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Review
Molecularly imprinted polymers (MIPs) are prepared by
creating a three-dimensional polymeric matrix around a
template molecule. After the matrix is removed, com-
plementary cavities with respect to shape and functional
groups remain. MIPs have been produced for applica-
tions in in vitro diagnostics, therapeutics and separa-
tions. However, this promising technology still lacks
widespread application because of issues related to
large-scale production and optimization of the synthe-
sis. Recent developments in the area of MIP nanoparti-
cles might offer solutions to several problems associated
with performance and application. This review discusses
various approaches used in the preparation of MIP nano-
particles, focusing in particular on the issues associated
with large-scale manufacture and implications for the
performance of synthesized nanomaterials.

Introduction
The in vitro diagnostics market is large ($36 billion USD)
and is expanding rapidly, with annual growth of approxi-
mately 9% [1,2]. It relies in significant part on the use of
antibodies, which are highly specific for various chemical
and biological moieties and can be produced on a large scale
[3]. Unfortunately, they suffer from relatively poor stability,
short shelf-life, high costs and problems with immobiliza-
tion [2,4–6]. Furthermore, their production against small
molecules requireschemical coupling tohaptens [3].Finally,
it is difficult to generate antibodies against molecules such
as immunosuppressants or toxins because of their adverse
effects on the immune response [7]. There is potential to
replace natural antibodies with synthetic analogues, and
molecular imprinted polymers (MIPs) have shown consid-
erable promise among these (Figure 1) [8,9].

In contrast to biomolecules, MIPs are stable at low and
highpH, pressure and temperature (<180 8C). They are less
expensive than antibodies, are easier to obtain and can be
synthesized for a wide range of substances [10–14]. In
addition, they can be used in both organic and aqueous
solvents, although imprinting in aqueous solutions is not
straightforward.However, they still suffer from the lack of a
standard manufacturing procedure [15]. MIPs are usually
prepared as bulkmonoliths, and are then ground and sieved
to obtain irregularly shaped particles of adequate size (typi-
cally 5–50 mm) for various applications. Unfortunately, this
procedure is time-consuming and causes loss of material.
Imprinted sites are heterogeneous and conspicuous
amounts of template are required to create high-affinity
interactions. Furthermore, this method is unsuitable for
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industrial application because of the poor heat dispersal.
Polymerization reactions are exothermic; thus, for large
volumes an increase in temperature can cause solvents to
boil and start explosions owing to the high pressure
[8,16,17]. The attention of researchers has thus shifted to
obtaining regularly shaped imprinted polymers, especially
on the nanoscale [18], because of their better properties.

MIP nanoparticles: a revolutionary format
In contrast to bulk monoliths, MIP nanoparticles have
higher surface area-to-volume ratios; thus, imprinted cav-
ities are more easily accessible by the templates and the
binding kinetics are improved [19,20]. This format fits
better with surface imprinting strategies [21], facilitating
the design of in vitro assays with enzyme-conjugated
probes, which are usually too bulky to fit into recognition
cavities. In addition, because MIP nanoparticles easily
remain in solution, it is simpler to dose them precisely
for use in assays [22,23]. MIP nanoparticles have already
been used as enzyme substitutes [24,25], drug delivery
systems [13,26] and antibody substitutes [2,3,22,27], as
well as in capillary electrophoresis [28–31] and in sensors
[32–34].

Unfortunately, fabrication of MIP nanoparticles is not
easy. Manufacturing aspects such as the degree of cross-
linking and requirements for strong template–monomer
interactions can narrow the choice of protocols suitable for
MIP nanoparticle production [35]. The most popular syn-
thetic strategies include precipitation polymerization,
mini- and micro-emulsion polymerization, core–shell
approaches (with subsequent grafting) and living radical
polymerization processes, such as atom transfer radical
polymerization (ATRP) and reversible addition–fragmen-
tation chain transfer polymerization (RAFT). Each of these
procedures has its own set of pros and cons, which are
discussed in this review and highlighted in Table 1 for MIP
nanoparticles and Table 2 for MIP micro- and nanogels.
Finally, we considerMIPmicro- and nanogels as a new and
advantageous technology for creating artificial antibodies
and enzyme mimics.

