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Abstract

The specific interactions responsible for molecular recognition play a crucial role in the fundamental functions of
biological systems. Mimicking these interactions remains one of the overriding challenges for advances in both
fundamental research in biochemistry and applications in material science. However, current molecular recognition
systems based on host-guest supramolecular chemistry rely on familiar platforms (e.g., cyclodextrins, crown ethers,
cucurbiturils, calixarenes, etc.) for orienting functionality. These platforms limit the opportunity for diversification of
function, especially considering the vast demands in modern material science. Rational design of novel receptor-like
systems for both biological and chemical recognition is important for the development of diverse functional materi-
als. In this review, we focus on recent progress in chemically designed molecular recognition and their applications

in material science. After a brief introduction to representative strategies, we describe selected advances in these
emerging fields. The developed functional materials with dynamic properties including molecular assembly, enzyme-
like and bio-recognition abilities are highlighted. We have also selected materials with dynamic properties in contract

systems are discussed.

catalysis, Cell recognition

to traditional supramolecular host—guest systems. Finally, the current limitations and some future trends of these
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Introduction

Molecular recognition often is a fundamental event pro-
ceeding advanced functions in living systems [1]. Molec-
ular recognition in biochemical processes often involves
interactions between host and guest molecules, e.g.
receptor-ligand, antibody-antigen, sugar-lectin, DNA-
protein, RNA-ribosome [2—4]. In biochemical systems,
molecular recognition involves noncovalent interac-
tions that include hydrogen bonds, coordinate bonds,
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hydrophobic forces, m-m interactions, van der Waals
forces and electrostatic effects. The complementarity of
these interactions provides molecular specificity, which
is crucial for specific biological responses like cell signal-
ling, intracellular cascades, cell behaviours and all subse-
quent biological functions.

An attractive application of molecular specificity is the
integration of biological molecular recognition systems
(e.g., natural receptor-ligand or antibody-antigen) in artifi-
cial materials for the development of functional materials.
However, molecular recognition in the natural receptors
used in these devices (antibodies, DNA) has inherent
drawbacks [5, 6]. First, their chemical and physical stabil-
ity and shelf life are limited, which seriously restrict their
applications in non-physiological environments. Second,
the isolation and purification from nature or biochemi-
cal synthesis are often expensive, time-consuming and
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labour-intensive. Finally, the conditions required for many
practical applications in field of material science are more
demanding compared to the those in nature. These disad-
vantages necessitate scientists to seek more durable and
robust receptor-like substitutions [7].

By mimicking the mechanism of nature receptors,
chemical combination of noncovalent interactions with
spatially and functionally complementarity would help
to create synthetic receptor mimics that are comparable
to natural molecular recognition [6, 8]. Supramolecu-
lar host—guest interactions represent one of the earliest
non-natural molecular recognition [9-11]. By the use
of macrocycle hosts (i.e., cyclodextrins, crown ethers,
cucurbiturils, calixarenes.) and their corresponding
guests [12-16], dynamic polymeric gels are obtained with
functions that include responsiveness, self-healing and
elastomeric properties [17]. These systems have spear-
headed the development of a new generation of materi-
als. However, these traditional host—guest chemistry are
relatively limited in number and function, and relatively
few have found advanced applications [18]. With increas-
ing demand for multiple functionality in the development
of advanced funtional materials, researchers in mate-
rial science have turned their attention to chemically
designed molecular recognition systems [12, 19-21].

In this review, we will introduce several typical chemi-
cal strategies for the synthesis of novel receptor-like
mimics which imitate the molecular recognition systems
in nature and their applications as functional materials.
Natural molecular recognition systems, such as DNA/
RNA, antigen—antibody, sugar-lectin, etc., will not be
included. We will first elaborate the chemical methods
for exploring new synthetic receptors including molecu-
lar imprinting, affinity screening, and dynamic com-
binatorial chemistry (DCC) strategies. Then, the latest
progress of these molecular recognition mechanisms in
material design as well as their emerging applications
will be recapitulatively reviewed and discussed. In the
end, we will give a perspective of this field, in particu-
lar, the future development of materials based on novel
molecular recognition systems. Due to the limited space,
we could not completely cover all literatures, but the lat-
est representative examples will be discussed. We hope
this paper will not only provide the researchers a pano-
ramic view of chemically designed molecular recogni-
tion, but also inspire them to develop new materials for
advanced applications in various fields including energy,
environment, biomedicine and so on.

Chemically designed molecular recognition
Molecular imprinting strategy

Molecular imprinting (MI) is a chemical technique to
create template-shaped cavities in polymer matrices
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with memory of the template molecules to be used for
molecular recognition [8, 22-28]. In contrast to the
other approaches to molecular recognition discussed in
this review, molecular imprinting depends on the use
of both physical and chemical interactions between the
target molecules and functional monomers, to gener-
ate a molecularly complementary material or material
interface [24]. The typical molecular imprinting process
involves the self-assembly of template molecules and
functional monomers via either non-covalent interac-
tions or reversible covalent bonds, the resulting com-
plexes subsequently being copolymerized with a suitable
cross-linker. After removal of the templates from the
obtained cross-linked polymer network, molecular rec-
ognition sites complementary in shape, size and func-
tionality to the template molecules are formed (Fig. 1)
[7]. To date, molecular imprinting has proven to be the
most efficient and versatile technique for incorporating
specific molecular recognition sites into polymers lead-
ing to polymeric artificial receptors, i.e., the molecularly
imprinted polymers (MIPs) [29, 30]. In principle, by
means of rational molecular design and chemical synthe-
sis, molecular imprinting allows the rapid and inexpen-
sive generation of synthetic receptors towards almost any
target molecules.

Since the first MI-based synthetic receptors reported
by Wulff et al. in 1972, [31] MIPs with reversible molecu-
lar recognition towards various targeted ligands ranging
from small organic molecules to macromolecules like
peptides and proteins have been readily prepared, mainly
benefiting from the molecularly tunable nature of a
imprinting process and the flexibility of polymer matrices
[32-36]. Further, owing to their high physical stability,
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Fig. 1 Schematic illustration of the mechanism of molecular
imprinting. Reproduced from Ref. [7] with permission from 2011
Biochemical Society

’

| 2

-0

Target




Chen et al. BMC Mat (2020) 2:1

specificity in recognition, and simplicity in synthetic pro-
cess, molecular imprinting has found use in a wide range
of applications encompassing the fields of separation
processes (i.e., chromatography, capillary electrophore-
sis, solid phase extraction, and membrane separation),
immunoassays, antibody mimics, artificial enzymes,
sensors, catalysis, organic synthesis, drug delivery, drug
development, and even bio-imaging [33, 37-39]. As is
known, molecular recognition in MIPs occurs by a “lock
and key” mechanism that is similar to natural receptor-
ligand interactions. Thus, it is worth highlighting the
increasing success of MI in biomolecular recognition and
bio-related applications. The recently reported research
in this regard will be discussed in detail in the following
sections.

