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Enzymes, a class of proteins or RNA with high catalytic efficiency and specificity, have inspired genera-

tions of scientists to develop enzyme mimics with similar capabilities. Many enzyme mimics have been

developed in the past few decades based on small molecules, DNA, and nanomaterials. These artificial

enzymes are of great interest because of their low cost and high stability. However, most of these

enzyme mimics do not have the desired substrate selectivity. The substrate selectivity of natural

enzymes usually stems from a specific binding pocket. A powerful method to create substrate binding

cavities is molecular imprinting technology (MIT). Molecularly imprinted polymers (MIPs) have three main

characteristics: structural predictability, identification specificity, and application versatility compared

with other identification systems. The MIP-based artificial enzymes have the advantages of simple

preparation, low cost, and high stability and can realize excellent catalytic activity and selectivity. The

development of MIP-based artificial enzymes has been further promoted by optimization methods

such as imprinting transition state molecules, post-imprinting modification, opening cross-linked

polymers’ internal space, and some special preparation methods. Combining molecular imprinting

technology with nanozymes, the synergistic effect of both solved the defect of lack of specificity of

nanozymes and improved their catalytic activity. This paper summarizes the recent research progress

in preparing high-performance artificial enzymes based on MIPs and molecularly imprinted nano-

zymes. We hope to provide a reference for the design of artificial enzymes, reduce the gap between

artificial enzymes and natural enzymes, and thus broaden the application of artificial enzymes in

human life and production.

1. Introduction

Enzymes are potent protein-based biocatalysts. The discovery
of ribozymes in the early 1980s expanded the definition of
enzymes to RNA.1 Their specific functional sites allow them
to be highly selective and significantly active towards target
substrates and enable most biochemical processes to occur
under physiological conditions.2,3 On the other hand, further
applications of enzymes are often limited by poor stability,
time-consuming preparation, and high cost.4–6 To overcome
these drawbacks, scientists have made considerable efforts to
design and synthesize artificial enzymes exploiting organic and

inorganic chemistry, extending from semi-synthetic approaches
(e.g., genetic modification of natural enzymes) to synthetic systems
(e.g., cyclodextrins, metal complexes, porphyrins, dendrimers,
and polymers).5,7,8 Artificial enzymes have better stability, ease
of preparation, and low cost than natural enzymes. Although
these artificial enzymes show promising catalytic activity, they
are still not comparable to the activity of natural enzymes.9–11

A significant obstacle is the lack of suitable synthetic strate-
gies to construct multifunctional active sites with precisely
localized catalytic groups for complex structures and shapes of
substrates.

Molecular imprinting is an effective method for creating
multifunctional binding sites for molecules of many different
sizes.12–15 Moreover, due to the inherent advantages of mole-
cularly imprinting polymers (MIPs) such as low cost, high
selectivity, excellent thermochemical stability, and no need for
biologically based protocols, molecular imprinting has developed
into a feasible method for mimicking natural enzymes.16–21

In its conventional embodiment, the template molecule is
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pre-assembled with the functional monomer containing func-
tional groups by certain driving forces (e.g., covalent bonding,
hydrogen bonding, van der Waals forces, ionic interactions,
metal–ligand interactions, or hydrophobic effects) (Fig. 1).22–27

The subsequent monomer–template complexes are copolymer-
ized in a suitable porogenic solvent with the cross-linker. After
removing the template from the cross-linked polymer network,
the binding sites formed to complement the template in shape,
size, and functional group distribution, so that the MIPs acquire
selective template-binding capabilities.28,29 Catalytic MIPs at early
stages focused on stereo controlled chemical reactions and
enantioselective synthesis.30 Subsequently, a variety of catalytically
active MIPs were synthesized by taking substrate analogs, transi-
tion states, and products or intermediates as templates.31–35

Although the MIP-based artificial enzymes prepared by such a
strategy can exhibit high catalytic activity, there are still some
obstacles that limit the higher activity, including difficulties in
template removal, slow transport of materials inside and outside
the polymer, and most importantly, heterogeneity of binding sites
leading to extensive binding affinity.36 Therefore, it is desirable
to develop suitable methods for the rational preparation of
MIP-based artificial enzymes with high catalytic activity and high
specific selectivity. Nanozymes are receiving more and more
attention for their superior properties, so tailoring MIPs on
nanozymes will provide a new way to develop the artificial enzyme
field. This article reviews recent advances in preparing high-

performance artificial enzymes based on MIPs and molecularly
imprinted nanozymes (Scheme 1).

Fig. 1 Highly schematic representation of the molecular imprinting process: the formation of reversible interactions between the template and
polymerizable functionality may involve one or more of the following interactions: [(A) reversible covalent bond(s), (B) covalently attached polymerizable
binding groups that are activated for non-covalent interaction by template cleavage, (C) electrostatic interactions, (D) hydrophobic or van der Waals
interactions or (E) co-ordination with a metal centre; each formed with complementary functional groups or structural elements of the template, (a–e)
respectively]. A subsequent polymerization in the presence of crosslinker(s), a cross-linking reaction or other process, results in the formation of an
insoluble matrix (which itself can contribute to recognition through steric, van der Waals and even electrostatic interactions) in which the template sites
reside. The template is then removed from the polymer through disruption of polymer template interactions, and extraction from the matrix. The
template, or analogues thereof, may then be selectively rebound by the polymer in the sites vacated by template, the imprints. While the representation
here is specific to vinyl polymerization, the same basic scheme can equally be applied to sol–gel, polycondensation etc. Reprinted with permission from
ref. 22. Copyright 2006 the John Wiley and Sons.

Scheme 1 Recent advances in the preparation of high-performance
artificial enzymes based on MIPs and molecularly imprinted nanozymes.
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2. The design of molecularly imprinted
polymer-based artificial enzymes

In molecular imprinting techniques, template molecules interact
with functional monomers to form pre-polymerized complexes.
After removing excess cross-linker and template molecules
from the polymer, polymerization of such complexes can form
imprinted cavities complementary to the template molecules’
size, shape, and coordination spheres.37–39 Wulff’s seminal
report used a template covalently linked to a reactive monomer.40

Interest in molecularly imprinted polymers (MIPs) proliferated
when Mosbach reported a more straightforward method using
methacrylic acid and a cross-linking agent.41 Molecularly
imprinted materials thus hold significant promise as selective
adsorbents and specific biological recognition elements in
medicine, chemistry, biology, and environmental and food
sciences.37,42–46 In addition to using molecularly imprinted
polymers called plastic antibodies as biological recognition
elements, artificial enzymes called plastic enzymes can be
designed. This approach involves imprinting substrates, sub-
strate analogs, or structurally similar transition state molecules
into the polymer structure to form cavities, which are artificial
active sites for catalytic reactions. Table S1 (ESI†) summarizes
the main MIPs-based artificial enzymes in this review.

