receptors with high selectivity toward target molecules,
has attracted tremendous attention and has been proposed as an
alternative for synthetic recognition systems.””

Molecular imprinting (MI) is a well-known technique that
can fabricate synthetic polymers with tailor-made recognition
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development direction in the near future.

sites toward certain template molecules or similar structured
molecules. The idea of molecular imprinting originated from
the natural recognition mechanism between antibodies and
antigens, which was presented by Breinl and Haurowitz in
1930" and evolved with Mudd in 1932," and was first proposed
by Polyakov in 1931."* Based on Pauling’s antibody theory"® that
antibody and antigen showed a specific three-dimensional space
complementarity when contacting with each other, Dickey"
reported in 1949 silica gels with specific affinity for dye molecules
by preparing silica gels in the presence of template dyes. In 1972,
Wulff and Sarhan® successfully prepared organic polymeric
materials through a “covalent molecular imprinting” method,
and the concept of molecular imprinting was really established.
However, after that, molecular imprinting did not attract much
attention. Until 1994, Mosach'® introduced a “non-covalent mole-
cular imprinting” method to synthesize crosslinked polymers in
the presence of template molecules. Since then, the molecular
imprinting technique began to develop rapidly and has achieved
significant progress.

Generally, the synthetic polymers, defined as molecularly
imprinted polymers (MIPs), are synthesized through three steps:
(1) forming a complex between a target molecule (template) and
functional monomers by self-assembly; (2) copolymerization of
the complex and cross-linkers through various polymerization
methods; (3) removal of the template using a rational washing
protocol, as shown in Fig. 1."” The resulting MIPs show specific
“memory” ability to recognize and bind template molecules,
which is similar to the molecular recognition such as in
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Fig. 1 Schematic illustration of the molecular imprinting process. Reprinted
from ref. 17.
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antibodies and enzymes in biological systems. Thus, MIPs have
often been termed ‘synthetic/artificial/plastic antibodies” or
“antibody mimics”. However, compared to natural antibodies,
MIPs possess several unique advantages.'®'? In addition to the
good affinity and selectivity comparable to antibodies, MIPs are
more stable over time in harsh conditions such as under
refrigeration or in acidity, resulting from long-term storage
and have a wider range of applications. Besides, MIPs can be
obtained through a simpler, faster, low-cost and even scalable
method. Actually, the most attractive advantage of MIPs is to
create synthetic receptors for target molecules whose natural
binding partners and even the structures are unknown.
Because of these features, MIPs have attracted strong interest
among researchers and have been applied in various applica-
tions such as separation and purification,>™*' target drug
delivery,>*** chemical sensors,>**> proteomics,?®*’ artificial
antibodies,*®**° and medical diagnosis.?>**!

To date, a wide range size of template molecules, including
inorganic ions, organics, nucleic acids, peptides, proteins,
viruses and whole cells have been extensively applied in the
synthesis of various specific MIPs.*"*> Among them, the majority
of the publications and successful applications in molecular
imprinting are aimed at the recognition and separation of small
molecules. The development of MIPs for imprinting biological
macromolecules, especially proteins, has been relatively slow.>***
Nevertheless, due to the tantalizing prospect of creating protein-
imprinted polymers (PIPs) for biomedical and biodiagnostic
applications,”®*® much attention has been focused on the pre-
paration of PIPs for specific and selective protein separation from
complex biological samples. However, several obstacles pose great
challenges to creating PIPs by traditional imprinting methods.**?®
First of all, the large size made proteins difficult to diffuse into or
out of the imprinted cavities, resulting in poor mass transfer and
low protein desorption efficiency. To date, this issue has not been
resolved but overcome to some extent by surface imprinting or
epitope imprinting. Second, the structural and chemical complex-
ity of proteins may cause non-specific binding and heterogeneous
binding sites, subsequently affecting the binding behavior of
PIPs. Besides, the protein’s flexible structure and conformation,
which are tightly related to the environmental changes, such as
temperature, pH, ion strength and surfactant, may lead to the
direct failure of the synthesis of PIPs.
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Fig. 2 Overview of the imprinting methods for PIPs and their related
applications.

Despite the great challenges in protein imprinting, the past
decade has witnessed substantial progress in the design and
application of PIPs. In addition to the improvement and
upgrading of traditional imprinting methods, several novel
protein imprinting methods, including boronate affinity-based
molecular imprinting, solid-phase synthesis and post-imprinting
modification, have emerged and further spawned into several
advanced applications, including separation and purification,
proteomics, biomarker detection, bioimaging and therapy
(Fig. 2). Although some reviews have focused on a certain protein
imprinting method or application have been published,*” *° a
critical and comprehensive review is relatively scarce for sum-
marizing the recent development of protein imprinting. In this
review, we mainly focused on the recent developments in the
imprinting strategies and highlighted applications for PIPs.
Moreover, the challenges still existed in protein imprinting are
discussed in detail and future prospects are also proposed.

2. Protein imprinting methods

Although molecular imprinting with proteins as the templates
was first reported by Glad et al.*" as early as 1985, the develop-
ment of protein imprinting was still far behind small molecules.
Due to the inherent properties of proteins, the traditional
imprinting methods such as bulk imprinting, which were effec-
tive for small molecules, were not applicable to large proteins.
However, after great efforts made over the past several decades,
protein imprinting also has achieved significant progress.
In addition to the improvement and upgrading of traditional
imprinting methods, some advanced protein imprinting
methods have emerged. Meanwhile, the successful examples of
PIPs always integrated several imprinting methods together,
rather than using only a single imprinting method. Up to now,

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2tb00273f

Published on 19 April 2022. Downloaded on 4/26/2024 9:27:40 PM.

Journal of Materials Chemistry B

Table 1 Comparison of different imprinting methods for PIPs
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Synthesis methods for
PIPs Merits

Drawbacks

Bulk imprinting 1. The most straight-forward method

2. High-density imprinting sites

Surface imprinting

1. Quick binding kinetics derived from the favourable
accessibility of proteins in and out of the imprinted sites

1. Long binding equilibrium time caused by limited
diffusibility

2. Non-specific adsorption for homologous peptides
3. Limited imprinting efficiency derived from the
conformational changes and solubility of proteins
4. Binding sites will be destroyed by the mechanical
crushing and grinding processes

1. Limited binding capacity due to the relatively low
amount of template proteins for imprinting

2. Multiple advanced functionalities by using various

nanomaterials as substrates

Epitope imprinting
the immobilization and removal of templates;

2. Also, decrease the non-specific binding sites

1. The epitope peptides with simple structures could facilitate 1. Ineffective when the amino acid sequence of protein

is unknown
2. Suffer from limited accessibility to imprinted sites in
the rebinding process

3. Epitope peptides were more stable, more available and

cost-effective

Boronate affinity-based
molecular imprinting
2. Enhanced specificity for glycoproteins

Solid-phase synthesis 1. Automated operation and short production time

2. High purity of nanoMIPs with high-affinity

. Templates were reusable

1. The reversible boronate affinity could facilitate the
immobilization and removal of glycosylation templates

1. Mostly used for glycoprotein imprinting

1. Heterogeneous recognition sites from the variation of
protein orientation

2. Low amount of templates immobilized on the solid
support

. High stability and good solubility of nanoMIPs

3
4. More homogeneous binding sites and high specific affinity
5
6

. Advanced functionalities by introducing functional

nanomaterials

Post-imprinting
modification

1. Post-modification of the imprinted cavity

derivatization

protein imprinting methods can be mainly divided into tradi-
tional imprinting methods (bulk imprinting, surface imprinting
and epitope imprinting) and emerging special imprinting meth-
ods (boronate affinity-based molecular imprinting, solid-phase
synthesis and post-imprinting modification) (Fig. 2). In this
section, we emphasized on reviewing the recent development
of the protein imprinting methods and also discussed their
merits and drawbacks (Table 1).

2.1. Traditional imprinting methods

2.1.1 Bulk imprinting. In a typical synthesis procedure of
bulk imprinting, template molecules, functional monomers
and crosslinkers are first mixed evenly to make them interact
with each other, followed by bulk polymerization trigged by an
initiator. After the templates are thoroughly removed by the
optimal eluent, the resulting bulk polymer was transformed
into small particles of appropriate sizes by mechanical crushing,
grinding and sieving.”*™** Obviously, the typical characteristic of
bulk imprinting is to create MIPs with three-dimensional binding
sites using a whole molecule as a template. Thus, bulk imprinting
can also be called the “embedded” method and is the most

This journal is © The Royal Society of Chemistry 2022

2. Introduce more functionalities by various chemical

1. Rational design of complex functional monomers
2. A tedious chemical synthesis procedure

3. The effect of chemical modifications on the
rebinding process is unknown

straightforward protein imprinting method. Although bulk
imprinting of small molecules is successful, the synthesis of
MIPs by bulk imprinting with the entire protein as the template
was hindered by some inherent barriers.*>*® First, the limited
diffusibility derived from the large size of proteins will cause
long binding equilibrium time, poor regeneration and even
the direct failure of PIPs.*>*® Moreover, high-density sites
imprinted from whole proteins could also provide affinity
toward homologous peptides, which decreases the selectivity
of PIPs. In addition, conformational changes in proteins and
their solubility in the reaction media might greatly affect the
imprinting efficiency of proteins.*’” Finally, the binding sites
will be destroyed by the mechanical crushing and grinding
processes, which reduced the rebinding ability of PIPs.*®
Although the bulk imprinting of proteins is far behind that
of small molecules, it is still the most simplest method for
protein imprinting. In recent years, the traditional bulk imprin-
ting of proteins has also shown some progress. Several special
bulk imprinting forms have been reported to imprint proteins.**>?
For instance, Boitard et al>® exploited a fast and simple poly-
merization method using a grafting process onto magnetic
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nanoparticles to construct bovine serum albumin(BSA)-imprinted
polymers by bulk imprinting. The resulting PIPs showed specific
recognition and high adsorption capacity toward BSA. Notably,
this imprinting process occurred in water media at room
temperature, which might have the potential to imprint other
proteins. This is the first example of a combination of bulk
imprinting and grafting polymerization to synthesize PIPs.
In addition, Tan et al.®* prepared a novel type of polymer-
assisted hierarchically porous PDA/CaCO; microparticles with a
specific recognition ability toward lysozyme (Lyz). The authors
called this method ‘“hierarchically bulk imprinting”, which
could increase the binding capacity of PIPs by improving the
accessibility of recognition sites to proteins. Although alternative
imprinting methods have been highly recommended to solve,
these drawbacks remained in the bulk imprinting of proteins
in the past few years, the above recent progress indicates the
possibility of improving this method by integrating the advan-
tages of other imprinting methods.