Precipitation polymerization
The precipitation polymerization approach for obtaining
MIP nanoparticles was first described in 1999 [36], whereby
monodisperse particles were imprinted for 17b-estradiol
and theophylline (Figure 2). Precipitation polymerization
involves the formation of imprinted nanoparticles in an
excess of solvent (monomer concentration 2% v/v). Growing
polymer chains do not coagulate, but continue to capture
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Figure 1. The molecular imprinting process. Reversible interactions between the template (blue) and the polymerizable functional monomer can involve one or more of

the following mechanisms: (a) reversible covalent bonds; (b) covalently attached polymerizable binding groups that are activated for non-covalent interaction by

template cleavage; (c) electrostatic interactions; and (d) hydrophobic or van der Waals interactions. Each of these is established with complementary functional groups

or structural elements of the template. Subsequent polymerization in the presence of a cross-linker results in the formation of a porous matrix in which the template sites

are located. The template is then removed through disruption of interactions a–d that exist between the template and the polymer, and is subsequently extracted from

the matrix. The target analyte (blue) or its analogue (red) can selectively rebind to the polymer into the sites formed by the template, or the imprints. Adapted with

permission from [9].
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oligomers and monomers from solution, precipitating
only when their size makes them insoluble in the reaction
medium. Furthermore, the technique is easy, less time-
consuming than other procedures, and provides good yields
(Table 1).

Throughout the last decade, precipitation polymeriza-
tion parameters have been investigated for the produc-
tion of MIP nanoparticles. Optimizing the level of
crosslinking and using reduced template concentrations
have improved the polymer binding characteristics and
reduced the level of non-specific interactions [37]. In-
creasing either the monomer concentration or the reac-
tion temperature has resulted in larger nanoparticles, but
has also interfered with particle size uniformity [38]. An
increase in the amount of initiator similarly affected
monodispersity [38].

The shape of the reactor also influences the size of MIP
nanoparticles, probably because it affects parameters such
as the radial diffusion or local concentration of reactants
[39]. To accelerate nanoparticle manufacture, a modified
protocol for precipitation polymerization that involves a
distillation step was applied [40]. However, the high tem-
peratures involved in the process resulted in reductions in
the binding affinity and selectivity of the synthesized
materials.

The type of crosslinker strongly affects both the final
size and yield of MIP nanoparticles [27]. According to this
study, when divinylbenzene was used as the crosslinker,
polydisperse MIP particles were obtained in low yield.
Conversely, trimethylolpropane trimethacrylate (TRIM)
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led to uniform nanoparticles in high yield (90%). Further-
more, the presence of template (R,S)-propranolol had a
strong influence on the size and uniformity of TRIM nano-
particles, most likely because of the interactions estab-
lished with the functional monomer, methacrylic acid.
However, all the MIP particles obtained showed high
template rebinding and low cross-reactivity (<5%), 6–7-
fold lower than that obtained for irregular bulk MIP par-
ticles.

Applications of MIP nanoparticles

MIP nanoparticles synthesized by precipitation polymeri-
zation have been used in several different applications. For
sensing purposes, MIP nanoparticles were integrated with
a UV fluorescent scintillation monomer [41]. The binding
signal was generated by proximity energy transfer arising
from the specific binding of 3H-(S)-propranolol.

Recently, MIP nanoparticles imprinted with the peptide
melittin were prepared using a small combinatorial library
of different functional monomers [42]. Only nanoparticles
that contained suitable amounts ofN-tert-butylacrylamide
and acrylic acid exhibited high affinity for the peptide; the
Kd was 25 pM, comparable to that of natural antibodies for
melittin (17 pM). Nanoparticles were obtained in good
yield (80–90%) and with uniform diameter. The authors
then tested the ability of the particles to bind melittin in
vivo [43]. In mice treated with the toxin, MIPs reduced
mortality by approximately 50%, as well as common melit-
tin toxic effects (e.g. peritoneal phlogosis and weight loss).
The next step would be to test anti-melittin antibodies



Table 1. Polymerization approaches used for the preparation of MIP nanoparticles.

