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Molecularly imprinted polymers (MIPs) display specific recognition ability for their template in shape, size
and functional monomers. The morphology has an important influence on the binding capacity of MIPs,
thus affecting the enrichment efficiency and detection sensitivity. In this critical review, we highlight the

Received 14th June 2020, morphology design and control of spherical MIPs, mainly focusing on solid sphere, core—shell, hollow

Accepted 13th August 2020 and mesoporous MIPs. The methods for preparation of MIPs of different morphologies are summarized,
and typical TEM or SEM images are displayed. The influence of morphology on the application of MIPs is

highlighted. Finally, we discuss the remaining challenges, and some significant attempts in further
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1. Introduction

Molecularly imprinted polymers (MIPs) are a class of polymers
displaying specific recognition to template molecules. MIPs
possess some prominent advantages, like structure predictability,
chemical stability, recognition specificity and application
universality."”” MIPs are prepared by pre-polymerization, polymer-
ization and template removal in three consecutive steps, as shown
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improving the morphology of MIPs are also proposed.

in Fig. 1.> When MIPs are placed in a complex sample matrix,
the molecules matching the recognition sites can be specifically
adsorbed. Due to the high selectivity, MIPs were widely used for
sample pretreatment or chemical sensors. According to the
polymerization mechanism, MIPs can be divided into organic
MIPs and inorganic MIPs. Organic MIPs are prepared by
polymerization of vinyl functional monomers such as metha-
crylic acid (MAA), acrylamide (AAm), 4-vinylpyridine (4-VP) with
cross-linkers like ethylene glycol dimethacrylate (EGDMA),
trimethylolpropane trimethacrylate (TRIM), or divinylbenzene
(DVB) initiated by thermally sensitive or UV light sensitive
initiators. Due to its tolerance to reagent purity, flexibility in
terms of experimental setups and the wide range of commercially
available functional monomers, the free-radical polymerization
technique is widely used to prepare organic MIPs. Inorganic MIPs
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Fig. 1 Preparation process of MIPs including pre-polymerization,
polymerization, and elution template as three steps. During the pre-
polymerization, functional monomers can bond with template by (i)
noncovalent, (ii) electrostatic/ionic, (i) covalent, (iv) semicovalent, and
(v) metal centre coordination. Adapted from ref. 3. Copyright 2006 John
Wiley and Sons.

are mainly prepared by condensation of tetraethoxysilane (TEOS)
with functional monomers like 3-aminopropyltriethoxysilane
(APTES) and 3-isocyanatopropylethoxysilane (IPTS) in alkaline
conditions to get sol-gel silica. Inorganic MIPs display higher
thermal and chemical stability, and recognition sites can be well
maintained because silica exhibits minimal swelling in the
presence of solvents. Recently, self-polymerization of dopamine
in a weak alkaline aqueous solution has been developed to form
MIPs for protein imprinting due to the hydrophilicity and bio-
compatibility of polydopamine (PDA). The polymerization mecha-
nism of dopamine to form PDA was discussed in a review article.
Based on the above polymerization methods, MIPs with different
morphologies for different applications have been prepared.

In the past three years, a series of excellent reviews focused
on the preparation®” and application of MIPs®*® have been
published. In those review articles,»®” the brief history of the
molecular imprinting technique, the type of molecular imprinting
(including noncovalent imprinting, covalent imprinting, semi-
covalent imprinting), and the essential elements of molecular
imprinting like functional monomer, cross-linker, target template,
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Fig. 2 Typical morphologies of spherical MIPs.

initiators and porogens have been introduced in detail many times.
However, to the best of our knowledge, there are few review articles
on the morphology control of MIPs.">>' The morphology has an
important influence on the binding capacity of MIPs, thus affecting
the enrichment efficiency and detection sensitivity. Therefore,
design and control of morphology are important in the field of
molecular imprinting. The morphology of MIPs has evolved from
irregular particles to regular spheres, hierarchical structures, and
films. As shown in Fig. 2, MIP spheres are changeable and
controllable, and widely used in the fields of filling columns,
adsorption separation and sensor construction. So in this review,
instead of providing a comprehensive review of MIPs, we focus on
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the preparation of MIPs with controlled spherical morphologies
taking a small fraction of the literature, and the effect of morpho-
logy on MIP performance is discussed. We hope that this review
article will be of guiding significance to researchers engaged in the
design of MIPs and bridge the gap between the preparation method
and application of MIPs. It should be noted that one type of MIP
particles may have multiple characteristic morphologies at the
same time, such as core-shell mesoporous MIPs can be classified
as core-shell MIPs or mesoporous MIPs. We discuss them under
the most representative mesoporous morphologies.

2. Spherical MIPs

Initially, MIPs were simply prepared by bulk polymerization.
Monomers, template molecules, cross-linker and a small amount
of solvents were polymerized to obtain bulk polymers.”>>* The
polymers needed to be ground and sieved to get irregular polymer
particles before being used to pack a chromatography column
or SPE column. Bulk polymers displayed obvious advantages like
simple preparation and high polymer yield. At the same time,
there were several obvious shortcomings, like time-consuming
post-treatment procedure, low-affinity binding sites, poor site
accessibility and low binding capacity stemming from big and
irregular particle size. It was necessary to prepare monodisperse
spherical MIPs. Inorganic spherical MIPs can be obtained by
hydrolysis of TEOS in alkaline condition by the classical Stober
method. The preparation process is simple and repeatable, which
is not discussed here. Organic spherical MIPs are discussed in
this section.

2.1 Spherical MIPs by precipitation polymerization

Spherical MIPs prepared by precipitation polymerization exhibit
highly uniform particle size and clean surface because dispersants
and surfactants are not needed to stabilize polymer droplets.
During precipitation polymerization, monomers, templates
and cross-linkers are dispersed in a large amount of solvent
(generally, solvent accounts for 95% of the polymerization
system). The resulting polymer is insoluble in the solvent
and precipitates from the solvent to form regular spherical
MIPs. For example, as early as 2003, Row?> prepared caffeine-
imprinted uniform spherical MIPs by precipitation polymeriza-
tion using acetonitrile as the dilute solvent with a concentration
of 96%, MAA as the monomer and EGDMA as the crosslinker.
The average particle size of MIPs was about 400 nm while the
average particle size of spherical NIPs was 800 nm, which
indicated that the template could affect the particle size.
Subsequently, precipitation polymerization was employed to
prepare many spherical MIPs for selective recognition of
tetracycline,® vitamin E,*” etc. The key point of this method
was the solubility and amount of solvent. Low amount of solvent
would result in the adhesion and agglomeration of polymer
particles, and it was hard to get monodispersed spherical MIPs.
For some hydrophilic templates, modified precipitation polymeri-
zation can be adopted.’**° In this method, the hydrophilic
template is first dissolved in a small portion of water, and then
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MIPs are prepared by precipitation polymerization using acetoni-
trile or toluene as solvent.

Spherical MIPs prepared by precipitation polymerization
often display a broad size distribution due to uncontrollable
chain transfer and termination reactions of free radical
polymerization. To get monodisperse MIPs, living/controlled
radical polymerization techniques®°° were adopted, in which
reversible addition-fragmentation chain transfer (RAFT) poly-
merization was the most employed. RAFT precipitation poly-
merization (RAFTPP) can be carried out by introducing a
suitable chain transfer agent (RAFT agent, normally a thio-
carbonylthio or dithiobenzoate compound) into a conventional
precipitation polymerization system. In our previous work,*
we prepared atrazine-imprinted polymers by RAFTPP and the
resultant RAFT-MIPs displayed uniform spherical shape with
a rough surface, leading to an improvement in imprinting
efficiency. With this advantage, RAFTPP was employed to
prepare spherical MIPs for nicotine,*" glutathione,** etc. Atom
transfer radical precipitation polymerization (ATRPP) also was
employed for preparation spherical MIPs.*® The monodispersity
was improved by living polymerization.

The process of traditional precipitation polymerization often
needed 24 h at approximately 60 °C. To shorten the polymeri-
zation time, distillation precipitation polymerization (DPP) was
developed, in which some of the solvent was distilled off during
the polymerization process to accelerate the precipitation of
MIPs.>*® Li*” prepared MIPs by DPP for detection of BPA with
a diameter of about 2 pm. Higher reaction temperature used
in DPP resulted in decreased particle diameter. However, DPP
could cause unstable polymerization because of the loss of
solvent. To overcome the limitations, Sellergren®® proposed
reflux precipitation polymerization (RPP) at 90 °C with constant
volume of the solvent during the polymerization to generate
uniform MIPs. After 2 h of reaction at high temperature, the
MIPs were quite uniform with a diameter of 2.0 + 0.2 um.
When comparing precipitation polymerization at 60 °C for
24 h and DPP under reflux condition for 3 h, the yields were
comparable.

For the above mentioned several kinds of precipitation
polymerization methods, living precipitation polymerization
can improve the dispersion of MIPs, but additional polymeriza-
tion reagents like RAFT agents are needed. DPP and RPP can
shorten the polymerization time, but higher polymerization
temperature is needed. Furthermore, more complicated reaction
devices are needed. So DPP and RPP have not been widely used.
Traditional precipitation polymerization is still the most widely
used method because of its simple operation. It should be noted
that precipitation polymerization needs a large amount of organic
solvents, which brings about environmental pollution and
increases the cost. The polymer yield is low due to the low
concentration of monomers.

