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Nanomaterials, and especially nanoparticles, have been introduced to almost any aspect of our lives. This
has caused increasing concern as to their toxicity and adverse effects on the environment and human
health. The activity of nanoparticles, including their nanotoxicity, is not only a function of the material
they are made of but also their size, shape, and surface properties. It is evident that there is an unmet
need for simple approaches to the speciation of nanoparticles, namely to monitor and detect them
based on their properties. An appealing method for such speciation involves the imprinting of

nanoparticles in soft matrices. The principles of imprinting nanoparticles originate from the molecularly

Received 28th April 2023 . . . . . . . )
Accepted 1st August 2023 imprinted polymer (MIP) approach. This review summarizes the current status of this emerging field,
which bridges between the traditional MIP approach and the imprinting of larger entities such as viruses

DOI: 10.1039/d3sc02178e and bacteria. The concepts of nanoparticle imprinting and the requirement of both physical and
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1. Introduction

This review focuses on a new field of research, which was born
as a result of applying the concepts and insights of molecular
imprinting to nanochemistry and nanotechnology. The idea
that a nanomaterial, which does not have a specific molecular
weight but rather a distribution of weights and sizes, can be
imprinted similarly to a molecule is not trivial. At present, only
a small window has been opened to nanomaterial imprinting
and it is already evident that the spectrum of possibilities and
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chemical matching between the nanoparticles and the matrix are discussed and demonstrated.

applications is wider than expected. How can nanomaterials be
imprinted, removed, and detected? What can be expected from
the imprinting of nanomaterials? How selective and sensitive
can these systems be? What are the foreseen applications of
nanomaterial imprinting and what do we learn from the current
research status in this field? We will try to answer some of these
and other questions that stem from the activity in nanomaterial
imprinting. We will begin by briefly reviewing the concept of
molecular imprinting and then switch to the imprinting of large
entities. Most of the review will describe the concepts and
systems where nanomaterials, mostly nanoparticles, have been
designed and studied.
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1.1 Molecular imprinting

Imprinting in materials, refers to the process of printing the
shape of an object, i.e., template, in a soft matrix, which creates
a cavity with the shape and the outer contour of the imprinted
object. Early work in imprinting involved mostly inorganic
materials such as silica as the matrix in which organic mole-
cules were imprinted.* Pauling has introduced the concept of
imprinting assuming configurations complementary to surface
regions of the antigen to the antibody.” In the 1950s’ molecular
imprinting has been applied for the separation of organic
molecules, including enantiomers. Yet, the richness of organic
chemistry in the design of the matrix, as well as the term
“molecular imprinting” has been introduced in the 1970s" by
Wulff trying to mimic the action of enzymes.?

Molecular imprinting is associated with the imprinting of
individual molecules in usually a 3D network that is formed
upon polymerization, and therefore, was termed “molecularly
imprinted polymers” (MIP). The MIP concept has developed
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Fig. 1 MIP publications over the years (from “Web of Science”, by
searching: “molecul* imprint* polym*”).
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rapidly reaching more than 1000 publications/per year since
2019 (Fig. 1). Excellent reviews and books appeared over the
years covering almost any aspect of molecular imprinting and
MIPs.**°

The vast majority of studies have focused on the imprinting
of relatively small organic molecules, i.e., MW < 500, where the
primary objective has usually been to form a synthetic receptor
that selectively recognizes the imprinted template. Two prin-
cipal approaches have been applied in the imprinting process;
the first involved the formation of covalent hydrolyzable bonds
between the template and the matrix, whereas the second
approach comprised supramolecular interactions, such as van
der Waals and m-m interactions as well as hydrogen bonding.
Both approaches can be considered self-assembly where the
monomers are arranged around the template as a result of the
covalent or supramolecular interactions between the monomers
and the template, a process that is followed by polymerization
to form either thin films or monoliths.

This “lock and key” approach mimics the activity of natural
biological components such as enzymes, antibodies, and
aptamers. As such, it demands both thermodynamic and
kinetic requirements for proper functionalization. On one
hand, the association between the template and its comple-
mentary void must be strong, as it affects significantly the
selectivity and sensitivity of the system. On the other hand, the
ingress and egress of the template to the void must be facile to
enable its removal from the cavity. In this respect, it should be
mentioned that the major obstacle to the wider application of
MIPs is usually the difficulty in extracting the template from the
matrix. The extracting methods that are commonly used in
MIPs are either based on solvent extraction or physical pertur-
bation, such as microwave and sonication. The removal of the
template is also a major concern in the imprinting of nano-
materials, vide infra.

Traditionally, MIPs are formed by bulk polymerization
carried out in a solution that consists of the template, the
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monomer, the cross-linker, and the initiator. The solvent plays
a major role and should have a porogenic nature, that is,
responsible not only for dissolving properly all the agents
during polymerization but also for the development of the
porous structure of the MIP. Over the years, a few approaches
have been developed for the formation of MIPs.* These
primarily include the conventional bulk polymerization
(mentioned above); the polymerization of microemulsions with
well-defined initial microstructure, which creates a homoge-
neous pore distribution and binding sites for analyte recogni-
tion;'""* phase inversion where the MIP is precipitated upon
adding an incompatible solvent or by evaporation of the poro-
gen from the solution consisting of the template, and solid-
phase synthesis, which involves immobilization of the
template on a solid support before carrying out the
polymerization,”™ and surface imprinting polymerization
(SIP) through soft lithography or other methods.'” The last
approach, i.e., SIP, will be discussed in detail later as it is also
the basis of more recent large entity imprinting.

Finally, optimizing the imprinting systems is not trivial as it
is a multi-parameter challenge, which comprises the proper
selection of the functional monomers, cross-linkers, and
solvents, and choosing the optimum ratio between the mono-
mers and the template. Therefore, molecular modeling using
mostly density functional theory and molecular dynamics
methods*®2° are typically used to calculate the binding energy of
the host polymer to the template and analyze quite efficiently
the matrix-template interactions. These calculations have led to
improving the selectivity of MIPs while shortening the time for
optimizing their properties.

