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ABSTRACT

Polymer-based drug delivery systems have been extensively studied for decades. These systems must be
degradable, capable of controlling drug release kinetics, and of reaching a precise target organ. While
degradability is an intrinsic property of the material, controlled and targeted drug delivery is achieved
with proper system design. The Molecular Imprinting technique can be used successfully to control the
drug release kinetics and to achieve drug targeting. To date, the literature reports a very limited number
of studies related to molecularly imprinted polymers for nanomedicine. The lack of applications is mainly
due to the difficulties of obtain degradable materials with this technique. The present review reports a
summary of the applications and characteristics of molecularly imprinted polymers, with a focus on their
potential in nanomedicine. The advantages of their use and any limitations will be highlighted. Finally,

Drug nanovector the applications of the molecular imprinting technique, developed so far, to the preparation of
degradable materials will be reported.

© 2023 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi

Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Drug-releasing systems are designed to delivery one or more
active principles with a controlled delivery kinetics [1]. Degradable
matrices embedding the drug are used in implantable scaffolds [2],
coatings [3], hydrogels [4] and in nanoparticle preparation [5]. After
implantation or administration, drug-releasing devices in contact
with the physiological environment release their payload. The
polymer matrix is then degraded and eliminated by the body,
avoiding bioaccumulation. The main advantages of such systems
are the prolonged and sustained drug delivery provided after a
single administration [6—8], and the controlled delivery enabling
side effects and toxicity limitation [9].

Among all the proposed systems, nanoparticles are very prom-
ising, allowing a minimally invasive administration and high cus-
tomizability, in terms of surface properties, functionalization and
size [10]. The literature reports a large number of studies on
degradable nanoparticles, in which different combinations of
polymeric matrices, drugs and applications are investigated
[11—14]. Past works underline the good ability of nanoparticles to
protect the active molecules from physiological metabolic and
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enzymatic actions, and the better biodistribution compared to the
free drug [15—17]. Nanoparticles can also govern the release ki-
netics and timing, providing a programmed and modulated drug
administration, also exploiting specific signals that occur in the
host body [18].

Furthermore, the perfect drug carrier should selectively reach
the disease site and avoid drug delivery to healthy tissues. The
ability to selectively target the pathological site is called drug tar-
geting and represents a modern challenge in nanomedicine. A
controlled and targeted drug administration allows more efficient
therapies, a significant reduction of side effects and a better drug
distribution. A convenient way to achieve a perfect drug vector is
the Molecular Imprinting (MI) [19].

Ml is a synthetic technique that allows polymeric materials to be
equipped with recognition sites toward a target molecule. These
recognition sites enable major interactions with the target mole-
cule and therefore can be used in nanomedicine for two main
purposes. The first potential application of MI in nanomedicine is
replacing the target ligands with the recognition sites. The target-
ing ligands commonly investigated for such purpose are generally
molecules of biological origin (e.g., peptides, viruses or fragments
thereof), which have high costs, limited stability, are complex to
manage during the conjugation to the vector and to store. A
replacement of biologically derived targeting units, such as the
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recognition sites offered by MI, could overcome all the cited limi-
tations. This application of MI will be discussed in more detail in
Section 3. The second potential application of molecularly
imprinted particles is the control of the drug release kinetics by
modulating the interactions between the recognition site and the
drug molecule. Among the main advantages in the use of a poly-
meric nanocarrier for the drug release there is the possibility to
maintain the plasma concentrations, systemic or local, within the
therapeutic range of the drug itself. Often, however, the task of
controlling the release kinetics is completely entrusted to the
chemical and morphological characteristics of the polymeric ma-
trix. The presence of recognition cavities generated by MI, has a
much wider potential in controlling release kinetics. This aspect
will be discussed in more detail in Section 4.

Despite the great advantages offered by MI in the production
of nanocarriers for controlled and targeted drug delivery, this
technology still finds little application. This is mainly due to the
difficulty of obtaining imprinted degradable polymers. The dif-
ficulty of translating the MI technique to degradable polymers
lies mainly in the intrinsic characteristics of these materials. In
fact, degradable polymers are by definition not chemically stable
over time. The lack of chemical stability of these materials is due
to the degradation reactions that take place within their mole-
cules. These degradative processes lead to a progressive
decrease in the average molecular weight of the macromolecules
and to the loss of the smallest oligomeric fragments. This can
lead to the loss of the topochemical characteristics of the
recognition cavities, with a significant decrease in performance
related to MI.

Furthermore, most of degradable polymers have mechanical
properties not suited to molecularly imprinted polymers (MIPs).
Mechanical properties are also critical for a MIP. This feature mainly
affects the morphological stability of the polymer. In MIPs,
morphological stability is a fundamental characteristic for obtain-
ing efficient recognition sites, consequently materials with low
morphological stability are not suitable for this application.

Another important limitation which hinders the diffusion of the
MI technique in the class of degradable polymers is the impossi-
bility of applying this technique in a simple and efficient way to all
types of synthetic processes. For example, polyhydroxyalkanoates
are produced by bacterial cultures and, consequently, the MI during
their synthesis cannot be applied. Another example is the synthesis
of degradable aliphatic polyesters, which are conventionally ob-
tained in bulk, without solvent, and at very high temperatures.
Such procedure makes the MI complex to apply.

Despite all the limitations mentioned, some efforts have been
made to translate the MI technique also to degradable polymers. To
date, the literature reports a very limited number of works con-
cerning the preparation and characterization of degradable
molecularly imprinted nanoparticles. Although the limited number
of works, the potential of MI nanoparticles as drug carriers and as
diagnostic agents emerges. This potential lies both in the possibility
of exploiting the recognition cavities to control the drug release
kinetics, and in the possibility of having functionalized vectors
capable of recognizing a precise targeting. This review aims to
summarize the related literature with a potential outlook. Aspects
related to biodegradable molecularly imprinted particles will be
discussed in Section 6.

This review aims to give an overview of the MI technique in the
preparation of nanocarriers for drug delivery, with a particular
focus on the translation of this technique to degradable materials.
Section 2 will report the state of the art on aspects related to the
chemistry and synthesis procedures of molecularly imprinted
materials, indicating the various classes of materials that can be
obtained using this technique. Section 3 will summarize the
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aspects related to the active drug targeting with MIPs. Section 4
will report the recent literature related to drug delivery from
MIPs and the different delivery mechanisms and kinetics ob-
tained. In Section 5 more additional opportunities given by MIPs
are summarized, with a focus onto their responsivity to external
stimuli to modulate their properties. Section 6 will report the
literature related to degradable and biodegradable MIPs and par-
ticles developed.

2. The molecular imprinting technique

The MI technique serves to add molecular recognition proper-
ties to a material [20]. Ml is a processing or synthesis that can be
combined to other chemical strategies [21—23] to strictly control
the properties of the final product.

The MI process is the formation of the polymer or the polymeric
structure around a template molecule. The arrangement of macro-
molecules, preformed or polymerized, around the template gen-
erates in the material some functional cavities complementary, in
shape, dimension and chemical characteristics, to the template it-
self [24]. The template is then extracted after preparation. If the
polymer matrix is enough stiff to preserve the macromolecular
arrangement after the template extraction, functional cavities
enable a lock-and-key mechanism toward the same molecule [25].
Recognition properties of obtained functional cavities could be
useful in a variety of in vivo applications [26,27].

Small-sized templates give better recognition properties [28]
but strategies to imprint large macromolecules have been also
developed [29,30]. As an example, the epitope approach [31,32] is a
good workaround to obtain recognition properties towards large
macromolecules by using a fragment thereof as template [33].

MI performances are measured via batch rebinding experiments
[34]. In batch rebinding experiments, extracted MIPs are put in
contact with a solution of the template with known concentration,
and the residual template concentration in the rebinding solution is
monitored over time to calculate the amount of template seques-
tered from the MIPs. Specific recognition properties are quantified
via the imprinting factor, calculated as the ratio between the binding
capacity of the MI material on the non-MI reference polymer [35],
prepared without the template molecule. Higher imprinting factors
are related to larger amounts of retained molecules and to a more
specific recognition.

The MI technique offers a variety of possibilities (Fig. 1). As
previously mentioned, the MI technique is suitable both for pro-
cessing preformed polymers and for synthesizing new macromol-
ecules starting from monomers. Thus different procedures can be
followed to obtain MI functionalities. In both cases, the recognition
cavities can be obtained within the structure of the material (bulk
imprinting) or mainly on the surface (surface imprinting). The
positioning of the recognition cavities is a feature that greatly in-
fluences the final performance of the MIP.

In MIPs synthesized from monomers, the interaction between
functional monomers and template molecule is a fundamental
parameter governing the final performances. Two types of mono-
mer/template interactions can be exploited to synthesize MIPs, the
non-covalent and the covalent interactions. The nature of the in-
teractions is related to the chemical properties of the monomers as
well as those of the template. Hence, one can have one or the other
type of interaction based on the choice of starting reactants. This
choice mainly depends on the final application.

Basing on different production procedures, MIPs are classified as
described in the following sections.

The present Section is not exhaustive but only summarizes some
basic concepts that will be useful for understanding the Sections
thereafter. For more details, please refer to the literature [36—42].
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Fig. 1. Schematization of the different possibilities that Molecular Imprinting offers in the preparation of MIPs.

2.1. MIPs from functional monomers vs. preformed polymers

MIPs are prepared both from functional monomers and pre-
formed polymers.

The synthesis of MIPs from functional monomers is the most
common procedure. In this case, monomers and template are dis-
solved in a common solvent (in solution step, Fig. 2a) in which they
interact and form stable complexes (complexation, Fig. 2b). Low-
molecular-weight monomers have high mobility in solution and
it favors the self-assembly around the template. A good self-
assembly provides more stable complexes and more powerful
molecular recognition properties. Polymerization takes place in the
presence of a crosslinker which provides rigid and stable structures
(crosslinking, Fig. 2¢) and involves the functional groups present on
monomers. Upon polymerization, the polymers are washed to
extract the template and free the recognition cavities (extraction,
Fig. 2d).