2.1 Imprinting substrate molecules

Various artificial enzymes with high selectivity have been prepared
using target substrates or substrate analogs as templates.47–49

These artificial enzymes can exhibit high catalytic activity because
the cavities in the polymer can selectively bind to the corres-
ponding substrate or substrate analogue and the catalytic groups
(derived from the functional monomer) are complementary
in position to the substrate or substrate analogue. Li’s group
synthesized a new molecularly imprinted polymer (MIP) by
introducing heme as the catalytic center with the substrate
(homovanillic acid and HVA) as the template and using several
functional monomers to prepare the active site, which success-
fully simulated the natural peroxidase.50,51 The inherent diffi-
culty of MIPs in recognizing template molecules in polar
solutions was overcome by using the unique structure of heme
and the multi–sites interactions provided by multiple functional
monomers. The newly developed MIPs have about 30-fold higher
recognition capacity for homovanillic acid and 8-fold higher
catalytic activity than the NIPs, with significant advantages in
specificity and stability over natural peroxidases. Nevertheless,
the catalytic activity of the imprinted polymers was restricted due
to their limited solubility in water. To improve their solubility,
they prepared terpolymers of acrylamide, 4-vinyl pyridine, and
heme, forming soluble enzyme systems in dimethyl sulfoxide
(DMSO)-Tris/HCl (5 : 95, v/v) buffer.52 They exhibited higher
catalytic activity than in pure Tris/HCl buffer. However, it was
clear that preparing homogeneous imprinted catalysts with
high catalytic activity in pure aqueous solutions was of more
interest. Therefore, they constructed a novel horseradish per-
oxidase mimetic system based on an imprinted tetramer
formed by cross-linking of 4-vinylpyridine, hemin, acrylamide,

and N-isopropylacrylamide via ethylene glycol dimethacrylate
with HVA as a template molecule.53 This novel artificial enzyme
has adequate water solubility and dual pH and salt response
properties, a further mimic of the natural enzyme.

In this direction, Özgür’s group has synthesized CO2-
imprinted hydroxyethyl methacrylate-based cryogel membranes
utilizing polymerizable L-histidine derivatives.54 The active site
of carbonic anhydrase was simulated by molecular imprinting,
and its CO2 biotransformation activity was examined (Fig. 2).
The Wilber–Anderson method was used to calculate the hydra-
tase activity of cryogel membranes. Wilber Anderson units
(WAU) were calculated for cryogenic membranes containing
MAH Zn2+ complex (1.0 mL), which increased the number of
membranes by 1.07, 1.35, 1.40, 1.63, 2.01, and 2.56, respectively.
The cryogel membranes also exhibited excellent stability.
Repeated measurements were performed 10 times using cryo-
genic membranes containing MAH-Zn2+ complex (1.0 mL) to
calculate the reusability of the membranes, and an activity loss
of about 3% was observed in the results obtained.

Apart from selecting suitable functional monomers and
template molecules, modulating the morphology of MIPs also
has a considerable impact on their catalytic performance. Guo’s
group demonstrated that the hollow morphology of MIPs
increased their hydrolysis rate by 88%.55 Therefore, they pre-
pared molecularly imprinted nanocapsules with specially
designed functional monomers using the substrate molecule
methyl parathion as a template molecule for mimicking
phosphotriesterase-catalyzed hydrolysis of organophosphorus
pesticides.56 The results indicated that the prepared hollow
MIPs not only had a catalytic performance approximately 400
times higher than the self-hydrolysis rate of the substrate but
also could effectively adsorb p-nitrophenol, another contaminant
to be eliminated, from the hydrolysis of organophosphorus
compounds.

2.2 Imprinting transition state molecules

It is generally accepted that enzymes are spatially and electro-
nically complementary to reactants in their rate-determining
transition states, accelerating the reaction.57 The preferential
binding of the reaction transition state reduces the activation

Fig. 2 CO2-imprinted hydroxyethyl methacrylate-based cryogel mem-
branes (plastic enzymes) for CO2 bioconversion by means of the poly-
merizable L-histidine derivative (MAH). Reprinted with permission from
ref. 54. Copyright 2021 the American Chemical Society.
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energy of the reaction and thus can effectively enhance the
reaction rate. Therefore, molecular imprinting using a stable transi-
tion state analog as a template to prepare artificial enzymes with
high catalytic activity is a promising strategy. To develop efficient
catalytic systems, the binding sites of MIPs need to be designed
to stabilize the formation of the reaction transition state, thus
reducing the transition energy requirement; suitable functional
monomers need to be selected and precisely positioned to
increase the transition state binding. After Jencks first proposed
this approach and used it to construct so-called ‘‘catalytic
antibodies’’,58 the transition state analog as templates for mole-
cular imprinting gained widespread application.59–63 Liu and
Wulff synthesized catalytic MIPs to mimic the activity of Carboxy-
peptidase A using phenyl-2-pyridyl-phosphate, which mimics the
hydrolysis transition state of carboxylic acid esters as a template
molecule along with an amidinium functional group and a ligated
Zn(II) trialkyl amine group.64 The results showed that the prepared
MIP significantly promoted the hydrolysis of the substrate diphe-
nyl carbonate. This is the first example of molecularly imprinted
catalysts working more efficiently than catalytic antibodies.

After that, they replaced the metal ion Zn2+ with Cu2+ to
increase the metal complex’s stability and assist the catalytic
effect. The reaction rate was increased by a factor of 8000
compared to the background reaction.65 Later, to further
improve the performance of the catalytic system, the authors
added two amidine units to the trialkyl amine to form a
complex that was coordinated to Cu2+ near the two molecules
of the substrate interacting with the amidine. The optimized
imprinting catalyst increased the hydrolysis rate of the corres-
ponding carbonate by a factor of about 410 000.66

Devaky’s group synthesized mimic chymotrypsin for the
hydrolysis of anilide using a phosphate template as a stable
transition mimic utilizing molecular imprinting techniques.67

Hydrolysis of aniline involves nucleophilic attack of OH� on the
carbonyl center to form a tetrahedral carbon atom, which can
be mimicked by a tetra-coordinated phosphorus atom (phenyl-
1-(N-benzyloxycarbonylamino)-2-(phenyl)ethyl phosphonate)
(Fig. 3). The polymer obtained after removal of the template
underwent efficient hydrolysis of p-nitroanilide of phenylala-
nine, and the reaction conformed to pseudo-first-order kinetics

Fig. 3 Scheme for the synthesis of trifunctional enzyme mimic. Reprinted with permission from ref. 67. Copyright 2016 the Elsevier.
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while exhibiting stereospecificity and substrate selectivity (Fig. 3).
They further synthesized a MIP mimicking chymotrypsin on
multiwalled carbon nanotubes (MWCNT) using the transition
state analogue phenyl 1-benzyloxycarbonylamino-4-methoxy-
benzyl phosphonate as a template.68 MWCNTs as a carrier
material not only improved the specific surface area of MIPs
but also enhanced the removal of the template as well as the
binding ability and kinetics of molecular recognition of MIPs.
Therefore, MWCNTs-grafted MIPs have better catalytic proper-
ties than ungrafted MWCNTs MIPs. They also extended their
studies on TSA-imprinted chymotrypsin’s hydrolase activity,
which mimics targeting dipeptides containing chymotrypsin-
specific amino acids as substrates.69 Proper orientation of the
reactive functional groups in the hyper-crosslinked macro-
porous polymer matrix selectively binds the substrate and
catalyzes its hydrolysis with high efficiency. Zhu’s group pre-
pared molecularly imprinted porous aromatic frameworks
(MIPAF) by combining the porous aromatic frameworks with
molecularly imprinted sites.70 The catalytic hydrolysis site
consists of Zn2+ ligated with 1-vinylimidazole, methacrylic acid,
and 1-(diethoxyphosphorylmethyl)-4-nitrobenzene, a transition
state like the hydrolysis of paraoxon. The rate of hydrolysis of
paraoxon by MIPAF (21 mM min�1) was even higher than that
reported for natural organophosphorus hydrolases (1.42 mM min�1).
However, this strategy has two serious drawbacks. On the one
hand, the transition state structures of many reactions are still
unclear and need to be elucidated by further studies. On the
other hand, even if the transition state structures are known, the
design and synthesis of tsa are still very challenging. Therefore,
this strategy is very dependent on the development of organic
chemistry.