1.2 Applications

As mentioned above, molecular imprinting has been mostly
applied for sensing and separation, although other applications
such as in drug delivery can be found. Sensing is by far domi-
nating the application of molecularly imprinting reaching more
than 5000 reports. There is no intention to cover this field,
which has been reviewed very often and from different
aspects.*>?* The high selectivity that can be, in principle, ach-
ieved by MIPs has made this one of the leading approaches for
assembling sensors for small inorganic, organic, and bio-
molecules in a wide variety of areas. For example, gas sensors
for VOC, explosives,” and odors have been described,?>*
whereas sensors for the liquid phase have targeted amino
acids,” pesticides,* pathogens, food adulterants,” explo-
sives,*®?® environmental pollutants,®* drugs,** and biomarkers.**
The detection of the template is usually accomplished either
electrochemically (by voltammetry, amperometry, potentiom-
etry, conductometry, or via impedance spectroscopy) or opti-
cally (by absorption, fluorescence, and surface plasmon
resonance) in the UV-visible region. Yet, many substances are
electrochemically inactive and absorb only at the far UV and
therefore other approaches, such as measuring mass changes
by the quartz crystal microbalance®® can also be found. To make
these MIP sensors reusable and at the same time increase their
sensitivity, imprinting of thin films and high surface areas has

9632 | Chem. Sci., 2023, 14, 9630-9650

View Article Online

Review

been targeted. This has promoted different approaches such as
forming nanomaterials and in particular, nanoparticles where
the templates were imprinted,**® as well as a generic approach
of surface imprinting (SIP)."”*” Such an approach of making the
recognition layer very thin is also crucial, especially in electro-
chemical sensors, where electron transfer should be facilitated
between the template and the electrode. A recognition layer that
is of the order of the size of the template would be ideal and will
assure the facile removal of the template and enable to reuse the
sensor. This will be discussed in detail as it is of utmost
importance in the imprinting and detection of nanoparticles.

1.3 Limitations and challenges

Molecular imprinting is a mature well-developed approach and
nevertheless has not been very widely commercialized. In spite
of the large number of reports covering almost any type of
species including small molecules, macromolecules, viruses,
and Dbacteria, molecular imprinting still faces some
challenges.***° Large molecules such as proteins have rich
surface chemistry and therefore require a careful design of the
recognition interface and the introduction of additional
precursors and the formation of heterogeneous binding sites.
The removal of the template still remains a challenge and
obstacle in many MIP and SIP systems. A variety of approaches
has been developed such as micro liquid-liquid extraction, for
improving the process, yet, a rigid matrix where the analyte is
well buried inside makes the efficient removal an almost
impossible task. Increasing the matrix flexibility by mimicking
the natural approach in enzymes and antigens seems also an
important unresolved challenge. This enables not only facile
kinetics of the ingress and egress of the substrate to the
recognition site but also allows water or solvent molecules to
maintain their interaction with the analyte, which otherwise
requires additional energy. The following sections will deal with
the imprinting of large entities and specifically focus on the
imprinting of engineered nanomaterials. This is closely related
and based on the traditional molecular imprinting method-
ology and principles.

2. Large entities imprinting
2.1 Imprinted objects

The success of small molecule imprinting encourages
researchers to expand the field of imprinting to more complex
and challenging templates, e.g., proteins,**** Dbacteria,*>*
whole cells,**®” and NPs.*®*®* The common laboratory tech-
niques to analyze biomolecules span from flow cytometry® to
polymerase chain reaction (PCR),** and enzyme-linked immu-
nosorbent assay (ELISA).®> However, most if not all of these
techniques are complex, costly, and require skilled operators.
Although these methods achieve the desired detection limits
with high specificity, they are complicated for the rapid detec-
tion required in various applications, such as medicine and
security. There are currently no adequate solutions that allow
the selective and sensitive binding to specific microorganisms,
that are fast and highly selective, cheap to implement, and able

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to be conceptualized for a wide range of biologically relevant
targets.

The detection and characterization of NPs require different
approaches and techniques than those used for molecular
species. Among these are UV-vis and IR spectroscopy, micros-
copy (SEM and TEM), light scattering (dynamic and static),
centrifugation, electrophoresis, and others.** A few of these
techniques aim at single-particle detection, whereas most are
used for particle statistic analysis. Yet, most of these methods
are costly and cannot be applied on-site. Moreover, very few
provide chemical information about the surface functionalities
of the examined NPs. Hence, simple, miniature, and inexpen-
sive in vitro sensors for the detection of NPs are still in their
infancy.

The motivation to imprint the above mentioned biological
entities or NPs has been primarily for the development of a low-
cost and fast platform for different applications such as sepa-
ration, sensing, etc®*®. However, the urge for imprinting with
higher dimensions poses difficulties in the extraction and
rebinding steps, as a result of the relatively lower diffusion of
the large object as compared with molecules. Therefore, other
methods have been developed and particularly the so-called
surface imprinting polymers (SIP),"”***”% aiming to improve
the imprinting of a wide range of sizes and templates (Fig. 2).
Apart from their large size and limited diffusion across the
imprinted polymer, these analytes are affected by different
conditions such as solvents, monomers, and temperature.
Hence, the above-mentioned limitations in the imprinting of
large entities led to the development of new imprinting strate-
gies and approaches, which will be described in detail below
categorized by the type of the imprinted objects.