The synthesis of MIPs from monomers allows selecting some
important parameters, like the optimal crosslinker [43] or the
solvent [44], to maximize the recognition performances. This
approach was already used to prepare drug-releasing MI nano-
particles for cancer treatment [45,46].

Preformed polymers can be also molecularly imprinted. In this
case, imprinted cavities are obtained from the organization of the
macromolecules around the template, or upon post-
functionalization of reactive side-groups over the polymer chain.
In the first case, MIPs are generally less effective, and template
extraction should be mild to avoid structural changes in the
macromolecular arrangement. The second way is most effective,
but needs a chemical reaction that can be induced via chemical
route or photoinitiation [47].

The preparation of MIPs by crosslinking of preformed polymers
was described for the first time by Takagishi and Klotz [48]. Their
work reported the preparation of a microgel from the crosslinking

Fig. 2. Steps in the synthesis of MIPs from functional monomers: a in solution, template, functional monomers and crosslinker are dissolved in a common solvent; b complexation,
the template chemical functionalities interact with functional groups on the monomers to form stable complexes; ¢ crosslinking, monomers are crosslinked to form a solid and
stable structure; d extraction, template molecules are extracted, leaving free functional cavities.
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of linear polyethyleneimine with methyl orange as template. While
the strategy to obtain MIPs from preformed macromolecules was
proven, the applications of such materials are limited, mainly for
the difficult to prepare crosslinkable precursors able to also interact
with the template. More recently, MIPs were prepared via phase
inversion of the polymer in a non-solvent [49]. In the cited paper,
the polymer polyether sulfone was dissolved with the template
Bisphenol A and added dropwise to the coagulation solvent.
Formed particles were not crosslinked, thus the setup of polymeric
precursor was simpler but particle dimension was poorly
controlled. The same technique was refined by Lee and co-workers,
obtaining composite nanoparticles imprinted against salivary pro-
teins [50].

The formation of MIPs from polymeric precursors has a strong
limitation related to the poor motility of the macromolecular
reactant, thus the complexes formed with the template are
commonly less stable than those obtained with small monomers.

2.2. Non-covalent vs. covalent MIPs

The difference between non-covalent and covalent MI relies on
the chemical interactions between the monomers or the imprinted
material and the template.

In non-covalent imprinting, the template interacts only through
physical weak bonds, such as hydrogen bonds, hydrophobic in-
teractions or m-m stacking. Such interactions depend on the
chemical properties of template, monomers and polymers, and on
the environment where the MIP is formed. To maximize the non-
covalent interactions, the accurate selection of the starting mate-
rials is fundamental. Solvents and functional monomers are
selected on template properties [51,52]. Theoretical studies have
exploited numerical techniques, like the density functional theory
(DFT), to optimize the selection of functional monomers and sol-
vents, and molar ratios for specific templates [53—55].

While the system setup can be complex for non-covalent MI, the
extraction of the template from the matrix is commonly simple,
and consists in a washing with proper solvent.

In covalent imprinting the matrix/template interaction relies on
strong covalent bonds. For the synthesis of covalent MIPs, the
template is not added to the reaction but it is part of the functional
monomers, like a functional side-group. The synthesis results
simpler than that of non-covalent MIPs, because the maximization
of monomer/template interactions is not needed. While the syn-
thesis is simpler in respect to that of non-covalent MI, the template
extraction needs of further reactions to selectively break only
chemical bonds between template and functional cavities [56].

The non-covalent imprinting is preferable for poorly stable,
degradable or sensitive polymers. In such cases, a mild extraction of
the template can preserve the polymer structure. On the other
hand, a covalent imprinting leads to better recognition properties
[57,58]. In drug-releasing MIPs the active molecule generally acts as
a template, and it is not extracted upon the preparation but it
should be released with a controlled kinetics. Drug molecules
should be motile and free to be delivered, and imprinted cavities
are necessary only to tune the release profiles. For this reason, non-
covalent imprinting is the most common choice for imprinted
drug-releasing polymers. A stimuli-controlled release kinetics is
provided by linking the drug molecules with moieties that are
cleavable only in specific conditions.

2.3. Bulk vs. surface MIPs
The classification bulk vs. surface MIPs refers to the position of

functional imprinted cavities. In bulk MIPs, the template is homo-
geneously embedded in the polymer matrix and functional cavities
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are present in the whole structure. In surface imprinting, the
functional part is the surface [59]. Bulk MIPs are obtained by
hydrogel monolith crushing or by precipitation polymerization
[60], while surface MIPs are prepared on a preformed structures,
mainly a nanoparticle acting as core, and the imprinted shell is
obtained by polymerization [61,62].

Bulk MIPs have a higher number of rebinding sites than surface
MIPs but the availability of imprinted cavities differs. Small mole-
cules, which can easily diffuse across the polymer matrix, can ac-
cess the bulky cavities while large molecules, like proteins, have
smaller motility and a surface imprinting is preferable to rebind
such molecules.

3. Active drug targeting and molecularly imprinted particles

Targeted drug delivery allows selectively increase the drug
concentration in a specific site by using a nanovector. Drug tar-
geting can be passive or active. Passive drug targeting takes ad-
vantages from pathological tissue anomalies. A well-known
mechanism for passive drug targeting exploits the enhanced
permeability and retention effect (EPR). The EPR effect occurs in
tissues with vasculature anomalies that cause blood leakage and a
compromised hemodynamics. A EPR targeted delivery needs
nanovector with a prolonged circulation time to allow the accu-
mulation. On the other side, prolonged circulation times cause the
accumulation of nanoparticles also in other districts, reducing the
targeting properties of the system. Active targeting methods are
thus preferable.

Active mechanisms can use external or internal stimuli, or signal
molecules present at the site of the pathology. Recent active tar-
geting approaches rely on mechanisms involving cell receptors.
Pathological tissues often present altered conditions and cell re-
ceptor up-regulation. Up-regulated receptors can be the key factors
in targeted drug delivery. Cell receptors selectively recognize their
ligand, and often the ligand/receptor complex formation enables
endocytic processes. Overexpressed receptors in pathological sites
increase the number of interactions with corresponding ligands.
Thus, conjugating the corresponding ligand to the active molecule
or to the nanocarrier surface should be an excellent targeting
strategy. This approach results promising for several applications
[63,64] but, despite the promising results, targeting moieties can
cause the immune system activation and seriously compromise
drug circulation time [65]. The replacement of biological moieties
with synthetic recognition properties should overcome this limi-
tation. The molecular recognition pattern in ligand/receptor com-
plex can be mimicked with MIPs [66]. Imprinted cavities are
excellent candidates to accomplish this role, both with the direct
recognition of the cell receptor (Fig. 3a) or by binding circulating
molecules that can target cell receptors and act as a Trojan Horse
(Fig. 3b).

MI nanoparticles were investigated in pre-clinical studies for
targeted cancer treatment. Cancer cells show the up-regulation of
several known receptors and their target can potentially lead to a
targeted treatment. Among highly expressed cancer cell receptors,
the most common is the folate receptor. Such receptors bind folic
acid, the vitamin necessary for cell proliferation. Folate receptors
were successfully targeted via molecularly imprinted particles
imprinted toward the pteridine moiety [67] and obtained synthetic
receptors have demonstrated a reduced non-specific binding in
in vitro tests. Despite developed molecularly imprinted particles
were promising, cell culture or in vivo tests were not yet performed
and the clinical application for such synthetic receptors is still a
concept.

Transferrin receptors (TfR), involved in cell growth, are also
over-expressed in cancer cells. MI technology was developed to
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Fig. 3. Active drug targeting by using MI nanoparticles: a recognition cavities are imprinted against the receptor or a fragment thereof, thus nanoparticle can bind the receptor and
can be internalized via a receptor-mediated mechanism; b imprinted nanoparticles bind in vivo a specific endogenous molecule that bind the receptor, exploiting a Trojan Horse

mechanism to be internalized via a receptor-mediated mechanism.

selectively recognize the soluble part of TfR, to monitor the con-
centration of this molecule in ranges where commercial assays fail
[68]. Also in this case, the significantly high sensitivity of molecu-
larly imprinted particles toward TfR was not exploited in more
advanced biological or medical applications. Other interesting tar-
gets for cancer cells are glycoproteins. An impressive application of
MI in this field was recently reported [69] to obtain sensors with
very high sensitivity but medical applications of this technology are
still far away.

MI against large proteins can be difficult to be deeply under-
stood and final recognition properties could be not optimal [70]. As
previously outlined, the epitope approach is currently the most
relevant strategy to recognize and bind large molecules with
molecularly imprinted particles. The feasibility of epitope
imprinting has only recently been demonstrated. The epitope
approach was demonstrated for a few large molecules, like lyso-
zyme [71], albumin [72], oxytocin [73], and melittin with in vivo
demonstration [74]. More recent works report the multi-epitope
approach, used to obtain polymers imprinted against various
target proteins [75].

Targeting conformational epitopes confer to particles a higher
affinity than that obtained with the linear counterpart of the same
fragment [76]. It is because the 3D shape of the epitope endows
imprinted cavities not only with a complementary chemical spec-
ificity but also a characteristic topology, and this combination is
unique for the protein to bind. The conformational epitope
approach can be suitable also in intrinsically disordered proteins.
This class of proteins are composed of unstructured peptide chains
and their targeting is more difficult. However, molecularly
imprinted particles can induce the required binding site and exploit
the conformational epitope mechanism to target the cells of in-
terest [77]. The refinement of MI techniques to obtain recognition
properties toward complex motifs is a potential way to target
specific cell types [78].