2.3 Post-imprinting modification (PIM)

Partial catalytic residues of the functional monomer are present
outside the cavity, leading to non-specific catalysis. To achieve
higher selectivity, catalytic sites should be present only in
the binding pocket. For this purpose, a new post-imprinting
modification (PIM) method is proposed.67,71–75 PIM refers to
the chemical modification of functional monomer residues in
the cavity at a fixed point. The MIP substrate is first prepared
using a functional monomer with a modifiable portion, such
as a reversible bond (e.g., disulfide or imine bond), an amino
group, or a carboxyl group. Then the functional monomer
residues are modified by disulfide exchange, hydrolysis of
imine bonds or chemical modification of amino, or carboxyl
groups within the formation of binding cavities to tailor the
functionality of the prepared MIPs.74 An example of using PIM
is the construction of an artificial enzyme for the methanolysis
of atrazine.76 Carboxylic acid and sulfonic acid are the two
functional groups necessary for the cleavage of atrazine since
the carboxylate adsorbs the substrate by electrostatic interaction,
while the sulfonic acid acts as an acidic catalyst (Fig. 4). In the
molecular imprinting process, atrazine analogs are combined
with allyl or styryl groups through disulfide bonds at the 6-position
to form templates and then copolymerized with methacrylic acid
(functional monomer) and styrene/divinylbenzene (cross-linker) to

prepare molecularly imprinted polymers with atrazine conver-
sion activity (Fig. 4). Within the imprinting cavity, the atrazine
groups covalently bound to the polymer matrix are removed by
reducing the disulfide bonds, and the remaining thiol groups
are oxidized to generate sulfonic acid (catalytically active group)
(Fig. 4). By this post-imprinting treatment, the catalytic residues
of the decomposed atrazine are selectively introduced into the
catalytic center, efficiently completing the catalytic reaction
while reducing the generation of unnecessary by-products.

Glycosidase is a vital enzyme capable of selective hydrolysis
of sugars. Although sugars can be hydrolyzed in acidic water,
achieving highly selective hydrolysis using non-enzymatic cat-
alysis is still an unrealized goal. Zhao’s group prepared water-
soluble polymer nanoparticles by molecular imprinting in
cross-linked micelles with a boroxole bound to the sugar in
the imprinted site.77 The post-modification installs an acidic
group near the oxygen of the target glycosidic bond, with a
systematic change in acidity and distance of the acid. The
resulting synthetic mimetic glycosidases hydrolyze oligo-
saccharides and polysaccharides only in hot water in a highly
controlled manner. These catalysts not only decompose
straight-chain starch with similar selectivity as natural enzymes
but can also be designed to have selectivity that biocatalysts do
not have. The substrate selectivity depends mainly on the
glycosyl residues within the active site, including their spatial
orientation. In short, the catalytic groups are precisely installed
within the imprinted pocket, which helps to prepare highly
selective, high catalytic activity artificial enzymes.

2.4 Porous molecularly imprinted materials (PMIF)

To prepare high-performance MIPs, the first thing to pay
attention to is the design of the functional monomer, which
is closely related to the affinity between the imprinted sites and
the substrate; secondly, it is the morphology control of the
polymer, which is directly related to the mass transfer and
substrate diffusion. In addition, for the common highly cross-
linked MIPs, many functional sites are embedded in the internal
region, resulting in the inaccessibility of the substrate to the

Fig. 4 Illustration of the preparation of atrazine transforming polymers
using the post-imprinting process. Reprinted with permission from ref. 76.
Copyright 2006 the Royal Society of Chemistry.
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active site and a decrease in catalytic activity.25 Efforts to improve
mass transfer involve a variety of strategies, including making
MIPs smaller. Because nano MIPs have some distinct advantages
over previously developed MIPs with large size and irregular
shape, including their high surface area to volume ratio, easy
template removal, fast binding kinetics, and good dispersibility.78

In addition, finding an effective method to open the internal
space of highly cross-linked MIPs would be beneficial to improve
the accessibility of the active site and the catalytic activity.

2.4.1 Molecularly imprinted porous cross-linked polymers.
In this regard, porous cross-linked polymers prepared by the
solvothermal method can generate porous backbones and
provide abundantly accessible sites, which have obvious advan-
tages in catalysis.79 Guo’s group designed two novel Ag(I)
complexes with synergistic pyridine and amidoxime ligands
(Ag-PAAO) as functional monomers to mimic the organophos-
phorus hydrolase (OPH) catalytic site.80,81 Fig. 5 represents the
schematic diagram for the preparation of MIPCP-Ag-PAAO.
First, the mixed Ag-PAAO and template (EP) were self-assembled
to form Ag-PAAO-t; then Ag-PAAO-T was copolymerized with
the cross-linker DVB under solvothermal conditions to obtain
the polymer catalyst. Finally, the template and metal ions in the
resulting polymer were removed and reloaded with metal ions
to obtain the recyclable bio-nanocatalyst MIPCP-Ag-PAAO. From
the 1H NMR experimental results, the EP- Ag-PAAO pre-assembly
spectra are significantly right-shifted in the characteristic peaks
compared with those of EP, indicating a strong binding inter-
action between EP and Ag-PAAO. In addition, density functional
theory and experimental spectral analysis suggest that amidoxime
has both a critical coordination role with silver ions and a
nucleophilic attack to weaken the P-OAr bond at the catalytically
active center. The observed pseudo primary rate constants (kobs)
of MIPCP-Ag-PAAO-20% p-ethyl for the hydrolysis parathion (EP)
were about 1.2 � 104 times higher than those for the self-
hydrolysis (30 1C, pH = 9). Such easily prepared and low-cost

MIPCP-Ag-PAAO compounds have great potential for practical
applications in the field of artificial enzymes. Although MIPCP-
Ag-PAAO showed high hydrolytic activity toward the substrate,
the imprinting efficiency was not very high, possibly due to the
high temperature in the generation of open pores that can affect
and damage the imprinting sites. Therefore, this method
requires further improvement of the pore-creating technique to
improve the imprinting efficiency and catalytic performance.