Affinity screening strategy
Recent studies on interactions between biomolecules
and synthetic polymers reveal that polymeric nanopar-
ticles or linear copolymers with special functions and
components could exhibit high binding property and
even selectivity to biomolecules like peptides, proteins
and carbohydrates [40—47]. Schrader and co-work-ers
first attempted to synthesize a library of random statisti-
cal linear copolymers for the discovery of protein affinity
[40]. Then, Shea and co-workers expanded this concept
to cross-linked polymeric nanoparticles [42]. The mecha-
nism is based on optimizing the selection and proportion
of various functional monomers that are predisposed
towards favourable interactions with the target mole-
cules. After screening from a library of synthetic polymer
nanoparticles or linear copolymer incorporating a diverse
pool of functional monomers, receptor-like candidates
with high affinity and selectivity to targeted biomacro-
molecules can be readily obtained (Fig. 2). Different from
molecular imprinting that requires a target template for
receptor synthesis, such kind of affinity screening strat-
egy mainly relies on adjusting the chemical composition
and thus is very promising for massively exploiting syn-
thetic receptors for bio-recognition, in view of the diver-
sity of biomolecules, and in particular, the scarcity of
most of the important biomolecules in biological system.
Commonly, the linear copolymers with uniform length
and chemical groups could be synthesized by radical
polymerization; while these polymer nanoparticles with
uniform size and chemical component are obtained
through precipitation or emulsion polymerizations in
water solution and are purified by dialyzing the resulting
colloidal suspension against a large excess of water [48].
The chemical compositions of these copolymer systems
are comprised of carbon backbones with randomly dis-
tributed functional side chains by radical polymeriza-
tion of different functional monomers. To obtain random
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Fig. 2 The mechanism of screening affinity strategy for exploring

synthetic polymer nanoparticles with selective affinity. Reproduced
from Ref. [44] with permission from 2016 American Chemical Society

stoichiometric incorporation corresponding to the feed
ratio, the functional monomers should be either acryla-
mide or methylacrylamide due to the similar reactivity
ratios [49]. Several analytical techniques for evaluating
the synthetic receptor-biomolecule affinity, including
centrifugation filtration coupled with UV-Vis spectros-
copy, quartz crystal microbalance, isothermal titration
calorimetry, surface plasmon resonance spectroscopy,
peptide activity assays and an ELISA mimic, are neces-
sary for the affinity screening strategy. Perceptibly, the
optimized polymer compositions are those that are
complementarity in the charge and hydrophobicity of
the targeted biomolecule. Although development of this
strategy for the exploitation of bio-affinity reagents is in
its early stages, current successes has implied the great
promise for the development and applications of such
low-cost and robust alternatives to the natural antibodies
and receptors.

Dynamic combinatorial chemistry (DCC)

The above strategies have grown into mature branches
of exploring innovative receptors for various target mol-
ecules. However, they are always followed by a step-wise
process of evaluating the synthetic receptors, practically
which is time-consuming and sometimes even frus-
trating. Accordingly, researchers have developed a
library-based strategy, DCC, to speed up the discovery
processes for receptors [50-54]. In a dynamic combi-
natorial library (DCL), building blocks react with each
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other in a combinatorial way by linking together through
reversible covalent bonds (e.g., disulfides, imines, hydra-
zones, boronates, etc.), forming a dynamic molecular
network [55, 56]. The concentration distribution of all
library members in such complex systems is typically
governed by the thermodynamic equilibrium. Because
of the reversible nature of DCLs, they are adaptive: for
example, introducing a target molecule in a library of
receptors may ideally shift the equilibrium to the fittest
binding receptors at the expense of the other compounds
in the system (Fig. 3) [57]. The DCC approach is endowed
with the advantages of both combinatorial chemistry
and dynamic covalent chemistry, merging the synthetic
and screening process into a single step [6, 58]. On one
hand, the combinatorial reaction forms a pool of library
species, providing many possible receptors; on the other
hand, the template directed reversible reaction is help-
ful to sort the effective receptors out from the pool when
equilibrium researches at a system level, accelerating the
process of exploring receptors.

Functional materials based on chemically designed
molecular recognition

With the rapid development in material engineer-
ing and nanoscience, molecular recognition is
now playing an increasingly significant role in the
design of advanced functional materials. Recently,
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Fig. 3 a The principle of template-directed dynamic combinatorial
chemistry (DCC) for receptor synthesis. b If a component of the
dynamic combinatorial library (DCL) could interact with the target
molecule (e.g., component B:C), its concentration will be dominant
compared to the other components. Such feature can be monitored
by high performance liquid chromatography (HPLC; e.g., schematic
illustration of HPLC traces is shown in lower right corner). Reproduced
from Ref. [57] with permission from 2016 MDPI
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molecular-recognition-based chemical materials with
the sizes ranging from nano- to macro-scale and the for-
mats from bulk to interface have been constantly emerg-
ing [20, 59-61]. Amongst, functional materials with
dynamic properties [62-67], enzyme-like activities [68,
69] and bio-recognition abilities [70-73] have attracted a
great deal of attention from researchers in various areas
including energy, environment, biomedicine and so on.
In this section, we will not give very distinct classification
in each subtitle but focus on the above-mentioned three
points to describe the most important advances in chem-
ically designed molecular recognition. Given that this
review lays emphasis on the chemical design of receptors
in the molecular-recognition-based materials, here we
just selected and discussed several representative works
that are derived from traditional supramolecular host—
guest chemistry in the section “Dynamic Materials”.

Dynamic materials

Traditional host-guest chemistry

For the past few years, traditional supramolecular chem-
istry based on the molecular recognition of macrocycles
(i.e., cyclodextrins, crown ethers, cucurbiturils, calix-
arenes, etc.) has been an emerging field in material sci-
ence [10, 17]. The formation of these supramolecular
polymeric networks are attributed to the specific host—
guest interactions of the repeating units. The involved
building blocks selectively recognize each other, which
can define the size, direction and dimension of the result-
ant polymers that display advanced functions such as
stimuli-responsiveness [74], self-healing [75] and rubber-
like elastomeric properties [76, 77].