2.1.1 Imprinting of proteins, viruses and cells. The fast
detection of pathogenic microorganisms such as bacteria and
viruses or whole cells has attracted significant attention due to
the great increase in the rapid spread of waterborne and food-
borne diseases in the community.””* In addition, the rapid

i) Molecularly imprinted polymers (MIPs)

Functional

monomers
self-assemblza Y Polymerlzatlon
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ii) Surface imprinted polymers (SIPs)
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Fig.2 The approaches used for imprinting: (i) molecularly imprinted polymers (MIPs),

58 with permission from Elsevier, Copyright 2022.
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detection of pathogenic organisms is crucial in the prevention
and identification of crises related to health, safety, and well-
being e.g., the Covid-19 pandemic.””®* Moreover, multidrug-
resistant bacteria are becoming a serious threat to public
health in many fields spanning from foodborne to water
safety.”*”” The urge for new and rapid detection methods for
bacteria, viruses, and large-scale bio entities has been devel-
oped due to the weaknesses of the classical methods mentioned
above. Generally, ensuring these techniques’ selectivity, namely,
their ability to recognize pathogens, has relied on natural
biological-recognition elements, i.e., receptors, such as anti-
bodies, aptamers, and peptides. However, while these natural
receptors have a high affinity toward their targets, they require
narrow temperature and pH conditions, which make them less
ideal for many applications, such as outdoors and continuous
monitoring. Hence, sensors for bacteria or viruses where
recognition does not involve biological entities, such as
enzymes and antigens, are especially promising, but in practice,
many have been ineffective due to their low detection speeds,
instability, and insufficient sensitivity and selectivity.”

The so-called bacterial imprinting polymer (BIP) and virus
imprinted polymers (VIP) are powerful and promising tech-
niques for the selective identification of large bio-entities.”*
These methods have been developed based on the MIP
approach and are mostly applied similarly to surface imprinted
polymers (SIPs), that is by imprinting into a thin film deposited
on top of a supporting substrate. The intrinsic properties of the
bacteria and viruses as well as their membrane topography and
chemical properties are the main strategies for developing BIPs
and VIPs. Because of the large size, volume, and complexity of
the membrane of the bio-template, the chemical recognition
comprises mostly the multiple non-covalent interactions
between the cell surface and the imprinted layer. For example,
proteins are large biomolecules composed of a chain of amino
acids. These macromolecules have vast and crucial roles in the
structure, function, and regulation of living organisms.*

Rebinding
Template P
removal i > '
-
O ~On
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(ii) surface imprinted polymers (SIPs). Reproduced from ref.
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Proteins unlike small molecules have complicated structures
that consist of primary (amino acids sequence), secondary (o
helix and the P pleated sheet), tertiary (overall three-
dimensional structure), and quaternary (multiple polypeptide
chains) structures.® This complex structure poses an even
larger obstacle for the imprinting of proteins by traditional
imprinting methods. Thus, the use of organic solvents and
different monomers that are frequently employed for the
imprinting process is limited, as the three-dimensional protein
structure, and conformation depend on the different chemical
interactions within the protein, such as hydrogen bonding,
dipole-dipole interactions, London dispersion forces, and
hydrophobic interactions. The aquatic environment is very
important for maintaining these non-covalent chemical bonds
that are responsible for protein folding and activity. Moreover,
as these bioentities are characterized by a plethora of functional
groups, e.g., hydroxyl, carboxyl, and amide, it is easier to bind
and dissociate them through non-covalent interactions.

The large-sized microorganisms, which affect the diffusion
coefficient, are normally lower than small molecules, which
slows down the ingress and egress in and out of the matrix. This
limitation can result in low desorption efficiency and poor mass
transport. Different imprinting strategies have been developed
to enhance the accessibility of the bio objects to the imprinted
cavities. Such strategies involve mostly SIP approaches such as
nanoscale imprinting,*®* surface imprinting,* and soft-gel
imprinting.*”®*® These imprinting strategies involve creating
multiple recognition sites on top of the films and by doing so,
prevent the removal problem and avoid slow binding kinetics
and low binding capacity. Hence, BIPs and VIPs have the
potential of being biosensors with a wide platform of
applications.

The dissemination of bioentities detection by the principles
of the MIP approach faces three critical challenges that upon
resolving, can pave the way to creating effective biosensors. (1)
Selecting and controlling the matrix formation for achieving
physical recognition, e.g., avoid burying the microorganisms
during the imprinting process. (2) Introducing specific func-
tionalities to the matrix, which improves the chemical recog-
nition. (3) Obtaining the optimal interaction between the
imprinted cavities and the targetted analyte. A recently pub-
lished work by Rezai et al. addresses these three challenges.
Specifically, they created cell-imprinted polymers (CIPs) on
stainless steel microwires through chemical bonding between
the functional monomers on the cell and the surface functional
groups, and demonstrated that the interaction between the
analyte and the surface is crucial for the rebinding capacity.*

In the last decade, few interesting reviews have been pub-
lished and focused on the recent development in the imprinting
of large bioentities. Most of them highlighted new applications
and summarized the recent imprinting strategies that have
developed in recent times.*!53490-94

To conclude, biomacromolecules as a template for the MIP
approach remain challenging due to their complex structure,
large size, and environmental instability. The novel bioentities
imprinting methods and the improvement of existing tech-
niques for MIP have introduced new applications in separation
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and purification, biomarker detection, bioimaging, and
therapy. Despite the great progress in this field, there are still
serval challenges that require further research and develop-
ment. These include the recognition mechanism between the
template and the cavities or the matrix, the synthesis condi-
tions, which must be optimized according to the protein
structure, and eventually, the development of real-life
applications.

2.2 Imprinting approaches

Proteins, viruses, and bacteria have mostly been imprinted
using the SIP approach. The latter can be divided into twoj; the
direct and the indirect methods. Generally, the principle in both
methods involves the creation of multiple recognition sites
forming non-covalent interactions with favorable binding
kinetics.”

2.2.1 Direct imprinting or whole-object imprinting. This
approach refers to the imprinting of the entire object and
therefore is highly suitable for large bioentities. Different
approaches have been developed over the years for direct
imprinting. They differ in the way the matrix is formed or the
template is imprinted. These are briefly summarized below.