2.4.2 Molecularly imprinted MOF. Metal–organic frame-
works (MOFs) are novel porous materials formed by the self-
assembly of metal ion clusters and organic linkers in a suitable
solvent. Due to their customizable structures, controlled pore
properties, and open metal active sites, MOFs have been widely
used in catalysis, gas storage, adsorption and separation, and
sensing applications.82–84 However, traditional MOFs usually
have limited defects and poor binding selectivity, limiting their
development in artificial enzymes. Molecular imprinting is a
well-established method to generate highly specific cavities.
The combination of molecular imprinting and MOF fabrication
to produce imprinted MOFs with specific recognition defects
will provide a new alternative for designing artificial enzymes.
It has been reported that the specific adsorption capacity of
MOFs can be enhanced by coating the MIP layer on their
surface. AgNPs@ZnMOF coated with a molecularly imprinted
layer with catalase-like activity had a low detection limit of
0.06 mmol L�1 for the detection of patulin.85 3D CoFeMOFs/
AuNPs coated with polypyrrole (Ppy) based MIPs enabled trace
detection of norfloxacin (NOR) electrochemistry.86 The effective
surface area of the MIP/CoFe-MOFs/AuNPs/Glassy carbon elec-
trode (GCE) was increased to 0.1058 cm2, indicating that more
imprinting sites were generated, resulting in a lower limit
of detection of 0.131 pmol L�1 and a wider linear range for
MIP/CoFe-MOFs/AuNPs/GCE.

However, because the imprinted cavities are not inside the
MOF matrix, the application of such MOF@MIPs in the field
of catalysis will be limited. Shen’s group added the template to
the MOF system and tailored the imprinted cavities within
the MOF matrix by exploiting the coordination interactions
between the template molecules and the metal sites.87 The
resulting active sites complement the template molecule in terms
of both coordination interactions and three-dimensional dimen-
sions (Fig. 6). The experimental results showed that different
types of imprinted MOFs, including imprinted MIL-101_NH2 and
imprinted UiO-66_NH2, had higher adsorption capacity and tem-
plate selectivity compared with the non-imprinted MOFs, verifying
the applicability of this synthetic strategy for the preparation
of imprinted MOFs. The binding capacity of the imprinted UiO-
66_NH2 to the template KET was as high as 295.2 mg g�1, which
was much higher than that of the conventional MIPs. The char-
acterization of the imprinted MOFs showed that the key factor for
the generation of imprinting defects in MOFs was the coordination
interaction between the template and the metal-centered clusters
during the synthesis, which not only provided functional groups
and shapes complementary to the target template, but also
provided more unsaturated metal sites for catalysis. The presence
of imprinted cavities in imprinted MIL-101_NH2 significantly

Fig. 5 The schematic diagram for the preparation of MIPCP-Ag-PAAO.
Reprinted with permission from ref. 80. Copyright 2021 the American
Chemical Society.
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accelerated the H2O2-mediated photocatalytic degradation of SM2,
exhibiting higher photocatalytic activity (64%) and higher photo-
catalytic selectivity (4.74) than the non-imprinted MIL-101_NH2

system. Accordingly, the molecular imprinting strategy provides
new insights into the design of artificial enzymes with ordered
defects and high binding selectivity of MOFs groups.

2.4.3 Molecularly imprinted PAF. The tailored binding
properties of molecularly imprinted polymers (MIPs) have
facilitated the rapid development of artificial enzymes.88–90

However, the flexible nature of these polymers results in dense
structures where only the active site is exposed on the outer
surface of the particle, and most of the functional sites (B60
to 80%) are embedded in the soft backbone, leading to low
catalytic rates and leakage of the imprinted template.25 The PAF
is formed by irreversible coupling reactions (generally C–C
bonding) and has an ordered local structure.91 In contrast to
crystalline materials with dynamic backbones (MOFs and
COFs), the internal structure of PAFs, formed by irreversible
covalent bonding, guarantees the stable presence of imprinted
sites. Their hierarchical pores are suitable for transporting
guests to the internal space. Their rigid backbone overcomes

the microrheological properties of flexible polymers and facili-
tates the maintenance of the imprinted site structure.91 So,
combining PAF materials with MIT is an effective pathway for
constructing artificial enzymes. Zhu’s group designed and
synthesized molecularly imprinted PAFs for mimicking the
activity of natural organophosphorus hydrolases.70 Molecularly
imprinted motifs of coordinated zinc complexes containing
p-oxa transition state analogs were embedded in PAFs to create
hydrolysis sites. MIPAF-1, MIPAF-2, MIPAF-3, and MIPAF-4
(Fig. 7C) with 10%, 20%, 30%, and 40% hydrolysis sites, respec-
tively, were synthesized by Heck coupling reaction. Their BET

Fig. 6 Schematic illustration of the preparation of the imprinted UiO-
66_NH2. Reprinted with permission from ref. 87. Copyright 2020 the Royal
Society of Chemistry.

Fig. 7 (A) Building units of Heck coupling reaction. (B) Synthesis of
organic porous material, MIPAF-0, as a scaffold for the design of porous
artificial enzymes and the simulated structure to guide the eye.
(C) Synthesis of MIPAFs 1 4 with hydrolysis site. (D) Synthesis of MIPAFs
5 6 with product adsorption site. (E) Synthesis of MIPAF-9 with both
hydrolysis and product adsorption sites for the cascade process. Reprinted
with permission from ref. 70. Copyright 2018 the John Wiley and Sons.
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surface areas were 503, 390, 275, and 160 m2 g�1, respectively.
The hydrolysis rate gradually increased from MIPAF-1 to
MIPAF-3, and the hydrolysis rate of MIPAF-3 was 9.5 �
10�6 m min�1, which was 26 times higher than that of the
conventional non-porous structure MIP. Then it decreased with
the increase of MIPAF-4 hydrolysis site content. The hydrolysis
product (p-nitrophenol) was used as a template and pre-
assembled with zinc dimethacrylate to obtain the product
adsorption complexes. Among the product adsorption com-
plexes with 10%, 20%, 30% and 40% of MIPAF-5, MIPAF-6,
MIPAF-7, and MIPAF-8 (Fig. 7D), respectively, MIPAF-7 exhi-
bited the strongest uptake for p-nitrophenol with a maximum
uptake of 32.06 mg mg�1, which was 4.6 times higher than that
of the conventional polymer-based MIP (5.7 mg mg�1). Both
substrate hydrolysis and product adsorption experiments reveal
that the PAF scaffold can maintain the porous internal space
and improve the utilization of the imprinting sites. MIPAF-9
(Fig. 7E) with 30% of substrate hydrolysis sites and 5% of
product adsorption sites converted 17% of ethyl paraoxons in
2.5 hours, more than 14 times the rate of natural organo-
phosphorus hydrolase. This indicates that efficient separation
of the product from the catalytic site can accelerate the catalytic

rate. These results suggest that molecularly imprinted PAFs can
effectively mimic the activity of natural enzymes and provide
good implications for the design of other artificial enzymes.