4. Molecularly imprinted particles for drug delivery

Molecularly imprinted particles as drug carriers are particularly
appealing for their crosslinked structure. Crosslinked structures are
good reservoirs for active principles, in particular for low molecular
weight molecules. The interconnected structure of crosslinked
particles provides a slow delivery rate, enabling a prolonged
administration. The slow release provided by crosslinked particles
is favorable for the administration of drugs with narrow thera-
peutic windows. The sustained and prolonged drug delivery pro-
vided by molecularly imprinted particles is the main benefit
achievable. Molecularly imprinted particles were successfully
tested with antibiotics [79—81], antipsychotics [82], anti-
inflammatories [83] and genes [84] with different applications.

The MI technology was recently applied to liquid crystalline
polymers for gastric delivery [85]. This work reported the feasibility
of the imprinting process onto liquid crystalline polymers and their
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improved functional behavior as drug delivery systems, with a
prolonged residence time and a zero-order drug release rate,
resulting 7—8 times higher than that obtained with the non-
imprinted reference system.

Imprinted particles were tested in vivo for the oral administra-
tion of insulin in diabetic rats [86]. In vitro tests on such system
have demonstrated that molecularly imprinted particles provided a
slower protein release than non-imprinted particles at gastric pH.
This result was confirmed with tests in rats, which showed a fast
decrease of the systemic glucose level after the oral administration
of insulin with molecularly imprinted polymers while no effects
were detected after the same administered dose via non-imprinted
particles.

Imprinted cavities recognize and rebind their homologous more
efficiently in structurally stable materials. On the other hand, soft
particles and micro- or nanogels, with a limited crosslinking den-
sity, are more suitable for drug delivery applications and strictly
stable imprinted cavities are not strongly required for long times.
This aspect is relevant in swellable particles, which may show a
surface or volume variation in specific environments or under the
influence of an external stimulus.

Another valuable application of molecularly imprinted poly-
mers is the enantioselective release of active molecules. After
synthesis, some drugs are obtained as racemic blends in which only
one enantiomer has a pharmacological activity. If the racemic
separation fails or is too difficult to be performed, molecularly
imprinted polymers can be successfully used to release only the
enantiomer of interest while entrapping the other form in a per-
manent way. This application was demonstrated for the first time
by Suedee and coworkers [87,88] that developed a delivery system
of a B-blocker and two non-steroidal anti-inflammatory drugs.

4.1. Drug delivery mechanism in molecularly imprinted particles

Drug delivery kinetics from polymer particles is governed, in
most cases, by the Fick's law. The driving force of the diffusion is the
concentration gradient between particles and external environ-
ment. In crosslinked hydrogels, drug delivery is governed by
swelling and macromolecular relaxation upon water absorption. In
this case, drug delivery can be tuned by varying the crosslinking
degree. Drug delivery kinetics obtained with molecularly imprinted
particles is generally anomalous and does not follow conventional
pathways.

Drug delivery kinetics in molecularly imprinted particles is
generally less diffusion-mediated than non-imprinted devices [89]
and release profiles tend to a zero-order kinetics. Some works
report a slower release kinetics in molecularly imprinted polymers
compared to non-imprinted materials, attributing differences to
the effect of crosslinking [90]. The increase in crosslinking degree
results in slower release kinetics but it may be an indirect effect. It
was demonstrated that higher crosslinking degrees lead to better
recognition performances [91]. Consequently, effects on delivery
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kinetics can be attributed to recognition cavities. The effect of
stronger interactions between recognition cavities and eluted drug
molecules were reported in the work of Asadi and co-workers [92].
In the cited work, the authors have developed a cyproterone-
imprinted system in which the slower release kinetics than in
non-imprinted system was attributed to the interactions between
drug functional groups and carboxylic groups in the polymer
nanoparticles. This hypothesis was confirmed also for different
drugs [93]. The mechanism under this behavior can be explained
with a theoretical approach. The populations of recognition cavities
distributed in the material can lead to a tumbling effect. The tum-
bling effect is the transfer of the molecule to be eluted from one
cavity to another, with the continuous decomposition and forma-
tion of stable complexes. This migration generates multiple inter-
action patterns, which are as complex as the number of recognition
cavities increases. The tumbling effect hypothesis was confirmed
for acrylic-based hydrogels imprinted against ketotifen fumarate
[94]. The cited study demonstrated the retarded release of the so-
lute molecules, and the diffusion coefficient for MI hydrogels was
quantified to be one order of magnitude lower than that calculated
for non-imprinted crosslinked materials with comparable mesh
size.

4.2. Covalent molecularly imprinted polymers as drug-delivery
systems

Covalent molecularly imprinted polymers, imprinted against
the drug to release, provide a more controlled delivery rate than
non-covalent systems, due to the strong template/matrix bonds.

Despite this advantage, the use of covalent molecularly
imprinted polymers for drug delivery is not recommended because
covalent links could irreversibly retain part of the loaded drug.
Linking the active molecule to the polymer matrix with cleavable
linkers can overcome this limitation [95]. This approach was
already demonstrated for antibody-drug conjugates [96], but their
exploitation was limited by the potential leakage of side products
arising from bond cleavage. For these systems, the biocompatibility
of side products must be carefully checked.

4.3. Zero-order release kinetics MI systems

In zero-order release kinetics the release of the active molecule
is constant with time. Such kinetic rate is the desired goal for a
variety of applications. A zero-order kinetics offers the advantage to
limit over- or under-dosage, improving patient compliance. The
development of zero-order drug delivery systems is tricky but
molecularly imprinted polymers have a high potential and some
strategies are already under investigation.

The recent literature reports the preparation of molecularly
imprinted particles with an almost zero-order release kinetics.
Tang et al. [97] have reported a very simple method, based on
macromolecular crowding, to modify the delivery kinetics. This
method is based on the addition of a macromolecular co-solute
(polystyrene) during particle synthesis obtaining a reduction of
the diffusion coefficient by two orders of magnitude. More recently,
Jia et al. [98] have reported the effect of heterogeneous macromo-
lecular crowding, by adding to the main co-solute a low-molecular
weight compound (polyethylene glycol) to further control release
properties.

5. Stimuli-responsiveness and molecularly imprinted
polymers

Stimuli-responsive polymers are able to change their properties
under the effect of a stimulus. More relevant stimuli for drug

401

Advanced Industrial and Engineering Polymer Research 6 (2023) 396—406

delivery systems are related to specific pathological conditions,
such as changes in temperature, pH and ionic strength, or presence/
absence of a specific chemical specie. This feature was already re-
ported for molecularly imprinted polymers, combining selective
recognition with the capability to respond to external stimuli [99].

5.1. Thermo-responsive behavior

The majority of biochemical processes are highly sensitive to
temperature changes. Temperature-active molecularly imprinted
polymers can be obtained by preparing particles from thermo-
responsive polymers.

The most common thermo-responsive biopolymer is the
poly(N-isopropylacrylamide) (PNIPAam), which undergoes a
reversible sol-to-gel transition by increasing the temperature over
32 °C in aqueous solution. The sol-to-gel transition involves the
increase of hydrophobic interactions, the collapse of macromole-
cules and the squeezing of the water content. One of the first ex-
amples of PNIPAam-based imprinted hydrogel has been reported
by Watanabe et al. [100]. This study confirmed that recognition
properties and thermo-responsive properties can co-exist. In fact,
the developed MI gel maintained its recognition properties after
shrinking over the transition temperature. Moreover, such gel
showed a molecular recognition state in which volume changes
were attributed to the concentration of the template molecule in a
solution in contact with the gel. Recognition properties in
PNIPAam-based MIPs are mainly based on hydrogen bond in-
teractions [101]. Small modifications to the PNIPAam composition
increased recognition properties via multiple-point electrostatic
interactions [102], and this approach resulted promising to obtain
reversible recognition properties towards different groups of mol-
ecules [103,104]. The sharp sol-to-gel transition showed by
PNIPAam-based MIPs can be also exploited to obtain switchable
systems [105]. PNIPAam-based MIPs were also prepared for large
protein recognition and release [106,107] with interesting results.
Recently, the same polymer was used in the preparation of surface
imprinted nanoparticles for the adsorption and release of blood
proteins for human plasma [108]. The developed system was able to
remove the target protein at high temperature (45 °C), and
following release the same molecule at low temperature (4 °C).
Despite the basic concept of the system is significantly interesting,
temperature range is out of physiological conditions and a refine-
ment of the thermo-responsive behavior of such MIPs is needed
before a potential in vivo application. Recently, a hybrid copolymer
poly(amino acid)-based was used for the surface imprinting on
magnetic nanoparticles for lysozyme recognition and release [109].
In this case, rebinding and delivery kinetics were completely
modulated by temperature changes, finding potential applications
in the selective enrichment of an environment in target proteins. As
a further enhancement, thermo-responsive MIPs are simple to be
extracted after the preparation. This aspect was underlined in the
study of Li et al. [110], indicating that the template was easily
removed from oligo(ethylene glycol)-based MIPs imprinted against
lysozymes by changing the temperature during particle washing.

5.2. pH-responsive behavior

pH-responsive materials are generally weak polyelectrolytes
that can exchange protons at specific pH values. pH-responsive
polymers can change their conformation in environments in
which pH variations occur and this characteristic is suitable to
obtain smart materials for controlled drug delivery.

The successful combination of imprinting and pH-responsive
materials was already demonstrated [111,112], and two
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exploitable mechanisms to obtain pH-controlled drug release from
MIPs have been identified.