2.2 Spherical MIPs by emulsion polymerization

Typically, SPE packing materials prefer particle sizes of several
micrometers. The size of MIPs prepared by precipitation poly-
merization is below 5 um, which is generally not suitable for

This journal is © The Royal Society of Chemistry 2020
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filling SPE columns. Suspension polymerization
used to prepare spherical MIPs with suitable large size for
SPE. Oil-soluble polymerization system was dispersed in the
water phase for polymerization. In order to stabilize the poly-
mer droplets, dispersants were added. For example, Lenain®’
prepared MIPs by suspension polymerization for SPE procedure.
80% of the MIP particles were situated in the 12-58 um range with
an average diameter of 30 um. In recent years, suspension
polymerization has been less used because the surfactant would
behave as an additional pollutant in the preparation process.

Pickering emulsion polymerization can be employed to
prepare spherical MIPs with diameters of about 100 uM, which
are suitable as SPE sorbents. Pickering emulsion is stabilized by
solid particles, which are located at the interface between the
two immiscible liquids, preventing coalescence of the emulsion
droplets. The important step for Pickering emulsion polymeri-
zation is to form stable Pickering emulsions. So the choice of
nanoparticles is crucial. Hydrophilic particles tend to form oil-
in-water emulsions while hydrophobic particles lead to the
opposite situation. Until now, silica,**>® Fe;0, particles,>*™>°
chitosan,®®®*> halloysite nanotubes,>>*®® janus hydroxy-
apatite NPs,*»®> BHb,*® yeast,”” lignin,*® fluorescent NPs,* etc.,
were adopted to stabilize Pickering emulsions for preparation of
MIPs. Different particles enjoy different advantages. For example,
silica nanoparticles are commonly used due to the stability,
economy, and easy removal by HF etching. Pickering emulsion
based on Fe;0, particles can fabricate magnetic MIPs, which
could be easily collected and separated. Chitosan is suitable as a
stabilizer for Pickering emulsion polymerization due to its bio-
compatibility, environmental friendliness and low cost. Due to
high mechanical strength, thermal stability, biocompatibility and
abundance, halloysite nanotubes have been used for constructing
polymer nanocomposites.

After formation of a stable Pickering emulsion, polymeriza-
tion can be initiated to form polymers. Generally speaking, the
polymerization was carried out in the dispersed phase, and
finally spherical polymers were formed.**"' The solid particles
which are stable in the Pickering emulsion can be removed*®*°
or remain®** on the polymer surface. The template molecules
inside the polymer are removed to form MIPs. Generally, MIP
microspheres obtained by Pickering emulsion polymerization
are spherical with good dispersion, and particle size is generally
about tens of microns. Frankly speaking, the polymer particle
size is too large, and the recognition sites in the interior are
difficult to use. In order to make the recognition sites on the
MIP surface, Ye and his group®®° proposed new Pickering
polymerization methods using template molecules bonded to
silica nanoparticles as stabilizer. After the silica nanoparticles
were removed by HF solution, a permeable layer was obtained.
All binding sites were located on the surface of MIPs, which is
convenient for fast template binding.

Ye and his group®® also explored the preparation of water-
compatible MIPs by oil-in-water Pickering emulsion polymeri-
zation using propranolol as a model template, MAA as
functional monomer and EGDMA as cross-linker, denoted as
MIPs-P. For comparison, MIP particles were also synthesized

This journal is © The Royal Society of Chemistry 2020
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using traditional bulk polymerization, denoted as MIPs-B. The
amount of water adsorbed by MIPs-P was 1.40 times higher
than that by MIPs-B, whereas the amount of toluene adsorbed
by MIPs-P was only 15.6% of that by MIPs-B. They attributed
this phenomenon to the functional monomer of MAA. Because
of the solubility of MAA both in the oil and in the water phase,
MIPs-P have abundant surface carboxyl groups and therefore a
hydrophilic surface. This new surface characteristic allowed the
MIPs to recognize the template molecule with high selectivity in
pure water. Water-in-oil Pickering emulsion also was adopted
to prepare water-compatible MIP hydrogel.>*>> The water phase
contained the template and the hydrophilic monomers poly-
merized to form MIPs. The key step was to obtain a stable pre-
polymerization complex, as water may disrupt the interactions
between template and monomer molecules through competi-
tive hydrogen bonding. For example, Agrofoglio®* synthesized
MIP hydrogel by oil-in-water Pickering emulsion for controlled
release of adenosine 5-monophosphate. To obtain a stable pre-
polymerization complex, 2-(dimethylamino)ethyl methacrylate
and N-isopropylacrylamide were selected as monomers providing
ionic interactions with anionic phosphate moiety of 5-mono-
phosphate. From the above examples we can see that the research
work concerning MIPs obtained by Pickering emulsion polymeri-
zation mainly focused on Ye’s group. This may be due to the
following reasons. First, a stable Pickering emulsion polymeriza-
tion system is difficult to control, which requires rich experience.
Second, the larger particle size leads to low adsorption capacity,
which means that MIPs obtained by Pickering emulsion polymer-
ization do not display obvious advantages in sample pretreatment
or sensor construction.

2.3 Spherical MIPs with polymer brush

It is often necessary to detect a target in aqueous media, such as
environmental water samples, beverages, and biological fluids.
To achieve aqueous media recognition, inorganic MIPs based
on the sol-gel process or PDA can be employed. For organic
MIPs, surface hydrophilicity modification is necessary. Zhang”®”°
proposed a strategy to graft hydrophilic polymer brush on the
surface of spherical MIPs. Generally, spherical MIPs were first
prepared by living precipitation polymerization (RAFTPP”""%7*
or ARTPP’?), then hydrophilic polymer brushes were grown
in situ on their surfaces by surface initiated living polymerization.
For example, Zhang prepared MIPs with PHEMA brush by ATRPP
under ambient temperature with UV light, as shown in Fig. 3A.7%
Fig. 3Ha shows the obtained spherical MIPs were narrow or
monodisperse. It should be noted that from the SEM images,
the differences between MIPs with or without polymer brush
could not be observed. Grafting hydrophilic polymer brushes
has been widely used in many situations, such as grafting
hydrophilic polymer brushes on the surface of fluorescent MIPs
(Fig. 3B),”®’® grafting hydrophilic temperature-responsive
PNIPAAm brushes on the surface of photo-responsive MIPs to
produce multi-responsive MIPs (Fig. 3C),”"”* in situ growth of
magnetic microspheres on hydrophilic polymer brushes to prepare
monodispersed hydrophilic and magnetic MIPs (Fig. 3D) (the
TEM image shown in Fig. 3Hb confirmed the successful anchor

Mater. Adv., 2020, 1, 2182-2201 | 2185
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Fig. 3 Representation of MIPs with polymer brush. (A) A scheme for
preparation of spherical MIPs with polymer brushes by living polymeriza-
tion, adapted from ref. 72, Copyright 2012. (B) Fluorescent MIPs with brush,
adapted from ref. 77, Copyright 2016 American Chemical Society.
(C) Multi-responsive MIPs, adapted from ref. 71, Copyright 2012. (D) Magnetic
MIPs with brush, adapted from ref. 74, Copyright 2014. (E) Preparation of MIPs
with brush by thiol epoxy coupling, adapted from ref. 79, Copyright 2019.
(F) Polymer brush by click reaction, adapted from ref. 81, Copyright 2020
American Chemical Society. (H) Images of MIPs with polymer brush ((a)
adapted from ref. 78, Copyright 2012; and (b) adapted from ref. 74, Copyright
2014). (G) The water contact angle and the dispersity of MIPs in water,
adapted from ref. 81, Copyright 2020 American Chemical Society.

of magnetic microspheres),’* or the preparation of biological
sample-compatible MIPs by combining RAFT polymerization and
thiol-epoxy coupling chemistry (Fig. 3E).”° In our previous work,*
water-compatible MIPs with PHEMA brush were prepared and
employed as sorbent for extraction of four triazines from aqueous
media. Surface grafting of polymer brush is a general approach for
hydrophilic modification of MIPs.

Polymer brushes also can be grafted to MIPs by click
reaction. Wang’s group®' prepared magnetic core-shell MIPs,
then grafted them with macromolecular chains by a “click
reaction” to obtain hydrophilic MIPs. The obtained MIPs dis-
played excellent binding capacity and selectivity in aqueous
solution (Fig. 3F). The static water contact angle decreased from
121.5° to 58.6°, and the modified MIPs could be dispersed in
water, as shown in Fig. 3G. Polymer brushes ‘“‘grafted from” the
surface of MIPs can be completed by a one-pot method, which
is simple. Grafting polymer brushes to the surface of MIPs
requires three independent steps involving the preparation of
polymer brushes and MIPs, which is relatively cumbersome.
However, the structure of polymer brushes can be changeable.

2.4 Restricted access material MIPs (RAM-MIPs)

Macromolecules existing in complicated sample matrices
would adsorb on the surface of MIPs and hinder the specific
recognition of targets. Restricted access materials (RAM) are a
kind of sorbent containing hydrophilic functional groups and/or
proteins on their external surface, which could exclude macro-
molecules. As shown in Fig. 4A, there are three kinds of RAM,
namely internal surface phase, semipermeable surface phase and
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Fig. 4 Different classifications of RAM (A) include (a) internal surface,
(b) semi-permeable surface (including both polymeric and protein-based
hybrids), and (c) MIP phases, adapted from ref. 82, Copyright 2013 John
Wiley and Sons. (B) RAM based on GMA ring opening, adapted from ref. 85,
Copyright 2020 Elsevier. (C) RAM based on protein BSA, adapted from
ref. 89, Copyright 2018 Elsevier. (D) RAM based on SiO, layer, adapted
from ref. 93, Copyright 2019 American Chemical Society.