Macroscopic dynamic gels based on the molecular rec-
ognition in host—guest supramolecular chemistry have
been extensively studied in the past decades. Even so,
novel properties based on these traditional molecular
systems can be tactfully equipped on materials by sophis-
ticated chemical design. Harada et al. [78] has reported
acrylamide-based gels functionalized with either cyclo-
dextrin host rings or hydrocarbon guest. The supramo-
lecular dynamic materials were able to self-assemble in
the bulk state. When the size and shape of the host and
guest units were changed, different gels can be selectively
assembled and be sorted into a distinct macroscopic
structure. Taking the above strategy one step further, the
same group recently employed two different host—guest
inclusion complexes (B-cyclodextrin (BCD) with ada-
mantane (Ad) or ferrocene (Fc)) to assemble the poly-
mers together to form a dynamic hydrogel (BCD-Ad-Fc)
(Fig. 4) [79]. The BCD-Ad-Fc gel could exhibit self-heal-
ing ability when damaged and responded to redox stimuli
by expansion or contraction. Moreover, the fCD-Ad-Fc
gel showed a redox-responsive shape-morphing effect.
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Fig. 4 aThe chemical structure of the BCD-Ad-Fc gels; x,y, and z
indicate the amount (mol%) of different units. b Photograph of the
BCD-Ad-Fc gel. ¢ Self-healing of the BCD-Ad-Fcp gel. a 4 x 4 x 4 mm?
cubic piece of BCD-Ad-Fc gel was cut in half with a razor edge, and
the two cut edges were held together again. Within 2 h under wet
conditions, the gel pieces adhered to form one gel. d Schematic
illustration of the shape-memory mechanism. Reproduced from Ref.
[79] with permission from 2015 John Wiley and Sons

This implied that rational design of a supramolecular pol-
ymer structure would endow the resultant polymer gel
with multifunction. For example, Zhang et al. designed a
polymer network containing single-walled carbon nano-
tubes (SWCNTs) via CD-based molecular recognition.
The resultant materials showed bulk electrical conduc-
tivity, proximity sensitivity, humidity sensitivity and are
able to rapidly self-heal without external stimulus under
ambient conditions [77].

In addition to macroscopic gel, recent concerns about
host-guest supramolecular dynamic materials also
expand to the field of nanoscience. Recently, Huang and
his labmates designed a polymeric nano-vesicle by the
assembly of a thermo-responsive [3] pseudorotaxane
cooperatively complexed by a water-soluble pillar [10]
arene and a poly(N-isopropylacrylamide) containing
paraquat in water [80]. The thermos-responsiveness in
the resultant nano-vesicle enable it to be further used for
drug delivery under different temperatures. Not limited
to nano-vesicles, Zhao’s group also achieved to precisely
control the biomimetic evolution of these supramolecu-
lar assemblies in diverse dimensionalities and geometries.
They designed a class of block copolymers containing
bioinspired host units with highly-selective capture of
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Fig. 5 Operation of rotary motor 1/1[H+] using pulses of a chemical
fuel. Reagents and conditions: [2] Catenane 1 (1.2 umol, 2 mM),

EtsN (23 pmol), thiol 2 (12 pmol), disulfide 3 (60 pmol), hydrazide

4 (4.2 pmol), 2-methyl-2-butene (0.94 umol), CD;CN. Each pulse of
fuel contained 96 umol of trichloroacetic acid. Reproduced from Ref.
[84] with permission from 2017 the American Association for the
Advancement of Science

adenosine-5'-triphosphate (ATP) for the assembly [81].
Given this, it offered the chance to achieve ATP-respon-
sive cascading deformations from primary assemblies to
sophisticated structures, mimicking biological membrane
remodelling. It is really worth to mention that, by means
of the molecular recognition in cucurbiturils-based host—
guest systems, Zhang et al. put forward a supramolecular
modulation method to efficiently control the assembling
morphology, including nanorods, octahedron-like nano-
structure, helical nanowires, and rectangular nanosheets
[82].

Molecular motor is representative of another type of
dynamic materials that are responsive for most forms of
movement in living organisms [83]. Very recently, Leigh
and co-works have powered both rotary and linear syn-
thetic molecular motors based on acid-base oscilla-
tions (Fig. 5) [84]. By changing the pH in the system, the
binding affinity of macrocyclic crown ether derivatives
on different binding sites on circular or linear tracks
was switched. Additionally, the off-on of barriers on
the tracks could also be controlled by dynamic covalent
chemistry at the different pH. The combination of these
factors helped them achieve directional rotation of the
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components in [2, 3] catenane rotary motors. Although
this energy ratchet mechanism is simple, it may provide a
generally applicable approach to power task performance
in molecular nanotechnology.

Obviously, molecular recognition events in the tradi-
tional supramolecular chemistry are very efficient for the
preparation of dynamic materials. In addition, chemical
incorporation of other groups would endow the resultant
materials with new functions and structures. However,
as is mentioned above, currently host—guest chemistry
is relatively rare. The limitations in number and func-
tion seriously hindered their development in the design
of diverse advance materials that are highly-demand
in modern applied material science. From this point of
view, molecular recognition materials based on synthetic
receptors are more flexible and promising in exploiting
new generation of materials for advanced applications.

DCC supramolecular assembly
The most striking feature of dynamic combinatorial
chemistry (DCC) is the dynamic behaviour in molecu-
lar assembly. Li et al. recently demonstrated that, by the
driven force of molecular recognition, template mol-
ecules could trigger the occurrence of self-assembly in a
dynamic combinatorial library (DCL), whose result actu-
ally is a self-synthesizing nanomaterial. Sequentially, they
used Mg®" as a template to coordinate with carboxylic
acid groups of the dimer of the azobenzene-based spe-
cies in the DCLs and form a self-healing hydrogel that
is responsive to an exceptionally large number of stimuli
[85]. It may be switched between gel and solution state
by light, sequestration or addition of Mg*", reduction
or oxidation, pH or temperature changes and mechani-
cal energy. These results demonstrate the power of an
“ingredients” approach for the development of new self-
synthesizing materials with properties that may be spe-
cifically targeted. This example demonstrated that it is
not necessary to design the self-assembling molecules. If
the right building blocks are provided, the self-assembly
process will instruct the system to selectively synthesize
the appropriate molecules from these building blocks.
The function of the nanomaterials self-assembled by
peptides is highly related to the sequence of the amino
acids in the peptide chain. However, it is challenging to
design and select suitable self-assembling sequences
because of the vast combinatorial space available. Very
recently, Prof. Ulijn form the City University of New
York has reported a methodology of developing search-
able dynamic peptide libraries based on the sequence
exchange of unprotected peptides under various condi-
tions (Fig. 6) [86]. The dynamic combinatorial peptide
libraries were firstly prepared from building blocks of
unprotected homo- and heterodipeptides. The dynamic
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Springer Nature

intermolecular conversion and diversification of library
species are benefited from continuous enzymatic con-
densation and hydrolysis. Since the concentration
distribution of library species was governed by ther-
modynamics as the same as the non-enzyme-mediated
DCLs, the assembly process was helpful for the ampli-
fication of self-assembling candidates. Under various
environmental conditions during the selection process,
different sequence and consequent nanoscale morpholo-
gies are selected. Such automated process opens many
possibilities of discovering materials with specific func-
tions from a molecular evolution approach.