The first mechanism is based on the swelling or the shrinking of
imprinted materials by changing pH. Functional monomers can be
selected to form macromolecular segments that can modulate their
hydrophilic/hydrophobic interactions in aqueous environment by
changing pH. A good example of such systems has been reported by
Kanekiyo and coworkers [113], which selected acryloyl amylose as
functional monomer and bisphenol-A as template. The functional
monomer formed helical inclusion-complex with the bisphenol-A
after the occurrence of hydrophobic interactions in water. Formed
complexes were labile and showed a reversible structural change
upon pH variation, modulating the strength of polymer/template
interactions.

The second mechanism involves changes in the chemistry of
imprinted cavities. MIPs are generally obtained from polar mono-
mers, like maleic, acrylic or methacrylic acid, which polarities in-
crease interactions with the template. This class of monomers can
also respond to pH variations donating or accepting protons. Being
functional monomers involved in the formation of imprinted cav-
ities and the same topologies accommodate drug molecules, the
protonation or deprotonation of pH-responsive groups can trigger
drug release. This mechanism was demonstrated by Puoci et al.
with methacrylic acid-based molecularly imprinted particles
imprinted against sulfasalazine [114]. The system provided a fast
release of the active molecule when pH increased over 6.8, which
was the average pKa of carboxylic groups in the system. Applica-
tions of MIPs based on the same design were extended to the de-
livery of paracetamol [115], dexamethasone phosphate [111], and
doxorubicin [116].

5.3. Biochemical-responsive behavior

Biochemistry-responsive imprinted polymers can completely
exploit their two main properties, controlled drug delivery and
sensing. In these systems, entrapped active molecules are released
with a specific timing and rate, only in the presence of a molecule,
which modulate delivery profiles with its concentration. With this
premise, biochemistry-responsive MIPs could enable a very smart
and targeted drug delivery. Some relevant examples have been
reported in the literature to confirm the feasibility of such
controlled delivery. One of the first studies was reported by Sree-
nivasan et al. [117]. They developed a MIPs composed of 2-
hydroxyethylmethacrylate, imprinted against hydrocortisone, for
the controlled release of testosterone. The release rate of testos-
terone in water was very slow but, in the presence of the template
molecule, this release rapidly increased.

6. Degradable MIPs

Polymer-based drug delivery systems are micro- or nano-
particles designed to transport the drug and, once the drug is
released, empty particles should be eliminated from the body to
avoid bioaccumulation. Particles can be excreted through biological
fluids or biodegraded in smaller products to facilitate their clear-
ance. In the last decade, drug-releasing systems are mainly pre-
pared from degradable materials. Despite the relevance of MIPs as
drug-delivery systems, MI is mostly applied to non-degradable
polymers. It is a severe limitation to MI because non-degradable
nanocarriers are accumulated in tissues and organs, and might be
dangerous to living bodies [118].

Molecularly imprinted particles must be crosslinked to maintain
their topology but crosslinking limits their degradability. The
combination of degradation and molecular imprinting in particle-
based systems was not explored for a long time, due to
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technological limitations. Only recently some studies on this topic
have been reported in the literature.

To date, there are two different approaches to prepare degrad-
able MIPs: i. completely degradable bulky MIPs and ii. partially
degradable core/shell MIPs.

The literature reports only few examples of completely
degradable polymer-based MIPs. An interesting approach to obtain
degradable MIPs is the use of a degradable polymer as crosslinker,
as reported in Ref. [119]. In the cited work, a branched oligomer,
composed of poly(p,.-lactide-co-glycolide) was synthesized and
modified to be used as functional macromer. Nanoparticles were
imprinted against biotin, showing good recognition properties not
only towards the template but also towards a biotin-labeled large
protein. Nanoparticle degradation was confirmed in aqueous
environment. Recognition properties were exploited to bind biotin
molecules involved in the formation of a complex with their cell
receptors. Nanoparticle internalization in HeLa cells was higher in
imprinted particles than in the reference non-imprinted system.

Another approach is the use of a degradable low-molecular-
weight crosslinker and water-soluble monomers to obtain
degradable nanoparticles, as reported in Ref. [120]. In this case,
MIPs were obtained with methacrylic acid as monomer and
dimethacryloyl hydroxylamine as crosslinker. The template used
for the synthesis was methotrexate, with application in breast
cancer treatment. In vitro results on MCF7-breast cancer cells
indicated higher cytotoxicity than free anticancer the cytotoxicity
was investigated. With a similar approach, an imprinted degradable
nanogel composed of methacrylic acid as functional monomer and
the crosslinker, bis(2-methacryloyloxyethyl)disulfide containing
disulfide bonds was imprinted toward S-propranolol and tested as
drug carrier for intracellular delivery [121]. The system was able to
modulate the release properties in the presence of glutathione as
reducing agent.

Among partially degradable MIPs, Culver and co-workers have
developed a method to obtain a surface imprinting on biodegrad-
able poly(e-caprolactone) core/shell nanoparticles [122]. The
selected template molecule was lysozyme as a model protein. This
was the first work in which degradable nanoparticles were used to
support MI. PCL core was coated with a poly(maleic anhydride-alt-
1-octadecene)-g-poly(ethylene glycol) methacrylate brushes to
provide sites for polymerization of a molecularly imprinted coating.

Partially degradable magnetic MIPs were developed by Asadi
and coworkers [123]. In their work, the crosslinker was obtained by
derivatization of the natural fructose with methacryloyl chloride.
Imprinted multi core/shell particles were obtained around a not
degradable magnetic core composed of iron oxide and silica. The
imprinted shell provided recognition sites toward Olanzapine, with
recognition cavities exposed to the external surface. In this study
the active drug targeting was obtained with an external magnetic
field and the imprinted shell had the double function to release the
drug and provide an additional energy source after degradation.
The same group developed a similar system starting from tannic
acid imprinted against 5-Fluorouracil [124]. This system showed
high accumulation under an external magnetic field and a drug
delivery kinetics tuned by environmental pH.

More recently, degradable core/shell particles, composed of
fluorescent zeolitic imidazolate framework-8 as a core and a MI
shell, were proposed for the delivery of doxorubicin in solid tumor
tissues [125]. The shell was imprinted against the epitope of
CD59 cell membrane glycoprotein, to endow particles of actively
targeting recognition of MCF-7 cancer cells, that are CD59-positive.
Such strategy was proposed to enrich tumor sites of doxorubicin-
loaded nanoparticles exploiting the recognition properties of the
imprinted particle surface. The imprinted shell of the system was
obtained by using dimethyl aminoethyl methacrylate as the main
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Table 1
Degradable molecularly imprinted particles currently present in the literature.
MIP Template Structure Application Ref.
Poly(p,L-lactide-co-glycolide) Biotin Fully degradable, bulk imprinted Active cell internalization (Trojan [119]
horse)
Poly(methacrylic acid) Methotrexate Water-soluble, bulk imprinted Breast cancer, prolonged drug [120]
delivery
Poly(methacrylic acid) S-propranolol Water-soluble, bulk imprinted Intracellular controlled drug [121]
delivery system
Poly(maleic anhydride-alt-1- Lysozyme Fully degradable, surface imprinted Synthetic antibody [122]
octadecene)-g-poly(ethylene glycol)
methacrylate over a poly
(caprolactone) core
Fructose derivative Olanzapine Partially degradable, surface Active drug targeting (driven by [123]
imprinted (magnetic non- external magnetic stimulus)
degradable core)
Tannin acid derivative Fluorouracil Partially degradable, surface Active drug targeting (driven by [124]
imprinted (magnetic non- external magnetic stimulus)
degradable core)
Poly(dimethyl aminoethyl methacrylate) Epitope of CD59 Partially degradable, surface Tumor imaging [125]
cell membrane imprinted (non-degradable core)
glycoprotein
Poly(ethylene glycol dimethacrylate) Doxorubicin Partially degradable, surface pH- and reducing environment- [126]
imprinted (non-degradable core) responsive drug delivery
Glucose derivative Docetaxel Partially degradable, surface Tumor imaging (driven by external [127]

imprinted (non-degradable core)

magnetic stimulus)

monomer and N,N'-diacrylylcystamine as the crosslinker. The
presence of disulfide bonds in the MI shell ensured the degradation
in the presence of glutathione, while the core can be degraded
when exposed to a weakly acidic environment. Both glutathione
and weakly acidic environment are typical of tumor tissues. The
same combination of pH-responsiveness and degradability was
explored in the work by Zhang et al. [126]. In the cited work, the
degradation of the molecularly imprinted particles was accounted
to provide a significant increased release. After 12 h of incubation in
in vitro tests, the percent amount of doxorubicin (template mole-
cule) released from nanoparticles ranged from 20% at pH 7.4 to
more than 75% at pH 5.0 in the presence of glutathione.

The combination of recognition properties of degradable
molecularly imprinted particles and the functional properties of
different materials to improve drug delivery was demonstrated in a
fluorescent and magnetic drug carrier [127]. In order to ensure the
multifunctionality of the system, the structure of the proposed
delivery system was a multicore-shell, and the imprinted polymeric
component was obtained by using a synthesized glucose-based
crosslinker. The system showed an improved release of docetaxel
(template), and a faster degradation at acidic pH than in a neutral
environment.

For the sake of clarity, all the cited works related to degradable
MI systems cited in this Section are summarized in Table 1.

7. Conclusions and future perspectives

Molecular Imprinting technology is a consolidate way to obtain
materials with recognition properties. Such recognition properties
can be exploited in different ways. In nanomedicine, MIPs can
prolong the releasing time of a drug, can be used in active drug
targeting or to obtain in situ Trojan horses. Recognition properties
can be obtained also in thermo- and chemo-responsive polymers,
giving the opportunity to obtain multifunctional materials.

To date, several efforts were done in the field of molecularly
imprinted particles but, despite the promising advances in MI
technology, the potential of molecularly imprinted particles in drug
delivery was not yet completely explored. In this field, the literature
reports a very small number of examples in which recognition
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properties, sensing and controlled delivery rate are simultaneously
exploited.