2.1.2 Surface imprinting. To overcome the limitations of
bulk imprinting, an alternative surface imprinting method was
developed to synthesize MIPs in which the binding sites were
exposed near or at the surface of the imprinted polymers.
Compared with bulk imprinting, surface imprinting could
provide favourable accessibility of proteins in and out of the
imprinted sites, which leads to quick binding kinetics.>**>?%>3-5>
Thus, surface imprinting has become the most widely used and
promising imprinting method regardless of the sizes of templates.
Normally, surface-imprinted polymers were formed by synthe-
sizing a thin polymer on the surface of a substrate with recogni-
tion ability toward proteins, followed by the construction of
separation, sensor and diagnosis platforms.*"**>® However,
unlike the whole proteins imprinted by bulk imprinting, the
number of proteins imprinted by surface imprinting was rela-
tively low, which leads to a decrease in binding sites. Mean-
while, the substrate used in surface imprinting often possesses
a small surface-to-volume ratio. Therefore, traditional surface
imprinted polymers always suffer from limited adsorption
capacity toward proteins.’® In recent years, nanomaterials,
which possessed a high surface-to-volume ratio, and excellent
physical and chemical properties, have been widely applied as
the substrate for the surface imprinting of proteins.>”**°~** The
introduction of nanomaterials in surface imprinting could
greatly increase the number of imprinted sites, then achieve
better binding capacity. In addition, the introduction of some
advanced nanomaterials also could endow PIPs with some
special functionalities such as magnetic responsiveness and
fluorescence properties, which have the potential to extend
their wide applications.

Silica nanoparticles (NPs) are the most common substrates
for surface imprinting of proteins mainly due to their chemical/
mechanical stability, biocompatibility, controllable sizes, ease
of preparation and functionalization. Fu et al.®® synthesized
core-shell surface-imprinted polymers of Lyz with modified
silica NPs as the substrate. The silica NPs were pre-functionalized
with double bonds and carboxylic acid groups using 3-amino-
propyltrimethoxysilane and maleic anhydride. The double bonds
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could polymerize with crosslinkers and the carboxylic acid groups
provided hydrogen bonds to interact with proteins. The resulted
PIPs showed a high imprinting factor and large adsorption capacity
toward Lyz. Then, our group® prepared highly monodisperse and
uniform core-shell surface imprinted polymers of Lyz with vinyl
modified silica NPs as the substrate. This method was simple and
the resultant Lyz-MIP silica NPs could rebind Lyz from human
serum, indicating good selectivity toward Lyz. Dopamine (DA),
which could provide non-covalent interactions with proteins, is
an ideal monomer for protein imprinting. Interestingly, it can self-
polymerize under the basic conditions at room temperature. Based
on this, our group® developed a facile method to synthesize
polydopamine (PDA)-coated surface imprinted polymers of bovine
hemoglobin (BHb) with non-modified silica NPs as the substrate. A
thickness of only ~5 nm of the surface imprinted PDA layer was
obtained, which endowed the PIPs with rapid adsorption kinetics
and high binding capacity. The successful application of the PIPs
in deleting highly abundant BHb from cattle whole blood revealed
their good potential in practical applications. Immobilized metal
ion affinity chromatography (IMAC) is an effective method for the
affinity separation and purification of proteins. Combining the
IMAC and surface imprinting, Liu et al.®® fabricated a new type of
core-shell structured surface-imprinted polymers of porcine serum
albumin (PSA) with Cu®*-immobilized silica NPs as the substrate.
The pre-modified Cu*" could not only help to immobilize and
remove the templates, but also provide recognition sites for
rebinding PSA. The obtained PIPs displayed excellent selectivity
and quick binding kinetics toward PSA. Hierarchical imprinting is
a special surface imprinting strategy that creates imprinted poly-
mers on the surface of the substrate and then sacrifices the
substrate to expose the binding sites. Nematollahzadeh et al.®’
synthesized hierarchically imprinted polymers of human serum
albumin (HSA) using wide pore silica particles as the substrate.
Then, the silica matrix was further etched, which not only helped
to remove the templates but also exposed the binding sites on the
surface of imprinted polymers. The obtained PIPs possessed a
high binding capacity toward HSA and could purify the func-
tional HSA from blood serum, indicating their promising
potential in biotechnology. Based on the inherent recognition
mechanism of MIPs, Bhakta et al.°® developed surface-imprinted
silica NPs (AAysa) to rebind HSA and glucose oxidase (GOx) by
hydrophobic, hydrophilic and hydrogen bonding interactions,
which were similar to those between the antibody and antigen
(Fig. 3). In this study, four organosilane monomers with amino
acid-like residues were used to form antibody-like interactions
with target proteins. Unfortunately, the AAysy showed a low
adsorption capacity (5.9 mg g ') toward HSA. Recently, Zhang
et al.*®® applied large pore silica as the substrate to successfully
synthesize surface-imprinted polymers of BSA (MI-LPSPs). Simi-
larly, two organosilane monomers were used to mimic antibody-
like interactions to rebind BSA. Due to the introduction of large
pore silica, the MI-LPSPs displayed a high adsorption capacity of
162.82 mg g~ ' and fast adsorption kinetics toward BSA.
Magnetic NPs such as Fe;O, NPs are the most often used
solid supports for sample preparation due to their magnetic
responsiveness, which could make the synthesis and separation

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The synthesis procedure and recognition process of artificial anti-
body sites. Reprinted from ref. 68.

procedure very convenient using an external magnet. Meanwhile,
magnetic NPs are easy to prepare and post-functionalize, and also
possess good biocompatibility and reusability. Thus, magnetic
NPs were another attractive substrate for the surface imprinting of
proteins.*”*° Zhou et al.”® simply prepared MIPs on the Fe;O, NPs
by self-polymerization of DA, and resultant magnetic PIPs showed
good recognition abilities and high adsorption capacities toward
target proteins. Gao et al.”' successfully synthesized core-shell
surface imprinted polymers with Fe;O, NPs as the substrate. This
imprinting method was demonstrated to be general for four
proteins (BSA, BHb, Lyz, bovine pancreas ribonuclease A (RNase
A)) with different isoelectric points. Among these proteins, the
BHb-surface imprinted Fe;O, NPs exhibited the best imprinting
effect and highest adsorption capacity. The rebinding of BHDb
from the bovine blood demonstrated its good potential in prac-
tical applications. Based on their previous work,*® Bhakta et al.”>
introduced the silica-coated Fe,O; NPs as the substrate to con-
struct HSA-surface imprinted polymers with antibody-like recog-
nition sites toward target proteins. The magnetic cores endowed
the PIPs with convenient separation and good reusability.
Besides, ~88% of albumin could be extracted from human serum
using these new HSA-MIPs, which revealed the great potential
for practical use. Recently, combining the IMAC and self-
polymerization of DA, zhou et al.”® synthesized magnetic PDA-
coated BSA-imprinted materials by a Ni**-BSA directional coordi-
nation strategy. Hollow Fe;O,@mSiO, microspheres served as
the substrate. These well-designed PIPs possess high binding
capacity, enhancing the imprinting factor and fast adsorption
kinetics, and were successfully applied to rebind BSA from bovine
serum samples. Generally, the major advantage of the introduc-
tion of magnetic NPs in the surface imprinting of proteins is the
convenient separation procedure, which could extend the practi-
cal application of PIPs. In fact, their imprinting strategies did not
have great differences from those of PIPs with silica NPs as the
substrate.