MIP RAM, and macromolecules could be excluded by a physical or
chemical diffusion barrier. The physical diffusion barrier is based
on the size of the pore and the chemical diffusion barrier depends
on functional groups with selective retention.*” Combining these
two types of RAM with MIPs, RAM-MIPs could effectively avoid the
interference of macromolecules in purification or detection.
Modification of hydrophilic hydroxyl groups on MIP surfaces is
a common method to prepare RAM-MIPs, and glycidyl meth-
acrylate (GMA) or KH-560 containing active epoxy groups is a
commonly used copolymerization functional monomer.®* %
When the epoxy groups were hydrolyzed to produce a large
amount of hydroxyl groups, the surface of MIPs were hydrophilic
and the interference of biological macromolecules could be
eliminated, as shown in Fig. 4B. For example, Gong prepared
RAM-M-MIPs using GMA as co-monomer for magnetic-solid
phase extraction (MSPE) of tetracyclines from untreated milk
and egg samples.®® The obtained RAM-M-MIPs can effectively
eliminate the interference of protein macromolecules with an
exclusion rate of 99.4%.

A protein like bovine serum albumin (BSA) also can be
coated onto MIPs using glutaraldehyde as a cross-linker to
prepare RAM-MIPs-BSA. Due to the electrostatic repulsion
between the proteins in samples and the BSA layer fixed on
the MIP surface (both negatively charged), 99% of the proteins
from samples could be eliminated.®*> For example, BSA was
anchored on the surface of Cu(u) imprinted MIPs in order to
provides better performance towards application in aqueous
medium,* as shown in Fig. 4C. In order to anchor BSA, HEMA
was used as co-functional monomer to provide hydroxyl groups.

This journal is © The Royal Society of Chemistry 2020
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When comparing 1IPs, IIPs-HEMA, IIPs-HEMA-BSA was the
most efficient polymer for simultaneous Cu** preconcentration
and BSA protein exclusion in aqueous medium. Gong®° pre-
pared core-shell RAM-MIPs-BSA for SPE of ofloxacin and enro-
floxacin from bovine serum. The maximum adsorption capacity
of RAM-MIPs-BSA was 50.55 mg ¢ for ofloxacin, with a 99.4%
protein exclusion rate.

Chang®® prepared SiO,-coated MIPs for the adsorption of
BPA, as shown in Fig. 4D. The anchored SiO, clusters confined
the conformation of the copolymer, suppressed the nonspecific
hydrophobic interactions and enhanced the water compatibility
of MIPs. With the help of the SiO, layer, the hydrophobic MIP
particles could well disperse in aqueous solution. Furthermore,
nonspecific hydrophobic interaction was reduced resulting in
high adsorption kinetics and an outstanding imprinting effect,
including an imprinting factor of 14, adsorption capacity of
40.3 mg ¢~ ', and selectivity factor of 24.

3. Core-shell structured MIPs

The recognition sites in irregular or solid spherical MIPs are
difficult to utilize due to the high mass transfer resistance.
In order to reduce the resistance of mass transfer and improve
the utilization rate of recognition sites, surface imprinting
was developed to prepare core-shell structure MIPs. Surface
imprinting usually involves the following three steps: first,
preparation of a supporting matrix, then surface modification
of the supporting matrix, and finally coating an organic or
inorganic MIP layer on the surface of the supporting matrix.
Surface modification is the key step for preparation of core-
shell MIPs. The diverse surface modification methods are
emphasized in the following section. The core-shell structure
MIPs can be divided into solid core with solid shell, solid core
with mesoporous shell, hollow core with solid shell, hollow
core with mesoporous shell etc. In this section, only MIPs with
solid core and solid shell structure are discussed, and the
others will be discussed with hollow MIPs or mesoporous MIPs.

3.1 The cores for core-shell MIPs

Many solid particles, like SiO, nanoparticles,”*°” mesoporous
Si0,,”% chitosan,'" metal-organic frameworks (MOFs),'*>%”
PtPd nanoflowers,'”® TiO,,'**'"® polymers like PS™' and
PMMA,"" fluorescent nanoparticles (FNPs),"*""** Fe;0, magnetic
nanoparticles (MNPs),"**™*° etc., have been used as a supporting
matrix. Silica nanoparticles are widely used to prepare core-shell
structure MIPs because of their simple preparation and good
stability. Mesoporous silica, like FDU-12°® and SBA-15,'°° with
large and ordered pore sizes, higher surface area and well-
modified surface properties, also has been widely used. MNPs
also have been widely used due to their magnetic separation
ability. The advantages of hydrophilicity, biocompatibility and
non-toxicity make chitosan suitable for imprinting. MOFs such
as MOF-5,'% Ui0-66-NH,,'** MOF-177,'"" and MIL-101'%® with
tunable pore structure are often employed to prepare MOF@MIPs
for separation, biosensors and drug delivery. Using fluorescent
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nanoparticles such as quantum dots (QDs)""* and carbon dots
(CDs)'™® as cores to prepare core-shell structured MIPs can
produce fluorescence sensors. The core-shell MIPs using TiO,
as core can achieve highly efficient photocatalytic degradation of
target pollutants under visible light irradiation. According to
the required application, the appropriate core materials can be
selected.

3.2 Surface modification of cores

The key point for the preparation of core-shell MIPs lies in the
growth of the MIP layer on the surface of the solid core, rather
than nucleation in solution. Therefore, surface modification
is necessary. Taking magnetic microspheres as an example,
several surface modification methods are summarized in Fig. 5.
Before introducing the surface modification methods of MNPs,
it is necessary to introduce the preparation methods of
MNPs. Fe;O, MNPs can be prepared by the coprecipitation
method""®'"” or the solvothermal method.'**'*® The MNPs
prepared by coprecipitation were hydrophilic with size of about
10 nm and relatively weak magnetic properties. The MNPs
prepared by the solvothermal method were about 500 nm with
stronger magnetic property.

In order to transform hydrophilic MNPs into hydrophobic
MNPs, they were modified with polyethylene glycol (PEG)**®*"”
or oleic acid (OA),"*®*'** then were coated into MIPs by
suspension polymerization''®*** or Pickering emulsion
polymerization.®® For this kind of magnetic MIPs (M-MIPs),
serval magnetic microspheres were coated into one MIP parti-
cle, as multiple core in one shell. The third was to introduce a
thin SiO, layer on the surface of the MNPs, and then an
inorganic MIP layer was coated by the sol-gel process.'>*™*?
The formed MIP layer may be a solid SiO, layer'*® or meso-
porous SiO, layer.'*® The fourth was to coat a thin SiO, layer
and then introduce vinyl double bond on the surface of the
MNPs, followed by coating an organic MIP layer by free radical
polymerization.”®*™**” In order to fix more functional groups,
the SiO, layer on the surface of MNPs can be designed as a

Fe;0,@Si0,-C=C
o

\ Fe,0,@Si0,-OH
) @ ® -
4 O @ ® o Fe,0,@Si0,-NH,

AN " o

“@p, _ O o s
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# py O -+
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HO B OH
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Fig. 5 Surface modification of MNPs with PEG, OA, TEOS, vinyl double
bond, amino groups, RAFT agents, boronic acid, gold or silver NPs,
MOF, etc.
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mesoporous silica layer."**"**® In order to make the recognition
sites evenly distributed in the shell, the template molecules
were fixed on the surface of cores. So amino groups™***** or
boronic acid"*”**° were introduced into the surface of MNPs
through APTES or phenylboronic acid, then templates were
immobilized on the surface of MNPs, followed by the imprinted
layer coating on the surface of magnetic microspheres. In order
to facilitate the coating of the MIP layer on the core surface
and effectively controlling the thickness of the shell, RAFT
agents'**'*® were introduced on the surface of MNPs, and
the shell MIPs with controllable thickness were obtained by
living polymerization. The above are general surface modifica-
tion methods, which also can be used for surface modification
of other solid particles.

In order to meet the requirements of different application
fields, MNPs can be modified by other functional groups.
For example, Zhang'' modified MNPs with poly(glycidyl
methacrylate) for introduce boron-nitrogen (B-N) coordination,
then further immobilized the template glycoproteins (ovalbumin,
OVA). Finally, a redox-polymerized aniline imprinted layer was
deposited onto the MNP surface. Xie'** used TiO,-functionalized
MNPs as core to prepare M-MIPs. First, a TiO, layer was deposited
directly on the surface of the MNPs using a sol-gel method for
immobilizing template phenylphosphonic acid by Lewis acid-
base interaction. The noble metal gold (Au) was used as a coating
material to prepare M-MIPs to allow immobilizing the template
with other useful species based on the Au-S bond. For example,
Ma et al.™*® coated an Au layer on the surface of MNPs in order
to anchor 4-mercaptophenylboronic acid, then with further
immobilization of glycoprotein before the imprinting process.
To achieve surface-enhanced Raman spectroscopy detection of
target, silver NPs were employed.'**'** Yu and co-workers coated
Ag NPs on the surface of MNPs, and then coated MIPs on the
surface of Fe;0,@Ag."* In this work, MNPs were prepared by a
solvothermal approach, and functionalized with amino groups.
Then Ag NPs were located on the Fe;0,@SiO,-NH, surface via
electrostatic interaction. Vinyl double bonds were modified on
Fe;0,@Ag to facilitate imprinting by free radical polymerization.
Zhou first coated MOF ZIF-8 on the surface of MNPs, then
prepared Fe;O,@ZIF-8@MIPs for selective adsorption of tetra-
bromobisphenol A from water samples.'>® The MOF layer provided
a large specific surface area and abundant pores, enabling a better
adsorption effect.