Dynamic polymers (i.e., dynamers) are a type of poly-
mers in which monomers are polymerized by either non-
covalent or reversible covalent bonds. Prof. Lehn, Prof.
Hirsch and Prof. Buhler have cooperated to make bio-
dynamers with tunable properties based on the polycon-
densation of various categories of amino acid hydrazides
with a dialdehyde [87]. In this dynamic system, two types
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of reversible C=N bonds (imine and acylhrazone) are
both present to produce the polymers. The structures,
rates of polymerization and dynamic character have been
characterized and they are highly affected by the side
chains of the amino acid hydrazides. These results have
offered great potential for exploring dynamic materials in
both biomedical and bioengineering fields.

Molecular imprinting and affinity screening strategy
Different from the above molecular recognition sys-
tems, molecularly imprinted polymers (MIPs) and affin-
ity-screened synthetic nanoparticles are commonly the
receptor aggregates cross-linked by irreversible covalent
interactions. Even so, they can also be designed with
reversible properties in both nano- and macro-scale.
Dynamic materials based on molecular imprinting or
affinity screening-based synthetic receptors mainly rely
on the combination of stimuli-responsive molecules
during the molecular imprinting or synthesis process.
Rational choice of functional monomers would endow
the resultant MIPs or synthetic nanoparticles with the
ability to respond to external stimuli while modulat-
ing their affinity for the target molecules and providing
a switchable capacity of the binding or releasing pro-
cesses [88-90]. To date, a variety of intelligent MIPs have
been prepared which respond to specific stimuli such as
changes in temperature, pH, light, ionic strength, or even
the presence of a specific molecule [91, 92]. Amongst, the
physiologically related stimuli, in particular, temperature
and biomolecules, attracted more attentions due to the
potential in bioanalysis, biosensing and drug delivery.
Poly(N-isopropylacrylamide) (PNIPAm) has been the
most employed synthetic polymer to prepare thermo-
responsive MIPs, probably due to its lower critical solu-
tion temperature (LCST) is close to the temperature of
the human body [93]. By using the thermo-responsive
monomer NIPAAm during imprinting, dynamic MIPs
with responsive affinity and various formats can be read-
ily prepared. According to this, Pan et al. have prepared
a nano-scale protein-imprinted hydrogel in water system
by using both negatively and a positively charged func-
tional monomer [94] The lysozyme-imprinted nanogels
exhibited size-changing properties under different tem-
perature, thus showing dramatic temperature-dependent
rebinding and release characteristics with clear on—
off transition around 33 °C. Similarly, Li et al. reported
thermo-responsive epitope-imprinted nano-MIPs for
specific capture and release of target protein (Fig. 7) [95].
By imprinting the epitope sequence of human serum
albumin (HSA), AASQAALGL, the thermo-responsive
nano-MIPs could controllably capture the whole target
protein HSA from the human plasma at 45 °C and release
it at 4 °C. Such epitope imprinting strategy demonstrated
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the application potentials of such materials for the rec-
ognition of biomolecules that are too expensive to be
the templates during imprinting process. Furthermore,
by the combined use of thermo- and photo-responsive
functional monomers, Zhang’s group developed a hydro-
philic hollow MIP microsphere with photo- and thermo-
dual-responsive template binding and release behaviours
in aqueous media [96]. Wei et al. also reported a self-
cleaned electrochemical protein imprinting biosensor
basing on a thermo-responsive memory hydrogel [89].
Due to the dynamic surface property response to temper-
ature, the biosensor exhibited a novel self-cleaned ability
for bovine serum albumin (BSA) in aqueous media. Not
limited to nano-MIPs, recently Pan et al. also synthesized
a PNIPAm-based MIP bulk hydrogel layer with thermo-
responsive affinity toward cell adhesive peptide RGDS
[97]. Due to the thermo-responsive volume-changing
and subsequently reversible molecular recognition abil-
ity, the RGD peptide imprinted substrate to could be
used as cell culture substrate enabling a fast cell sheets
harvest. These samples implied that, by using thermo-
responsive monomer and molecular imprinting, various
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thermo-responsive synthetic receptors with different for-
mats can be prepared for different applications.

Without special responsive functional monomers,
rational chemical design during imprinting process could
also realize a target molecule-responsive polymeric net-
work [98]. Takashi et al. first reported a dynamic gly-
coprotein recognition gel prepared by biomolecular
imprinting using lectin and antibody molecules as ligands
for tumor-specific marker glycoproteins [99]. The gel
could shrink in response to the target glycoprotein, thus
enabling the accurate detection tumor-specific markers
and showing great potentials as smart devices in sens-
ing systems and for molecular diagnostics. Recently, Bai
et al. reported a superaptamer assembly strategy and pro-
vided the first example of using protein-specific aptam-
ers to create volume-changing hydrogels with amplified
response to the target protein (Fig. 8). The resultant new
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type of aptamer-based MIP hydrogel could also shrink
and the shrinking volume is visible to the naked eye in
response to femtomolar concentrations of target protein
[100]. Similar to Takashi’s mechanism, the extraordi-
nary macromolecular amplification in this work was also
attributed to the complex interplay in protein-aptamer
supramolecular cross-links and the consequential reduc-
tion of excluded volume in the hydrogel. The specific
molecular recognition could even be maintained in bio-
logical matrices such as urine and tears. In addition,
the hydrogels can be dried for long-term storage and be
regenerated for use without loss of activity. Obviously,
the simple strategy for biomarker detection described
in this work offers a promising alternative to traditional
analytical techniques that require sophisticated instru-
mentation and highly trained personnel.
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Imaginably, with the development of polymer chem-
istry and material science, dynamic MIPs with various
responsiveness could be achieved by means of future
smart polymers. Similarly, this feature is also suitable for
the synthetic receptors based on affinity screening strat-
egy. For example, a temperature-responsive PNIPAAm-
based nanoparticle with high affinity towards lysozyme
was synthesized via affinity screening strategy [101]. The
dynamic property of nanoparticles is capable of tempera-
ture-responsive “catch-and-release” of the target protein.
However, everything is “a two-sided coin” We have to
confess that, although this kind of synthetic receptors are
versatile in molecular recognition (i.e., towards almost
any target molecules), some special functions like self-
healing and elastomeric properties seem to be impos-
sible, considering the irreversible crosslinking network
is the prerequisite to synthesize MIPs or the affinity-
screening-based receptors.