2.5 Molecularly imprinted micelle (MIM)

Zhao’s group has developed a molecularly imprinted surfactant
micelle approach to construct high-efficiency artificial enzymes
in recent years.92 The nano-limited domain space generated by
surface polymerization and cross-linking of micelles induce
extraordinary templating effects, with imprinted/non-imprinted
ratios (i.e., imprinting factors) in binding often reaching hun-
dreds or even 10 000.93–95 Catalytic groups are further installed in
the imprinted pockets to generate mimetic enzymes with high
selectivity and catalytic activity. An artificial glucosidase was
constructed based on molecular imprinting in cross-linked
micelles.96 First, mixed micelles of 1 and 2 were spontaneously
formed, which contained template molecules, divinylbenzene
(DVB, a free-radical crosslinker), and 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA, photo-initiator) (Fig. 8). The Cu(I) catalyst
catalyzes an efficient alkyne azide click reaction to crosslink the
micelle surface, and the proximity of reactive groups can facili-
tate this reaction. Then, UV-induced radical polymerization

Fig. 8 General procedure for the MINP preparation from a mixed micelle of 1 and 2 containing DVB and DMPA. Reprinted with permission from ref. 96.
Copyright 2021 the American Chemical Society.
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cross-links the micellar core around the template, and then a
layer of hydrophilic ligands is installed on the micelle surface
via a second round of click reaction between 3 and the residual
alkyne on the micelle. These surface ligands can be cleaned by
simple precipitation and organic solvents, while the template
molecules are also removed. As shown in Fig. 9, MINP (5 + 8a–i)
has a boroxole group at the active site that binds to cellobiose
(or cellulose) terminal glucose and has an acid near the glyco-
sidic bond catalyze hydrolysis. The two free hydroxyl groups
of boronate 6 facilitate anchoring near the micelle surface.
Keeping the active site close to the surface is also essential
so that unbound glucose residues in the substrate remain in
solution while the terminal glucose forms reversible boronate
with boronic acids within the active site. Amino acids 8a–i
allows the introduction of different acids at the active site, thus
exhibiting different catalytic activities. The ability of MINP
(7 + 8f) to hydrolyze cellobiose in aqueous solution approxi-
mates that of some natural b-glucosidases and functions
at 83% H3PO4 and 90 1C in an ionic liquid/DMSO mixture.
The enzyme-like activity of the synthetic glucosidase was
0.719 mmol mg�1 h�1/2 : 8 [C2 mim] OAc/DMSO with 5% H2O,
which is unprecedented. Analogously, Zhao’s group developed
a site-selective artificial epoxide oxidase by micelle imprinting.97

When the template is removed, the formed imprinted sites
generate peroxycarboxylic acid in situ under UV light irradiation,
thus precisely fixing the catalytic site within the imprinted

pockets. By adjusting the synthesized templates, the size and
shape of the imprinted sites can also be regulated, and the
position of the catalytic sites can be precisely located, allowing
the prepared artificial enzymes to distinguish alkenes whose
carbon–carbon double bond positions differ by one carbon.
As discussed above, micelle imprinting technology is a method
for bottom-up construction of efficient artificial enzymes using
carefully designed templates and post-modified catalytic sites.

3. Molecular imprinting on nanozymes

Nanozymes are a series of nanomaterials that possess enzyme-
like activities, such as oxidase-like, peroxidase-like, hydrogen
peroxidase-like, superoxide-like dismutase, and laccase like
activities, under near-physiological conditions.98–106 Nano-
zymes have been widely used in biosensor development, envir-
onmental remediation, and nanomedicine with higher stability
and lower cost than natural enzymes.8,107,108 However, nano-
zymes lack specific recognition and binding of substrates,
one of the major characteristics of most natural enzymes.
To solve this problem, compared with biological ligands such
as antibodies or aptamers, stable and economic molecularly
imprinted polymers are more suitable for constructing substrate
binding sites for nanozymes. Molecular imprinting technology
can bridge the gap between nanozymes and natural enzymes.

Fig. 9 Preparation of MINP-based synthetic glucosidase, with a schematic representation of the active site functionalized with 8i and a cellobiose bound
by the boroxole group introduced through FM 4. Reprinted with permission from ref. 96. Copyright 2021 the American Chemical Society.
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Table S2 (ESI†) summarizes the main Nanozyme@MIPs in this
review.

3.1 Fe3O4@MIPs

Iron oxide nanoparticles (NPs) are one of the first reported
nanozymes with peroxide-like activity.99 Because of their potent
activity and good biocompatibility, the group of Liu encapsu-
lated Fe3O4 nanoparticles with peroxidase-like activity in MIP
by aqueous precipitation polymerization (Fig. 10A).90 The
peroxidase-like activity of Fe3O4 NPs was confirmed by mixing
TMB and ABTS substrates with Fe3O4 NPs and H2O2, respec-
tively, and TMB and ABTS turned blue and green, respectively
(Fig. 10B). The change in the z-potential of Fe3O4 NPs after
mixing TMB and ABTS with free Fe3O4 NPs, respectively,
indicates that the substrates can adsorb to the surface of
Fe3O4 NPs, which is the basis for ensuring that surface imprint-
ing can be achieved. Acrylamide and NIPAAm (monomers), and
MBAAm (a crosslinker) are added to the Fe3O4 NPs and TMB (or
ABTS) mixture. After adding the initiator, the nanogels are
obtained by precipitation polymerization, and then specific
recognition pockets are formed when the substrate template
is rinsed off. The TMB and ABTS imprinted gels were named T-
MIP and A-MIP, respectively. In addition, gels without
imprinted TMB or ABTS were named non-imprinted polymers
(NIP). The kcat/Km of T-MIP (6.8 � 10�2 s�1 mM�1) is 2.8 times
higher than that of bare Fe3O4 (2.4 � 10�2 s�1 mM�1). The same
gel oxidized ABTS with kcat/Km about 3 times lower than that of
bare Fe3O4. Similarly, the specificity of A-MIP for oxidation of
ABTS was 4-fold higher than that of bare Fe3O4 and 1.5-fold
lower for oxidation of TMB. Since TMB is positively charged and
ABTS is negatively charged, the imprinting can be further
improved by adding cationic DMPA or anionic AMPS. The
TMB-imprinted nanogel containing anionic AMPS is named
T-MIPneg, and the TMB-imprinted nanogel containing cationic
DMPA is named T-MIPpos. T-MIPneg has the best catalytic

efficiency, 15 times higher than bare Fe3O4 NPs, which is
better than T-MIP gels without AMPS monomers. Meanwhile,
T-MIPneg showed the lowest oxidation efficiency for ABTS. The
same trend was observed in the A-MIPpos gels. In the best case,
the selectivity of TMB using T-MIPneg nanogels was 98 times
higher than that of ABTS, while the selectivity of ABTS using
A-MIPpos was 33 times higher than that of TMB. These results
can be reflected in the visual colorimetric tests (Fig. 10C and D)
and are the reason for the enhanced activity, and the authors
used a surface science approach to decompose the mechanism
of the nanozyme-catalyzed reaction into three steps: adsorption
of the substrate, reaction, and product release.109 The enrich-
ment of the local substrate concentration is about 8-fold due to
the imprinting effect, and the increase in substrate concen-
tration can promote an increase in enzyme-like activity. The
MIP gel layer has faster molecular transport kinetics than
the NIP sample. The substrate imprinted gel also reduced the
reaction energy barrier with the lowest activation energy. The
activation energy (Ea) decreases from 29.1 kJ mol�1 (Fe3O4)
to 13.8 kJ mol�1 (A-MIPpos). Since the oxidation product has a
different geometry, it cannot fit into the imprinting pocket and
will be released to regenerate the substrate binding sites. The
same approach was successfully applied to the imprinting of
gold nanoparticles (peroxidase-like activity) and nanoceria
(oxidase-like activity), showing that molecular imprinting is
a versatile method to improve activity and specificity. Other
examples include the growth of polypyrrole (PPy)-based MIP on
Fe3O4 nanoparticles using methylene blue (MB) as a
substrate.110 The Fe3O4@PPy composites showed better cataly-
tic performance towards MB in the presence of the sulfate-
radical oxidant sodium persulfate compared to bare Fe3O4

nanoparticles. Interestingly, Fe3O4@PPy could still degrade
more than 80% of MB after five cycles. The in-depth study of
the activity and specificity of the imprinted nanozymes can
provide meaningful guidance for the further rational design of
molecularly imprinted nanozymes.