Production process Templates Comments Refs.

Precipitation polymerization 17b-Estradiol, theophylline,

caffeine

First example of precipitation polymerization applied to MIP

nanoparticles.

[36,37]

(S)-Propranolol Use of a UV fluorescent scintillation monomer for sensing purposes. [41]

L-2-Chloromandelic acid Temperature, initiator amount and polymerization mixture concen-

tration strongly influence the nanoparticle size.

[38]

Di(2-ethylhexyl)phthalate The shape of the reactor influences the size of nanoparticles. [39]

(S)-Propranolol Addition of a distillation step to the protocol and reduction of the

reaction time. High temperatures disrupted the imprinting effect.

[40]

(S)-Propranolol Template amount and type and crosslinker amount strongly

influence the size of nanoparticles.

[27]

Melittin Use of a combinatorial library synthetic approach and in vivo

application of the MIP nanoparticles.

[42,43]

Human rhinovirus 14 Application of MIP nanoparticles as stencils for sensing layers in

chemosensors.

[34]

5-Fluorouracil Production of nanosized drug delivery systems with sustained

release of 5-FU.

[13]

Mini-emulsion polymerization L,D-Boc-phenylalanine

anilid

First example of mini-emulsion polymerization applied to MIP

nanoparticles.

[44]

(S)-Propranolol Use of a surfactant monomer to achieve surface imprinting; faster

rebinding kinetics, which is useful in capillary electrochromato

graphy.

[31]

Glucopyranoside Use of a surfactant monomer to achieve surface imprinting in a

semi-covalent approach; issues with template removal.

[46]

Micro-emulsion polymerization GFP-9 Use of a surfactant template for surface imprinting; influence of the

carbon chain length on the imprinting effect.

[12]

Core–shell emulsion

polymerization

Cholesterol First example of core–shell emulsion polymerization applied to MIP

nanoparticles using a sacrificial spacer; use of magnetic cores.

[48]

Cholesterol Use of a polymerizable surfactant and a polymerizable template to

achieve surface imprinting.

[49]

Propranolol Non-covalent imprinting; porogen influence on the capacity of MIP

nanoparticles; fluorescent properties.

[52]

Core–shell grafting approach Propranolol, naproxen,

morphine

MIP grafting using an immobilized iniferter; production of multilayer

MIP nanoparticles.

[53]

2,4,6-Trinitrotoluene MIP grafting on silica cores; high density of imprinted sites (strong

template–core interaction).

[20]

Bovine haemoglobin APBA layer for protein imprinting on magnetic cores; fast rebinding

kinetics and rapid recovery.

[57]

Human haemoglobin Self-polymerization of dopamine in alkaline medium (PDA layer) for

protein imprinting on magnetic cores.

[58]

Estrone Semi-covalent imprinting of a silica layer on magnetic cores; long

production process.

[60]

2,4-Dichlorophenoxyacetic

acid

Surface grafting of MIP layer on magnetic cores via ATRP

polymerization.

[61]

Bisphenol A Surface grafting of MIP layer on magnetic cores via RAFT

polymerization.

[62]

Table 2. Polymerization approaches used for preparation of MIP micro- and nanogels.

Production process Templates Comments Refs.

Extensive grinding and ultrafiltration

of monolith

Thylakoid membrane D1 protein First example of water-soluble MIP nanoparticles

with biological activity; low yields.

[68]

High-dilution polymerization Trypsin Use of an anchoring monomer to enhance the

imprinting effect.

[69]

TSA of the cross-aldol reaction between

4-nitrobenzaldehyde and acetone

First example of MIP nanogels able to catalyze C–C

bond formation.

[25]

Post-dilution method Diphenyl phosphate TSA Thermal polymerization produces high-affinity

product with an average of one active site per

particle; high yields.