The properties and morphology of M-MIPs can be affected
by surface modification. He’s group'® modified MNPs with
APTES and KH-570 to get Fe;0,-NH, and Fe;0,—~CH,—C,H,,
and then prepared M-MIPs. Fe;0,~CH,—C,H,@MIPs exhibited
more regular shapes and better dispersibility compared to Fe;O,—
NH,@MIPs. The saturation magnetization of Fe;O,~NH,@MIPs
(23.25 emu g~ ') was higher than that of Fe;0,~CH,—C,H,@MIPs
(18.63 emu g~ ), which may be attributed the poor dispersibility of
Fe;04,-NH,. Therefore, it is very important to choose a suitable
surface modifier. Armenta and co-workers™” discussed the
effect of the MNP modifier used on the extraction performance
of M-MIPs. They employed PEG and 3-(trimethoxysilyl)propyl
methacrylate(v) to modify MNPs prepared by a co-precipitation
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method, then coated MIPs by bulk polymerization. The resulting
V-MNPs were less prone to aggregation than PEG-MNPs and more
V-MNPs were embedded into MIPs due to the presence of vinyl
groups, which were able to participate in free radical copolymeri-
zation with other monomers. In the same way, the choice of MNPs
also affects the morphology of M-MIPs. MNPs prepared by a
coprecipitation method are easy to agglomerate, and the prepared
M-MIPs prefer to be agglomerated. MNPs prepared by a solvother-
mal method have large particle size and good dispersion, and the
prepared M-MIPs also have good dispersion, and core-shell
structure can be easily observed.

The surface imprinting process after surface modification is
still based on free radical polymerization, sol-gel process or
self-polymerization of dopamine. Those methods are relatively
well known, so the process is not repeated here. It should be
pointed out that the adhesion between core-shell MIP particles
is a common phenomenon, so the preparation of monodis-
perse ultra-thin shells is a development direction in the future.

4. Hollow MIPs (H-MIPs)

A core-shell structure can improve the utilization of recogni-
tion sites of MIPs, but a target molecule can only enter the
recognition site from the outer surface. If MIPs with a hollow
structure (H-MIPs) were to be prepared, the target molecules
can enter the recognition site from the inner and outer double
surfaces, which is more efficient. Therefore, preparation of
H-MIPs has become an important research direction in this
field. As shown in Fig. 6, H-MIPs can be prepared by the
sacrificial solid cores method, seed swelling polymerization,
Pickering emulsion polymerization, and surface imprinting on
hollow core.

4.1 Sacrificial solid cores

Inspired by core-shell MIPs, H-MIPs can be obtained by removing
core materials. In this method, the step of removing cores is
added on the basis of preparing core-shell MIPs, and selective
etching is used to remove cores. Usually, PS,">*"° $i0,,"*"%
mesoporous  silica,””*”® K,Ti 0,,""* CaCO;'” and Fe;0,@
Si0,'7%%7° are used as the sacrificial material to prepare
H-MIPs. This method is widely used because both organic and
inorganic H-MIPs can be prepared. SiO, is commonly used as the
sacrificial solid core because of its chemical stability and easy
removal by HF etching. Fig. 7A and C show TEM and SEM images
of H-MIPs after removal of SiO, core. The shell is well preserved.
When using PS as the core, the hollow MIP shell often collapses
because the dissolution and removal of the PS core are accom-
panied by its swelling. In order to get an intact shell, the MIP shell
has to be thick. He'*® proposed an approach to prepare H-MIPs
with thin and solid MIP shells. PS@SiO, particles were used as the
core, and only the PS part was sacrificed. The SiO, part kept in the
H-MIPs made it possible to get a thin but solid MIP shell. The
imprinted shell was estimated to be about 50 nm. As shown in
Fig. 7B, the H-MIPs were rigid and kept a perfect spherical shape
without breakage and deformation. Fe;0,@SiO, also was used as

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The methods for preparation of hollow MIPs.

a sacrificial support to prepare yolk-shell magnetic hollow MIPs
by etching the SiO, layer with HF to form Fe;O,@void@MIPs, as
shown in Fig. 7D."° The yolk-shell structure is of great interest
because it retains the magnetic separation ability and has hollow
characteristics like high surface area, suitable pore size and low
density. The exposed inner surface can overcome the defects
caused by the high cross-linking of the molecular imprinting.

4.2 Seed swelling polymerization

H-MIPs also can be prepared by seed swelling polymeri-
zation,'®*™'** which was pioneered by our group in 2011."%°
Monodispersed PS seed particles were first prepared by disper-
sion polymerization. Then PS was swelled, followed by poly-
merization on the surface of PS. Finally, the PS was washed to
form the hollow polymers. In a typical multistep seed swelling
polymerization process, PS particles were first swelled by dibutyl
phthalate for 24 h, followed by the second step of swelling by
toluene, functional monomer, crosslinker, and template for
another 24 h. After the two swelling steps, the mixture was
polymerized to get the single-hole hollow polymers, as shown
in Fig. 7E and F. The formation mechanism of holes was based
on the concomitant microphase separation and symmetrical
volume shrinkage of shell materials, which can be broken down
into five consecutive steps: (i) the formation of a prepolymer
layer, (ii) the microphase separation of two polymer shell layers,
(iii) the development of a small interior void in the shell,
(iv) formation of a film-covered hole, and (v) formation of an
open hole in the polymer shells. Using this seed swelling
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Fig. 7 Images of different H-MIPs. (A) TEM image of H-MIPs by etching
SiO, core, adapted from ref. 161, Copyright 2017. (B) TEM image of H-MIPs
with thin shell by etching PS core with the protection of SiO; layer, adapted
from ref. 158, Copyright 2014. (C) SEM image of H-MIPs by etching
mesoporous SiO, core, adapted from ref. 171, Copyright 2012. (D) TEM
image of FezsO4@void@MIPs by etching SiO, layer, adapted from ref. 176,
Copyright 2018, Elsevier. TEM (E) and SEM (F) images of H-MIPs prepared
by seed swelling polymerization, adapted from ref. 180, Copyright 2011.
(G) SEM image of H-MIPs prepared by Pickering emulsion polymerization,
adapted from ref. 58, Copyright 2013, American Chemical Society. (H) SEM
image of multi-hollow MIPs prepared by oil-in-water Pickering emulsion
polymerization, adapted from ref. 185, Copyright 2015, John Wiley and
Sons. (I) W-o-w Pickering emulsion polymerization, adapted from ref. 59,
Copyright 2015 Elsevier. (J) SEM image of multi-core H-MIPs prepared by
oil-in-water Pickering emulsion polymerization, adapted from ref. 51,
Copyright 2018, Elsevier. TEM images of hollow SnO, (K) and hollow
SnO, based H-MIPs (L), adapted from ref. 186, Copyright 2018, Elsevier.

polymerization method, H-MIPs have been prepared for selective
recognition of N-nitrosamine,"®" triazines,'®* and tetracycline.'®*

Multistep swelling before polymerization is complex and
time-consuming. Li'®* proposed miniemulsion polymerization
to prepare single-hole H-MIPs for recognition of BPA. MAA was
chosen as the hydrophilic functional monomer and EGDMA
as the cross-linker. In the swelling process, the oil phase,
including template, functional monomer, crosslinker and dibutyl
phthalate, was added dropwise into the water phase composed
of sodium lauryl diphenyl ether disulfonate under vigorous
stirring to form monomer miniemulsion. The monomer mini-
emulsion was added dropwise to dispersion liquid of PS seed,
followed by 12 h of swelling. During the polymerization
process, an eccentric sphere structure with internal void was
formed firstly, the surface pores and internal pores were
increased by eluting PS seeds, and finally single-pore H-MIP
particles were formed. The swelling process was observed by
dynamic light scattering. The particle size of mono-disperse PS
seed prepared by emulsion polymerization was 145 nm and the
droplet sizes of monomer miniemulsion were 287 nm. The
size of PS seed after the miniemulsion swelling increased to
275 nm. After polymerization, the size of the product was
269 nm, which was a little smaller than the swelled seed due
to the volume shrinkage during the polymerization. These
microcapsules collapse into “bowl-like” shape with relatively
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low modulus of the shell polymer. The average thickness of the
shell layer was about 28 nm.

4.3 Pickering emulsion

The third method for preparing H-MIPs is Pickering emulsion
polymerization. In Section 2 we discussed that solid-sphere
MIPs could be prepared by Pickering emulsion polymerization.
More solvent is used to prepare H-MIPs than solid-sphere MIPs, and
the hollow structure stems from phase separation. Furthermore,
the shell of the H-MIPs is semipermeable, arising from the
particle interstices, and the permeability can be modulated by
changing the particle size and morphology. For example, Pan>®
prepared M-H-MIPs for adsorption of l-cyhalothrin using
Pickering emulsion polymerization stabilized by halloysite nano-
tubes and a few hydrophilic Fe;0, nanoparticles. The Pickering
emulsion polymerization was carried out between St and func-
tional monomer 4-VP in the presence of toluene solvent. The
cross-linked polymer network tended towards phase separation
in the poor solvent, toluene, driven by the interfacial tension and
precipitation at the interface. By elution with water and ethanol,
hollow structures were readily formed by the removal of the
residual toluene and unreacted 4-VP. The hollow structure can
be observed and confirmed by optical micrographs of the MIPs.
The emulsion droplets exhibited a spherical hollow structure
without collapse, and the hollow structures existed in the MIPs
after elution with asymmetric and nonuniform capsule shells
with a thickness range of 7.0-20 um. Because solid particles were
used as stabilizer, the surface of H-MIPs was rough and those
solid particles can be observed under high-resolution SEM,
as shown in Fig. 7G.