Enzyme-like materials

Supramolecular catalysis

Inspired by enzymatic system, chemists have developed
the field of supramolecular catalysis by utilizing non-
covalent interactions to accelerate rate of reaction and/
or allow high selective reactions to occur [51, 54]. Very
recently, Leigh’s laboratory has reported that knotting
molecules can be used to reduce the degrees of freedom
of flexible chains, showing thermo-dynamically inacces-
sible functional conformations. The preorganization of
the molecular knots was first formed by metal-organic
coordination, which further gave rise to the finally pen-
tafoil knots by in situ covalently linking end groups of
each ligand strand. The obtained knot architectures can
promote the cleavage of a carbon-halogen bond, bring-
ing advantages of chemo- and stereo-selectivity in
chemical reactions traditionally promoted by silver salts
(Fig. 9) [102]. Apart from the catalysis based on the knot-
ting molecules, the same group has also introduced a [2]
rotaxane to exploit asymmetric catalysis. Under the func-
tion of a bulky group in the middle of the thread in the
rotaxane, a benzylic amide macrocycle shuttling between
different sides of a prochiral center was prevented and
generated a chiral space that is suitable for asymmetric
catalysis [103].

Generally, a reaction can be catalysed by catalysts
that stabilize the transition state of the reaction. Otto’s
group has discovered that the transition state of a reac-
tion can be associated with and stabilized by a dynamic
molecular network. Interestingly after the reaction was
completed, the catalyst was disassembled, opening up
new opportunities for controlling catalysis in synthetic
chemical systems [104]. Tiefenbacher et al. success-
fully used a supramolecular pocket to mimic cyclase
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enzymes and achieved a catalytic non-stop tail-to-head
terpene with geranyl acetate as the substrate. Remark-
ably they demonstrated that the direct isomerization
of a geranyl cation to the cisoid isomer, which was
previously considered infeasible [105]. Subsequently,
a detailed mechanism was elucidated. The rate deter-
mining step of the cyclization of geranyl acetate was
the cleavage of the leaving group, but the reaction
needs trace amounts of acid as cocatalyst. A series of
control experiments were performed to reveal that the
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catalytic activity was resulted from a synergistic inter-
play between the supramolecular capsule and the acid
traces is required for catalytic activity [106].

These latest examples have clearly emphasised the
trend in supramolecular catalysis achieved from the
cooperation of molecules in multicomponent systems.
The catalytic function of the complex systems can be a
combined effect produced by the related components.

Molecularly imprinted catalysis

MIPs with specific nanosized cavities by means of tem-
plate directed synthesis can also be utilized as enzyme-
like catalysts. Compared to biological macromolecules,
MIPs are suitable for a wider range of conditions because
of the inherent thermal and chemical stability [107]. Gen-
erally, a transition state analogue (TSA) of the reactions
were used as template to produce polymers with cata-
lytic function. The imprinted sites were utilized either as
a supported reagent or to provide temporary functional
group protection. Until now, success has been obtained
with the applications of MIPs in various reactions, such
as dehydrofluorination, sigmatropic shift reaction, stere-
oselective hydrolysis, and the Diels—Alder and aldol reac-
tions [108-111].
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Wulff and co-workers have made enormous contribu-
tions on the development of MIPs for catalysis-related
applications. Amidinium functional groups were ori-
ented in imprinted cavities which acted as anchors for
binding the tetrahedral transition states of basic ester
or carbonate hydrolysis to imitate the to the catalytic
role of guanidinium moieties in certain catalytic anti-
bodies. Later on, by the same group, a Zn*" centre was
also oriented in a TSA imprinted cavity in a similar
way to the active site in carboxypeptidase A (Fig. 10)
[112]. The obtained MIPs catalysts are more efficient
than catalytic antibodies. In another study, Zhang
et al. demonstrated the utilization of MIPs as effective
nanoreactors for Huisgen 1,3-dipolar cycloaddition
of azides and alkynes [113]. Recently, Shen et al. also
reported a MIP microgel stabilized Pickering emulsions
(PEs) with ability to catalyze the formation of disulfide
bonds in peptides at the O/W interface [114]. Gu et al.
prepared a metronidazole-imprinted polymer with
nitroreductase-like activity. Accordingly, the imprinted
polymer, having both catalysis centers and recogni-
tion sites, exhibited enhanced electrocatalytic activ-
ity and selectivity [111]. Most recently, Shaabani et al.
designed a MIP nano-reactor via miniemulsion polym-
erization, and the catalytic activity was investigated in

CO, (HCOy)

Fig. 10 Schematic representation of a the molecular imprinting with template (T) and monomer in the presence of Zn’*, b removal of the
template, and ¢, d catalysis. Reproduced from Ref. [112] with permission from 2004 John Wiley and Sons
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multicomponent reaction transformations for the first
time. They demonstrated the applicability of MIP nano-
reactors in a one-pot expeditious synthesis of tri- and
tetra-substituted imidazole derivatives via pseudo-four-
and four-component reactions with excellent yields and
purities [115].

It is worth to mention that dynamic MIPs with switch-
able molecular recognition could exhibit tunable catalytic
activity. For example, by using thermo-responsive PNI-
PAAm, Li et al. designed an ‘On/off’-switchable catalysis
based on p-nitrophenyl phosphate-imprinted networks
[116]. The thermo-responsive enzyme-like MIPs showed
vigorous catalysis for the hydrolysis of p-nitrophenyl ace-
tate at 20 °C but poor catalysis at 40 °C. In addition, MIPs
could also be indirectly used for catalysis. Very recently,
Liu’s group successfully engineered MIP binding pockets
on inorganic nanozymes for enhancing the oxidation of
TMB (3,3',5,5'-tetramethylbenzidine) (Fig. 11) [117, 118].
With improved binding specificity, the MIP-engineered
nanozymes could reach ~100 fold of activity and speci-
ficity for oxidation of TMB with H,O, [118]. This result
indicated that, with the assistant of receptor-like speci-
ficity in MIPs, the functional enzyme mimicking aspect
of nanozymes was greatly developed, and such hybrid
materials might find applications in biosensor develop-
ment, separation, environmental remediation, and drug
delivery.

Overall, compared to supramolecular catalysis, molec-
ular imprinting provides the possibility of generating
more complicated active sites with a high similarity to
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Fig. 11 a A scheme of imprinting TMB
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oxidation of TMB and ABTS with H,O,. The activity of molecular
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natural systems. The high specificity and strong stabil-
ity endowed the MIPs an excellent material to mimic the
active site of natural enzymes. In fact, non-template syn-
thetic nanoparticles can also exhibit as enzyme-like catal-
ysis through the affinity screening strategy. Wong et al.
reported a Poly(N-isopropylacrylamide) nanoparticles
as an artificial amidase [119]. The mechanism is similar
to a MIP-based catalyst. Considering the feasibility of
biomolecular recognition, these new polymeric catalysts
are very promising for broad application in many fields,
in particular, mimicking the enzyme-like catalysis in bio-
logical systems.