There are important evidences of the high performances of such
devices in targeted and controlled drug delivery but clinical ap-
plications are still far. The prolonged drug delivery was only veri-
fied in in vitro tests, as well as the recognition properties towards
biological targets [128]. The combination of these two character-
istics seems to be difficult to obtain and a very limited number of
in vivo tests were developed with interesting results. The use of
non-biodegradable particles, representing the large part of
analyzed systems, is probably the most important limitation in
molecularly imprinted particles exploitation.

There is a large amount of work to do before thinking about
clinical exploitation of MIPs and particles but the current bench
approaches, which combine experimental and theoretical studies,
go in the right direction and it is desirable that in the coming years
a wider application of MIPs and particles will be possible, with a
considerable improvement in targeted therapies.

Declaration of competing interest

None.

References

[1] S. Adepu, S. Ramakrishna, Controlled drug delivery systems: current status
and future directions, Molecules 26 (2021) 5905.

Y. Zhang, F. Liu, Y. Zhang, J. Wang, D. D'Andrea, ].B. Walters, J.A. Rogers, Self-
powered, light-controlled, bioresorbable platforms for programmed drug
delivery, Proc. Natl. Acad. Sci. USA 120 (2023), e2217734120.

S.CE. Gonzélez, A.S. Galindo, RR. Herrera, C.M.L. Badillo, L. Palomo-Ligas,
.M. Fernandez, V.D.].S. Valencia, Health applications of biodegradable poly-
mers, in: Biodegradable Polymers: Concepts and Applications, CRC Press,
2023.

H. Dadashi, M. Eskandani, L. Roshangar, M. Sharifi-Azad, M. Shahpouri,
W.C. Cho, R. Jahanban-Esfahlan, Remotely-controlled hydrogel platforms for
recurrent cancer therapy, J. Drug Deliv. Sci. Technol. (2023), 104354.

Z. Yu, X. Shen, H. Yu, H. Tu, C. Chittasupho, Y. Zhao, Smart polymeric nano-
particles in cancer immunotherapy, Pharmaceutics 15 (2023) 775.

I. Garcia-Orue, ]J.L. Pedraz, RM. Hernandez, M. Igartua, Nanotechnology-
based delivery systems to release growth factors and other endogenous
molecules for chronic wound healing, J. Drug Deliv. Sci. Technol. 42 (2017)
2-17.

[2

[3]

[4

[5

[6


http://refhub.elsevier.com/S2542-5048(23)00031-3/sref1
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref1
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref2
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref2
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref2
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref3
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref3
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref3
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref3
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref3
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref4
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref4
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref4
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref5
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref5
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref6
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref6
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref6
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref6
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref6

M. Gagliardi

[7]

[8

9

[10]

[11]
[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]

[34]

B.B. Seo, Y. Kwon, J. Kim, K.H. Hong, S.E. Kim, H.R. Song, S.C. Song, Injectable
polymeric nanoparticle hydrogel system for long-term anti-inflammatory
effect to treat osteoarthritis, Bioact. Mater. 7 (2022) 14—25.

N.A. Rizk, Z.A. Kanafani, H.Z. Tabaja, S.S. Kanj, Extended infusion of beta-
lactam antibiotics: optimizing therapy in critically-ill patients in the era of
antimicrobial resistance, Expert Rev. Anti Infect. Ther. 15 (2017) 645—652.
L. Kobylinska, N. Mitina, A. Zaichenko, R. Stoika, R. Controlled, Delivery and
reduced side effects of anticancer drugs complexed with polymeric nano-
carrier, in: Biomedical Nanomaterials, Springer, Cham, 2022, pp. 119—147.
R. Sreena, AJ. Nathanael, Biodegradable biopolymeric nanoparticles for
biomedical applications-challenges and future outlook, Materials 16 (2023)
2364.

K.C.D. Castro, ].M. Costa, M.G.N. Campos, Drug-loaded polymeric nano-
particles: a review, Int. J. Polym. Mat. Polym. Biomater. 71 (2022) 1—-13.

M. Saiyad, N. Shah, Nanopolymers in drug delivery system, Mater. Today:
Proc. 67 (2022) 25-30.

A. Gagliardi, E. Giuliano, E. Venkateswararao, M. Fresta, S. Bulotta, V. Awasthi,
D. Cosco, Biodegradable polymeric nanoparticles for drug delivery to solid
tumors, Front. Pharmacol. 12 (2021), 601626.

M. Anwar, F. Muhammad, B. Akhtar, Biodegradable nanoparticles as drug
delivery devices, ]. Drug Deliv. Sci. Technol. 64 (2021), 102638.

T. Aziz, A. Ullah, A. Ali, M. Shabeer, M.N. Shah, F. Haq, F.U. Khan, Manufac-
tures of bio-degradable and bio-based polymers for bio-materials in the
pharmaceutical field, ]J. Appl. Polym. Sci. 139 (2022), e52624.

M. Zhu, AK. Whittaker, F.Y. Han, M.T. Smith, Journey to the market: the
evolution of biodegradable drug delivery systems, Appl. Sci. 12 (2022) 935.
M. Gagliardi, Novel biodegradable nanocarriers for enhanced drug delivery,
Ther. Deliv. 7 (2016) 809—826.

0.0. Daramola, P. Adara, B.O. Adewuyi, E.R. Sadiku, W.K. Kupolati, Polymer
nanoparticles (nanomedicine) for therapeutic applications, Polym. Biomat.
Healthcare Appl. (2022) 71-123.

M. Gagliardi, B. Mazzolai, Molecularly imprinted polymeric micro- and nano-
particles for the targeted delivery of active molecules, Future Med. Chem. 7
(2015) 123—138.

O.L Parisi, F. Francomano, M. Dattilo, F. Patitucci, S. Prete, F. Amone, F. Puoci,
The evolution of molecular recognition: from antibodies to molecularly
imprinted polymers (MIPs) as artificial counterpart, J. Funct. Biomater. 13
(2022) 12.

M.A. Soylemez, H.K. Can, E. Bagda, M. Barsbay, A porous fabric-based
molecularly imprinted polymer for specific recognition of tetracycline by
radiation-induced RAFT-mediated graft copolymerization, Radiat. Phys.
Chem. 199 (2022), 110314.

S. Kouki, N. Jaoued-Grayaa, A. Anene, E. Beyou, Y. Chevalier, S. Hbaieb, The
enhanced adsorption properties of molecular imprinted polymer material
prepared using nitroxide-mediated Radical Deactivation Reversible Poly-
merization, Polymers 249 (2022), 124841.

M. Guo, J. Ye, C. Zheng, J. Meng, Dual-recognition membrane Adsorbers
combining hydrophobic charge-induction chromatography with surface
imprinting via multicomponent reaction, J. Chromatogr. A 1668 (2022),
462918.

VK. Rai, K. Nishchay, G.D. Gupta, Molecularly imprinted polymers for drug
delivery and biomedical applications, in: Smart Polymeric Nano-Constructs
in Drug Delivery, Academic Press, 2023, pp. 249—287.

S.M. Morsi, M.E. Abd El-Aziz, H.A. Mohamed, Smart polymers as molecular
imprinted polymers for recognition of target molecules, Int. J. Polym. Mater.
Polym. Biomater. (2022) 1-24.

N. Hayakawa, Y. Kitayama, K. Igarashi, Y. Matsumoto, E. Takano,
H. Sunayama, T. Takeuchi, Fc domain-imprinted stealth nanogels capable of
orientational control of immunoglobulin G adsorbed in vivo, ACS Appl.
Mater. Interfaces 14 (2022) 16074—16081.

Y. Kitayama, T. Yamada, K. Kiguchi, A. Yoshida, S. Hayashi, H. Akasaka,
T. Takeuchi, Vivo stealthified molecularly imprinted polymer nanogels
incorporated with gold nanoparticles for radiation therapy, J. Mater. Chem. B
10 (2022) 6784—6791.

L. Ye, T. Zhou, X. Shen, Molecular imprinting in particle-stabilized emulsions:
enlarging template size from small molecules to proteins and cells, Molec-
ular Imprinting 3 (2015).

F. Chen, M. Mao, J. Wang, ]. Liu, F. Li, A dual-step immobilization/imprinting
approach to prepare magnetic molecular imprinted polymers for selective
removal of human serum albumin, Talanta 209 (2020), 120509.

L. Dery, D. Zelikovich, D. Mandler, Electrochemistry of molecular imprinting
of large entities, Curr. Op. Electrochem. 100967 (2022).

T. Khumsap, A. Corpuz, L.T. Nguyen, Epitope-imprinted polymers: applica-
tions in protein recognition and separation, RSC Adv. 11 (2021)
11403—-11414.

B. Fresco-Cala, B. Mizaikoff, Surrogate imprinting strategies: molecular im-
prints via fragments and dummies, ACS Appl. Polym. Mater. 2 (2020)
3714—-3741.

M.H. Lee, J.L. Thomas, C.L. Liao, S. Jurcevic, T. Crnogorac-Jurcevic, H.Y. Lin,
Epitope recognition of peptide-imprinted polymers for Regenerating protein
1 (REG1), Sep. Purif. Technol. 192 (2018) 213—219.

N. Nawaz, N.K. Abu Bakar, W.. Basirun, M. Shalauddin, S.B. Karman,
S.B. Ibrahim, H.N.M.E. Mahmud, Exploration of molecularly imprinted poly-
mer (MIP) nanohybrid films as DNA sensors for the detection of porcine,
Chem. Pap. (2022) 1-17.