Using a water in oil in water (w1/o/w2) Pickering emulsion,
multi-hollow MIPs also can be prepared. For example, Pan and
co-workers®® synthesized multi-hollow M-MIPs using w1/o/w2
Pickering emulsion. The inner water in oil (wl/o) droplets
were stabilized by hydrophobic Fe;O, NPs, and the outer oil
in water (o/w2) phase was stabilized by cellulose nanocrystals.
The template and functional monomer were contained in the
oil phase. After polymerization in the oil phase, multi-hollow
holes stemming from the inner water phase were distributed
uniformly inside the MIPs, as shown in Fig. 7I. Feng'®®
prepared multi-hollow M-MIPs by incorporating 3-indolebutyric
acid and ferroferric oxide nanoparticles simultaneously into a
poly(styrene-co-methacrylic acid) copolymer (poly(St-co-MAA))
matrix for the selective enrichment of indolebutyric acid.
Firstly, MNPs and poly(St-co-MAA) were each prepared. Then
MNPs, template 3-indolebutyric acid, and poly(St-co-MAA) were
added into chloroform solvent. And then the mixture was
transferred into 10 mL NaOH solution under vigorous stirring
at room temperature. After 1 h, the chloroform was removed by
heating under stirring. After cooling to room temperature, the
products were collected, purified and dried. Lots of pores with
sizes of 0.2-4 pm can be observed on the surface of the
obtained MIPs with size around 10 um, as shown in Fig. 7H.
However, the preparation and hole formation mechanism was
not discussed in that work. The multi-hollow holes may stem
from the removal of chloroform.
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Using Pickering emulsion polymerization, Li®" prepared
H-MIPs with multiple cores for recognition of BPA, as displayed
in Fig. 7J. The formation of the hollow structure was attributed
to the polymerization-related phase separation and interfacial
tensions. The formation of multicore structure could be due to
BPA precipitation nucleation. In this polymerization system,
4-VP and DVB were functional monomer and crosslinker,
respectively, while hexadecane was employed as solvent.
Because of the poor solubility of BPA in hexadecane, BPA
precipitated from the oil phase, and played the part of nuclea-
ting agent in the phase separation process of the propagating
copolymers. The gradual deposition of polymer on the nuclei
finally resulted in the formation of multicore structured
hollow spheres. This method is not universal because it has
high requirements for the solubility of template molecules
and solvents.

4.4 Surface imprinting on hollow cores

H-MIPs also can be prepared by surface imprinting on the hollow
cores, like hollow SnO,,"*® hollow mesoporous silica,"®”**¢ hollow
Fe;0,,"*° hollow Ag NPs,'® etc. For the sacrificial solid cores
method, the recognition sites would be destroyed in the long-
term etching process. This process can be avoided by using
surface imprinting on the hollow cores. For example, Tan**°
prepared M-H-MIPs by wrapping MIP layer on the surface of
hollow magnetic Fe;O,, which was prepared via a one-pot
hydrothermal method. When compared with solid Fe;O,
microspheres, hollow Fe;O, displays many advantages, like
uniform particle size, lower density, higher specific surface
area, and excellent dispersibility in aqueous phase, making it
well dispersed in the next polymer-coating processes. Jia'®*
prepared H-MIPs by a surface imprinting method using
hollow SnO, as support for selective recognition and separa-
tion of luteolin. First SiO,@Sn0O, was prepared, and the SiO,
was etched to form hollow SnO, (Fig. 7K). Then H-MIPs
(Fig. 7L) were prepared by living ATRP on the surface of hollow
Sn0,. Yu'®® prepared H-MIPs by surface imprinting on hollow
silica mesoporous microspheres. First hollow silica meso-
porous microspheres were prepared and modified with APTES
and acryloyl chloride. Then MIP layer was coated on the
surface of the hollow silica mesoporous microspheres using
AA as functional monomer, EGDMA as crosslinker and tetra-
difon as template. After the original hollow silica mesoporous
microspheres were removed by HF, the shell morphology still
remained intact.

Among the four kinds of method, the method of etching
cores is widely used because both organic and inorganic
H-MIPs could be prepared and the particle size could be
adjusted by adjusting the size of cores. Surface imprinting on
hollow cores is similar to the etching of cores. Big hollow MIPs
with particle size suitable for SPE could be prepared by the seed
swelling polymerization method. However, hollow MIPs with
thin shell are hard to control. Moreover, multi-swelling is time
consuming. Only few H-MIPs have been prepared by Pickering
emulsion polymerization, maybe because of the big particle
size and relatively low binding capacity.

This journal is © The Royal Society of Chemistry 2020
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4.5 M-H-MIPs

M-MIPs often use MNPs as core, and hollow MIPs often
sacrifice the cores. Fortunately, magnetic hollow MIPs (M-H-MIPs)
can be prepared by in situ growth on the surface of H-MIPs,"?% >
In our previous work,"”® we prepared M-H-MIPs for selective
enrichment of atrazine by in situ growth of MNPs on the surface
of H-MIPs. First, H-MIPs were prepared by multi-step swelling
polymerization (which was discussed in Section 4.2). To facilitate
the growth of MNPs on the surface of H-MIPs, GMA was used as
a co-functional monomer, which offers potential hydroxyl groups
on the surface of H-MIPs for in situ growth of Fe;0, NPs. Epoxy
bond opening provided abundant hydroxyl groups on the surface
of H-MIPs, on which Fe;O, was prior grown. Then, under base
medium in a N, atmosphere, Fe;O, was grown in situ based
on the cooperation of Fe*" and Fe**. Chen'®" prepared M-H-MIPs
for specific extraction of protocatechuic acid using a similar
method. The difference is that H-MIPs were prepared using
mesoporous silica spheres (MCM-48) as sacrificial support.
From the above reference we can see that to achieve successful
in situ growth of Fe;O, NPs, GMA was necessary as
co-functional monomer because Fe;O, NPs can be chemi-
sorbed onto PGMA by forming five-membered chelate rings
with the Fe atoms.'®”

5. Mesoporous MIPs

Mesoporous MIPs were developed from mesoporous silica.
Mesopores have diameters between 2 and 50 nm according to
the IUPAC classification. Due to the large specific surface area
and high adsorption capacity of mesoporous MIPs, they are
widely used in separation, adsorption and chemical sensors.
Mesoporous MIPs can be divided into homogeneous meso-
porous, core-shell mesoporous, hollow mesoporous and multi-
level mesoporous MIPs depending on the morphology.

5.1 Homogeneous mesoporous MIPs

5.1.1 Surface imprinting in the pores of mesoporous silica.
Generally, mesoporous MIPs can by prepared by the surface
imprint grafting method and one-pot synthesis method, as
shown in Fig. 8. For a typical surface imprint grafting method,
mesoporous silica is first prepared, and then MIP layers are
grafted in the mesopores. For example, Xu'®? prepared 2D MIPs
in the pores of SBA-15 for recognition of cholesterol. In this 2D
imprinting strategy, only functional monomer was used while
crosslinker was not employed. Functional monomers were
anchored on the walls of pores of SBA-15, ensuring that the
functional monomers were moveable and the recognition sites
were flexible. To anchor functional monomer, click reaction
was employed, with azide-modified B-cyclodextrin (azide-B-CD)
as the functional monomer and alkynyl-modified SBA-15
(alkyne-SBA-15) as the skeleton. Template-monomer complexes
were first formed by assembly of azide-B-CD molecules with
template, and then the functional monomers were anchored to
the walls of the SBA-15 via click chemistry. The Brunauer-
Emmett-Teller (BET) surface areas of SBA-15 and MIPs were
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Fig. 8 Representation of preparation of homogeneous mesoporous
MIPs. (A) 2D Imprinting in the pores of mesoporous silica by click reaction,
adapted from ref. 194, Copyright 2019, Elsevier. (B) One-pot synthesis
method for formation of mesoporous MIPs using P123 as soft template for
mesopores, adapted from ref. 195, Copyright 2011, American Chemical
Society. (C) Dual-template docking oriented molecular imprinting method,
adapted from ref. 204, Copyright 2015.

553 and 417 m* g, respectively. The pore diameters of SBA-15
and MIPs were 10.1 and 8.4 nm, respectively. The pore volumes
of SBA-15 and MIPs were 1.14 and 0.87 cm® g, respectively.
The above data confirmed that the ordered mesoporous
structure was well preserved after 2D imprinting. Similarly,
the same team also grafted 2D imprinted layer in SBA-15 pores
for recognition of 2,4-D, as displayed in Fig. 8A,"** using a
similar process. To facilitate click reaction, SBA-15 and func-
tional monomer B-CD were modified with azide groups and
alkyne groups respectively. The TEM images of SBA-15 (Fig. 9A)
and MIPs (Fig. 9B) confirmed the well-preserved ordered
mesoporous structure. It should be noted that the selectivity
of recognition sites formed by 2D imprinting was worse
than that of sites formed by 3D imprinting. However, 3D
imprinting in the pores of mesoporous silica is hard to control
because mesoporous channels are easily blocked. Therefore,
the strategy of imprinting inside the mesoporous channels is
rarely used.