2.2.1.1 Microcontact/stamp  imprinting/soft  lithography.
Microcontact is one of the most common whole-object
imprinting processes due to its simplicity and convenience. It
enables the formation of a shape recognition site for relatively
large templates on surfaces in four main steps. (1) Adsorption of
the template onto a solid support substrate. (2) Deposition of
a thin layer as a matrix (prepolymer) on top of a transducer such
as an electrode. (3) Stamping the functional supporting
substrate with the transducer. (4) Removing the stamp with the
analyte, leaving an imprint of the template on the transducer.
The crucial point of this process is to optimize the viscosity of
the prepolymer for generating well-imprinted cavities. There-
fore, this technique is unsuitable for some fragile and sensitive
templates and is mostly used for small molecules to whole cells,
e.g., viruses and bacteria (Fig. 3).#%¢7103

2.2.1.2 Drop casting/film imprinting. Compared to the
microcontact method, this method can be used for imprinting
fragile microorganisms and templates. In this method, the
template entities are embedded by drop casting onto the func-
tional surface, immediately after the prepolymer is spin-
coated.'**1%

2.2.1.3 Sacrificial layers method. The sacrificial layer is used
mainly to prevent a reaction between the matrix monomers and
the template. This method takes the advantage of surface
imprinting polymer, which allows easy removal of the bio-
nanoimprinting template from the polymeric matrix. In this
method, a sacrificial layer is covalently bound on top of the
matrix layer between the sample and the matrix and serves as
a transient substrate during the imprinting steps. This method
requires complicated preparation and operation.'**"%

2.2.1.4 Pickering emulsion interfacial imprinting. Pickering
emulsion is a method based on oil-water or water-oil emulsion
polymerization. The basic principle is the partitioning of solid
particles between two immiscible liquids. This technique

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic illustration of (A) VIPs via (B) stamp imprinting.
Reproduced from ref. 103 with permission from the Royal Society of
Chemistry, Copyright 2015.

involves three main steps. (1) The template is assembled with
the prepolymer. (2) The prepolymer and the template are used
as stabilizers to form an emulsion of the cross-linked monomer.
(3) After imprinting, the polymer beads can be used to capture
and detect bacteria®>****** (Fig. 4).

2.2.1.5 Electropolymerization. This is a well-established
whole-cell imprinting process due to its simplicity, fast prepa-
ration, and ability to create a SIP layer with good adhesion to the
electrode surface. In this process, the template is entrapped in
a matrix via the electropolymerization of electroactive mono-
mers. Hence, a SIP layer forms on top of the electrode surface,
where the template is surrounded by a functional matrix
(Fig. 5). A major advantage of electropolymerization is the fine
control of the SIP thickness by the electropolymerization
conditions, such as potential and scan rate. To allow easy
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removal of the analyte and to form well-defined cavities on top
of the electrode surface, it is crucial to deposit a polymeric
matrix that does not entirely cover the template.*>*>*7

2.2.1.6 Colloidal imprinting/colloidal antibodies/
miniemulsion polymerization. In this method, the whole-cell
template is encapsulated by an inorganic shell forming core-
shell particles. The most common encapsulation is by the sol-
gel process by which mostly a silica-based shell is formed by the
polymerization of silane monomers around the microorganism
template. The template is removed to form an imprinting site in
the silica gel shell, which fits the size and shape of the
imprinted template.******

2.2.1.7 Molding technique. Usually, molding techniques
begin with imprinting the templates on a solid support
substrate. Then a functional matrix is a deposit on top of the
template layer. In the last step, the solid support is removed and
a flexible imprinted layer with high-density imprinted sites was
created™> "’

2.2.2 Indirect imprinting. This approach, which is also
called epitope imprinting/cell-membrane molecular
imprinting, is an alternative way to imprint microorganisms.
Compared to the whole-cell imprinting approach, the indirect
imprinting method uses the fingerprint components on the
template surface instead of the whole cell. In most cases,
a peptide protruding from the organism membrane is cova-
lently attached to the substrate, and the monomers are poly-
merized, imprinting the peptide within the matrix. The
recognition is due to specific and strong interactions that
capture the target fragment. In this method, non-specific
binding is minimized and the affinity increases
dramatically.*”*+12%129

The commonly used detection method for pathogenic
microorganisms or complex templates in the indirect approach
is known as artificial template imprinting. In this method, the
natural template is imprinted on the top of the soft polymer
matrix. Removal of the template leaves well-defined holes that

o® 0live bacteria 0dead bacteria ~ pre-polymer (‘ Ag Q emulsion bead * Ag’

Illustration of surface imprinted of bacteria and Ag NPs via Pickering emulsion polymerization. Reprinting (adapted) with permission from
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are filled with a synthetic polymer. That artificial template, i.e.,
the synthetic polymer, can be used to create cavities for the
detection of microorganisms, which fit the initially imprinted
template. The preparation procedure for this approach can be
cumbersome and usually requires a long time, nevertheless, the
recognition can be used for real microorganisms.******

3. Nanomaterial imprinting

This is the focus of the entire review, and therefore, will be
detailed. The concept, principles of imprinting of nano-
materials, and current insights will be explained. We will end
with possible applications and implications of this field to other
scientific areas.

3.1 The concept

In principle, once molecular imprinting has been extended to
larger molecules and even nanometer and micrometer size
objects such as bacteria and viruses, vide supra, it should also
apply to nanomaterials. Yet, it should be realized that nano-
materials, such as nanoparticles or nanorods, are not molecular
materials, namely, they are an assembly of distributed molec-
ular weights, shapes, and properties. Even carefully synthesized
gold nanoparticles (NPs) vary substantially in their number of
gold atoms and therefore, the meaning of molecular imprinting
loses its fundamental basis. This immediately raises issues and
doubts as to the ability of imprinting and reuptaking a collec-
tion of materials and how well should be the matching between
the imprinted template and the cavity. Surprisingly and based
on numerous studies, vide infra, imprinting of nanomaterial
works very well with high specificity that originates from their
size, structure, and surface chemistry. The term NAIM, which
refers to nanoparticle-imprinted matrices was introduced
recently by Mandler and his coworkers.'**'3*