Li et al.”® synthesized surface imprinted nanowires with a
general imprinting effect on several target proteins (albumin,
hemoglobin, and cytochrome ¢ (Cyt c)) for the first time. In a
typical synthesis procedure, the N,N’-methylenebisacrylamide
and acrylamide were polymerized on the nanoporous alumina
membrane with the template proteins modified on their pore
walls. After the alumina membrane was etched, the templates

This journal is © The Royal Society of Chemistry 2022
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were removed and imprinting sites were exposed on the surface
of the imprinted nanowires. Because of the large surface area of
nanowires, these imprinted nanowires exhibited high binding
capacity toward target proteins. Based on this study, Ouyang
et al.”” used the same method to synthesize surface-imprinted
nanowires by self-polymerization of DA. Although the above
two works exhibited a satisfactory imprinting effect, their
synthesis procedures were tedious. To solve this problem,
Chen et al.”® directly fabricated BHb-imprinted PDA polymers
on the surface of silica nanowires. Without the etching step, the
surface-imprinted silica nanowires still displayed large binding
capacity, quick binding kinetics, and outstanding reusability.
Inspired by the excellent performance of nanowires, another one-
dimensional substrate of carbon nanotubes was then widely
applied to construct surface-imprinted polymers of proteins.””**
Zhang et al.”’ described the synthesis of BSA-imprinted polymers
on multiwalled carbon nanotubes (MWCNTs) by the polymeriza-
tion of acrylamide and N,N’-methylenebisacrylamide for the
first time. Unfortunately, these BSA-surface imprinted MWCNTSs
showed low adsorption capacity and slow binding kinetics toward
template proteins. Xu et al.®" prepared Lyz-surface imprinted
MWCNTs by self-polymerization of DA. Compared with other
MIPs of Lyz, the highest binding capacity, excellent selectivity
and good reproducibility were obtained in this study. To achieve
high adsorption capacity and rapid adsorption kinetics, BSA-
surface imprinted tubular carbon nanofibers (SIPTCFs) with
self-driven properties were constructed by Yang et al.® Self-
polymerization of DA occurred on the substrate of TCFs-COOH
(Fig. 4). Because of the high specific surface area, cavity and
porous tube wall, SIPTCFs could reach an excellent adsorption
capacity of 541.99 mg ¢~ within 1 h and showed high selectivity
toward BSA. Based on this work, the same group® recently inte-
grated the magnetic responsiveness with SIPTCFs to simplify
the synthesis and separation procedure. The resultant surface
imprinted magnetic tubular carbon nanofibers (SIPMTFs) still
showed high capacity and good selectivity toward target proteins.

Compared with the above nanomaterials, graphene with a
two-dimensional plane structure has a larger surface area,
which is considered an ideal substrate to create surface-imprinted
polymers with higher protein rebinding capacity.**®” For instance,
graphene oxide (GO) nanosheets served as a novel substrate to yield

TCFs CMTCFs

BSA-SIPTCFs SIPTCFs

g

# Carboxyl group

|, Bsa

Fig. 4 Preparation of self-driven surface BSA imprinted tubular nano-
fibers. Reprinted from ref. 82.
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BHb imprinted PDA@RGO.** The as-prepared BHb imprinted
PDA@RGO presented an excellent binding capacity of 198 mg g™ *
toward BHb and fast adsorption kinetics to achieve the 89% of
the maximum capacity within 5 min. The imprinting factor of
4.95 was obtained, indicating a good selectivity of this imprinted
material. This study demonstrated that the two-dimensional
structure and large surface area of GO could provide MIPs with
enhanced binding capacity and more accessible recognition sites
for target proteins. However, this type of graphene-based MIPs is
tedious in the synthesis and separation processes. To this end,
Fe;O,-graphene composites were then utilized as the substrate
for the surface imprinting of proteins.®® Fe;0,-GO composites
were first obtained by co-precipitation method and then used as
the supporting substrate to fabricate Fe;O0,-graphene PDA-based
2D MIPs with DA as the monomers and BSA as the templates.
Benefiting from the large surface area of GO, the resulting PIPs
displayed a high binding capacity of 117.1 mg g~ " and good
selectivity for BSA and could be successfully applied in bovine
blood samples.

Semiconductor fluorescent nanomaterials often termed
“quantum dots (QDs)” are featured by their outstanding optical
and electrical properties. Optical biosensors with increased
stability, sensitivity and selective fluorescence response could
be constructed by integrated surface imprinted polymers with
QDs.%%18889 por the first time, Tang et al.”® demonstrated the
validity of the combination of CdS QDs and MIT to synthesize
BSA-surface imprinted polymers for target protein recognition.
The CdS QDs not only provided large specific surface areas,
which were beneficial to high binding capacity but also were
responsive to the binding with a template, which led to the
quenching of the photoluminescence emission of CdS QDs.
Zhang et al®' then successfully prepared fluorescent Cyt c-
imprinted CdTe QDs composites with tetraethoxysilane as the
crosslinker and 3-aminopropyltriethoxysilane as the functional
monomer. CdTe QDs were stabilized by 3-mercaptopropionic
acid (MPA) and functionalized with carboxylic acid groups at
the same time. The luminescence of CdTe QDs was quenched
when Cyt ¢ was rebound by the MIP-coated CdTe QDs. A linear
range was from 0.97 UM to 24 pM, and the detection limit was
0.41 uM when using MIP-coated CdTe QDs to recognize Cyt c.
The same imprinting method was further utilized to develop
MIP-coated CdTe QDs for three template proteins (Lyz, Cyt c,
and methylated BSA).”> However, the difference was that the
denatured BSA-stabilized CdTe QDs were used, and also could
provide recognition sites for target proteins. To enhance the
binding capacity and accessibility of imprinting sites, MWCNT-
QDs were later introduced to synthesize BSA-surface imprinted
fluorescent polymers.®® Benefiting from the large surface area
of MWCNTSs, the resultant BMIP-coated MWCNT-QDs exhibited
a fast binding response time of 25 min and high binding
selectivity toward BSA. The linear range was 5.0 x 10 '-
35.0 x 107’ M, and the detection limit was 80 nM.

Although QDs have been successfully applied in PIPs, the
toxicity and chemical instability greatly limit their wide appli-
cations. In contrast, upconversion nanoparticles (UCNPs)
are more advantageous fluorescent materials due to their low
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toxicity, low photo-bleaching, long lifetimes, and lack of auto-
fluorescence. Guo et al.’* demonstrated the feasibility of using
UCNPs as the fluorescent substrate to construct the protein
surface imprinted fluorescent materials. A sol-gel reaction
occurred around Cyt ¢ (template protein) on the surface of
UCNPs. The obtained UCNPs@MIP exhibited strong fluores-
cence changes for the rebinding with Cyt ¢ and the imprinting
factor was 3.19, indicating a good selectivity of UCNPs@MIP.
Encouraged by this study, the same group combined MIT with
UCNPs and metal-organic frameworks (MOFs) to fabricate
UCNPs/MOFs/MIP composites.®” In this study, BHb was chosen
as the template, which has a metal coordination interaction
with the Cu®" in MOFs (HKUST-1). MOFs are attractive porous
framework materials in various applications because of their
fascinating properties including high specific surface area,
tunable size and post-functionalization. Thus, the introduction
of MOFs could increase the number of recognition sites and
facilitate the mass transfer of UCNPs/MOFs/MIP toward target
proteins. Meanwhile, a functional monomer of N-isopropyl
acrylamide (NIPAAM) was used, resulting in the swelling and
shrinking when the temperature changed. Finally, UCNPs/
MOFs/MIP exhibited strong fluorescence changes toward the
rebinding with BHb and achieved a high adsorption capacity of
167.6 mg g .

Furthermore, MOFs have also been introduced as a single
substrate to synthesize surface-imprinted polymers of proteins.
Taking advantage of MOFs including high specific surface area
and porous structure, this type of PIPs always showed out-
standing binding capacity and kinetics. Li et al.°® applied MOF-
74(Ni) as the substrate to form surface-imprinted polymers of
Lyz via the self-polymerization of DA. The MOF-74(Ni) not only
provided a high specific surface area of 150.0 m* g, but also
facilitated the immobilization and rebinding of Lyz through the
metal chelation of Ni**, A thickness of 10 nm for the imprinted
layers was obtained, which enabled a fast binding kinetic of
10 min. Encouragingly, the resulting MOF@PDA-MIP achieved
a significant binding capacity of 313.5 mg ¢~ and imprinting
factor of 7.8, demonstrating that MOFs are promising materials
for the surface imprinting of proteins. Inspired by this study,
Qian et al.”” utilized MOFs/carbon nanoparticle (CN) composites
(CN@UIO-66) as the substrate to construct the protein surface
imprinted polymers. Interestingly, the resulting CN@UIO-66@MIPs
possessed a high specific surface area of 551.4 m”> g~ ', which led
to an extremely high binding capacity (815 mg g~ ') toward Cyt c.
Meanwhile, a high imprinting factor of 6.1 and rapid adsorption
kinetics of 40 min were obtained.

As discussed above, compared with bulk imprinting, surface
imprinting has become an advantageous method for creating
PIPs due to their favourable accessibility to target proteins. Just
as a coin has two sides, surface imprinting for proteins easily
suffers from low binding capacity because of the decrease in
recognition sites. Nanomaterials, featured by their high specific
surface area, could be introduced as the imprinting substrate to
solve this problem. Thus far, various nanomaterials, including
silica NPs, magnetic NPs, MWCNTs, graphene, QDs, UCNPs
and MOFs, have been applied as the substrate to fabricate
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protein-surface imprinted polymers. It should be noted that, in
addition to the improvement of binding performance, the
introduction of nanomaterials could endow protein-surface
imprinted polymers with some special functionalities such as
magnetic responsiveness and fluorescence properties, which
have the potential to extend their wide applications. With the
rapid upgrade of nanomaterials, more protein surface imprinted
polymers with excellent adsorption performance and advanced
functionalities will be developed in the future.