Bio-recognition materials

The bio-recognition materials, as the name implies, are
the functional materials with affinity to biomolecules.
With this property in chemically designed materials, sim-
ilar functions in biological systems can be mimicked even
beyond [120]. Currently, synthetic receptors that can rec-
ognize biomolecules mainly concentrate on molecular
imprinted polymers and the affinity-screened nanoparti-
cles. Supramolecular assembled receptors based on DCC
mainly focus on protein inhibitors discovery [50, 51] and
they are rarely reported for other bio-recognition, [6,
121, 122] probably due to the requirements of precise
chemical structures/functions for molecular assembly
and the extremely complicated and dynamic structures of
biomolecules. Given this, here we only highlighted some
important and emerging applications of bio-recognition
based on the MIPs and affinity-screened nanoparticles,
for example, bio-separation, controlled release, cell tar-
geting or capture. In view of their great importance in
the physiology and pathological processes, small bio-
molecules like glycans and lipids, macromolecular pep-
tides and proteins are the most popular targets for the
synthetic receptors chemically designed by molecular
imprinting and affinity screening.

Toxin neutralization

The pioneering application of MIPs-based molecular
recognitions in bio-separation is employing MIPs as the
“plastic antibody” for toxin neutralization both in vitro
and in vivo [42, 123]. Shea and co-workers prepared a
type of protein-sized polymer nanoparticles (NPs), with
a binding affinity and selectivity comparable to those of
natural antibodies, by combining a functional monomer
optimization strategy with molecular-imprinting nano-
particle synthesis (Fig. 12). The molecularly imprinted
NPs with the size comparable to protein clusters have
specific binding affinity for the bee toxin melittin. In vivo
studies showed that the NPs is not toxicity. More impor-
tantly, in vivo imaging of the polymer nanoparticles
showed that the NPs accelerated clearance of the toxin
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peptide from blood where they accumulate in the liver.
This result verified that the nanoparticles can recognize
and neutralize toxin in vivo, thus facilitating the dimin-
ishing of mortality and peripheral toxic symptoms in the
melittin-injected mice. Clearly, MIPs-based receptors
with bio-molecular recognition properties offer poten-
tial for neutralizing a wide range of toxic biomacromol-
ecules in vivo.

Worthy of mentioning is that, without an imprint-
ing process, the same group also employed the affin-
ity screening strategy to select nanoparticle candidates
with high affinity and selectivity to different peptide tox-
ins, enzymes, and other functional proteins as well as to
specific domains of large proteins [44]. For example, the
groups recently reported a synthetic polymer nanopar-
ticle (NP) with broad-spectrum sequestration and neu-
tralization of venomous biomacromolecules [124]. The
optimized NP exhibited low cytotoxity and showed sub-
stantially long dissociation rates from the human plate-
let alloantigen (PLA2), suggesting that the NP may show
efficacy as an in vivo venom sequestrant and may serve
as a generalized lipid-mediated toxin sequestrant by
extracting toxic matter from the bloodstream.
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In addition, similar concept has also been applied to
weaken the multi-resistance of bacterial by extracting
an antibiotic enzyme, S-lactamase, from bacterial secre-
tion (Fig. 13) [125]. In their work, Li et al. prepared an
imprinted hydrogel with thermo-responsive molecular
recognition towards 5-lactamase. As known, S-lactamase
can deactivate antibiotics, thus providing multi-resist-
ance of bacteria to S-lactam antibiotics. The thermo-
responsive  f3-lactamase-imprinted  hydrogel could
initially trap S-lactamase excreted by the drug-resistant
bacteria, thus making the bacteria sensitive to antibiotics
and improving antibacterial activity. Thus, the imprinted
hydrogel could act as an adjuvant to enhance the efficacy
of antibiotics against drug-resistant bacteria. Moreover,
the “imprinted sites” on the hydrogel could be reversibly
abolished with a temperature stimulus, which resulted in
the reactivation of -lactamase to degrade antibiotic resi-
dues. The authors also demonstrated the success of such
antibacterial design to treat wound infection, indicating
the promising of this MIP hydrogel for efficient antibiotic
therapy.

Protein crystallization

Another important application of MIPs with biomolecu-
lar recognition is their ability to assist protein crystal-
lization. As known, MIPs are made to contain cavities
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capable of rebinding protein. Therefore, the fingerprint
of the protein created on the polymer allows it to serve
as an ideal template for crystal formation. Saridakis et al.
demonstrated that MIPs can facilitate the formation of
large single protein crystals at metastable conditions for
seven proteins [126]. This is due to the recognition of
proteins by the cavities, which would concentrate the tar-
get proteins near the interface and lead to protein crystal-
lization. This initiative research implied that MIPs could
act as nucleation-inducing substrates by harnessing the
target proteins themselves as templates, thus showing the
promise to significantly accelerate the discovery of new
protein crystal structures.

Protein protection and refolding

According to the protein affinity of synthetic receptors,
researchers in this field considered to employ them to
control the functions or structures of target proteins.
Initially, synthetic receptors were only applied to inhibit
enzyme activity, by virtue of the strong enzyme binding
affinity [127]. Recently, Shea’s group reported a new con-
cept by applying a thermally responsive PNIPAm-based
copolymer nanoparticle hydrogel with good protein affin-
ity for protection of target proteins from thermal stress
(Fig. 14) [128]. The protein-binding nanoparticles, pre-
pared by affinity screening strategy hydrogels, could bind
and protect a target enzyme from irreversible activity
loss upon exposure to heat but “autonomously” release
the enzyme upon subsequent cooling of the solution. The
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results showed that, in the presence of the screened nan-
oparticle hydrogels, lysozyme could retain over 80% of its
activity after it had been heated at 85 °C for 30 min. The
authors hypothesized that the nanoparticles form a com-
plex with lysozyme due to the high affinity, which could
prevent protein aggregation at elevated temperature,
thereby mimicking the action of a “passive aggregation
inhibitor” type of heat shock protein. This finding dem-
onstrated the promise of this approach for improving the
thermal tolerance of proteins. Moreover, such material
design concept may be applied for the refolding of chemi-
cally denatured proteins and facilitating the protein pro-
duction by a cell-free protein synthesis system.