Mater. Adv., 2020, 1, 2182-2201 | 2191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00415d

Open Access Article. Published on 17 August 2020. Downloaded on 6/13/2026 8:36:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

5.1.2 One-pot formation of mesoporous MIPs. Grafted MIP
layers can block pores or decrease their diameters significantly.
The one-pot preparation method in which the mesoporous
pores and recognition sites are formed during the polymerization
process simultaneously is relatively simple. Generally, a soft
template was employed to form mesoporous structure."*>>°> Wall
thicknesses were typically between 3 and 8 nm, and particle sizes
were easily tuned. By adjusting the synthetic conditions and
starting materials, the diameters of mesoporous pores can range
from 3 nm to tens of nanometers. The pore structure of SBA-15
mesoporous silica was templated by a nonionic block copolymer
surfactant template (triblock copolymer Pluronic P123),"°>'%
while MCM-41 with tunable pore size ranging from 2 to 10 nm
was templated by the surfactant CTAB.'*’2% Fig. 9C and D
display the TEM images of SBA-15- and MCM-41-based Ni(u) ion
imprinted polymers.>*" The surface of mesoporous structure of
MIPs was rough while the non-mesoporous structure of MIPs was
smooth. Worm-like channels or hexagonal tunnels could be
observed in the TEM images of mesoporous structure of MIPs.
The mesoporous structure also can be further confirmed by
nitrogen adsorption-desorption isotherms. Mesoporous structure
MIPs display the typical type-IV curves and the actual pore size
distribution is given by the Barrett-Joyner-Halenda (BJH) curve.

Mesoporous MIPs are widely used for removal or enrich-
ment of targets due to the high surface area. For example,
mesoporous IIPs were prepared for rapid and specific adsorp-
tion of Cr(m) ions in effluents. Due to the mesoporous structure,
the adsorption reached equilibrium within 5 min."*® Mesoporous
MIPs were prepared for SPE of chloramphenicol from milk.

100 nm
o

Fig.9 TEM and SEM images of mesoporous MIPs. TEM images of SBA
before (A) and after (B) anchoring of MIP layer, adapted from ref. 193,
Copyright 2014. SBA-15 (C) and MCM-41 (D) based Ni(i) ion imprinted
polymers by one-pot synthesis method, adapted from ref. 201, Copyright
2018, Elsevier. (E) Phosphate-imprinted mesoporous silica using dual-
template method, adapted from ref. 204, Copyright 2015. (F and G) TEM
images of magnetic mesoporous silica-based mesoporous core—solid
shell MIPs, adapted from ref. 215, Copyright 2016, Elsevier. (H and 1) TEM
images of solid core—mesoporous shell MIPs, adapted from ref. 222,
Copyright 2015. (J) TEM image of hollow mesoporous MIPs, adapted from
ref. 227 Copyright 2017, Elsevier. (K and L) SEM and TEM images of
multilevel mesoporous silica, adapted from ref. 230, Copyright 2019.
(M) TEM image of FesO4@fibrous SiO, after anchoring of MIP layer,
adapted from ref. 233, Copyright 2015, American Chemical Society.
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The maximum imprinting factor was 9.7, whereas the highest
capacity was 23 mg g~ ."®” Ni ion imprinted mesoporous IIPs were
employed for removal of Ni ions from wastewaters with adsorp-
tion efficiency above 92.5% even after seven extraction-stripping
cycles.””!

For the mesoporous structured MIPs prepared by the above
method, it cannot be guaranteed that all the recognition sites
are located on the surface of the mesoporous MIPs. Most
recognition sites are still located in the MIPs. Therefore,
it is highly desirable to develop straightforward and efficient
imprinting strategies to generate recognition sites on the
surface of mesoporous silica. A dual-template (molecular
imprinting template and mesoporous template) docking
oriented molecular imprinting method for one-pot synthesis
of mesoporous MIPs with recognition sites located on the
surface of mesoporous silica was proposed.>’>°® As shown
in Fig. 8C, rod-like positively charged CTAB micelles were
mixed with negatively charged template to form dual-
template complexes based on electrostatic attraction. Then an
appropriate Si source precursor co-condensation occurred
around the dual-template complexes. After removal of the soft
template, recognition sites were located on the surface of
mesoporous silica materials. This method was easy to control.
Fig. 9E shows a TEM image of phosphate-imprinted meso-
porous silica using the dual-template method, with mesopore
diameter of 2.6 nm and specific surface area of 792 m”> g~ *.>%*
Similarly, Hu*” prepared mesoporous MIPs to recognize
phosphorylated tyrosine residue using this dual-template dock-
ing method. Template phenylphosphonic acid is negatively
charged in alkaline solution, which can be docked onto CTAB
micelles to form a dual-template due to electrostatic attraction.
However, this imprinting strategy was designed only for
charged targets.

The pore size of mesoporous silica using CTAB as the soft
template is less than the mean size of proteins, which is
not suitable for protein imprinting. Therefore, suitable soft
templates, which can generate suitable sizes of mesopores and
channels for the diffusion of proteins, are in high demand.
Researchers have found that amphiphilic ionic liquids (ILs)
consisting of an imidazolium cation and a hydrophobic long
alkyl chain along with a kosmotropic anion could be used as
soft templates to produce well-ordered mesoporous materials.
More importantly, the mesopore size can be tuned by varying
the length of the alkyl chain and the anion. So, using
the amphiphilic IL 1-octadecyl-3-methylimidazolium chloride
(C18MIMCI) as surfactant, Qian*’® prepared mesoporous MIPs
for protein recognition. The imidazolium cation of the IL
provided multiple interactions with nonapeptide template,
so nonapeptide template was anchored on the surface of
C18MIMCI micelle rods to generate surfactant-template com-
plexes. MIPs displayed a fibrous porous morphology that was
directed by C18MIMCL. The diameter of spherical MIPs was
about 200 nm and the pore diameter was 3.62 nm. The
dimensions of cytochrome ¢ are about 2.6 nm x 3.2 nm X
3.3 nm, so the size of the pores produced by ILs is suitable for
Cyc imprinting.

This journal is © The Royal Society of Chemistry 2020
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5.1.3 Sponge mesoporous MIPs. In addition to 2D-channel
mesoporous silica (MCM-41 and SBA-15), 3D-channel meso-
porous silica with highly interconnected 3D pore structures,
like cage type SBA-16 or sponge mesoporous silica, has been
shown to be superior to 2D mesoporous silica in mass transfer.
For example, Chen>®” prepared BPA-imprinted sponge meso-
porous silica by a semi-covalent imprinting strategy. Sponge
mesoporous silica was fabricated through a self-assembly
process between lecithin/dodecylamine mixed-micelles and
TEOS in an ethanolic/aqueous medium. The specific surface
area of sponge mesoporous MIPs was 850.55 m”> g~ ', and the
specific adsorption capacity for BPA was 169.22 mmol g .
The adsorption could reach equilibrium within 3 min. Those
excellent properties may be ascribed to highly interconnected
3D porous network. High specific surface area and large pore
volume make sponge mesoporous silica suitable for molecular
imprinting. However, compared with the wide application
range in the fields of controlled drug release and catalysis,
3D mesoporous silicon is less used in MIPs.

5.1.4 Mesoporous MIP doping NPs. Mesoporous structured
MIPs have been applied as solid-phase extraction sorbents and
for construction of chemical sensors because of their remarkable
effect on reducing mass transfer resistance and increasing adsorp-
tion capacity. When doping fluorescent nanoparticles (FNPs)
during a one-pot synthesis process, fluorescent mesoporous
MIPs were prepared. For example, Liang'®® prepared meso-
porous fluorescent MIPs for sensing sparfloxacin in biological
samples by doping Mn-doped ZnS QD in the one-pot synthesis
system. When doping two kinds of FNPs, ratiometric fluores-
cent MIPs,?°® dual reference ratiometric fluorescent MIPs,**° or
dual channel fluorescent MIPs**' can be designed. Chen®®
proposed a method to prepare fluorescent mesoporous MIPs by
anchoring QDs onto the mesoporous MIPs. The preparation of
QD@mesoporous MIPs involves the following three steps: the
synthesis of mesoporous MIPs, the formation of the QDs, and
the combination of these two materials by KH-570 to obtain the
final product. However, this method is more complicated than
the one-pot method. Furthermore, the bonded QDs are located
on the surface of MIPs, so it is difficult to ensure that the QDs
are evenly distributed near the recognition sites, which reduces
the efficiency from molecular recognition to signal output.
Furthermore, exposed QDs can contact with a variety of sub-
stances, resulting in reduced detection selectivity. Bonding
MNPs in mesoporous silica is a good way to prepare magnetic
mesoporous MIPs. For example, Zhang®'® grew MNPs in situ in
the pores of mesoporous MIPs to prepare magnetic meso-
porous MIPs. The as-prepared magnetic mesoporous MIPs
displayed the advantage of MNPs of simple separation and
the advantage of mesoporous material of faster mass transfer
and higher adsorption capacity.