2.1.3 Epitope imprinting. Although surface imprinting
could solve the limitation of accessibility of imprinting sites
remaining in bulk imprinting to some extent, using the whole
protein as a template still hinders the development of protein
imprinting due to the inherent properties of proteins. To this
end, Rachkov et al®® developed an “epitope imprinting”
method to successfully synthesize PIPs by using a tetrapeptide
(YPLG) as the template. The resultant PIPs could rebind pep-
tides and proteins based on the recognition mechanism
between the antibody and antigen. In the typical epitope
imprinting of proteins (Fig. 5), a polypeptide exposed on the
surface of proteins was employed as the temple, which led to
many advantages in comparison with the use of whole protein.
First, the decrease in template complexity could not only
facilitate the immobilization and removal of templates but also
decrease the non-specific binding sites derived from multi-
functionalities of proteins. Second, polypeptides are more
stable against the environmental changes and more compatible
with aprotic organic solvents during the synthesis process,
which could avoid the problem of conformational change and
insolubility of proteins. In addition, a peptide can be chemi-
cally synthesized, so it is more available and cost-effective.
Obviously, epitope imprinting seems to address all the obsta-
cles in protein imprinting derived from the inherent properties
of proteins and has been a promising strategy for protein
imprinting, 2838394899100 pegpite the advantages of epitope

Fig. 5 Rationale of the epitope imprinting concept. Reprinted from
ref. 99.
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imprinting in the synthesis procedure, it can not avoid the
problem of accessibility to imprinted sites in the rebinding
process. Therefore, epitope imprinting is more attractive for
surface imprinting rather than bulk imprinting.

Nishino et al'®" developed a general method to create
surface-imprinted polymers toward three proteins (Cyt ¢, Lyz
and alcohol dehydrogenase (ADH)) by epitope imprinting.
Unique epitope peptides (nine amino acid sequences) exposed
on the surface of three proteins were used as the templates.
After the epitope peptides were immobilized on the pretreated
glass or silicon surface, the polymers were formed by free
radical polymerization. Then, the imprinted sites were exposed
by the etching of the glass or silicon to yield the protein-
imprinted polymer film. Yang et al.’®* synthesized transferrin
(TRF) epitope imprinted polyethersulfone (PES) beads by self-
assembly polymerization around the epitope template of the
N-terminal sequence (MRLAVGALL). The transferrin epitope
imprinted particles showed excellent binding capacity and
selectivity toward transferrin epitope and transferrin, and were
successfully applied in a real sample of human plasma. Then,
the same group'® tried to develop a multiepitope imprinting
strategy to synthesize multiepitope imprinted particles using
the same PES self-assembly method. Three epitope peptides
of proteins (HSA, TRF, and immunoglobulin G (IgG)) were
selected as the templates. The resulting multiepitope imprinted
particles could simultaneously capture three proteins from the
complex human plasma, indicating the promising potential of
this multiepitope imprinting strategy in practical applications.
Zhao et al.'® synthesized magnetic surface epitope-imprinted
polymers with a core-shell structure (Fe;O,@EMIPs) for the
separation of BSA by combining epitope imprinting, surface
imprinting, and Fe;O, NPs. The introduction of Fe;O, NPs
made the synthesis and separation procedure more convenient.
The as-prepared Fe;O,@EMIPs showed high selectivity toward
BSA from bovine blood, indicating their good potential in real
use. Li et al.’® applied His-tag-anchored epitope from HSA as a
template to provide a new oriented surface imprinting method.
The surface imprinting occurred on the Fe;0,@Si0,@IDA@Ni>"
substrate. The introduction of strong metal coordination between
Ni*" and His-tag-anchored epitope could make the immobilization
and removal of templates more convenient. After optimizing the
utilization efficiency of templates and thickness of the imprinted
layer, the obtained epitope-oriented surface-imprinted nano-
particles exhibited specific recognition ability toward HSA.
Based on this study, the same group'® then prepared epitope-
oriented surface-imprinted nanoparticles using His-tag (HHHHHH)
as the template and were further applied to purify His-tagged
proteins. In this example, the IMAC could not only help to
immobilize and remove templates but also provide affinity sites
for rebinding His-tagged proteins. Due to the high selectivity of
MIT, the authors called this method ‘“Epitope imprinting
enhanced IMAC (EI-IMAC)”. Qin et al.'®” created epitope-imprinted
polymers with magnetic carbon nanotubes (MCNTs) as the
substrate, epitope peptide (AYLKKATNE) derived from Cyt ¢ as
the template (Fig. 6). MCNTs@EMIP was fabricated by free
radical polymerization using ethylene glycol dimethacrylate

J. Mater. Chem. B, 2022,10, 6571-6589 | 6577


https://doi.org/10.1039/d2tb00273f

Published on 19 April 2022. Downloaded on 4/26/2024 9:27:40 PM.

Review

Fe(NOy),
——
EG NaAc

MPS

HN- 20 - -
g on A a1 F
o G o A TS . Y
+ S— it iiha \ o
o pre-assembly S Z b"}\ V" polymerization
>0
Tz as Save

elution

o¢"0 ="
TR
H;S,LR‘?J)
Fig. 6 Synthesis protocol of MCNTs@EMIP via surface imprinting and
epitope imprinting. Reprinted from ref. 107.

rebinding

(EGDMA) as a cross-linker and zinc acrylate as a functional
monomer. The hydroxyl and amino groups of the epitope could
form a five-membered ring with the Zn**. Together with the large
surface area of CNTs, these PIPs achieved an extremely high
binding capacity of 780.0 mg ¢ ' and an imprinting factor of
11.7. The outstanding binding performance showed the success-
ful separation of Cyt ¢ from a real bovine blood sample, indica-
ting the excellent selectivity of MCNTs@EMIP and promising
potential in real use. Li et al'®® synthesized thermo-sensitive
epitope surface imprinted polymers by combining carbon dots
(CDs) and SiO,. Double templates of epitope peptides derived
from C- and N-terminals of Cyt ¢ were used. The resulted CDs/
SiO,/MIP exhibited fluorescence quenching when rebinding
with the target protein of Cyt c¢. Then, a linear range of 0.1-40
UM and a detection limit of 89 nM were obtained. Meanwhile,
the temperature-sensitive monomer endowed the CDs/SiO,/MIP
with swelling and shrinking capabilities with temperature
changes.

Generally, epitope imprinting is the most potent protein
imprinting method because they are based on the recognition
mechanism between antibody and antigen is consistent with
MIT, which is also the most attractive advantage of MIT. In the
past few years, epitope imprinting of proteins has achieved
significant progress. Many new types of epitope-imprinted
polymers with excellent properties and multifunctionalities
were continuously developed by integrating the advantages of
surface imprinting and advanced nanomaterials. If the amino
acid sequence exposed on the surface of the protein is known,
the corresponding imprinted polymers could be created by
using the peptide as a template. In contrast, epitope imprinting
will fail when the amino acid sequence is unknown.

2.2. Emerging special imprinting methods

2.2.1 Boronate affinity-based molecular imprinting. Com-
pared with the above imprinting methods, boronate affinity-
based molecular imprinting is a tailor-made imprinting method
for glycosylated proteins by combining the boronate affinity
interaction and molecular imprinting.'"” Boronic acids could
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display a reversible covalent reaction with cis-diol-containing
compounds, which was the main recognition mechanism of
boronate affinity interaction. When the pH of the reaction
system is higher than the pK, of boronic acid, five or six-
membered cyclic esters will form. However, when the reaction
medium is acidic, this boronic acid-cis-diol complex will
dissociate.’'® Based on this reversible covalent interaction,
boronic acid could be used for the specific separation of
glycoproteins with a lot of cis-diol on the surface. Introducing
boronic acids in protein imprinting could not only facilitate the
immobilization and removal of templates but also provide
binding sites for recognizing glycoproteins by modulating the
pH. Up to now, boronate affinity-based molecular imprinting
has been successfully applied for imprinting glycoproteins by
combining the advantages of other imprinting methods such as
surface imprinting and epitope imprinting.

Our group™"' synthesized a molecularly-imprinted mono-
lithic column for HRP by combining boronate affinity and
surface imprinting. HRP was first modified on the boronate-
functionalized monolithic column and then self-polymerization
of DA occurred. After the templates were removed, the resulting
imprinted monolith exhibited high recognition ability toward
HRP and was successfully applied in human serum, indicating
a good potential in practical use. Then, our group''* developed
surface-imprinted polymers of HRP with 3-acrylamidophenyl-
boronic acid-immobilized silica nanoparticles as the substrate.
A sol-gel reaction occurred on the HRP-immobilized SiO,@
AAPBA NPs. The obtained PIPs showed good adsorption ability
and high selectivity for HRP with an imprinted factor of 2.71, and
further successfully separated HRP from human serum. Later, the
“thiol-ene” click reaction was applied to construct PDA-coated
boronate affinity-imprinted silica NPs for HRP recognition.'*® Liu
et al.'™* applied boronic acid-modified graphene oxide (GO-APBA)
as the substrate to create surface-imprinted polymers of ovalbu-
min (OVA). The template OVA was first modified on the GO-APBA
substrate and then a sol-gel reaction occurred. To the combi-
nation of boronic acid and surface imprinting, together with a
large surface area of GO, the resulting PIPs exhibited a high
binding capacity of 278 mg g, rapid adsorption kinetics of 40
min, and imprinted factor of 9.5. Sun et al.'*® introduced Fe;O,
NPs as the substrate to synthesize HRP-surface imprinted poly-
mers with a convenient synthesis and separation procedure.