The approach has been so far similar to molecular
imprinting; however, the process has always involved the
formation of a thin film, where the nanomaterials were
imprinted (Fig. 6). Various methods have been developed and
will be discussed below for the formation of the matrix and

9636 | Chem. Sci,, 2023, 14, 9630-9650

Illustration of BIPs via Electropolymerization. Reproduced from ref. 118 with permission from Elsevier, Copyright 2023.

controlling its thickness. The latter was found to be of utmost
importance and it impacts both the ability to remove the
embedded nanomaterials as well as to reuptake them. Due to
the ease of preparation and their high symmetry, NPs have
always been used as templates. Furthermore, the removal of the
nanomaterials is also a crucial step, and therefore, applying
stable, yet, oxidizable NPs made of either gold or silver has
usually been preferred. This enabled their electrochemical
dissolution, which was also used as a means of determining the
amount and percentage of reuptaken NPs based on the oxida-
tion charge. Evidently, for the detection of non-conductive
nanomaterials, other methods, such as capacitive and change
of mass, will have to be developed and tested.

Imprinting of NPs has some interesting differences and also
advantages over molecular imprinting, which stem from their
nanometric size, rigidity, and uniform surface chemistry. For
example, the nanometric size enables imaging of individual
imprinted cavities and particles, while the rigidity makes it
possible to obtain cavities with a distinct shape. Moreover,
taking into account that the interactions between the nano-
materials and the cavity are based on the surface chemistry of
the particles allows imprinting with one nanomaterial for the
recognition of another one, providing that both possess similar
surface functionalities. Hence, successful imprinting requires
both physical as well as chemical matching between the
template and the imprinted matrix.

3.2 Imprinting approaches

The formation of a NAIM system comprises imprinting the
nanomaterials followed by their removal to form nanometric
voids. The latter is mainly used for the selective reuptake of the
imprinted NPs. Two main strategies for imprinting NPs in
functional matrices (Fig. 7) have been demonstrated.

In the so-called one-step approach the NPs and the matrix
are co-deposited simultaneously onto the substrate to form the
NAIM. This concept has primarily used the Langmuir Blodgett
(LB) technique, whereby monolayers of the polymer consti-
tuting the matrix are deposited together with NPs already
embedded inside the polymer. This method enables controlling

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The concept of the one- and two-step approach for the
imprinting of NPs.

precisely the thickness of the film by the number of deposited
monolayers as well as optimizing the NPs-matrix interactions
due to mixing the components before deposition. On the other
hand, since each deposition contains both the matrix and the
NPs, the upper monolayer might cover the NPs of the lower layer
and inhibit their extraction thus diminishing the recognition
ability. In the second, two-step approach, the NPs are first
adsorbed on the surface followed by filling the unoccupied
areas with the matrix through electropolymerization or dip- or
spin-coating. The main advantage of the two-step approach is
the excellent control of the density of the NPs adsorbed on the
surface and the formation of a single NP layer. Yet, special
attention should be paid to avoid covering the NPs with the
matrix, which will prevent their partial removal. Following is an
in-depth description of both approaches.

3.2.1 One-step imprinting. In this approach, the NPs and
the matrix are mixed to enhance the pre-organization of the NPs
within the matrix. Thus, a thin film composed of the matrix,
usually as a polymer and the NPs, is formed on a solid support
by adsorption, dip-coating, LB method, or any other appropriate
technique. This is followed by the removal of the NPs without
affecting the matrix. The result is the formation of nano-cavities
with specific shapes, sizes, and chemical functionalities. This is
analog to the well-known concept of MIPs, where the analyte is
imprinted in a polymer by a self-assembly process whereby
functional monomers are arranged around the template, driven
by different intermolecular forces. To successfully remove the

© 2023 The Author(s). Published by the Royal Society of Chemistry

imprinted NPs, it is essential to avoid coating them with a too-
thick film. Although the one-step approach has been primarily
applied for the imprinting of molecular materials, it seems that
it fits well with nanomaterials.

Three main strategies based on the one-step approach,
called nanoparticle imprinted polymers have been demon-
strated. The first and simple method for polymer-embedded
NPs involved blending the NPs™* with polymers or the reduc-
tion of metal salts in a molten polymer.”** However, these
approaches could not form interactions between NPs and the
matrix such as supramolecular interaction or a hydrolyzable
chemical bond, which is necessary for specific recognition.
Moreover, this straightforward method is hampered by several
difficulties including the characterization of the metallic ions
and the NPs in the polymer, their solubility and dispersibility,
and the aggregation of the NPs, which can lead to their uneven
dispersion in the polymer. To overcome these obstacles,
a second method was introduced that involved the incorpora-
tion of ligand shells in the NPs as cross-linkers in the bulk
polymers. For example, Lev et al. showed that AuNPs can be
stabilized and dispersed by organically modified silica sol
without additional external stabilizing agents. Sol-gel-based
matrices with different thicknesses where the NPs were
embedded, were formed by dip or spin coating.”*” This
approach has further been investigated by Kulkarni et al. who
synthesized AuNPs in the presence of poly bis(methacryloyl
hydroxyethyl)disulfide (DSDMA).**® Dissolution of the AuNPs by
methyl iodide resulted in the formation of nanocavities with the
size of the template. Yet, the matrix was not used for recognition
of the template. Chechik et al.** used the same approach, in
which the NPs were stabilized by the monomers of the matrix
for the reuptake of NPs. More specifically, AuNPs were stabi-
lized by an acrylate-based ligand that was polymerized (by the
added initiator) and cross-linked to form the matrix. They
concluded that a porogen was essential to create a solvent-
permeable and highly porous matrix required to dissolve the
NPs. Moreover, to prepare a rigid structure of cavities with the
shape of the template, large quantities of cross-linking agents
were needed. Eventually, their system showed selective
adsorption of small AuNPs. In a more recent study, Schwob
et al.** described the selective recognition of quantum dots
differing in their size and structure by quantum dot imprinted
polymers (QD®@IPs) (Fig. 8). The selective system was prepared
by photopolymerization of a carboxyl-functionalized QD and
methacrylic acid as a monomer upon adding a cross-linker and
a photoinitiator. The matrix and the functionalized QDs inter-
acted through strong hydrogen bonding. The addition of acetic
acid caused the cleavage of these interactions and the removal
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Fig. 8 Schematic illustration of the elaboration of bulk QD-imprinted
polymers QDa@lPs. (a) TEM image of the QD templates and (b)
photography under UV light (at 254 nm) of bulk as-synthesized
QDa@lPs immersed in distilled water. Reproduced from ref. 140 with
permission from the Royal Society of Chemistry, Copyright 2015.