[24]

Early termination of iniferter-mediated

polymerization

Acetoguanamine MIP nanogels with high affinity; low yields. [70]
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in vivo under the same conditions to compare the efficacy of
these MIP nanoparticles with respect to their natural
counterparts.

MIP nanoparticles for human rhinovirus immuno-
globulins were recently prepared [34]. These were deposit-
ed onmicroscope slides and used as a template to imprint a
polymeric layer on a quartz crystal microbalance. The
resulting chemosensor was sixfold more sensitive than
the corresponding sensor coated with natural antibodies.
This represents a good example of usingMIP nanoparticles
not directly as sensing elements, but instead as stencils to
imprint another polymeric structure.

Precipitation polymerization has also been employed
to prepare MIP nanoparticles suitable for drug delivery
631
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Figure 2. SEM images of MIP nanoparticles prepared by precipitation

polymerization. The particles were imprinted for 17b-estradiol for use in

radioligand binding assays. (a) 7500� magnification. (b) 30 000� magnification.

Scale bar = 1 mm. Reproduced with permission from Ref. [36].
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of 5-fluorouracil (5-FU) [13]. The nanoparticles obtained
were 274 nm in diameter, with low polydispersity. They
exhibited good affinity properties in both acetonitrile and
water, as well as low cross-reactivity for a template ana-
logue, uracil. Finally, they showed a sustained release of 5-
FU over 50 h in vitro, while non-imprinted polymers com-
pleted the release after only 5 h under the same conditions.

Precipitation polymerization is a straightforward ap-
proach for obtaining MIP nanoparticles (Table 1) and is
suitable for imprinting different types of substances, in-
cluding peptides, because it does not use surfactants.
However, the requirement for high dilutions has a negative
impact on the strength of template–monomer interactions.
Moreover, in this technique the composition of the imprint-
ingmixturemust bematched to the operating conditions of
632
the system (e.g. type of initiation, temperature, reactor
shape) to better control the size, shape and imprinting
properties of the nanoparticles. Combinatorial libraries or
even computational techniques might be helpful in this
respect. However, owing to the large impact of various
physical and chemical parameters, precipitation polymer-
ization would be difficult to automate and apply as a
generic approach for the synthesis of MIP nanoparticles.

Mini- and micro-emulsion polymerization
A method used to obtain MIP nanoparticles in high yield
is mini-emulsion polymerization (Table 1) [44], which
involves a high-shear homogenization step and use of a
co-surfactant to obtain particles of 50–500 nm [45]. A
polymeric surfactant monomer can be used to confine
imprinting to the surface of synthesized MIP nanoparti-
cles, although this might produce material with inferior
affinity compared with microparticles prepared by precip-
itation polymerization [31]. Nevertheless, synthesized
polydisperse particles efficiently resolved a racemic mix-
ture of propranolol.

Recently, the same approach was adopted to synthesize
semi-covalent MIP nanoparticles imprinted with glucopyr-
anoside [46]. In semi-covalent imprinting the template is
covalently attached to the monomer during the polymeri-
zation process, whereas the rebinding step depends only on
non-covalent interactions. The synthesized nanoparticles
showed good rebinding capacity compared to non-
imprinted ones, as well as good selectivity for glucopyrano-
side versus galactopyranoside (separation factor (a)=6.5).
However, complete extraction of the template from the
nanospheres was not possible.

Inverse micro-emulsion polymerization was recently
used to obtaining 28-nm spherical MIP nanoparticles
imprinted with a small hydrophilic peptide, GFP-9, cou-
pled to fatty acid chains of different length (C5, C13 andC15)
[12]. Only nanoparticles imprinted with the peptides cou-
pled to C13 and C15 exhibited specificity and affinity prop-
erties. It is likely that the C5 chain was too short and too
hydrophilic to correctly act as a surfactant template, and
therefore did not confine the template to the surface of the
particles.

Even if mini-emulsion polymerization can produce very
small (30–220 nm) spherical nanoparticles, the presence of
several chemicals (e.g. surfactants and co-stabilizers)
might interfere with the imprinting process, thus broad-
ening the distribution of affinity sites. Semi-covalent im-
printing approaches might be helpful, but this also
depends on the chemical nature of the template. Moreover,
the purification steps required to remove all these chemi-
cals can be long and tedious.