Li et al.'"*® developed a “photolithographic boronate affinity
molecular imprinting” strategy to successfully create surface-
imprinted polymers toward five different glycoproteins. UV-initiated
free radical polymerization occurred between the functional
monomer of APBA and a crosslinker around the template
glycoproteins. This method is fast, tolerant of interference, and
applicable to a wide range of pH. The successful detection of
a-fetoprotein (AFP) with low concentrations from human serum
by MIP array-based enzyme-linked immunosorbent assay (ELISA)
demonstrated the great potential for practical use in complex
real samples. Then, the sample group''” developed another
facile and general ‘“boronate affinity-based controllable oriented
surface imprinting” strategy for the recognition of glycoproteins.
The boronic acid pre-functionalized substrate was first used to
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Fig. 7 Schematic of the principle and procedure of controllable oriented
surface imprinting of boronate affinity-anchored epitopes. Reprinted from
ref. 118.

immobilize templates and then a thickness-controllable imprint-
ing layer was formed on the substrate by self-polymerization of
DA and APBA. After the templates were removed, boronate
affinity-based controllable oriented surface imprinted polymers
were obtained. The affinity of such MIPs could be tuned by
controlling the strength of the boronate affinity interaction by
adjusting the pH. Xing et al."'® introduced a new and universal
strategy called “controllable oriented surface imprinting of
boronate affinity-anchored epitopes” (Fig. 7). This work is the
successful integration of surface imprinting, epitope imprinting,
and boronate affinity. The template of glycated epitope peptide
was used, which could facilitate the immobilization and removal
of templates on the surface of the boronic acid-functionalized
substrate. The resulting MIPs could recognize both the peptides
and proteins. This method is efficient and general for creating
MIPs with an affinity to proteins. Based on this work, the same
group'™ proposed a new strategy called molecular imprinting
and cladding (MIC) to solve the dilemma between the best
affinity and best specificity for MIPs. The key to this strategy is
the chemically inert cladding thin layer generated after molecu-
lar imprinting to cover the non-imprinted area. Using this
strategy, a special approach termed boronate affinity-anchored
epitope-oriented surface imprinting and cladding (BOSIC) was
developed. The resulting cMIPs were general for the recognition
of TRF, TRF receptor (TfR), AFP and carcinoembryonic antigen
(CEA), and were successfully applied for fluorescence imaging of
cancer cells against normal cells by targeting TfR by encapsu-
lating fluorophore and the diagnosis of diabetes by detecting
C-peptide in human urine using a dual cMIPs-based surface-
enhanced Raman scattering (SERS) assay.

Overall, the boronate affinity-based molecular imprinting
method is successful and tailor-made for glycosylated proteins.
By integrating the advantages of other imprinting methods,
a series of novel, special and general imprinting strategies
based on boronate affinity interaction for glycoproteins has
been developed and applied in various advanced fields such as
clinical disease diagnosis and biological imaging. Although this
method is only effective for glycoproteins, as a successful
example of glycoprotein imprinting, its success could undoubt-
edly provide a lot of inspiration and thoughts for the develop-
ment of protein imprinting methods, which is a general
method for different proteins.

2.2.2 Solid-phase synthesis. The ultimate goal of MIT is to
create highly specific MIPs, which can replace natural anti-
bodies. To realize this goal, Piletsky group'>>'*' developed
a straightforward method, called ‘“solid-phase synthesis”,
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Fig. 8 Schematic representation of the solid-phase synthesis of MIP
nanoparticles. The monomer mixture is injected onto the column reactor
with an immobilized template and polymerization is initiated by UV-
irradiation. The low-affinity particles, as well as unreacted monomers,
are eluted at low temperatures. The temperature is then increased and
high-affinity particles are eluted from the column for collection. Reprinted
from ref. 120.

to synthesize imprinted polymer nanoparticles (nanoMIPs)
with comparable size, specificity and solubility to antibodies.
In a typical synthesis procedure (Fig. 8), the template-immobilized
solid support (such as microsized glass beads) was incubated with
monomers in organic or aqueous media. After polymerization,
initiated under ultraviolet or free radical, polymer NPs were
formed. To purify the MIPs NPs, the obtained polymer NPs were
washed to remove lowaffinity MIPs NPs, oligomers and unreacted
monomers. Finally, the nanoMIPs were obtained by eluting them
from the solid support. Thermosensitive NIPAAm was often used
to facilitate the release of MIPs NPs from the solid support.
Compared with the traditional molecular imprinting methods,
solid-phase synthesis could greatly shorten the production time
and the templates were reusable. Moreover, the obtained nano-
MIPs exhibited homogeneous binding sites, high specific affinity,
high stability and good solubility.

By using this method, Poma et al.'** constructed an auto-
mated solid-phase synthesis method for synthesizing nano-
MIPs under computer control in aqueous media. Using this
method, they successfully prepared nanoMIPs with specific
recognition ability toward three proteins (pepsin A, trypsin
and a-amylase), indicating a good potential in industrial manu-
facturing. However, the template proteins were modified on the
solid support by covalent coupling of glutaraldehyde, which
resulted in the heterogeneous recognition sites from the varia-
tion in protein orientation. Thus, Ambrosini et al."** presented
a novel method to prepare nanoMIPs by using an affinity ligand
(p-aminobenzamidine (PAB)) of protein to immobilize the
template trypsin. Different from the covalent coupling, the
affinity ligand endowed all the binding sites with the same
orientation, thus leading to more homogeneous binding sites.
The obtained nanoMIPs exhibited high specificity and selectivity
toward trypsin. Based on the same strategy, Xu et al'** first
formed polymer NPs on the trypsin-PAB-solid support and then
modified fluorescein isothiocyanate (FITC) on the polymers NPs.
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After being removed from the solid support, fluorescent MIP NPs
were obtained with high affinity toward trypsin and showed
almost no cross-reactivity with other proteins. Finally, the fluor-
escent MIP NPs were employed in a sandwich fluoroimmuno-
assay for the detection of trypsin with a low concentration of
50 pM spiked in human serum. The same group'* introduced
metal chelation (Cu®"), inspired by PAB, to immobilize proteins
with surface histidines for the fabrication of nanoMIPs by solid-
phase synthesis. The IMAC interaction helped form oriented
homogeneous imprinting sites on the surface of nanoMIPs.
This study provides a general method for solid-phase synthesis
of nanoMIPs for proteins. Then, Xu et al."*® applied a cyclic 3S
epitope (CGSWSNKSC) immobilized GBs as the solid support to
fabricate water-soluble nanoMIPs with oriented homogeneous
imprinting sites by solid-phase synthesis. The 3S cyclic epitope is
the motif of the envelope glycoprotein 41 (gp41) of human
immunodeficiency virus type 1 (HIV-1) and thus, the resulting
anti-3S antibodies could be applied to target and block the 3S
peptide of HIV-1 to prevent CD4" T cells from declining.

In the above works, microsized glass beads served as the
solid support. Their low specific surface area leads to a small
amount of immobilization of template proteins and the low
yield of nanoMIPs. Thus, Ashley et al."> employed epoxide mag-
netic microspheres (FeOx@SiO,-epoxide, 600-700 nm) as the solid
support to immobilize trypsin. Because of the high specific surface
area, highly abundant templates could be immobilized. Compared
with conventional solid-phase synthesis, a high yield of nanoMIPs
with increased 83-167 folds could be achieved by using magnetic
microspheres as the solid support. Meanwhile, magnetic respon-
siveness facilitates the synthesis and separation procedure. This
method was called “dispersive solid-phase imprinting” because
the imprinting process was conducted on the surface of FeOx@
SiO,-epoxide, which was dispersive in the mixture. Mahajan
et al."*® used amino-functionalized sol-gel coated magnetic nano-
particles (magNPs) as solid support to immobilize the templates of
enzymes trypsin and pepsin. A high-dilution polymerization of
monomers occurred around the template on the solid support.
A monomer of N-fluoresceinylacrylamide was added to yield
fluorescent nanoMIPs with high specificity and selectivity toward
the respective template proteins.

For the first time, Cecchini et al.'*® developed fluorescent
nanoMIPs by combining solid-phase synthesis, surface
imprinting, epitope imprinting and QDs. The template of the
epitope peptide of human vascular endothelial growth factor
(hVEGF) was immobilized on the glass beads. The resulting
fluorescent nanoMIPs exhibited excellent specificity toward
hVEGF, and were successfully applied in the target imaging
of overexpressing hVEGF. Based on the same strategy, Gomez-
Caballero et al.'®*® synthesized nanoMIPs by using epitope
peptide (C-terminus 15 amino acids sequence) of the CB1
receptor. The sizes of nanoMIPs were found to be related to
temperature changes. The nanoMIPs were successfully demon-
strated as artificial anti-CB1 antibodies to high selectively
recognize the target proteins with 15 amino acids epitope.

Solid-phase synthesis is the most promising method to
create MIPs as artificial antibodies with comparable size,
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specificity and solubility to antibodies. Due to its facile and
automated operation, it has significant potential in industrial
production. In the past few years, solid-phase synthesis has
achieved some great progress, mainly emphasizing the increase
of nanoMIPs yields, more homogeneous binding sites, advanced
functionalities and further extending their biological applications.
Many excellent solid-phase synthesis approaches have been devel-
oped to create advanced nanoMIPs by combining the advantages
of other imprinting methods.