5.2 Core-shell mesoporous MIPs

5.2.1 Mesoporous core-solid shell MIPs. Core-shell struc-
tured mesoporous MIPs can be divided into two groups:
mesoporous core with solid shell and solid core with mesoporous
shell. For the mesoporous core with solid shell, recognition sites

This journal is © The Royal Society of Chemistry 2020
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only exist in the solid shell, the mesoporous core being used
as supporting matrix for surface imprinting, as discussed in
Section 3. Generally, mesoporous silica nanospheres like BSA-
15211721 and FDU-12°° are prepared, followed by surface modi-
fication to introduce vinyl double bond by KH-570. Finally MIP
layer is coated on the surface of mesoporous silica. For example,
Liu coated photo-responsive MIPs using azobenzene-containing
monomer as the photosensitive monomer on the surface of
mesoporous silica for photo-regulated selective separation of
BPA.>" It was reported that mesoporous silica was an excellent
matrix material that possesses large surface area, highly ordered
pore structures and high hydrothermal stability, which can
enhance significantly the adsorption capability of adsorbents.
Yao®'* prepared SBA-15 using triblock-copolymer Pluronic P123
(EO5,PO,oEO,) as the surfactant, then modified SBA-15 with
MAPS. Then SBA-15@MIPs was prepared by surface imprinting.
For comparison, MIPs@SiO, was also prepared. The binding
capacity of MIP@SBA-15 (68.29 mg g~ ) was about 1.67-fold that
of MIP@SiO, (40.84 mg g ). The higher binding capacity could
be due to the higher surface area of SBA-15.

These kinds of mesoporous core-solid shell MIPs are often
used for selective extraction and enrichment of targets from
complicated sample matrices. However, separation of those
mesoporous core-shell MIPs is difficult because of the small
particle size. So Yan®'® prepared core-shell magnetic meso-
porous MIPs for specific magnetic separation of BPA. The
novelty of this work was using magnetic mesoporous silica as
supporting matrix. Mesoporous silica was first prepared,
followed by embedding of MNPs into the pores of mesoporous
silica. The as-prepared MIPs combined the advantages of
magnetic separation and faster mass transfer and higher
adsorption capacity stemming from the mesoporous support.
Fig. 9F and G display the TEM images of magnetic mesoporous
silica and the core-shell MIPs. An imprinted MIP layer coated
on the magnetic mesoporous silica could be observed clearly.
Magnetic mesoporous silica also can be prepared by pyrolysis
method. For example, Liu*'® prepared magnetic mesoporous
MIPs for Sr(u) by RAFT polymerization. First, Fe;0,@SBA-15
was obtained by calcining SBA-15 and Fe(NO;); in N, flowing
atmosphere. Then Fe;0,@SBA-15 was modified with APTES
and RAFT agent. The imprinted polymers were obtained on the
external and internal surfaces of Fe;0,@SBA-15 through RAFT
polymerization.

Many scholars have pointed out that binding capacity is
increased by using a mesoporous core. However, we think the
effect of mesoporous cores on the binding capacity is not
obvious. This is because the surface of a mesoporous core is
covered with solid imprinted shell, and the effective recogni-
tion sites are only located within a dozen nanometers of the
MIP surface. Unless ultra-thin imprinted shell of several nano-
meters is covered on the surface of the mesoporous core, the
advantages of the mesoporous core cannot be realized. From
the viewpoint of increasing adsorption capacity, it is more
effective to prepare MIPs with mesoporous shells.

5.2.2 Solid core and mesoporous shell MIPs. The second
type of core-shell mesoporous MIPs has a solid core and
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mesoporous shell, in which recognition sites are located in the
mesoporous shell. The cores endow the MIPs with special
properties, such as magnetic separation and fluorescence prop-
erties. Adsorption capacity can be significantly improved via the
mesoporous shell. Therefore, the solid core-mesoporous shell
MIPs are widely applied for construction of chemical sensors or
target enrichment. Generally Fe;0,>'7>"® and Si0,>'*%*° are
employed as the solid core and the mesoporous shell layer is
formed during the molecular imprinting process. The prepara-
tion process is similar to that of core-shell MIPs. Solid SiO,
core-mesoporous shell MIPs are usually used to construct
fluorescent sensors. The usual method is to coat a mesoporous
imprinted layer on the surface of SiO, microspheres by the
sol-gel method, in which FNPs were doped in the mesoporous
imprinting layer. In this kind of fluorescent sensor, the FNPs
are randomly distributed in the imprinted layer, and some-
times aggregated in the polymers. In order to make the fluor-
escent nanoparticles evenly distributed in the shell, FNPs are
anchored on the surface of SiO, nanoparticles, and then the
mesoporous shell is deposited to fabricate core-shell meso-
porous MIPs. Using this method, several core-shell meso-
porous MIP fluorescent sensors were designed for detection
of phycocyanin,*'® transferrin,”*® 2,4-dichlorophenoxyacetic
acid,?** etc. The above discussed mesoporous fluorescent MIP
sensors are single-emission sensors, visual detection being
hard to achieve. A ratiometric fluorescent sensor, which usually
contains two FNPs, can improve the detection sensitivity and
achieve visual detection based on the fluorescence color change
of two fluorescent dyes. Our group®** pioneered a ratiometric
MIP fluorescent sensor for TNT detection. In this strategy, red
CdTe QDs as reference dye were embedded in silica as the core,
and mesoporous MIP layer was coated onto the surface of silica
using green CdTe QD as a TNT-sensitive FNP via a sol-gel
procedure. Before rebinding TNT, yellow-green fluorescence
stemming from green QDs and red QDs was observed. The
green QDs were quenched by the rebound TNT while the red
QD fluorescence kept constant with the protection of the silica
shell. Hence, the fluorescence color changed from yellow-green
to red-orange obviously, facilitating the visual detection of TNT.
TEM images of QDs@SiO, and solid core-mesoporous shell
MIPs confirmed the successful synthesis of core-shell MIPs, as
displayed in Fig. 9H and I. The worm-like channels indicated
the mesoporous channels. Inspired by the pioneering work,
core-mesoporous shell structured ratiometric fluorescent
MIPs were prepared for determination of malachite green,***
2,4,6-trinitrophenol,** diniconazole,**’ etc.

Solid Fe;0, core-mesoporous shell MIPs are usually used for
extraction of target from complicated samples. Magnetic meso-
porous yolk-shell MIPs also were prepared for extraction of
17B-estradiol (E2).>*® First, Fe;O, was coated with an inorganic
SiO, layer. Then mesoporous MIP layer was coated on the
surface of Fe;O,@SiO, using APTES as functional monomer,
bis(triethoxysilyl)benzene (BTESE) as organic crosslinker, and
CTAB as soft template for mesopores. To form the magnetic
mesoporous yolk-shell structure, the inorganic SiO, was etched by
NaCO; solution. The magnetic mesoporous yolk-shell structure
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MIPs were applied to magnetic solid-phase extraction (MSPE) of
E2. Recoveries ranged from 88.3 to 102.4% and the relative
standard deviations (RSDs) were lower than 5.5%.

5.3 Hollow mesoporous MIPs

Hollow mesoporous MIPs (HM-MIPs) can be prepared by etching
of the core as discussed in Section 4. First, solid core-mesoporous
shell structure MIPs are prepared, and then the cores are etched
to form hollow mesoporous MIPs. For example, in our previous
work,”*® HM-MIPs were prepared by a one-pot surface imprinting
method followed by chemical selective etching to remove the solid
silica core. First, solid SiO, was synthesized using inorganic TEOS
as precursor. Then mesoporous E2-imprinted layer was coated
onto the surface of inorganic SiO, using organosilica precursor
bis(triethoxysilyl)benzene instead of TEOS. Solid inorganic SiO,
was etched by hot Na,COj; solution to form hollow voids. It should
be pointed out that the organosilica is much more stable than
inorganic silica, so the organosilica mesoporous shell could be
well preserved after etching. Fig. 9] shows the E2-imprinted
hollow mesoporous MIPs. The diameter of HM-MIPs was about
460 nm while the thickness of the shell was about 55 nm. HM-
MIPs displayed a higher binding capacity (18.3 mg g~ ') when
compared with hollow MIPs (12.15 mg g ')**” and core-shell
mesoporous MIPs (2.93 mg g~ *)."*

HM-MIPs also can be prepared by grafting MIPs onto hollow
mesoporous silica. For example, Li**® prepared Pb(u) ion
imprinted hollow mesoporous MIPs by imprinting on the sur-
face of hollow mesoporous silica. The hollow mesoporous silica
was prepared by etching SiO,@mSiO, by Na,CO; solution.
Then a suspension polymerization procedure was adopted for
the preparation of HM-MIPs. Using hollow mesoporous silica
as solid matrix, Li also prepared HM-MIPs for extraction of
trace BPA in real water samples.**® Comparing the above two
methods, the first method involved in the one pot preparation
of core-mesoporous shell MIPs and then etching of the core
layer was simpler.

5.4 Multilevel mesoporous MIPs

Multilevel mesoporous silica has many kinds of channels with
different sizes, from mesoporous channels to macropores.
MIPs employing multilevel mesoporous silica combine the
advantages of mesoporous and macroporous structures. The
coexistence of multiple-scale pores may enhance and harmo-
nize the diffusion of guest molecules. For example, in our
previous work,>*® BPA-imprinted multilevel mesoporous silica
was prepared. During the preparation process, water, ethanol
and ethyl ether were employed as co-solvents. CTAB micelles
were employed to form mesopores, while the heterogeneous
gasification of ethyl ether formed large mesopores. Fig. 9K and
J show SEM and TEM images of multilevel mesoporous silica,
shaped like a hydrangea flower. These multilevel mesoporous
MIPs were employed to produce a fluorescent sensor by post-
imprinting strategy by anchoring FNPs on the large mesopores.
The small mesopores led to increased surface area, and facili-
tated the diffusion of BPA. The advantage of multilevel meso-
porous silica is that QDs can be uniformly bonded in MIPs due
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to the presence of large pores, and the bound QDs do not
hinder the adsorption of BPA. The sensitivity of the p-MIFPs
was two orders of magnitude higher than that of the d-MIFPs.