404

[35]

[36]
(37]

(38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

[53]

[54]

[55]

[56]

(571

[58]

[59]

[60]
[61]
(62]
(63]
[64]

(65]

Advanced Industrial and Engineering Polymer Research 6 (2023) 396—406

A.S. Tajani, V. Soheili, F. Moosavi, R. Ghodsi, T. Alizadeh, B.S.F. Bazzaz, Ultra
selective and high-capacity dummy template molecular imprinted polymer
to control quorum sensing and biofilm formation of Pseudomonas aerugi-
nosa, Anal. Chim. Acta 1199 (2022), 339574.

K. Mosbach, Molecular imprinting, Trends Biochem. Sci. 19 (1) (1994) 9—14.
L. Chen, X. Wang, W. Lu, X. Wu, ]. Li, Molecular imprinting: perspectives and
applications, Chem. Soc. Rew. 45 (8) (2016) 2137—2211.

M.E. Byrne, K. Park, N.A. Peppas, Molecular imprinting within hydrogels, Adv.
Drug Deliv. Rev. 54 (1) (2002) 149—161.

M. Arabi, A. Ostovan, ]. Li, X. Wang, Z. Zhang, J. Choo, L. Chen, Molecular
imprinting: green perspectives and strategies, Adv. Mater. 33 (30) (2021),
2100543.

G. Wulff, Fourty years of molecular imprinting in synthetic polymers: origin,
features and perspectives, Microchim. Acta 180 (2013) 1359—1370.

P.A. Cormack, A.Z. Elorza, Molecularly imprinted polymers: synthesis and
characterisation, J. Chromatogr., B 804 (1) (2004) 173—182.

L. Chen, S. Xu, J. Li, Recent advances in molecular imprinting technology:
current status, challenges and highlighted applications, Chem. Soc. Rev. 40
(5) (2011) 2922—-2942.

M. Boukadida, N. Jaoued-Grayaa, A. Anene, Y. Chevalier, S. Hbaieb, Effect of
cross-linking agents on the adsorption of histamine on molecularly
imprinted polyacrylamide, Polymer (2023), 125724.

N.M. Zamruddin, H. Herman, L. Rijai, A.N. Hasanah, Factors affecting the
analytical performance of magnetic molecularly imprinted polymers, Poly-
mers 14 (15) (2022) 3008.

Z. Ali, M. Sajid, M.M. Ahmed, M. Hanif, S. Manzoor, Synthesis of green
fluorescent cross-linked molecularly imprinted polymer bound with anti-
cancerous drug (docetaxel) for targeted drug delivery, Polym. Bull. (2023)
1-18.

A. Saboury, R. Mohammadi, S. Javanbakht, M. Ghorbani, Doxorubicin
imprinted magnetic polymethacrylamide as a pH-sensitive anticancer
nanocarrier, J. Drug Deliv. Sci. Technol. 79 (2023), 103998.

Y. Kitayama, K. Yoshikawa, T. Takeuchi, Post-Cross-Linked molecular
imprinting with functional polymers as a universal building block for arti-
ficial polymeric receptors, Macromolecules 50 (2017) 7526—7534.

T. Takagishi, .M. Klotz, Macromolecule-small molecule interactions; intro-
duction of additional binding sites in polyethyleneimine by disulfide cross-
linkages, Biopolymers 11 (1972) 483—491.

K. Yang, Z. Liu, M. Mao, X. Zhang, C. Zhao, N. Nishi, Molecularly imprinted
polyethersulfone microspheres for the binding and recognition of bisphenol
A, Anal. Chim. Acta 546 (2005) 30—36.

M.H. Lee, Y.C. Chen, M.H. Ho, H.Y. Lin, Optical recognition of salivary proteins
by use of molecularly imprinted poly(ethylene-co-vinyl alcohol)/quantum
dot composite nanoparticles, Anal. Bioanal. Chem. 397 (2010) 1457—1466.

K. Karim, F. Breton, R. Rouillon, E.V. Piletska, A. Guerreiro, I. Chianella,
S.A. Piletsky, How to find effective functional monomers for effective
molecularly imprinted polymers? Adv. Drug Deliv. Rev. 57 (12) (2005)
1795—-1808.

AN. Hasanah, N. Safitri, A. Zulfa, N. Neli, D. Rahayu, Factors affecting prep-
aration of molecularly imprinted polymer and methods on finding template-
monomer interaction as the key of selective properties of the materials,
Molecules 26 (18) (2021) 5612.

M.C. Fonseca, C.S. Nascimento, K.B. Borges, Theoretical investigation on
functional monomer and solvent selection for molecular imprinting of tra-
madol, Chem. Phys. Lett. 645 (2016) 174—179.

Z.Liu, Z. Xu, D. Wang, Y. Yang, Y. Duan, L. Ma, H. Liu, A review on molecularly
imprinted polymers preparation by computational simulation-aided
methods, Polymers 13 (2021) 2657. B

R. Boroznjak, ]. Reut, A. Tretjakov, A. Lomaka, A. Opik, V. Syritski,
A computational approach to study functional monomer-protein molecular
interactions to optimize protein molecular imprinting, J. Mol. Recogn. 30
(2017).

A.F. Bonatti, C. De Maria, G. Vozzi, Molecular imprinting strategies for tissue
engineering applications: a review, Polymers 13 (2021) 548.

K.M. Wright, M.C. Bowyer, A. McCluskey, C.I. Holdsworth, Molecular
imprinting of benzylpiperazine: a comparison of the self-assembly and semi-
covalent approaches, Int. . Mol. Sci. 24 (6) (2023) 5117.

Y. Han, J. Tao, N. Ali, A. Khan, S. Malik, H. Khan, A.A. Mohamed, Molecularly
imprinted polymers as the epitome of excellence in multiple fields, Eur.
Polym. J. (2022), 111582.

P. Zahedi, M. Ziaee, M. Abdouss, A. Farazin, B. Mizaikoff, Bilomacromolecule
template-based molecularly imprinted polymers with an emphasis on their
synthesis strategies: a review, Polym. Adv. Technol. 27 (2016) 1124—1142.

H. Chen, J. Guo, Y. Wang, W. Dong, Y. Zhao, L. Sun, Bio-inspired imprinting
materials for biomedical applications, Adv. Sci. 9 (2022), 2202038.

L. Wan, Z. Chen, C. Huang, X. Shen, Core—shell molecularly imprinted par-
ticles, Trends Anal. Chem. 95 (2017) 110—121.

M. Niu, C. Pham-Huy, H. He, Core-shell nanoparticles coated with molecu-
larly imprinted polymers: a review, Microchim. Acta 183 (2016) 2677—2695.
J. Wang, J. Gong, Z. Wei, Strategies for liposome drug delivery systems to
improve tumor treatment efficacy, AAPS PharmSciTech 23 (2022) 1-14.

K. Paunovska, D. Loughrey, J.E. Dahlman, Drug delivery systems for RNA
therapeutics, Nat. Rev. Genet. 23 (2022) 265—280.

KT. Al-Jamal, Active drug targeting: lessons learned and new things to
consider, Int. J. Pharm. 454 (2013) 525—526.


http://refhub.elsevier.com/S2542-5048(23)00031-3/sref7
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref7
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref7
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref7
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref8
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref8
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref8
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref8
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref9
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref9
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref9
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref9
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref10
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref10
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref10
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref11
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref11
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref11
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref12
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref12
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref12
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref13
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref13
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref13
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref14
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref14
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref15
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref15
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref15
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref16
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref16
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref17
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref17
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref17
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref18
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref18
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref18
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref18
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref19
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref19
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref19
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref19
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref20
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref20
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref20
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref20
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref21
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref21
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref21
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref21
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref21
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref21
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref22
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref22
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref22
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref22
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref23
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref23
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref23
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref23
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref24
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref24
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref24
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref24
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref25
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref25
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref25
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref25
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref26
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref26
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref26
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref26
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref26
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref27
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref27
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref27
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref27
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref27
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref28
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref28
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref28
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref29
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref29
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref29
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref30
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref30
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref31
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref31
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref31
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref31
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref32
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref32
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref32
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref32
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref33
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref33
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref33
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref33
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref34
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref34
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref34
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref34
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref34
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref35
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref35
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref35
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref35
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref36
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref36
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref37
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref37
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref37
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref38
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref38
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref38
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref39
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref39
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref39
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref40
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref40
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref40
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref41
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref41
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref41
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref42
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref42
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref42
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref42
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref43
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref43
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref43
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref44
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref44
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref44
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref45
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref45
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref45
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref45
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref45
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref46
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref46
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref46
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref47
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref47
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref47
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref47
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref48
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref48
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref48
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref48
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref49
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref49
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref49
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref49
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref50
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref50
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref50
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref50
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref51
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref51
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref51
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref51
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref51
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref52
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref52
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref52
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref52
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref53
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref53
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref53
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref53
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref54
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref54
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref54
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref55
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref55
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref55
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref55
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref55
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref56
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref56
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref57
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref57
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref57
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref58
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref58
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref58
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref59
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref59
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref59
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref59
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref60
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref60
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref61
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref61
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref61
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref61
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref62
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref62
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref62
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref63
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref63
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref63
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref64
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref64
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref64
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref65
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref65
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref65

M. Gagliardi

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

AA. Topcu, S. Kilig, E. Ozgiir, D. Tiirkmen, A. Denizli, Inspirations of bio-
mimetic affinity ligands: a review, ACS Omega 7 (37) (2022) 32897—-32907.
AJ. Hall, M. Quaglia, P. Manesiotis, E. De Lorenzi, B. Sellergren, Polymeric
receptors for the recognition of folic acid and related compounds via sub-
structure imprinting, Anal. Chem. 78 (2006) 8362—8367.