2.2.3 Post-imprinting modifications. Inspired by proteins
that could acquire various functions by site-specific post-
translational modifications, Takeuchi group™""** proposed a
“post-imprinting modification (PIM)” method via site-specific
chemical modifications in the imprinting cavities to endow
MIPs with additional functionalities (Fig. 9). The functional
monomer was modified after the templates were removed to
form imprinting cavities. For example, Suga et al."** success-
fully transformed the binding events of PIPs toward Cyt ¢ into
fluorescence spectral changes. A well-designed Cyt-conjugated
cleavable monomer containing a disulfide bond and a metha-
cryl group was used as the template. Cyt ¢ was removed by
disulfide reduction and a fluorescent reporter molecule was
then modified on the exposed thiol groups, resulting in the
transduction of specific protein recognition into spectral
changes. However, PIPs always suffered from heterogeneous
binding sites and incomplete removal of templates. The fluoro-
phore molecules may be inaccurately labelled on the outer side
of PIPs, which will lead to high fluorescent background noise.
Thus, Sunayama et al."** proposed a site-directed two-step PIM
strategy to overcome this problem. A functional monomer of
4-[2-(N-methacrylamido)ethylaminomethyl]benzoic acid (MABA)
with a secondary amine was used for PIMs. After the removal of
template Lyz, the resultant PIPs were rebound with Lyz and then
reacted with p-isothiocyanatophenyl a-o-mannopyranoside (MITC)
to cap the exposed amine groups that were not located in the
imprinted cavities. Based on this treatment, the bound Lyz was
removed and another fluorescein isothiocyanate (FITC) was
modified on the exposed amine groups in the imprinted sites.
This two-step PIM strategy could greatly decrease the fluorescent
background noise, thus resulting in the enhanced conversion of
adsorption behaviour into fluorescence changes. Based on the
above studies, the same group'*® used a multi-step PIM method to
create antibody-like PIPs with a fluorescence response for
the recognition of a-fetoprotein (AFP). Two different cleavable
functional monomers were used for the imprinting of AFP. After
the template AFP was removed, one monomer was treated as the
binding site for AFP and another was modified with a fluorescent
reporter molecule. The sensitive and selective detection of AFP by
antibody-like PIPs could be transformed into fluorescence
changes, which were beyond the natural antibodies.

Tao et al.*” developed a one-step PIM strategy to fabricate a
biosensor to characterize the specific recognition of glyco-
protein (HRP). After the removal of the template HRP, the
exposed thiol residues in the imprinted cavities were modified
with boronic acid ligand by the “thiol-ene” click reaction. Due
to the fluorescence response of the boronic acid ligand, the
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Fig. 9 Schematic illustration of MIPs and PIMs of the binding cavities of
MIPs. Reprinted from ref. 132.

resulting PIPs could act as a biosensor for HRP detection by the
transduction of binding events into fluorescence change. Based
on their previous work,"*® Morishige et al.'*® created a new
recognition system for AFP by PIMs. In this work, AFP was first
immobilized on the surface of 4-carboxy-3-fluorophenylboronic
acid (CFPBA)-functionalized support. After polymerized, AFP
was removed by cleavage of disulfide bonds and cyclic diesters.
Then, fluorescent dyes were functionalized with the exposed
thiol groups to yield a fluorescent AFP-imprinted biosensor.
The introduction of CFBA could not only facilitate the oriented
immobilization of template AFP but also provide recognition
sites for AFP. The successful detection of AFP in human serum
demonstrated good potential in biomedical application. Wang
et al.™® presented a ratiometric nanosensor by PIMs for the
fluorescence determination of OVA. Meanwhile, the binding
result could be transformed into the visual identification on
fluorescent test papers under UV (365 nm). OVA-imprinted
polymers were first constructed on the SiO, NPs. FITC was
post-modified in the imprinted cavities after the templates were
removed. The resulting ratiometric nanosensor showed a detec-
tion limit of as low as 15.4 nM and could be successfully
applied in real samples of human urine and chicken egg white,
indicating its good potential in real applications.

The major advantage of the PIM method is to impart new
functionalities to PIPs. Diverse functionalities could be intro-
duced by various chemical derivatization based on the excellent
stability of the imprinted polymers. These new functionalities
will transform the recognition behaviour toward template
proteins into optical or other responses, which greatly exceed
more wide applications of PIPs. As discussed above, solid-phase
synthesis could create nanoMIPs as artificial antibodies with
comparable properties to those of natural antibodies. By using
the PIM strategy, sophisticated MIP-based artificial antibodies
with functionalities have the potential to go beyond natural
antibodies. However, PIM also suffered from some drawbacks
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such as the design of complex functional monomers and
tedious chemical synthesis procedures. Meanwhile, due to the
unclear recognition mechanism of PIPs, the rational design of
chemical modifications in the imprinted cavities should be
further explored.

3. Applications of PIPs

Over the past decade, protein imprinting has achieved signifi-
cant progress. Several novel imprinting methods have emerged
and many protein-imprinted polymers with advanced proper-
ties have been developed, which extend their wide applications,
including separation and purification, proteomics, biomarker
detection, bioimaging and therapy. In this section, we focus on
the recent development of PIPs in their highlighted applications.

3.1. Separation and purification

The high interferences derived from the complex components
of biological samples pose great challenges for the separation
of target proteins. Based on the rapid development of surface
imprinting and nanomaterials, various PIPs with excellent
binding capacity and selectivity were developed and applied
for the separation and purification of proteins from complex
biological samples such as human serum. Our group® synthe-
sized Lyz-surface imprinted Silica NPs with high selectivity
toward Lyz in human serum. Then, we created a thin BHb-
imprinted polymer on silica NPs, which possessed a large
binding capacity, high adsorption selectivity and fast binding
kinetics for BHb.®® Inspired by the excellent binding perfor-
mance, the as-prepared surface-imprinted silica NPs could
successfully separate BHb from cattle whole blood samples
with high selectivity. Tan et al.>* synthesized poly(styrenesulfonate
sodium) (PSS)-assisted hierarchical bulky imprinted micro-
particles (denoted as PSS-PDA-MIP) of Lyz by a novel polymer-
assisted hierarchically bulk imprinting strategy. Then, the
as-prepared PSS-PDA-MIP possessing ultrahigh adsorption
capacity of 1203.4 mg g~ and high selectivity for Lyz was
successfully applied for the highly selective separation of Lyz
from diluted egg whites and spiked human serum. Pan et al."*°
fabricated multi-responsive rattle-type magnetic hollow mole-
cular imprinted poly (ionic liquids) nanospheres with BSA
as the template. The resulting Fe;O0,@void@PILMIP were con-
firmed to show specific recognition ability toward BSA and were
successfully applied in the separation of BSA from bovine
calf serum. Yang et al'*' synthesized thermo-sensitive
surface-imprinted hollow nanocages with ZIF-67@Co-Fe as
the substrate (Co-Fe@CBMA-MIPs) for the recognition of
BSA. ZIF-67@Co-Fe provided a high specific surface area and
Co-Fe double ions facilitated the immobilization and removal
of the templates. Under optimum adsorption conditions, the
Co-Fe@CBMA-MIPs displayed a high binding capacity of
520.35 mg g~ !, rapid binding kinetics of 50 min, and imprint-
ing factor of 8.55. Encouraged by their excellent binding
performance, these PIPs could successfully separate BSA
from fetal bovine serum. Bhakta et al.”? applied antibody-like
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magnetic surface imprinted polymers to separate HSA. Benefit-
ing from the magnetic responsiveness and high binding capa-
city, the resulting PIPs achieved the removal of ~88% of
albumin from human serum. Yang et al.'®* successfully applied
transferrin (TRF) epitope-imprinted PES beads for a human
plasma proteome analysis and quantification for the first time.
Then, the same group'® fabricated multiepitope imprinted
PES particles to simultaneously capture three proteins (HSA,
TRF, and IgG) from the complex human plasma, indicating the
promising potential in practical applications (Fig. 10). Li
et al.'% further proposed an EI-IMAC strategy to design surface
epitope imprinting polymers with His-tag epitope as a tem-
plate. The resulting PIPs possessed fast adsorption kinetics
(15 min) and a high imprinting factor (7.1). Compared with the
IMAC strategy, this strategy exhibited increased purity (~5%)
for His-tagged recombinant proteins separated from crude cell
lysis. Weerasuriya et al.'*> presented a new strategy to create
surface-imprinted silica-coated magnetic NPs with protein
(PrA)-like nanopockets for the purification of IgG antibodies.
Mouse IgG,,, which is the binding partner of PrA, was used as
the template. A sol-gel reaction of organosilane monomers
occurred around the templates. After capping the nonbinding
sites and removing the templates, the resulting PIPs showed
PrA-like specific recognition of IgG. Rough core-shell NPs were
found to possess a high binding capacity and better selectivity
than the commercial PrA magnetic beads. These PIPs are cost-
effective, reusable, stable, and the first report to mimic PrA
recognition to purify antibodies.

3.2. Proteomics

To date, mass spectrometry (MS) has become a powerful and
popular tool for proteomic analysis because of its high resolution,
high throughput, high sensitivity, and high accuracy. However,
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the analysis of complex biological samples by MS still remains a
great challenge. This is because the complex components of
biological samples often lead to signal interference, and greatly
suppress the MS ionization of target proteins. Thus, prior to MS
analysis, highly selective separation of target proteins from
complex biological samples is urgently needed. Protein imprinted
polymers featured by excellent selectivity have great potential for
MS analysis of complex biological samples.