3.2 AuNPs@MIPs

To improve the selectivity of AuNP-based glucose oxidase (GOD)
mimics, Zhang’s group introduced molecular imprinting tech-
nology to construct mimics with higher catalytic activity and
specific recognition of glucose (Glu).111 Polystyrene microspheres
(PS) were used as carriers to which AuNPs were adsorbed.
Aminophenylboronic acid (APBA) acts as a recognition mole-
cule that can bind to the adjacent hydroxyl groups of the
glycans under alkaline or neutral conditions (Fig. 11). APBA
was adsorbed to AuNPs by electrostatic adsorption and N-Au
bonding between AuNPs and APBA amine groups and then
bound to the template molecule of Glu under anaerobic con-
ditions. APBA can be used to construct molecularly imprinted
polymer (MIP) shell layers by forming brown polymers through
ammonium persulphate (APS)-initiated reactive amino groups
in addition to binding to neighboring hydroxyl groups (Fig. 11).
In the presence of N,N-methylene bisacrylamide (MBA) as a
cross-linking agent, the free APBA polymerizes with the APBA
adhered to the Au–PS surface to form a net-like structure.

Fig. 10 (A) A scheme of imprinting TMB on Fe3O4 NPs. Photographs
showing the activity and specificity of (B) Fe3O4 NPs, (C) T-MIPneg and
(D) A-MIPpos nanogels for the oxidation of TMB and ABTS with or without
H2O2. Fe3O4 NPs (50 mg mL�1, free or in nanogels) were used in all
experiments oxidizing 0.5 mM substrates with 10 mM H2O2 in buffer A
(20 mM acetate, pH 4.0) for 30 min at room temperature. Reprinted with
permission from ref. 90. Copyright 2017 the American Chemical Society.
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Then, the polymer was deposited on the surface of micro-
spheres to form an APBA shell layer around Au–PS. After
removal of the template molecules, a shell layer with Glu-
binding pockets was formed on the Au–PS surface capable
of specifically recognizing, trapping, and enriching Glu with

significant selectivity for the substrate (Fig. 11). On this basis,
a heptadecafluoro-n-octyl bromide nanoemulsion with oxygen
supply function was also introduced to further improve the
catalytic activity, successfully increasing the catalytic efficiency
(kcat/Km) by about 270-fold. This improved catalytic efficiency
could also be attributed to the spatial confinement effect of
molecularly imprinted porous shells. These AuNPs-based GOD
mimics have been successfully employed for actual Glu detection
in drinks and blood glucose.

3.3 DNAzyme@MIPs

This peroxidase DNAzyme is based on guanine tetraploid (G4)
DNA, with heme as a cofactor (Fig. 12A). It catalyzes the
oxidation of many substrates in the presence of H2O2, such as
3,3,5,5-tetramethylbenzidine (TMB), 2,2-azidobis (3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS), dopamine, and 10-acetyl-3,7-
dihydroxyphenoxazine (Amplex Red, AR).112 Liu’s group inte-
grated the DNAzyme into the nanogel by molecular imprinting
and polymerization to achieve specific oxidation (Fig. 12B).112

An acrylate group was added to the 50-end of the G4 DNA to make
it copolymerized. The acrydite-modified DNAzyme complex was
first mixed with AR (template) in the absence of H2O2, thus
avoiding being oxidized. At pH 7.4 (imprinting conditions), AR
is close to charge-neutral and therefore not electrostatically
repelled by DNAzyme. Its aromatic ring and polar groups can
interact with DNA bases and facilitate adsorption on the DNA-
zyme surface. In addition, acrylamide (AAm) and N-isopropyl
acrylamide (NIPAAm) and partially (15 mol%) positively charged
N-[3-(dimethylamino)propyl] methacrylamide (DMPA) (functional
monomers) and N,N-methylenebisacrylamide (MBAAm) (cross-
linker) were added. After reaction initiation, the system under-
went precipitation polymerization to obtain gel nanoparticles.
After removal of the AR template by extensive washing, the
imprinted DNAzyme nanogels were collected. MIP gels (Km =
1.8 � 0.6 mM) exhibited the highest affinity for the substrate,
compared to free DNAzyme (Km = 5.5 � 1.5 mM) and NIP
gels (Km = 8.5 � 1.5 mM). The oxidation rate of MIP nanogels

Fig. 11 Principle of the AuNP-based GOD mimic with enhanced activity
and selectivity constructed by molecular imprinting. Reprinted with
permission from ref. 111. Copyright 2018 the John Wiley and Sons.

Fig. 12 (A) A schematic representation of the peroxidase mimicking
DNAzyme and its oxidation of AR to fluorescent resorufin in the presence
of H2O2. (B) A scheme of preparing DNAzyme containing molecularly
imprinted nanogels (MIP) using AR as a template. Reprinted with permis-
sion from ref. 112. Copyright 2018 the Royal Society of Chemistry.
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(at B250 DF min�1) was over 2.7 times faster than that of NIP gels
and over 3.5 times faster than that of free DNAzyme, confirming
that MIP favors substrate binding and thus enhances catalytic
activity. The colorimetric test showed that MIP nanogels could
promote the catalysis of AR compared with free DNAzyme, while
the other three substrates (TMB, ABTS and DOPA) were even
inhibited, proving that MIP nanogels were indeed capable of
selective oxidation of AR.