Liu**' prepared Ni(u)-IIP by surface imprinting on micro-
porous-mesoporous silica. P123 was used as soft template to
form mesopores while solid PS particles were used to form
macropores. After modification with MPA, Ni(u) imprinting was
carried out using AM as functional monomer and EGDMA
as crosslinker. The results proved that the introduction of
macropores facilitated mass transfer and reduced transport
limitations.

The pore size of mesoporous silica using CTAB as a soft
template was less than 3 nm, which was not suitable for protein
imprinting. Fibrous silica was synthesized using a biphase
reaction. CTAB and urea were dissolved in H,O as the aqueous
phase, and a mixture of cyclohexane, isopropanol, and TEOS
was the oil phase. The oil phase and water phase were mixed
and stirred at a fixed rate. By simply controlling the stirring
rate, the pore size can be tuned. The pore size of fibrous silica
can be tuned from a few nanometers to tens of nanometers.
Multilevel mesoporous silica like fibrous silica also could be
used as a solid matrix to prepare MIPs by surface imprinting.***?*3
For example, Ge’s group™* prepared lysozyme-imprinted PDA layer
on Fe;0,@fibrous SiO, microspheres. Fibrous SiO, was coated on
the surface of Fe;0,. The size of fibrous channel was about 12 nm
and the specific surface area of Fe;0,@fibrous SiO, support was
570 m> g '. After lysozyme imprinting, the surface area of
MIP-lysozyme was 309 m> g~ ', and the intensity of the pores with
diameter of 12 nm decreases only 12%, which indicates PDA
only attached to the surface of the pores of Fe;O,@F-SiO,,
rather than completely blocking those pores. Due to the high
surface area of Fe;O,@fibrous SiO, support, the obtained
Fe;0,@fibrous SiO,@PDA microspheres have a high saturation
adsorption capacity of lysozyme of 700 mg g~ within 30 min.
Fig. 9M shows a TEM image of lysozyme-imprinted Fe;O,@
F-SiO,@PDA, which displays the clear core-shell structure and
radial fibers.

Table 1 Comparison of different spherical MIPs
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6. Conclusions and outlook

In the past two decades, great progress has been made in the
development of MIPs with different morphologies. Various
methods have been developed to generate MIPs with the
desired size, shape and particle size distribution. Many kinds
of spherical, core-shell, hollow, mesoporous and porous MIPs
have been successfully prepared for packed columns, enrich-
ment of targets, and chemical sensors. The diameter and size of
MIP particles are affected by the preparation method and
morphology. As shown in Fig. 10, we analyzed the size of MIPs
from about 200 references listed in this article, and arrived at
the following conclusions. The particle size of mesoporous
MIPs prepared by one-pot methods is generally below 100 nm
with good dispersivity. The size of core-shell structured
MIPs (including solid core-solid shell, solid core-mesoporous
shell and mesoporous core-solid shell) is slightly larger,
being distributed between 100 nm and 1000 nm, depending
on the size of the core material. The size of hollow MIPs
obtained by etching of cores is similar to that of core-shell
structures, while the size of hollow MIPs prepared by the
seed swelling method is larger, about 3-5 pum. The particle
size of solid spherical MIPs is greatly affected by the poly-
merization method. The spherical MIPs prepared by precipitation

Spherical MIPs

Spherical MIPs #¢ by suspension polymerization
by precipitation polymerization @
(———
0.01 0.1 1 10 100 200 "
[ [ [ I l l [ >
— X @  Diameter (um)
Homogencous Core shell MIPs e
mesoporous MIPs ] . Spherical MIPs by Pickering
I — emulsion polymerization
Hollow MIPs

Dispersivity :

@ good bad  $¢ worse

Fig. 10 The diameter distribution of MIPs with different morphologies
obtained using different preparation methods.

Morphology Preparation method Main advantages Main disadvantages
Sphere Precipitation polymerization Uniform and controllable particle size; Large amount of solvent;
simplicity in preparation relatively low yield
Suspension polymerization One-step simple polymerization process; Poor dispersivity;
big particle size suitable for SPE surfactant contamination;
low binding capacity
Pickering emulsion Big particle size suitable for SPE; Low binding capacity
good dispersivity;
surfactant free
Sol-gel process Ease of fabrication at room temperature; Lack of functional monomer
green reaction solvent;
high stability
Core-shell Surface imprinting High utilization of recognition sites; Aggregation;
multiple cores endow multiple functions multiple steps
Hollow Etching core Method with wide application; Aggregation;
high binding capacity multiple steps
Seed swelling Big particle size suitable for SPE Time consuming; thick layer
Mesoporous Sol-gel process Good dispersivity; Small particle size hard to separate
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polymerization are mostly in the range of 0.5-5 pm, while
the particle size obtained by Pickering polymerization and
suspension polymerization is larger, in the range of tens to
hundreds of micrometers.

At the same time, we can choose the appropriate morphol-
ogy and preparation method for the application field. For
example, for SPE adsorbents, Pickering emulsion polymeriza-
tion and suspension polymerization can be used to prepare
large size MIPs. In order to get improved adsorption capacity,
hollow or mesoporous MIPs can be selected. If one wants to
endow MIPs with performances like photodegradation and
magnetic separation, core-shell structured MIPs are a good
choice. The spherical MIPs prepared by precipitation polymeri-
zation have a wide particle size distribution and can be used
in many fields. The main advantages and disadvantages of
different morphologies are listed in Table 1.

There is a lot of work that needs to be done in the future to
improve the morphology of MIPs.

(i) Many of the existing morphologies are unsatisfactory. For
example, although living polymerization has been employed to
prepare MIPs, the dispersion of spherical MIPs is not ideal. The
phenomena of adhesion and agglomeration are commonly
observed for many core-shell MIPs, and the recognition sites
are still difficult to use due to the thick shell. Many hollow MIPs
collapse easily and fracture, and imprinting in the pores of
mesoporous silica is still difficult.

(ii) The kinds of morphology of MIPs are relatively rare, and
most of the morphologies are relatively simple. Many new
morphologies, such as dumbbell and Janus, have not been
used in MIPs. This may be because the ideal application areas
of these special structures have not been found.

(iii) Attention for most MIPs has focused on separation/
purification/detection in environmental, food and biological
matrices. Fewer MIPs have been employed in vivo and in cells.
The good news is that fluorescent MIPs have been employed for
drug delivery and cell imaging in cells using a dual-template
imprinting strategy.”****> In the future, the application of
spherical MIPs can be extended to in vivo and cells.

(iv) Due to the small space of recognition sites, the existing
recognition sites in MIPs cannot be characterized. Many
imprinting strategies, like solid-phase imprinting and dual-
template oriented imprinting, cannot be strongly supported
by the existing morphology characterization methods.

(v) There are many factors affecting the adsorption capacity
of MIPs, such as morphology, particle size, functional mono-
mer, solvent and so on. The adsorption capacity of MIPs and
detection sensitivity of MIP-based chemical sensors should be
improved by many aspects together.

List of abbreviations and acronyms

AAm Acrylamide

APTES 3-Aminopropyltriethoxysilane

ATRP Atom transfer radical polymerization
AuNCs Gold nanoclusters
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DPP
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MIPs
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MNPs
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NPs
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PMMA
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PVA
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RPP
SDS
SEM
SPE
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TEM
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TRIM
2D
2,4-D
3D
4-VP
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Brunauer-Emmett-Teller

Bovine hemoglobin

Bisphenol A

Bovine serum albumin
Bis(triethoxysilyl)benzene

Carbon dots
Cetyltrimethylammonium bromide
Dopamine

Distillation precipitation polymerization
Divinylbenzene

17p-Estradiol

Ethylene glycol dimethacrylate
Fluorescent nanoparticles

Glycidyl methacrylate
Hydroxyethyl methacrylate

Hollow mesoporous MIPs

Hollow mesoporous silica

Ion imprinted polymers

Tonic liquids
3-Isocyanatopropylethoxysilane
Methacrylic acid
Methacryloxypropyltrimethoxysilane
Magnetic hollow MIPs

Molecularly imprinted polymers
Magnetic MIPs

Magnetic nanoparticles
Metal-organic framework
Magnetic solid-phase extraction
N-Isopropylacrylamide
Nanoparticles

Ovalbumin

EO,oPO7EO,

Polydopamine

Polyethylene glycol
Polyhydroxyethyl methacrylate
Poly(methyl methacrylate)
Poly(N-isopropylacrylamide)
Polystyrene

Poly(vinyl alcohol)

Quantum dots

Reversible addition-fragmentation chain
transfer

Restricted access material MIPs
Reflux precipitation polymerization
Sodium dodecyl sulfate

Scanning electron microscope
Solid-phase extraction
Tetrabromobisphenol A
Transmission electron microscope
Tetraethoxysilane
Trimethylolpropane trimethacrylate
Two dimensional
2,4-Dichlorophenoxyacetic acid
Three dimensional
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