Wan et al.'®® for the first time-developed PIPs to highly
separate target proteins for matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
analysis. The self-polymerization of DA occurred around the
template Lyz. After the templates were removed, thin Lyz-
imprinted polymers were introduced on the Fe;0,@SiO, NPs
to yield Lyz-surface imprinted magnetic NPs (Lyz-MIPs). Lyz-
MIPs showed excellent binding capacity and high selectivity for
Lyz, then applied to highly selectively separate Lyz from diluted
egg white samples for MALDI-TOF MS analysis. The enhanced
effect of MALDI-TOF MS signals for Lyz was demonstrated
after the selective separation procedure via Lyz-MIPs. Bertolla
et al.'** proposed a fast and easy online method for target
protein analysis by integrating PIPs with MALDI-TOF MS. Poly-
(acrylamido)-derivative (PAD) nanoMIPs were synthesized using
human serum transferrin (HTR) as the template. The resulting
solvent-responsive PAD-nanoMIPs not only showed specific
recognition ability toward HTR but also could release in situ
the bound HTR from the PAD-nanoMIPs-target-plate by adding
acetonitrile for MALDI-TOF MS analysis. This PAD-nanoMIPs/
MALDI-TOF MS analysis platform could successfully detect
HTR from a real sample of serum, indicating its great potential
in clinical diagnosis and targeted proteomics. Cyt ¢, which is
important in cell apoptosis and can interact with anti-apoptosis
proteins, which leads to the effect of functions. Two pivotal
anti-apoptosis proteins of HSP27 and Bcl-xL could interact with
Cyt c. Based on these findings, to study Cyt ¢-HSP27 and Cyt
c-BelxL interactions, Zhang et al.'*> developed a simultaneous
quantification method by combining protein imprinting and
an LC-MS/MS method (Fig. 11). The template of the epitope
peptide of Cyt ¢ was used to synthesize Cyt c-surface imprinted
silica NPs. The binding performance, including adsorption
capacity, binding kinetics and selectivity was confirmed
in detail. Compared with the Co-IP/Western Blotting, this
combinational approach could successfully quantitatively ana-
lyse the protein-protein interactions within Cyt ¢ and two anti-
apoptosis proteins in a different complex biological sample of
breast cancer cells.

3.3. Biomarker detection

PIPs, which are considered synthetic antibodies, have also been
used as recognition materials for protein biomarker detection
from complex pathological samples. Based on their previous
work,"” Bi et al'*® developed boronate affinity imprinted
microplates as ELISA to detect AFP. 4-Formylphenylboronic
acid (FPBA) was first functionalized on the bottom of the well
and walls of a 96-well microplate. Then, the template glycopro-
teins were immobilized on the basis of the boronate affinity

This journal is © The Royal Society of Chemistry 2022
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Intensity, cps.

interactions, and self-copolymerization of aniline in water
occurred around the templates. After the removal of the tem-
plates in acid media, glycoprotein-imprinted microplates were
obtained with the appropriate thickness of imprinted layers.
This strategy was first demonstrated by the excellent binding
performance of PIPs with standard HRP as an imprinting
template. Finally, a PIPs-based sandwich ELISA was constructed
for the detection of AFP by integrating with AFP-imprinted
microplates. Under the optimal analysis condition, a concen-
tration of 12 & 2.0 ng mL ™" for AFP in human serum was detected
by this ELISA, which corresponded to the result (10 ng mL™")
obtained by radioimmunoassay. However, because of the use of
specific antibodies and biological reagents, this ELISA was not
stable and expensive. Thus, based on their previous work,"®
the same group'®’ further developed a novel boronate-affinity
sandwich assay (BASA) for AFP analysis by integrating photolitho-
graphic boronate-affinity molecular imprinting with boronate-
affinity based SERS probe (AgNPs) (Fig. 12). Standard HRP was
first selected as the template to evaluate the binding performance
of BASA. The practical potential of this BASA was then demon-
strated by the AFP-imprinted BASA. To the human serum con-
taining AFP with a known concentration of 12.0 + 2.0 ng mL ™/,
the concentration of 13.8 & 3.3 ng mL ™" was determined by the
AFP-imprinted BASA. This approach is stable, fast, cost-effective,
and has great potential in clinical diagnostics with high through-
put. Patra et al.'*® developed a trace prostate-specific antigen (PSA)

SERS

MIP ! Glycoprotein {%*— Boronic acid functionalized AgNPs MIP array
w5
~

Fig. 12 Schematic representation of the boronate-affinity sandwich assay
of glycoproteins. Reprinted from ref. 147.
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electrochemical sensor by combining protein-surface imprinted
polymers and nanomaterials. MnO,-Nanoparticles were modified
on the surface of MWCNTs to yield MnO,-nanoparticle decorated
MWCNTs-iniferter. This iniferter was attached to a pencil graphite
electrode (PGE) and then a controlled radical polymeriza-
tion occurred with the existence of the template PSA. After the
templates were removed, a PSA-imprinted electrochemical sensor
was obtained. The detecting limit of this PSA-sensor by the square
wave stripping voltammetric (SWSV) technique was 0.25 pg L™,
and 3.04 pg L ™" by the differential pulse stripping voltammetric
(DPSV) technique. The successful detection of PSA in men and
women samples of serum, urine, and forensic by the as-prepared
sensor was demonstrated using the commercially available ELISA,
indicating the great potential in the clinical diagnosis of PSA.
Shumyantseva et al.'*® synthesized myoglobin (Mb)-imprinted
polymers on the MWCNTs-modified electrodes for the sensitive
detection of Mb in undiluted human plasma samples. Based on
this Mb-electrochemical sensor, plasma samples could be accu-
rately classified and referred to related groups of healthy donors
(HDs) and patients with acute myocardial infarction (AMI) by
combining the multi-parameter electrochemical analysis and
computational cluster assay. Compared with other standard
immunochemical methods for Mb detection, this approach is
facile, fast, cost-effective, and showed excellent potential in per-
sonalized medicine such as “point-of-care” biosensors. Karami'>°
constructed a novel and low-cost dual-modality immunosensor
for the simultaneous detection of PSA and Mb by combining
protein-surface imprinting and nanocomposite (NCP)-based bio-
sensing layer. Protein-surface imprinted polymers were fabricated
with a gold screen-printed electrode (SPE) as the substrate, on
which radical polymerization occurred with ethylene glycol
dimethacrylate as a crosslinker, methyl acrylate as the monomer,
PSA and Mb as dual-templates. After the templates were removed,
PIP-SPE was formed with specific sensing for both PSA and Mb.
Fe;0, NPs were successively modified with MWCNTs, GO and
specific antibodies for PSA (Ab) to yield the NCP-based biosensing
material. To simultaneously detect PSA and Mb, PIP-SPE was first
used to recognize PSA and Mb, and their binding signal was sent
as an output to electrochemical impedance spectroscopy (EIS).
This was followed by adding the NCP-based sensing material to
PIP-SPE, another EIS signal was obtained from the immune
reaction between PSA-bound SPE and NCP. The EIS signal of
Mb was calculated by the differences in the EIS signal of the two
steps. This dual-modality immunosensor exhibited high specifi-
city and selectivity toward PSA and Mb and possessed a low
detecting limit of 5.4 pg mL ™' for PSA and 0.83 ng mL " for
Mb. Finally, this novel immunosensor was successfully applied to
simultaneously analyse PSA and Mb in human serum and urine
samples, indicating a great potential in disease diagnosis of multi-
biomarkers.

3.4. Bioimaging and therapy

PIPs are alternatives to natural antibodies for biological recog-
nition, but also possess a lot of advantages including high
stability, low cost, and ease of functionalization, which can
introduce fluorescence or better biocompatibility. Thus, PIPs
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hold good potential in target bioimaging and therapy, in which
PIPs could specifically recognize corresponding biomarkers in
cancer cells and release the loaded drugs.

Liu et al™' made the first attempt to employ PIPs as
antibody-like NPs to specifically sequestrate target proteins in
living cells. With an initiator of 4,4’-azobis-(4-cyanopentanoic
acid) (ACPA) functionalized Fe;0,@SiO, NPs as the substrate, a
facile polymerization occurred around the template protein
(DNase 1) to yield protein-surface imprinted polymers with
high hydrophilicity and biocompatibility. The use of NIPAm
endowed the PIPs with thermo-responsiveness toward tempera-
ture changes, and the fluorescent monomer provided fluoresce
quenching when PIPs rebound with target proteins. The result-
ing Fe;0,@Si0,@MIP ANPs presented excellent aqueous dis-
persion stability with an average size (85 nm). The introduction
of magnetic cores not only facilitated the synthesis and separa-
tion but also offered the magnetic manipulation of PIPs within
cells. After confirming the good adsorption specificity and
selectivity, the as-prepared Fe;0,@Si0O,@MIP ANPs were suc-
cessfully applied to the specific sequestration of target proteins
in living cells without disruption. This study has good potential
in the study of protein functions in cells and medical diagnosis.
Cecchini et al.'*® developed fluorescent nanoMIPs for the
specific recognition of hVEGF and further targeting imaging
of its overexpression (Fig. 13). The integration of QDs in
the PIP-hybrid nanoprobes provided fluorescence quenching
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Fig. 13 (a) Schematic of the two strategies exploited to produce QD-
MIPs, based on solid-phase synthesis: (i) embedding the QDs in the MIP
matrix during its polymerization; (ii) attaching the QDs onto the nanoMIPs
after the polymerization process. (b) A panel of bright field and fluores-
cence images of human melanoma cells (WM-266 hVEGF(+) model and
A-375 hVEGF(—) model) (green) and the fluorescent nanoprobes (red),
acquired with a confocal microscope Leica SP2 (scale bar 100 pm), and the
overlay of the two signal. Reprinted from ref. 129.
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against the recognition of nanoMIPs toward hVEGF. The result-
ing QD-PIPs hybrid nanoprobes exhibited specific recognition
and good binding selectivity toward hVEGF in vitro and were
finally applied to target imaging of overexpressing hVEGF
in zebrafish embryos for the xenotransplantation of human
melanoma cells. Zhang et al.'>* prepared core-shell protein-
surface imprinted polymers to specifically recognize epidermal
growth factor receptor (EGFR) by integrating surface imprinting
with epitope imprinting. The template of the epitope peptide of
EGFR was bonded with palmitic acid, then a reverse micro-
emulsion polymerization occurred on the surface of CD-
embedded silica NPs with acrylamide as the functional mono-
mer and N,N-methylenebisacrylamide as the crosslinker. The
resulting CD-embedded PIPs exhibited fluorescence quenching
against the rebinding with EGFR and showed high adsorption
selectivity and sensitivity for EGFR. In the in vitro experiments,
HeLa cells with high expression of EGFR could be accurately
targeted and distinguished by the CDs-embedded PIPs, which
showed stronger fluorescence than that in MCF-7 cells with low
high expression of EGFR. Inspired by the good performance
in vitro experiment, the CD-embedded PIPs were further suc-
cessfully used for the target imaging of tumour cells with
overexpressing EGFR in mice. Guo et al."> developed a general
approach called reverse microemulsion-confined epitope-oriented
surface imprinting and cladding (ROSIC) to fabricate coreless and
core/shell NPs with specific target capability toward proteins and
peptides. A series of NPs, including QDs, SPMNPs (superpara-
magnetic NPs), AgNPs and UCNPs were used as substrates to
obtain a variety of size controllable dual-functional single-
core@cMIP NPs. Finally, QD@cMIP NPs were applied to demon-
strate the potential in cancer cell target imaging. With specificity
toward two typical cancer biomarkers, including human epider-
mal growth factor receptor-2 (HER2) and transmembrane glyco-
protein non-metastatic gene B (GPNMB), QD@cMIP NPs could
successfully differentiate triple-negative breast cancer (TNBC)
cells from other cell lines via fluorescence imaging. The practical
potential was demonstrated by in vivo target imaging of TNBC-
bearing mice.