of the QDs. The recognition of their system was examined by
QDs having different sizes and shells and studied through
photoluminescence. They showed highly efficient reuptake of
the initially imprinted QDs, which evidenced the attractive
interactions between the target analyte and the matrix.

There are serval drawbacks to this method, which include
complicated preparation, additions of a porogen, difficult
identification of the cavities and the NPs inside the matrix by
microscopy tools, and the difficulty in the removal of the
template from the matrix. These challenges led to the devel-
opment of the third strategy in which the NPs and the matrix are
incorporated into monolayers, which allows their simple
removal and reuptake.

More specifically, the Langmuir-Blodgett (LB) technique has
been used, whereby NPs were embedded into monolayers based
on amphiphilic polymers formed at the water-air interface and
deposited onto a solid electrode. The LB method offers several
advantages such as controlling very precisely the thickness of
the matrix and the NPs by deposition of multilayers reproduc-
ibly. Moreover, co-spreading of the NPs and the matrix followed
by their compression enables to increase of the NPs surface
density, and at the same time, forces them to interact with the
matrix. On the other hand, since each deposition contains both
the matrix and the NPs, the upper monolayer might cover the
NPs of the lower layer, thus, inhibiting the removal reuptake of
all the NPs.

The LB approach has been applied to form patterns,******
nanostructured films,****** and 2D nanocomposites. The Lang-
muir monolayer is usually made of either amphiphilic mole-
cules or polymers that can be used to attract and accommodate
nanomaterials. The latter can be either co-spread with the LB
monolayer or dissolved in the aqueous subphase. For example,
Kalinina et al.*** co-deposited gold NPs (AuNPs) stabilized with

9638 | Chem. Sci, 2023, 14, 9630-9650
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citrate (AuNPs-cit) and a mixture of stearic acid and octadecyl
amine. They found that the addition of the AuNPs-cit induced
a rapid condensation of the mixed surfactant as well as the
formation of two-dimensional gel-like network of the AuNPs-cit.
The adsorption of AuNPs-cit within the mixed monolayer led to
an increase in the interactions between oppositely charged
surfactants, ie., stearic acid and octadecyl amine, giving
a “soap” of mixed fatty salts. The rearrangement of the mono-
layer resulted in the aggregation of the NPs into colloidal 2D
“soap”-gels, which represented arrested colloidal phases within
a nonadsorbing organic medium.

Huang et al. controlled the density of the NPs in a LB film by
the transfer speed and the NPs concentration in the Langmuir
film.™® Hence, the combination of an organic layer and NPs at
the air-water interface was used for the fabrication of surface-
enhanced Raman spectroscopy (SERS) surfaces. Adding a low-
dielectric solvent caused the movement of metallic NPs from
the aqueous subphase to the water/oil interface*” and led to the
homogeneity of the film surface which provided 10 times
stronger SERS signal as compared with the free surface. The
application of the LB technique as a sensing tool was examined
for the selective recognition of different enzymes such as
glucose-oxidase and urease by Harrison and his coworkers.**

To the best of our knowledge, the first study where the LB
method was used for the imprinting of NPs was reported by
Kraus-Ophir et al.**® Specifically, AuNPs-cit were dispersed in
the aqueous subphase while polyaniline (PANI) as a matrix layer
was spread at the water-air interface. Under mildly acidic pH,
the AuNPs were negatively charged and attracted by the posi-
tively charged PANI. In the next step, indium-doped tin oxide
(ITO) as solid support was vertically withdrawn across the air-
water interface causing the deposition of AuNPs-cit/PANI.
Controlling the number of layers was of paramount impor-
tance and beneficial for the formation of the first NAIM system
where the AuNPs were embedded inside, yet protruding
through the PANI layers (Fig. 9). The AuNPs were anodically
dissolved and the size exclusion of AuNPs by the NAIM system
was studied. The system showed remarkable selectivity, and the
nano-cavities formed in the PANI could be nicely imaged by
electron microscopy.

It is worth mentioning that some of the AuNPs remained
unoxidized due to the covering and isolation of the PANI under
the experimental condition, which presumably hindered the
chloride access necessary for dissolving the AuNPs. The recog-
nition was determined by studying the ratio, i.e., reuptake
percentage, of the charge associated with the reuptake process
with that of the initial removal of the template. It was found that
the oxidation charge increased with the number of the depos-
ited layer because each layer contained more NPs, and thus,
more cavities were formed that could be used for the reuptake.
Moreover, this NAIM system was found to be optimal for size-
selective recognition and depended directly on the thickness
of the matrix layer or the depth of the cavities. In addition, the
authors emphasized the importance of the supramolecular
interactions between the NPs and the matrix, e.g., hydrogen
bonding, after the reuptake process, which caused the NPs to
remain in the cavities.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic representation of the LB approach for assembling
a matrix with embedded nanoparticles. Reproduced from ref. 133 with
permission from Elsevier, Copyright 2014.