3.4 Graphene oxide (GO) iron(III) complexes@MIPs

Combining molecular imprinting technology with nanomaterials
with enzyme-mimetic catalytic activity is a proven method for

constructing efficient artificial enzymes. It is challenging to
integrate MIPs as identification materials and nanomaterials as
active centers to play the ‘1 + 1 4 2’ effect. Shen’s prepared
artificial cyt c mimic (ACM) using molecularly imprinted col-
loidosomes (CSs) encapsulated by graphene oxide (GO) iron(III)
complexes via Pickering emulsion polymerization.113 Briefly,
Cr(VI) ion-imprinted polymers were first synthesized using GO
nanosheet stabilized emulsions. The ACM was then success-
fully constructed by loading Fe(III) centers into GO nanosheets
located on the surface of the imprinted CSs. Fig. 13 represents
Cr(VI) reduction mechanism by cyt c7 and ACMs, showing the
specific affinity of imprinted CSs for Cr(VI) ions and the electron

Fig. 13 Schematic representation of the reduction of Cr(VI) via (a) cyt c7 and (b) ACMs (GO-Fe(III) complex-coated MIP CSs). Reprinted with permission
from ref. 113. Copyright 2019 the American Chemical Society.
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transfer pathway during catalytic reduction. The maximum
binding of Cr on MIP CSs (0.68 mg g�1) was about 1.6 times
higher than that of NIP CSs (0.43 mg g�1), which indicates that
the prepared MIP CSs have specific binding cavities. However,
the adsorption of Cr(VI) by MIP CSs was lower than that of the
imprinted nanoparticles (0.3 mm), which may be due to the
dense structure of the highly cross-linked MIP CSs (72.3 mm)
resulting in the inability of the internal cavities to adsorb Cr(VI).
The binding ability of MIP CSs can be further improved by
modulating the proportion of porogenic agents in the oil phase
to improve the porosity and accessibility of the imprinting sites.
In this work, the Michaelis Menten model was also used to
characterize the activity of ACMs. The Vmax (the max reduction
velocity) value of ACMs (1.53 mM min�1) were approximately
triple that of non-ACMs (0.48 mM min�1), and the Km (the
affinity of the enzyme to the substrate) value of ACMs (4.26 mM)
was much lower than that of non-ACMs (9.20 mM), indicating
that the affinity of Cr(VI) on ACMs is much higher than that of
non-ACMs. The Kcat/kM (a measurement of catalytic efficiency)
values of ACMs (0.035 mM�1 min�1) were much larger than
those of non-ACMs (0.004 mM�1 min�1), indicating that the
catalytic efficiency of ACMs is much higher than that of non-
ACMs.

3.5 Peptide-based materials@MIPs

In recent years, peptide-based materials have received increas-
ing attention in the biomedical field because of their structural
versatility and good biocompatibility.114–116 Functionalizable
peptide materials can be the basis for constructing artificial
enzymes. Fry et al. prepared an artificial peroxidase with
tunable catalytic activity by modulating the peptide sequence

and the structure of the peptide-based assemblies.117 Woolfson
et al. modified the peptide sequence with a catalytically active
Cys–His–Glu triplet, resulting in the formation of a heptameric
a-helical cylinder assembly with hydrolytic activity.118 In contrast
to natural enzymes, these peptide-based catalysts with a simple
structure and chemical composition do not provide a complex
binding pocket for the substrate and lack substrate selectivity.
He’s group co-assembled Fmoc–Phe–Phe–His–COOH (Fmoc-FFH),
Fmoc–Phe–Phe–Ser–COOH (Fmoc-FFS) and fmoc–phe–phe–
ap–cooh (Fmoc-FFD) with p-nitrophenyl acetate (p-NPA) as a
template. The resulting peptide nanofibers exhibited vigorous
hydrolase-like activity and selectivity for p-NPA.119

However, the instability of supramolecular co-assembly makes
this artificial enzyme unsatisfactory in terms of reusability.
They next combined molecularly imprinted polymers with the
peptide assemblies to develop a stable peptide-based artificial
hydrolase.120 After mixing the Fmoc-FFH-containing catalytic
histidine peptide with the polymer component and the
imprinted template, the peptide molecules can self-assemble
into supramolecular nanofibers driven by non-covalent forces,
exhibiting apparent hydrolase activity. At the same time, the
template and functional monomers form a pre-organization
around the peptide assemblies. After polymerization under UV
light irradiation followed by removal of the template, nanofiber
polymer hydrogels containing specific cavities that bind more
readily to the template or analogues are formed (Fig. 14). The
relative activity of AMIP-H remained more than 80% after four
cycles. In contrast, SA-H is difficult to reuse after a one-time use
owing to the intrinsic instability within the supramolecular
assembly. The activity of AMIP-Hmax (7.68 mM min�1) was
2.5 times higher than the activity of SA-H (3.03 mM min�1).

Fig. 14 The preparation (A) and catalytic reaction (B) of a peptide-based artificial hydrolase with customized selectivity. Reprinted with permission from
ref. 120. Copyright 2019 the Royal Society of Chemistry.
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Similarly, Ge’s group found that imprinted polyacrylamide
porous shells around natural lipase could promote substrate
adsorption and enhance the catalytic activity of lipase nano-
gels.121 The results suggest that using peptide-based materials
as a platform combined with molecular imprinting techniques
to construct artificial enzymes with tailored substrate selectivity
and stability is practical.

4. Conclusions and outlook

In this article, we describe the recent progress in preparing
high-efficiency artificial enzymes by MIT. MIP-based artificial
enzymes exhibit excellent enzymatic catalytic activity and selec-
tivity and possess the advantages of easy preparation, low cost,
and high stability. The development of MIP-based artificial
enzymes has been further promoted by some optimized methods
such as imprinting transition state molecules, post-imprinting
modifications, opening the internal space of cross-linked poly-
mers, and some special preparation methods. Establishing
selective substrate binding sites on the nanozyme by utilizing
molecular imprinting technology to obtain synergistic effects
solved the problem of the lack of specificity of the nanozyme
and further improved its catalytic activity.

Although molecular imprinting technology has made tre-
mendous development in the field of preparing artificial
enzymes, many types of research are still at the laboratory level,
and there are still problems such as low binding capacity,
template leakage, and a low mass transfer rate, which hinder
the practical and industrial applications of artificial enzymes.
Due to the lack of sound theory to guide rational design and
controlled preparation, the development of enzyme-mimetic
MIPs still lags significantly behind their antibody-mimetic
counterparts, which have found applications in many essential
areas such as disease diagnosis, drug delivery, targeted bio-
imaging, and cancer therapy. Moreover, the variety of artificial
enzymes synthesized so far has been limited, and an under-
standing of the catalytic mechanism of more natural enzymes
is lacking. Even if the same kinds of artificial enzymes are
prepared, comparison of their activities lacks a standardized
criterion. Accordingly, we propose several recommendations
on MIT.

First, the integration of MIT with a variety of technologies
needs to be continuously enhanced to drive MIT forward.
Various polymer synthesis techniques have been introduced
into MIT, such as free radical polymerization and sol–gel
methods, as well as grafting. Polymer technology, nanotechnol-
ogy, click chemistry, microfluidics, stimulus-response technology,
biotechnology, and optical technology have advanced in recent
years. The rational integration of MIT and other technologies (e.g.,
nanoimprinting, immobilized enzyme techniques, solid-phase
synthesis and computer-assisted techniques, etc.) will accelerate
the development of molecular imprinting technology, which will
achieve various MIPs with better performance. For example,
nanoimprinting can significantly increase the number of effective
recognition sites and thus significantly improve the imprinting

ability. MIT can also be combined with natural or immobilized
enzymes to further enhance their activity and applicability. Some
scientists have already made some attempts in this regard,122,123

with molecularly imprinted polymeric layers of immobilized
elastase nanomaterials that can effectively recognize and enrich
substrates, hydrolyze interleukin 6 more efficiently, and be
applied to living organisms.123 Advanced computer-assisted tech-
niques (process simulation, chemometric techniques, molecular
modeling, etc.) facilitate the selection of templates, functional
monomers, solvents, and the estimation of the type of interaction
between templates and functional monomers, which will signifi-
cantly improve the probability of success in the preparation of
molecularly imprinted artificial enzymes.