F.M. Suzaei, A. Batista, B. Mizaikoff, S. Rahimi, S.M. Daryanavard, M. Abdel-
Rehim, Molecularly imprinted polymers for selective extraction/micro-
extraction of cancer biomarkers: a review, Microchim. Acta 189 (2022) 1-24.
M.M. Alj, S. Zhu, F.R. Amin, D. Hussain, Z. Dy, L. Hu, Molecular imprinting of
glycoproteins: from preparation to cancer theranostics, Theranostics 12
(2022) 2406.

G.K. Ali, KM. Omer, Molecular imprinted polymer combined with aptamer
(MIP-aptamer) as a hybrid dual recognition element for bio (chemical)
sensing applications, Review, Talanta 236 (2022), 122878.

K. Chen, Y. Zhao, Molecular recognition of enzymes and modulation of
enzymatic activity by nanoparticle conformational sensors, Chem. Commun.
58 (2022) 1732—1735.

ALL. Araz, Bovine serum albumin detection by using molecularly imprinted
surface plasmon resonance sensors, Turk. J. Chem. 46 (2022) 487—498.

A. Rachkov, N. Minoura, Recognition of oxytocin and oxytocin-related pep-
tides in aqueous media using a molecularly imprinted polymer synthesized
by the epitope approach, J. Chromatogr. A 889 (2000) 111-118.

Y. Hoshino, H. Koide, T. Urakami, Recognition, neutralization, and clearance
of target peptides in the bloodstream of living mice by molecularly
imprinted polymer nanoparticles: a plastic antibody, J. Am. Chem. Soc. 132
(2010) 6644—6645.

K. Yang, S. Li, J. Liu, L. Liu, L. Zhang, Y. Zhang, Multiepitope templates
imprinted particles for the simultaneous capture of various target proteins,
Anal. Chem. 88 (2016) 5621—5625.

M. Harijan, V. Shukla, A.K. Singh, R. Raghuwanshi, G. Nath, M. Singh, Design
of molecularly imprinted sensor for detection of typhoid using immu-
noinformatics and molecular imprinting, Biosens. Bioelectron. X 10 (2022),
100090.

S. Liu, Q. Bi, Y. Long, Z. Li, S. Bhattacharyya, C. Li, Inducible epitope
imprinting: “generating” the required binding site in membrane receptors
for targeted drug delivery, Nanoscale 9 (2017) 5394—5397.

[78] J. Medlock, A.AK. Das, LA. Madden, DJ. Allsup, V.N. Paunov, Cancer bio-

(791

[80]

(81]

(82]

(83]

(84]

[85]

(86]

(87]

[88]

(89]

[90]

[91]

[92]

[93]

imprinting and cell shape recognition for diagnosis and targeted treatment,
Chem. Soc. Rev. 46 (2017) 5110—5127.

H. Kempe, A. Parareda Pujolras, M. Kempe, Molecularly imprinted polymer
nanocarriers for sustained release of erythromycin, Pharm. Res. (N. Y.) 32
(2015) 375—388.

B. Tse Sum Bui, T. Auroy, K. Haupt, Fighting antibiotic-resistant bacteria:
promising strategies orchestrated by molecularly imprinted polymers,
Angew. Chem. 134 (2022), e202106493.

C. Mao, X. Xie, X. Liu, Z. Cui, X. Yang, KW.K. Yeung, S. Wu, The controlled
drug release by pH-sensitive molecularly imprinted nanospheres for
enhanced antibacterial activity, Mater. Sci. Eng. C 77 (2017) 84—91.

N. Jafary Omid, H. Morovati, M. Amini M, Development of molecularly
imprinted olanzapine nano-particles: in vitro characterization and in vivo
evaluation, AAPS PharmSciTech 17 (2016) 1457—1467.

E.V. Piletska, B.H. Abd, A.S. Krakowiak, Magnetic high throughput screening
system for the development of nano-sized molecularly imprinted polymers
for controlled delivery of curcumin, Analyst 140 (2015) 3113—3120.

M.H. Lee, A. Ahluwalia, J.Z. Chen, N.L. Shih, H.Y. Lin, Synthesis of magnetic
cytosine-imprinted chitosan nanoparticles, Nanotechnology 28 (2017),
085705.

LP. Zhang, X.L. Wang, Q.Q. Pang, Solvent-responsive floating liquid
crystalline-molecularly imprinted polymers for gastroretentive controlled
drug release system, Int. J. Pharm. 532 (2017) 365—373.

P.K. Paul, A. Treetong, R. Suedee, Biomimetic insulin-imprinted polymer
nanoparticles as a potential oral drug delivery system, Acta Pharm. 67 (2017)
149-168.

R. Suedee, T. Srichana, G.P. Martin, Evaluation of matrices containing
molecularly imprinted polymers in the enantioselective-controlled delivery
of B-blockers, J. Contr. Release 66 (2000) 135—147.

R. Suedee, T. Srichana, T. Rattananont, Enantioselective release of controlled
delivery granules based on molecularly imprinted polymers, Drug Deliv. 9
(2002) 19-30.

S. Sheybani, T. Hosseinifar, M. Abdouss, S. Mazinani, Mesoporous molecularly
imprinted polymer nanoparticles as a sustained release system of azi-
thromycin, RSC Adv. 5 (2015) 98880—98891.

A.D. Vaughan, ].B. Zhang, M.E. Byrne, Enhancing therapeutic loading and
delaying transport via molecular imprinting and living/controlled polymer-
ization, AIChE ] 56 (2009) 268—279.

K. Golker, L.A. Nicholls, The effect of crosslinking density on molecularly
imprinted polymer morphology and recognition, Eur. Polym. J. 75 (2016)
423—430.

E. Asadi, S. Azodi-Deilami, M. Abdouss, S. Khaghani, Cyproterone synthesis,
recognition and controlled release by molecularly imprinted nanoparticle,
Appl. Biochem. Biotechnol. 167 (2012) 2076—2087.

M. Abdouss, E. Asadi, S. Azodi-Deilami, N. Beik-mohammadi, S.A. Aslanzadeh,
Development and characterization of molecularly imprinted polymers for
controlled release of citalopram, J. Mater. Sci. Mater. Med. 22 (2011)
2273-2281.

405

[94]

[95]
[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]

[120]

[121]

Advanced Industrial and Engineering Polymer Research 6 (2023) 396—406

S. Venkatesh, J. Saha, S. Pass, M.E. Byrne, Transport and structural analysis of
molecular imprinted hydrogels for controlled drug delivery, Eur. J. Pharm.
Biopharm. 69 (2008) 852—860.

D. Bohme, A.G. Beck-Sickinger, Drug delivery and release systems for tar-
geted tumor therapy, J. Pept. Sci. 21 (2015) 186—200.

J. Ly, F. Jiang, A. Lu, G. Zhang, Linkers having a crucial role in antibody—drug
conjugates, Int. J. Mol. Sci. 17 (2016) 561.

L. Tang, CY. Zhao, X.H. Wang, Macromolecular crowding of molecular
imprinting: a facile pathway to produce drug delivery devices for zero-order
sustained release, Int. ]. Pharm. 496 (2015) 822—833.

M. Jia, J. Yang, Y.X. Zhao, Z.S. Liu, H.A. Aisa, A strategy of improving the
imprinting effect of molecularly imprinted polymer: effect of heterogeneous
macromolecule crowding, Talanta 175 (2017) 488—494.

O.L Parisi, F. Puoci, Stimuli-responsive molecularly imprinted polymers, in:
H.J. Schneider (Ed.), Chemoresponsive Materials, Royal Society of Chemistry,
Cambridge, 2015, pp. 364—383.

M. Watanabe, T. Akahoshi, Y. Tabata, D. Nakayama, Molecular specific
swelling change of hydrogels in accordance with the concentration of guest
molecules, J. Am. Chem. Soc. 120 (1998) 5577—5578.

L. Zhang, L. Chen, H. Zhang, Y. Yang, X. Liu, Recognition of 5-fluorouracil by
thermosensitive magnetic surface molecularly imprinted microspheres
designed using a computational approach, J. Appl. Polym. Sci. 134 (2017),
45468.

C. Alvarez-Lorenzo, V.Y. Grinberg, T.V. Burova, A. Concheiro, Stimuli-sensi-
tive cross-linked hydrogels as drug delivery systems: impact of the drug on
the responsiveness, Int. J. Pharm. 579 (2020), 119157.

C. Alvarez-Lorenzo, O. Guney, T. Oya, Reversible adsorption of calcium ions
by imprinted temperature sensitive gels, J. Chem. Phys. 114 (2001)
2812-2816.

X. Liu, T. Zhou, Z. Du, Z. Wei, ]. Zhang, Recognition ability of temperature
responsive molecularly imprinted polymer hydrogels, Soft Matter 7 (2011)
1986.

S. Li, Y. Ge, A. Tiwari, S. Wang, A.P.F. Turner, S.A. Piletsky, On/off"-switchable
catalysis by a smart enzyme-like imprinted polymer, J. Catal. 278 (2011)
173-180.

Y. Ma, Y. Zhang, M. Zhao, X. Guo, H. Zhang, Narrowly dispersed molecularly
imprinted polymer microspheres with photo- and thermo-responsive tem-
plate binding properties in pure aqueous media by RAFT polymerization,
Molecular Imprinting 1 (2012).

G. Pan, Q. Guo, C. Cao, H. Yang, B. Li, Thermo-responsive molecularly
imprinted nanogels for specific recognition and controlled release of pro-
teins, Soft Matter 9 (2013) 3840.