Another study that was carried out by Mandler et al. uses the
LB method for studying the effect of the alkanethiol chain
stabilizing the AuNPs on the reuptake selectivity in a NAIM
system.'* The system consisted of four consecutive stages
(Fig. 10A) similar to the previous one. Initially, the 2 nm AuNPs
stabilized with 1-dodecanethiol (AuNPs/C12) were co-spread
with cellulose acetate (CA) at the air-water interface from an

A

\
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organic solvent. The next step comprised the compression of
the Langmuir film (Fig. 10B), which was followed by the depo-
sition on an ITO surface vertically withdrawn from the
subphase. To increase the density of the AuNPs on the ITO and
the thickness of the CA matrix (which was ca. 1 nm per layer)
this process was repeated several times. The oxidation of the
AuNPs and the reuptake process were carried out in a chloride
solution. The detection of an oxidation peak approved that the
CA layers did not fully cover the AuNPs, which enabled their
electrochemical dissolution.

It was reported that the recognition ability of the AuNPs/C12
increased with the number of the CA LB layers. Specifically,
beyond two layers, the reuptake capability improved signifi-
cantly due to the formation of deeper nanocavities, which
increased the attractive supramolecular interactions between
the AuNPs/C12 and the NAIM matrix. Furthermore, the system
exhibited very high selectivity, with high attraction toward
AuNPs with the same alkanethiol capping agent as the origi-
nally imprinted AuNPs, i.e., AuNPs/C12, but almost no recog-
nition of AuNPs with either longer or shorter chain length of the
alkanethiol. The high selectivity indicated the formation of tight
wrapping of the AuNPs/C12 by the matrix, and therefore, the
nanocavities could not accommodate well AuNPs bearing
different alkanethiol capping agents.

To summarize, despite the straightforward imprinting in
a single step, the one-step approach suffers from several
disadvantages such as the ability to grow the matrix well around
the NPs and the lack of ohmic contact between the NPs that are
deposited in the repeated deposition cycles and the surface.

3.2.2 Two-step imprinting. NAIM systems can also be
formed by two consecutive steps, in which the matrix is created
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Fig. 10 The different steps in the formation of a NAIM system based on different lengths of alkanethiol stabilized AuNPs. Reproduced from ref.

149 with permission from Elsevier, Copyright 2015.
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around the NPs following their attachment onto a solid surface
as illustrated in Fig. 11. The two-step approach offers several
advantages as will be demonstrated below. For example, it
enables using of a wide range of techniques such as spin and
dip-coating, electropolymerization, and self-assembly to form
the matrix. Moreover, the separation between the attachment of
the NPs and matrix formation allows applying various types of
both; nanomaterials as templates and matrices, which
increases the flexibility in designing the systems.

Thus, the development of the new two-step fabrication
process was crucial to the extension of the NAIM concept to
different matrices and analytes. In this approach, the NPs are
attached to the surface using primarily electrostatic interaction.
For example, different surfaces, e.g., ITO, silicon, and Au, were
functionalized by adsorbing a polyelectrolyte, such as poly-
diallyldimethylammonium chloride (PDDA) and poly-
ethyleneimine (PEI) followed by the adsorption of negatively
charged NPs stabilized with citrate or other functionalized
carboxylic acids.® > A clear correlation between the polymer
concentration and the density of the adsorbed AuNPs stabilized
with citrate was demonstrated for different PEI concentra-
tions."* The physical deposition of NPs on the surface was also
demonstrated by spin-coating. This method enabled to deposit
NPs without functionalization of the surface. However, spin-
coating is limited to flat surfaces with limited shapes and the
NPs tend to aggregate on the surface.*

Following NPs deposition, the matrix is formed around the
NPs by a controlled process such as electropolymerization,
adsorption, and dip and spin-coating. Controlling the thickness
of the matrix was found to be of utmost importance as will be
described below. In most systems so far, the formation of the

1.PDDA
2. AuNPs-X

ITO

O OH
Citrate

MBA
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matrix was performed in a solution where the film grew from
the solid/liquid interface to the solution. Therefore, electro-
polymerization was found to be particularly advantageous.
Different electropolymerization processes have been used and
include aryldiazonium precursors, sol-gel electrodeposition,
and phenol oxidation.

Aryldiazonium electropolymerization has extensively been
studied™®**** and involves the reduction of an aryldiazonium
salt to evolve molecular nitrogen and generate an aryl radical
(Fig. 12). The aryldiazonium chemistry offers a wide range of
monomers formed by the chemical functionalization of the
aryldiazonium salt in the para position. This afforded the
formation of aryldiazonium-based matrices with different
functionalities on electrode surfaces. Furthermore, this elec-
tropolymerization is usually conducted in organic solvents,
such as acetonitrile under very mild negative potentials, which
is harmless to the attached NPs. The thickness of the layer was
controlled very precisely by the number of potential cycles and
the scan rate.’?*'!

Analysis of the matrix by electron microscopy and electro-
chemistry revealed that the polymer was formed primarily
between the NPs although recent results indicate that it can also
be partially formed on top of conductive NPs. This allowed the
facile removal of the NPs by electrooxidation to form the open
nanocavities, which were further used for the reuptake test.>®

Mandler's group reported several studies where the
aryldiazonium-based matrices were used for the imprinting of
NPs. The first study demonstrated the effect of the formation of
two different p-aryldiazonium-based NAIM on the reuptake
selectivity.” Specifically, AuNPs-cit were preadsorbed onto
a conductive surface followed by electrografting of two different

ADS-COOH
electrografting
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Fig. 11 Schematics of the NAIM system: ITO substrate is treated with PDDA followed by adsorption of AUNPs-X where X defines the chemical
structure of the different ligand shells that were used. Then, the aryldiazonium-based matrix was electrografted on the electrode to form the
NAIM. The AuNPs-X were removed by electrochemical oxidation to form the template, which was used to reuptake the same AuNPs-X.
Reprinting (adapted) with permission from ref. 150. Copyright 2021, American Chemical Society.

9640 | Chem. Sci,, 2023, 14, 9630-9650

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02178e

Open Access Article. Published on 02 August 2023. Downloaded on 15/08/2024 16:39:24.