Second, the design and synthesis of new functional mono-
mers is also an effective way to improve the selectivity of
molecularly imprinted polymers. The combination of theoreti-
cal calculations (computer simulations) and organic synthetic
chemistry has become an essential tool to obtain desirable
monomers. The development of monomers will significantly
broaden the scope of MIT applications. In addition, it is
generally believed that the imprinted cavities determine the
recognition properties of the prepared MIPs. In fact, MIPs are
composed of imprinted cavities and non-imprinted regions,
so the overall binding performance is not only determined by
the imprinted cavities but also by the non-imprinted regions.
The non-imprinted surfaces are functionally rich and inevitably
lead to significant non-specific adsorption, which in turn has
an impact on the affinity and specificity of the MIPs. Therefore
increasing the attention to the non-imprinted regions and
reducing their non-specific adsorption will have a positive
effect on the catalytic activity of molecularly imprinted artificial
enzymes.

Thirdly, the relatively large size of conventional MIPs makes
it challenging to remove the internal template molecules,
affecting the formation of the imprinting cavity. The irregular
shape increases the resistance to mass transfer. In some cases,
some large analytes may easily be trapped permanently inside
the MIPs due to the long diffusion distance and very slow
binding rate.78,124 This dramatically limits their performance
and applications of MIPs. Scientists have therefore developed a
series of nanoMIPs. The template molecules inside are easier to
remove. The inprinting sites are easier to retain while reducing
the diffusion distance of the target molecule and enhancing the
imprinting efficiency for nano-sized MIPs. They also have a
high specific surface area to volume ratio and regular geometry,
providing better recognition sites for analytes and lower mass
transfer resistance for fast binding kinetics.78,125,126 Their good
dispersion ability and high compatibility with various nano-
devices make nanoMIPs widely used in chemical sensing and
biological fields,127–129 providing a possible direction for devel-
oping molecularly imprinted artificial enzymes.

The final point is to better understand and describe the
mechanisms of enzyme-catalyzed reactions so that they can be
simulated more effectively. More efforts must be focused on
understanding the factors that affect the catalytic activity and
preparing polymeric matrices that change their properties in
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response to external changes. Furthermore, a unified standard
for enzyme activity comparison and a library of molecularly
imprinted artificial enzymes should be established to facilitate
people’s reference, screening, and lateral comparison, reduce
repetitive studies and simplify the tedious process of optimiz-
ing MIP formulations. It is reasonable to believe that with the
continuous progress of molecular imprinting technology and a
deeper understanding of natural enzymes, more productive
artificial enzymes will be developed. We believe that shortly,
more molecularly imprinted artificial enzymes with different
mimetic enzymatic activities will be created and can be applied
in biosensing, molecular and ion detection, imaging, cancer
therapy, inflammation therapy, batteries, and beyond.
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and R. Purrello, Chem. Commun., 2016, 52, 8518–8521.

25 L. Chen, S. Xu and J. Li, Chem. Soc. Rev., 2011, 40,
2922–2942.

26 Y. Yuan, Y. Yang, X. Ma, Q. Meng, L. Wang, S. Zhao and
G. Zhu, Adv. Mater., 2018, 30, 1706507.

27 C. Boitard, A. Bée, C. Ménager and N. Griffete, J. Mater.
Chem. B, 2018, 6, 1563–1580.

28 L. Chen, X. Wang, W. Lu, X. Wu and J. Li, Chem. Soc. Rev.,
2016, 2016, 2137–2211.

29 J. J. BelBruno, Chem. Rev., 2019, 119, 94–119.
30 Z. Chen, S. Huang and M. Zhao, Mol. Imprinted Catal.,

2016, 229–239.
31 D. Mathew, B. Thomas and K. Devaky, Polym. Bull., 2018,

75, 3883–3896.
32 G. n Wulff and J. Liu, Acc. Chem. Res., 2012, 45, 239–247.
33 D. K. Robinson and K. Mosbach, J. Chem. Soc., Chem.

Commun., 1989, 969–970.
34 A. Leonhardt and K. Mosbach, React. Polym., Ion Exch.,

Sorbents, 1987, 6, 285–290.
35 J. Matsui, I. A. Nicholls, I. Karube and K. Mosbach, J. Org.

Chem., 1996, 61, 5414–5417.
36 J. Chen, E. S. Garcia and S. C. Zimmerman, Acc. Chem. Res.,

2020, 53, 1244–1256.
37 H. R. Culver and N. A. Peppas, Chem. Mater., 2017, 29,

5753–5761.
38 J. E. Lofgreen and G. A. Ozin, Chem. Soc. Rev., 2014, 43,

911–933.
39 A.-M. Poller, E. Spieker, P. A. Lieberzeit and C. Preininger,

ACS Appl. Mater. Interfaces, 2017, 9, 1129–1135.
40 G. Wulff, Angew. Chem., Int. Ed. Engl., 1972, 11, 341.
41 L. Andersson, B. Sellergren and K. Mosbach, Tetrahedron

Lett., 1984, 25, 5211–5214.
42 A. Martı́n-Esteban, Trends Analyt. Chem., 2013, 45, 169–181.

Journal of Materials Chemistry B Review

Pu
bl

is
he

d 
on

 2
8 

5 
20

22
. D

ow
nl

oa
de

d 
on

 2
02

4-
06

-2
9 

 1
:0

1:
33

. 
View Article Online

https://doi.org/10.1039/d2tb00276k


This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. B, 2022, 10, 6590–6606 |  6605

43 J. Pan, W. Chen, Y. Ma and G. Pan, Chem. Soc. Rev., 2018,
47, 5574–5587.

44 X. Shen, L. Zhu, N. Wang, L. Ye and H. Tang, Chem.
Commun., 2012, 48, 788–798.

45 G. Wulff, Microchim. Acta, 2013, 180, 1359–1370.
46 Y. Zhang, P. Huang, J. Guo, R. Shi, W. Huang, Z. Shi, L. Wu,

F. Zhang, L. Gao, C. Li, X. Zhang, J. Xu and H. Zhang,
Adv. Mater., 2020, 32, 2070175.

47 M. Komiyama, T. Mori and K. Ariga, Bull. Chem. Soc. Jpn.,
2018, 91, 1075–1111.

48 G. Wulff, T. Gross and R. Schönfeld, Angew. Chem., Int. Ed.
Engl., 1997, 36, 1962–1964.

49 O. Ramström and K. Mosbach, Curr. Opin. Chem. Biol.,
1999, 3, 759–764.

50 Z. Cheng, L. Zhang and Y. Li, Chem. – Eur. J., 2004, 10,
3555–3561.

51 Z. Cheng and Y. Li, J. Mol. Catal. A: Chem., 2006, 256,
9–15.

52 Z. Chen, Z. Hua, J. Wang, Y. Guan, M. Zhao and Y. Li, Appl.
Catal., A, 2007, 328, 252–258.

53 Z. Chen, L. Xu, Y. Liang and M. Zhao, Adv. Mater., 2010, 22,
1488–1492.
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