A recent report by Nakamoto et al. indeed indicated
the potential of a protein-affinity nanoparticles for
refolding denatured protein. The study demonstrated
that affinity-screened polymeric nanoparticles, prepared
by copolymerizing optimized combinations and popu-
lations of functional monomers, were capable of facili-
tating resolubilization and refolding of an aggregated
protein, lysozyme [129]. The authors revealed that the
facilitation of resolubilization and refolding of aggregated
lysozyme is driven by a strong affinity of nanoparticles
to denatured lysozyme as well as a relatively weak affin-
ity with native lysozyme. After centrifugal ultrafiltration,
the refolded lysozyme showed native conformation and
enzymatic activity. Moreover, the synthetic nanoparticles
showed excellent productivity on protein refolding, and
more than 10 g of aggregated protein can be efficiently
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refolded by only 1 g of the nanoparticles. These results
suggest the great potential of synthetic receptors as arti-
ficial chaperones with high facilitating activity for nature
biomolecules.

Bioimaging

Nanomedicine is a rapidly growing field, in particular,
in medical oncology, [66, 130, 131] MIPs with affinity
towards tumor-related biomarkers will facilitate targeted
diagnosis and therapy, e.g., cancer targeting and drug
delivery [132, 133]. In case of combination with photo-
electric materials, MIPs could be used for bioimaging.
Cancer targeting for MIPs was usually conducted accord-
ing to the recognition of specific glycans on the tumor
cell surface, such as glucuronic acid, sialic acid (SA),
fucose (Fuc), mannose (Man), and so on [134—138]. Liu
and co-workers reported SA-imprinted nanoparticles
based on p-aminothiophenol (PATP, a Raman reporter)-
functionalized silver nanoparticles (AgNPs) for surface
enhanced Raman scattering (SERS) imaging of cancer
cells [134] (Fig. 15). The specific interactions between SA
and polymer matrix were enhanced by the phenylboronic
acid functional groups [64, 139]. After surface molecular
imprinting, the SERS nanoparticles were endowed with
high specificity toward SA, a cancer biomarker that is
overexpressed on several cancer cell lines. Therefore, the
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SA-imprinted SERS nanoparticles were able to differenti-
ate cancer cells from normal cells and subsequently visu-
alizing them [135, 136].

Recently, researchers in the field of MIPs are con-
sciously shifting their attention to tumor-related bio-
macromolecules. A small but growing body of evidence
has suggested that vascular endothelial growth factor
(VEGEF) is overexpressed in various cancers cells, such as
gastrointestinal, breast, colorectal, etc [140, 141]. There-
fore, targeting of VEGF by artificial antibody has been
proposed for tumor cell imaging. Very recently, Cec-
chini et al. prepared human VEGF (hVEGF) imprinted
nanoparticles by solid-phase synthesis and coupled to
quantum dots (QDs) to enable subsequently fluores-
cent imaging in vivo (Fig. 16) [142]. The VEGF-MIPs
could specifically target hVEGF and homing towards the
tumor mass in xenotransplantation of human malignant
melanoma cells in zebrafish embryos. This sample indi-
cated that nano-MIPs are promising materials, which
can be considered for advancing molecular oncological
research, in particular when antibodies are less desirable
due to their immunogenicity or long production time.
Furthermore, targeting VEGF could be also achieved by
affinity screening strategy. Koide et al. prepared a poly-
mer nanoparticle with engineered affinity for VEGF by
incorporating a trisulfated N-acetylglucosamine mono-
mer, N-tert-butylacrylamide, in a crosslinked NIPAm
copolymer nanoparticles [143]. The result revealed that
synthetic nanoparticles can be engineered to bind to and
interfere with the signalling protein (VEGF165) by tar-
geting specific domains of the protein, also implying the
great potential for targeted cell imaging.

In general, molecular imprinted or affinity screened
synthetic receptors have now aroused increasing interest
in bio-imaging. The flexibility in the selection of targeted
molecules makes these synthetic receptors as promis-
ing candidates for the visualization of various tissues
and cells. However, significant efforts are still urgently
required to further overcome some drawbacks, such as
rapid photo-bleaching, potentially toxic, and the rela-
tively low targeting efficiency in vivo.

Cancer inhibition

Taking the cell imaging one step further, researchers
also try to employ tunor-cell-targeted nano-MIPs for
enhanced cancer therapy. Recently, Zhang et al. reported
an imprinted nanoparticle that was found to bind strongly
to a membrane protein p32, which was overexpressed on
the surface of a variety of tumour cells (Fig. 17) [144]. Cell
targeting ability was first confirmed by the higher uptake
of imprinted nanoparticles compared to control nanopar-
ticles by p32-positive cancer cells. In vivo study showed
that the nanoparticles encapsulating a fluorophore dye



Chen et al. BMC Mat (2020) 2:1 Page 15 of 22

a . Functional
hVEGF epitope MONOMATS QDs QD-MIP

. @D @
®o 0 4 QDs embedded
A ~ into the MIP during
polymerization

~
Y o o 2

v v
j -> QDs attached
\-(\ \.r\ onto the MIP after
polymerization
C
% 500+ R
3 400+ -
WM-266 cells S 3004 v
hVEGF(+) 'S 5 200- e :
- — o © oy —_—
i A c 5 1004 o
hVEGF QD-MIPs { =7 QD-nips Wy F c 60T
= 2 -
/ / ® 40- o
o] - —
- —— ] - — _.‘\; E 20‘ Kl
e— eg— B .
A e 0 T T T =
A375 cells WM-266 cells & éaé’ &
? hVEGF & o S0
hVEGF(-) (+) §§'\, & § S v,_:)\
d Bright field Tumor cells Nanoprobes Overlay

A375 hVEGF(-)

QD-MIPs

Fig. 16 a Scheme of the polymerization approach and the strategy to produce the QD-MIP nanoprobes for hVEGF epitope. b and ¢ Overview of
the in vivo experiments carried out exploiting zebrafish embryos to investigate the ability of QD-MIPs to localize with cancer cells overexpressing
hVEGF. d Bright field and fluorescence images of human melanoma cells (green) and the fluorescent nanoprobes (red). Reproduced from Ref. [143]
with permission from 2017 American Chemical Society




Chen et al. BMC Mat (2020) 2:1
a AAM: ) b p32:
o Apamin: i
BIS: o] o CNCKAPETALCARRCQQH-NH,
N N Template: = 8-S
i CNCKAPET-ADCAFVC NH,
LS Palmitic acid
c N Apami (' o
pamin - £ P
Lo i D B 5 o
- - - h s \r ) —
e | < >
p32 Template Template

Functional monomers,

wer d

8%y ﬁ -
) ‘{ izati ('
- - olymerization ”

.
R Template

/'

Interaction witn
target protein

Qﬂplaie removal

Fig. 17 a Functional monomers for preparation the imprinted
polymeric nanoparticles. b Sequence of p32, apamin, and the
template. ¢ Schematic illustration of the peptide imprinted polymeric
nanoparticles designed for specifically recognizing a membrane
protein that is overexpressed on the surface of a variety of tumor
cells. Reproduced from Ref. [145] with permission from 2015 John
Wiley and Sons