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

(cc)

Review

View Article Online

Chemical Science

A

0.
g 200
€ E 1
v
S .400
[

-600-
12 08 -04 0.0 0.4

Potential (V vs. Ag/AgBr)

B

0. _OH 0. _OH 0. _OH 0§0H -
+e- / " O
. —_— —
-N, N
N+
1
N

OH

Fig. 12 (A) Three repetitive CV scans of conductive electrode covered with AUNPs-cit in aryldiazonium solution. The scan rate was 0.1V s~ (B)
Radical electrografting mechanism of diazonium precursor on a conductive electrode surface. Reprinting (adapted) with permission from ref.

150. Copyright 2021, American Chemical Society.

p-aryldiazonium salts (ADS) with different functional groups
(hexyl-ether and hexyl-ester). The AuNPs-cit were removed by
electrochemical dissolution and the recognition ability of the
imprinted diazonium NAIMs was determined by the reuptake of
the original NPs. It was demonstrated that a subtle change in
the functional group of the p-aryldiazonium building block
significantly affected the ability of the NAIMs to recognize the
imprinted NPs. Additional studies by Mandler and his co-
workers clearly show that the nature of the aryldiazonium-
based matrix and its interaction with the imprinted NPs
affects the NP recognition.”®*** These NAIM systems take
advantage of the aryldiazonium chemistry that enables the
covalent binding of a wide range of matrices to a variety of
surfaces. The matrix-NP interactions are largely dependent on
the surface chemistry of the NPs, the substituted aryldiazo-
nium, and the supramolecular interaction between them. Thus,
these two studies further develop the NAIM approach focusing
on the ability to fine-tune the NP-matrix interactions through
modification of both the matrix precursor and the stabilizing
shell of the NP. In both cases, the NAIM systems were prepared
by imprinting identical size AuNPs, bearing different carboxylic
acid-functionalized thiols as capping agents and an ADS-based
carboxylic acid matrix. In all cases, high reuptake percentage of
the originally imprinted NPs was observed, indicating excellent
chemical recognition of the NPs by the imprinted voids of the
matrix. It is demonstrated that a relatively small alteration of
the capping agent significantly influences the selectivity
(Fig. 13).

© 2023 The Author(s). Published by the Royal Society of Chemistry

An alternative method for the formation of a well-controlled
thin matrix growing from the electrode/electrolyte interface
involves the electrochemical deposition of sol-gel.*****” This
indirect electrodeposition approach was developed by Mandler
et al. and is based on enhancing the hydrolysis and condensa-
tion processes of the sol-gel precursors by applying negative
potentials in protic media. The processes are accelerated under
alkaline conditions that are formed near the electrode surface
where the reduction of water or alcohol occurs.**** The
thickness of the sol-gel layer can be controlled by the time and
the potential applied.*”* Furthermore and due to the availability
of numerous sol-gel precursors, it is possible to tailor the
physicochemical properties of the matrix, such as its hydro-
phobicity or porosity. Usually, sol-gel thin films are more
permeable to small inorganic and organic species, yet, the
electrodeposited thin films are impermeable to NPs. The films
have to be post-treated, i.e., drying under controlled conditions,
after deposition to avoid cracking.

An example of the formation of NAIM based on electro-
chemical sol-gel deposition was demonstrated by the authors of
this review'* (Fig. 14). Specifically, ITO films were modified
with a positively charged polymer, on which the negatively
charged AuNPs-cit were adsorbed. This was followed by the
electrochemical deposition of a sol-gel matrix with a controlled
thickness and various functional groups filling the unoccupied
areas of the ITO/AuNPs-cit surface. Electrochemical oxidation
dissolved the AuNPs-cit and formed cavities in the sol-gel films,
which fit both the size and shape of the AuNPs-cit. Reuptake of

Chem. Sci, 2023, 14, 9630-9650 | 9641
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Fig. 13 Schematics of the NAIM approach based on different isomers of MBA and schematic illustration of the matrix—ligand interactions.
Reprinting (adapted) with permission from ref. 155. Copyright 2023, American Chemical Society.

these NPs from an aqueous solution was successful using the
imprinted films, whereas the non-imprinted films did not
reuptake the AuNPs-cit. Furthermore, the thickness of the sol-

Fig. 14 Schematics of the NAIM electrochemical sol—gel deposition
system. First, ITO substrate is treated with PDDA followed by
adsorption of AuNPs-cit. Then, the desired silane is electrodeposited
on the electrode to form the NAIM. Reprinting (adapted) with
permission from ref. 152. Copyright 2018, the American Chemical
Society.
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gel layers as well as the type of silanes that were deposited
played an important role in the recognition ability of the NAIM.
Hitrik et al. described a different approach to forming a matrix
via the self-assembly of oleic acid (OA) or poly(acrylic acid)
(PAA).*** Specifically, the authors proved that the selectivity was
further improved by thickening the PAA template by self-
assembly of an additional 1-hexadecyl amine layer. Further-
more, this NAIM system showed that the voids recognized
different core NPs by their surface and geometric characteris-
tics. More precisely, they showed that NPs made of different
materials, such as silver and gold, could be reuptaken provided
that their size and shell matched those of the template nano-
voids.

Another study that was carried out by Wittstock et al. uses
electropolymerization of a self-inhibiting polyphenol (PPh) to
generate a polymeric matrix."** The reuptake by this NAIM
system (after removing the NPs) was tested by competitive
recognition, in which the selectivity of the NAIM was examined
in a mixture of two different core metallic NPs, i.e., AUNPs and
AgNPs, of different sizes but identical ligand shells. The size
selectivity of the films was demonstrated by significantly higher
reuptake of the 20 nm AgNPs since they were accommodated in
the cavities imprinted by a template of 40 nm diameter, which
was not the case for the 50 nm AuNPs. The preference for 20 nm
AgNP over 50 nm AuNP greatly exceeded the expected difference
in the diffusion of the two size-NPs. More recently, Dery et al.**
exhibited a NAIM approach for the electrochemical detection of
non-conductive silica-NPs (Fig. 15). Specifically, the blocking of
the nano-cavities was indirectly monitored by recording the
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