In addition to target cell imaging, PIPs also could load drugs
and control their release for cancer therapies.**™*%® Canfarotta
et al.>* developed dual-template imprinted polymers to achieve
the specific recognition of cancer cells and further result in
specific drug release. Solid-phase synthesis was applied to
prepare doxorubicin (DOX)-loaded nanoMIPs with an epitope
peptide of EGFR and doxorubicin as the dual-templates. The
specific recognition ability and adsorption selectivity of the
nanoMIPs was first confirmed. Based on the specific recogni-
tion of EGFR on cancer cells, the DOX-loaded nanoMIPs could
specifically release DOX in cancer cells with overexpressing
EGFR to elicit their cytotoxicity and apoptosis. Qin et al.'®
then synthesized imprinted polymers of dual-templates for the
target recognition toward cell membrane proteins to achieve
simultaneous target imaging and therapy by specific drug
release for cells. The DOX-loaded fluorescent PIPs (FMIPs@
DOX) were synthesized by using fluorescent Si@SiO,@MPS NPs
as the substrate, epitope peptide of membrane protein (P32)
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and DOX as the double templates. In an in vitro experiment, the
FMIPs@DOX was successfully applied for the target imaging of
4T1 cancer cells based on the specific recognition between
FMIPs@DOX and high expression P32 proteins. Moreover, only
the 4T1 cancer cells with overexpressing P32 proteins were
elicited to apoptosis after the release of DOX. Then, FMIPs@
DOX was further intravenously injected into tumour-bearing
mice for therapy, which was demonstrated to exhibit almost
the same anti-tumour effects compared with the intratumoral
injection. Peng et al.'>® prepared double-template imprinted
polymers with multifunctionalities, including specific recogni-
tion of cancer cells, target fluorescence imaging, magnetic
resonance (MR) imaging, specific drug release, chemotherapy
and photodynamic (PD) therapy (Fig. 14). The DOX-loaded PIPs
(MIPs@DOX) were formed with FSiO,@MPS encapsulating
gadolinium-doped silicon quantum dots (SiggQDs) and chlorin
e6 (Ce6) as the substrate and using the epitope peptide of CD59
protein and DOX as the dual templates. The introduction
of SigqQDs led to fluorescence and MR imaging, and the Ce6
could produce reactive oxygen species (ROS) for PD therapy.
The MIPs@DOX were confirmed to specifically recognize can-
cer cells with high expression of CD59 for target imaging, and
the DOX released from the MIPs@DOX and high abundance of
ROS generated by light irradiation were integrated as a syner-
gistic therapy effect for cancer cells. The target imaging and
synergistic therapy were both demonstrated by in vitro and
in vivo tests. The same group™’ then developed novel DOX-
loaded PIPs (FZIF-8/DOX-MIPs) with biodegradable effects in
the tumour microenvironment. The FZIF-8/DOX-MIPs were
fabricated on the surface of ZIF-8, which encapsulated CDs and
DOX, and applied epitope peptide of protein (CD59) as the template.
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Functional monomers

(8 < TEOS &y MPS oy
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Si;.QDs FSiO, FSiO,@MPS
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Fig. 14 (a) Schematic illustration for the preparation of MIPs@DOX;

(b) Schematic illustration of MIPs@DOX for targeted chemo-photo-
dynamic synergistic treatment of tumour in vivo. Reprinted from ref. 156.
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The disulfide bond in the crosslinker of N,N'-diacrylylcystamine
(BAC) will be broken at a high concentration of glutathione, and
the monomer of dimethylaminoethyl methacrylate (DMAEMA)
will swell at low pH. Together with the instability of ZIF-8 in weak
acid, GSH/pH dual-stimulation was formed to achieve controll-
able drug release. Finally, the FZIF-8/DOX-MIPs exhibited target
fluorescence imaging, and further specific and controllable drug
release toward cancer cells with overexpressing CD59, which
were validated by in vitro and in vivo tests. Lu et al.'® synthesized
sialic acid (SA)-imprinted biodegradable NPs (BS-NPs) by the
boronate-affinity-controllable oriented surface imprinting approach.
Cytotoxic ribonuclease A (RNase A) was pre-caged in the matrix
of disulfide-hybridized silica NPs as nanovectors, which could
be degraded under the GSH triggering. The prepared SA-imprinted
RNase A@BS-NPs thus could selectively target SA-overexpressed
tumor cells and was subsequently biodegraded by GSH to release
RNase A to enhance cell cytotoxicity. The in vitro and in vivo
experiments demonstrated the practical potential of SA-imprinted
RNase A@BS-NPs in specific targeting and therapeutic efficiency
toward cancer cells.

4. Conclusion and future perspectives

In summary, a comprehensive review of the recent advances in
protein imprinting methods and their highlighted applications
is presented. Various novel protein imprinting methods have
been developed to solve the remaining bottlenecks that tradi-
tional imprinting methods could not address. Nanomaterial-
based surface imprinting of proteins could improve the
binding performance of PIPs, including adsorption capacity,
binding kinetics, sensitivity and selectivity. The use of epitope
templates instead of the whole proteins in epitope imprinting
could almost address all the problems derived from the inherent
properties of proteins, which greatly increased the success and
applicability of molecular imprinting for proteins. Solid-phase
synthesis provides a great potential in the scalable synthesis of
nanoMIPs with properties comparable to natural antibodies.
Meanwhile, advanced multifunctionalities could be imparted into
PIPs through the introduction of functional nanomaterials and
post-imprinting modification, which make PIPs possible to go
beyond natural antibodies. Combining the advantages of these
protein imprinting methods, special boronate affinity-based mole-
cular imprinting has been successful for glycoproteins. Based on
the excellent properties and advanced multifunctionalities, the
traditional application of PIPs in separation and purification has
evolved into several advanced fields, including proteomics, bio-
marker detection, target bioimaging and therapy.

Despite making significant progress, there are still several
challenges that are remaining to be resolved in protein imprint-
ing. First, the recognition mechanism between the templates
and functional monomers is still obscure and rarely explored.
More attention and designed experiments are needed to study
the recognition process, which will be beneficial to the synthesis
of PIPs and greatly stimulate their development. Second, some
problems in the synthesis process also limit the development of
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protein imprinting. For example, synthesis conditions must be
optimised to maintain the conformation and solubility of pro-
teins. As for the use of epitope peptides as a template, the
acquisition of epitope peptides of proteins with an unknown
amino acid sequence is an unavoidable issue. The immobilization
of templates with different orientations will also cause non-
specific adsorption derived from the heterogeneous binding sites.
Third, the reported PIPs were mostly limited to a standard
protein, a general protein imprinting method, which is applicable
to different proteins should be explored. Finally, exploring the
potential of PIPs as synthetic receptor/antibody in biomedical
applications is still in an early stage.

According to the above discussion, it can be anticipated that
the development of protein imprinting in the near future will
be carried out in two aspects: on the one hand, more PIPs
with excellent binding performances will be designed for the
separation and recognition of proteins by the introduction of
advanced nanomaterials and novel protein imprinting methods.
On the other hand, various multifunctional nanoMIPs will be
continuously created for biomedical applications by combining
the advantages of several imprinting methods such as solid-phase
imprinting, epitope imprinting, and surface imprinting, and thus
demonstrating the potential of PIPs as synthetic antibodies to
replace or even go beyond natural antibodies. As an inter-
disciplinary field, the rapid development of material science,
omics, and life science will provide great opportunities for the
development of protein imprinting and will further extend their
advanced application fields.
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