(methylene blue) led to considerably higher accumula-
tion of imprinted than of non-imprinted nanoparticles in a
mouse xenograft tumour, implying the potential to mediate
targeted drug delivery for therapy. The same group further
prepared an imprinted nanoparticles that could recognize
the transmembrane domain of target receptors [145]. A
transmembrane helical peptide was used as a template, and
2,2,2-trifluoroethanol (TFE) was added to maintain a stable
conformation for the peptide template. The MIP nanopar-
ticles could enhance the cellular uptake and permeability
in target tissues for tumor-targeted drug delivery. Another
group also designed an imprinted gold nanorod (AuNR)
for targeted photothermal cancer therapy [146]. Sialic acid
(SA) was employed as the template for the preparation of
MIPs. The SA-imprinted AuNR exhibited good cancer cell
targeting selectivity as well as high photothermal effect.
Moreover, the targeted plasmonic nanomaterial was able
to selectively kill tumor cells without damaging the sur-
rounding healthy tissue. The advantage of using MIP nano-
particles as drug-delivery vehicles for targeted chemo- or
photodynamic cancer therapy is the flexible selectivity. It
can target not only the fully exposed transmembrane pro-
teins or monosaccharide on the tumor cell membranes, but
also the partially exposed transmembrane proteins via spe-
cific three-dimensional shape recognition.
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Cell capture and release

Dynamic interactions between natural receptors at the cell
membrane and ligands at the extracellular matrix (ECM)
are crucial in cellular processes [147]. Materials capable
to dynamic display bioactive ligands and modulating spe-
cific cell-biomaterial interactions have attracted increasing
attentions in both fundamental cell biology, medical diag-
nostics and tissue engineering [148—150]. Molecular recog-
nition is commonly dynamic process, implying its potential
for reversible display of bioligands on materials and control
of cell-materials interactions by using the biomolecular
affinity. Pan et al. reported a PNIPAm-based MIP hydro-
gel for reversible cell adhesion [97] that relied on thermo-
responsive affinity toward peptide RGDS, a cell adhesive
factor for the cell membrane integrin a5 [151]. In their
design, molecular imprinting methodology was employed
to create the molecular recognition sites for targeted RGDS
peptide onto a thermo-responsive hydrogel, which was
innovatively used as a highly efficient cell culture substrate
for harvesting cell sheets (Fig. 18a). The thermo-responsive
molecular recognition sites on MIP hydrogel could not only
promote cell adhesion during cell culture but also facilitate
cell detachment during cell sheet harvesting process. This
is the first sample that successful use of a synthetic recep-
tor for modulating cell-material interactions. However, it is
worth mentioning that the poor accessibility of the bound
RGD peptides embedding in recognition sites greatly
limited efficient bioactivity presentation on the material
interfaces. Recently, Pan et al. further reported an epitope
imprinting process [152] for dynamic binding of bioac-
tive ligands on the material interface (Fig. 18b) [153]. The
authors used a terminal short peptide sequence (epitope
peptide) of an RGD-based long peptide as the template
during the imprinting process. After peptide binding on
the MIP layer, the epitope peptide could act as a reversible
anchor of the RGD peptide leaving the latter exposed for
interacting with the cell surface integrin receptors. More
important, addition of the epitope peptide to the system
could trigger the release of bound RGD peptides through
competitively molecular exchange. The results showed that
the epitope imprinted layer enabled reversible presentation
of cell adhesive peptide and subsequently cell adhesion on
the surface. Such a molecularly tunable dynamic system
based on the molecular recognition of MIPs may unlock
new applications in in situ cell biology, diagnostics and
regenerative medicine.

Conclusions and outlook

As one of the most fundamental events capable of induc-
ing the further advanced reactions, molecular recogni-
tion has been well developed into a mature field in which
exploring synthetic receptor becomes a primary objec-
tive. Many novel strategies have been initiated to target at
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effective receptors that can selectively associate with spe-
cific guest molecules. Thanks to the progress in computer
science, rational design is helpful to predict host mol-
ecules suitable for metal ions, anions and even organic
guest molecules. Molecular imprinting endows polymers
with specific molecular recognition sites complementary
to target molecules and has shown to be the most suc-
cessful technique regards to binding efficiency and selec-
tivity. However, template molecules are requisite for the
imprinting process, which made the MIPs-based recogni-
tion towards complicated biomolecules into trouble. For-
tunately, affinity screening Affinity screening of synthetic
polymers with different chemical compositions and func-
tional groups provide a promising strategy for massively
exploiting new receptors for bio-recognition. This simple
and feasible strategy withour using template molecules is
a great supplement for molecular imprinting. By merg-
ing the dynamic covalent chemistry with noncovalent
interactions, DCC has become a powerful tool for syn-
thesizing receptors directed by association at a systems
level. Even so, DCC is rarely reported for biomolecular
recognition. This is probably due to the requirements
of precise chemical structures/functions for molecular
assembly, which become extremely complicated in case
of dynamic structures of biomolecules.

The ultimate goal of molecular recognition is to imple-
ment artificial receptors into a range of novel applica-
tions. We have given a brief summary of the recent
applications of molecular recognition in exploring novel
smart materials, catalysts and bioimaging of disease for
diagnosis and therapy. However, the ubiquitousness of
molecular recognition is far beyond these developments,
but also far beyond the boarder that we can envision. It
is not possible to predict with any certainty where the
field should go in the following years. We only can sug-
gest the research that can be further investigated from
the recent progress. For example, compared with the
number of allosteric receptors in nature, the man-made
ones are much less investigated. It is an apt time to
explore dynamic molecular recognition in a larger con-
text with self-assembly, which may give rise to versatile
complex materials. Combination of molecular imprinting
with more sensitive sensor platforms and microfluidic
devices is expected to yield more attractive commercial
development and applications. Moreover, incorporating
high-throughput synthesis and new analysis technique in
the molecular imprinting and affinity screening strategy
as well as the combination with the exploitation of novel
functional monomers are conductive to rapid generation
of inexpensive and uniquely bio-selective receptor-like
nanomaterials that would lead to unpredictable advances
in biotechnology, in particular, the applicability in vivo.
For man-made molecular recognition, this is the fort
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must be conquered. During the past decades, enormous
amounts of supramolecular architectures have formed
via molecular recognition at equilibrium. However, their
functions and the development in practical applica-
tions are always overlooked. Leigh et al. has been start-
ing to show the significance of the knotting structure for
kinetic control over a chemical reaction, which will lead a
trend to this direction. There is no doubt that there also
have many other directions into which molecular rec-
ognition can devote. We believe that the fundamental
event of molecular recognition and the increasing atten-
tion on synthetic receptors will play an increasingly key
role in bridging the gap between molecular science and
advanced functional materials.
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