S. Li, K. Yang, N. Deng, Thermoresponsive epitope surface-imprinted nano-
particles for specific capture and release of target protein from human
plasma, ACS Appl. Mater. Interfaces 8 (2016) 5747—-5751.

S. Ji, N. Li, Y. Shen, Q. Li, ]J. Qiao, Z. Li, Poly(amino acid)-based thermores-
ponsive molecularly imprinted magnetic nanoparticles for specific recogni-
tion and release of lysozyme, Anal. Chim. Acta 909 (2016) 60—66.

N. Li, L. Qi, Y. Shen, ]. Qiao, Y. Chen, Novel oligo(ethylene glycol)-based
molecularly imprinted magnetic nanoparticles for thermally modulated
capture and release of lysozyme, ACS Appl. Mater. Interfaces 6 (2014)
17289—-17295.

C. Wang, A. Javadi, M. Ghaffari, S. Gong, A pH-sensitive molecularly
imprinted nanospheres/hydrogel composite as a coating for implantable
biosensors, Biomaterials 31 (2010) 4944—4951.

R. Suedee, C. Jantarat, W. Lindner, H. Viernstein, S. Songkro, T. Srichana,
Development of a pH-responsive drug delivery system for
enantioselective-controlled delivery of racemic drugs, J. Contr. Release
142 (2010) 122—131.

Y. Kanekiyo, R. Naganawa, H. Tao, pH-responsive molecularly imprinted
polymers, Angew. Chem., Int. Ed. Engl. 42 (2003) 3014—-3016.

F. Puoci, F. lemma, R. Muzzalupo, Spherical molecularly imprinted polymers
(SMIPs) via a novel precipitation polymerization in the controlled delivery of
sulfasalazine, Macromol. Biosci. 4 (2004) 22—26.

F. Puoci, F. lemma, G. Cirillo, New restricted access materials combined to
molecularly imprinted polymers for selective recognition/release in water
media, Eur. Polym. ]. 45 (2009) 1634—1640.

Q. Zhang, L. Zhang, P. Wang, S. Du, Coordinate bonding strategy for molec-
ularly imprinted hydrogels: toward pH-responsive doxorubicin delivery,
J. Pharmaceut. Sci. 103 (2014) 643—651.

K. Sreenivasan, On the application of molecularly imprinted poly(HEMA) as a
template responsive release system, J. Appl. Polym. Sci. 71 (1999)
1819—-1821.

H. Zhang, Molecularly imprinted nanoparticles for biomedical applications,
Adv. Mater. 32 (2020), 1806328.

M. Gagliardi, A. Bertero, A. Bifone, Molecularly imprinted biodegradable
nanoparticles, Sci. Rep. 7 (2017), 40046.

S. Yoosefi, M. Esfandyari-Manesh, F. Ghorbani-Bidkorpeh, M. Ahmadi,
F. Moraffah, R. Dinarvand, Novel biodegradable molecularly imprinted
polymer nanoparticles for drug delivery of methotrexate anti-cancer; syn-
thesis, characterization and cellular studies, DARU ]. Pharm. Sci. 30 (2022)
289-302.

Y. Zhao, C. Simon, M.D. Attieh, K. Haupt, A. Falcimaigne-Cordin, Reduction-
responsive molecularly imprinted nanogels for drug delivery applications,
RSC Adv. 10 (2020) 5978—5987.


http://refhub.elsevier.com/S2542-5048(23)00031-3/sref66
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref66
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref66
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref66
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref66
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref66
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref67
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref67
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref67
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref67
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref68
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref68
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref68
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref68
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref69
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref69
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref69
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref70
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref70
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref70
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref71
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref71
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref71
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref71
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref72
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref72
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref72
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref73
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref73
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref73
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref73
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref74
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref74
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref74
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref74
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref74
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref75
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref75
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref75
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref75
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref76
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref76
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref76
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref76
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref77
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref77
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref77
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref77
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref78
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref78
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref78
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref78
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref79
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref79
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref79
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref79
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref79
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref80
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref80
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref80
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref81
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref81
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref81
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref81
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref82
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref82
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref82
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref82
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref83
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref83
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref83
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref83
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref84
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref84
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref84
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref85
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref85
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref85
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref85
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref86
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref86
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref86
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref86
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref87
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref87
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref87
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref87
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref88
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref88
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref88
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref88
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref89
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref89
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref89
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref89
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref90
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref90
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref90
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref90
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref91
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref91
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref91
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref91
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref92
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref92
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref92
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref92
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref93
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref93
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref93
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref93
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref93
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref94
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref94
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref94
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref94
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref95
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref95
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref95
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref95
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref96
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref96
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref96
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref97
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref97
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref97
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref97
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref98
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref98
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref98
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref98
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref99
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref99
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref99
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref99
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref100
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref100
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref100
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref100
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref101
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref101
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref101
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref101
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref102
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref102
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref102
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref103
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref103
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref103
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref103
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref104
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref104
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref104
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref105
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref105
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref105
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref105
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref106
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref106
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref106
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref106
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref107
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref107
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref107
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref108
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref108
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref108
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref108
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref109
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref109
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref109
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref109
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref110
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref110
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref110
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref110
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref110
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref111
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref111
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref111
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref111
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref112
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref112
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref112
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref112
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref112
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref113
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref113
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref113
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref114
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref114
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref114
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref114
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref115
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref115
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref115
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref115
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref116
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref116
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref116
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref116
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref117
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref117
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref117
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref117
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref118
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref118
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref119
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref119
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref120
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref120
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref120
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref120
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref120
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref120
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref121
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref121
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref121
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref121

M. Gagliardi

[122]

[123]

[124]

[125]

H.R. Culver, S.D. Steichen, N.A. Peppas, A closer look at the impact of mo-
lecular imprinting on adsorption capacity and selectivity for protein tem-
plates, Biomacromolecules 17 (2016) 4045—4053.

E. Asadi, M. Abdouss, R.M. Leblanc, N. Ezzati, J.N. Wilson, D. Kordestani,
Synthesis, characterization and in vivo drug delivery study of a biodegrad-
able nano-structured molecularly imprinted polymer based on cross-linker
of fructose, Polymer 97 (2016) 226—237.

E. Asadi, M. Abdouss, R.M. Leblanc, N. Ezzati, J.N. Wilson, S. Azodi-Deilami,
In vitro/in vivo study of novel anti-cancer, biodegradable cross-linked tannic
acid for fabrication of 5-fluorouracil-targeting drug delivery nano-device
based on a molecular imprinted polymer, RSC Adv. 6 (2016) 37308—37318.
Y.T. Qin, Y.S. Feng, Y.L. Ma, XW. He, W.Y. Li, Y.K. Zhang, Tumor-sensitive
biodegradable nanoparticles of molecularly imprinted polymer-stabilized

406

[126]

[127]

[128]

Advanced Industrial and Engineering Polymer Research 6 (2023) 396—406

fluorescent zeolitic imidazolate framework-8 for targeted imaging and
drug delivery, ACS Appl. Mater. Interfaces 12 (2020) 24585—24598.

K. Zhang, X. Guan, Y. Qiu, D. Wang, X. Zhang, H. Zhang, A pH/glutathione
double responsive drug delivery system using molecular imprint technique
for drug loading, Appl. Surf. Sci. 389 (2016) 1208—1213.

Z. Ali, M. Sajid, S. Manzoor, M.M. Ahmad, M.I. Khan, N. Elboughdiri,
S.B. Salem, Biodegradable magnetic molecularly imprinted anticancer drug
carrier for the targeted delivery of docetaxel, ACS Omega 7 (2022)
28516—28524.

F. Canfarotta, A. Waters, R. Sadler, Biocompatibility and internalization of
molecularly imprinted nanoparticles, Nano Res. 9 (2016) 3463—3477.


http://refhub.elsevier.com/S2542-5048(23)00031-3/sref122
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref122
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref122
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref122
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref123
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref123
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref123
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref123
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref123
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref124
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref124
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref124
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref124
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref124
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref125
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref125
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref125
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref125
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref125
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref126
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref126
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref126
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref126
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref127
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref127
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref127
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref127
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref127
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref128
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref128
http://refhub.elsevier.com/S2542-5048(23)00031-3/sref128

	Design and development of molecularly imprinted biodegradable polymers for nanomedicine
	1. Introduction
	2. The molecular imprinting technique
	2.1. MIPs from functional monomers vs. preformed polymers
	2.2. Non-covalent vs. covalent MIPs
	2.3. Bulk vs. surface MIPs

	3. Active drug targeting and molecularly imprinted particles
	4. Molecularly imprinted particles for drug delivery
	4.1. Drug delivery mechanism in molecularly imprinted particles
	4.2. Covalent molecularly imprinted polymers as drug-delivery systems
	4.3. Zero-order release kinetics MI systems

	5. Stimuli-responsiveness and molecularly imprinted polymers
	5.1. Thermo-responsive behavior
	5.2. pH-responsive behavior
	5.3. Biochemical-responsive behavior

	6. Degradable MIPs
	7. Conclusions and future perspectives
	Declaration of competing interest
	References