Core–shell approaches
Core–shell approaches – namely, core–shell emulsion po-
lymerization and grafting – have been used to synthesize
MIP nanoparticles with complex architectures and con-
trolled sizes specific for target molecules of all sizes (Table
1). These approaches involve deposition of anMIP layer on
preformed support nanospheres composed of variousmate-
rials, such as silica, polymers and magnetite (Fe3O4). In
this way it is also possible to use cores with specific
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Figure 3. Immunoprecipitation-like separation of surface-imprinted particles in the presence of PEG-bis-cholesterol. Addition of the multi-ligand template resulted in

flocculation of MIP particles. Adapted with permission from [49].

Review Trends in Biotechnology Vol.28 No.12
properties, which might improve the whole performance of
the imprinted nanosystem [21,47].

Emulsion polymerization

The most direct technique for producing core–shell MIP
nanoparticles is core–shell emulsion polymerization [48],
which is a two-stage process: production of a monodisperse
seed latex (0.03–1 mm) and creation of an imprinted shell
using emulsion polymerization. Core–shell particles were
imprinted for cholesterol using sacrificial spacers and
various monomers and crosslinkers [48]. All of the
imprinted nanoparticles were small (50–100 nm) and
had a high surface area (80–120 m2/g). Magnetic cores
were also investigated, leading to superparamagnetic
core–shell MIP nanoparticles (74 nm) that were rapidly
recoverable and able to efficiently rebind the analyte. To
create binding sites preferentially on theMIP nanoparticle
surface [49], the same authors slightly modified this ap-
proach, using a polymerizable surfactant, pyridinium 12-
(cholesteryloxycarbonyloxy)dodecanesulfate (PyS), and a
template surfactant, pyridinium 12-(cholesteryloxycarbo-
nyloxy)dodecanesulfate (TyS). Size uniformity and choles-
terol rebinding were influenced by the amount of TyS used,
and the presence of surfactants strongly affected the rebind-
ing properties. Nevertheless, the nanoparticles were suc-
cessfully used in an immunoprecipitation-like reaction in
which addition of a multi-ligand template, poly(ethylene
glycol) (PEG)-bis-cholesterol, resulted in flocculation ofMIP
particles (Figure 3) [49]. These results are encouraging for
the application of MIP nanoparticles in immunoassays.
Non-covalent imprinting approaches have also been
exploited in core–shell polymerization [47,50,51]; for ex-
ample, core–shell nanoparticles were imprinted with pro-
pranolol [52]. Yields were very high (98–100%) for all the
polymerization mixtures tested. Porogen (toluene) stron-
gly affected shell porosity, leading to high surface area and
high rebinding capacity. However, synthetic conditions
had to be optimized to avoid secondary nucleation phenom-
ena. Moreover, the presence of an aqueous phase reduced
the imprinting effect. The authors also prepared a fluores-
cent core, thus demonstrating that thismethod is viable for
producing nanoparticles for facile imaging.

Core–shell emulsion polymerization is a good method to
obtain surface-imprinted nanoparticles with high yield and
improved rebinding capacity and kinetics. It is also more
suitable for large-scale applications in industry owing to
the efficient heat dispersion. However, the presence of
surfactants and an aqueous phase represent serious draw-
backs for standardizing the already complex procedure,
both in terms of particle dimensions and imprinting effects.

Grafting approaches

Another method for preparing MIP core–shell nanoparti-
cles is grafting of a thin MIP layer onto the surface of
prefabricated nanoparticles. This can be achieved in a
grafting-from approach, which uses an initiator, such as
N,N0-diethyldithiocarbamate trihydrate, immobilized on
the nanoparticle surface, and usually results in layers
characterized by a higher degree of MIP grafting [53]. With
this type of initiator (iniferter), one of the radicals arising
633
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from the decomposition step is not capable of initiating
polymerization, but is able to terminate the growing poly-
mer chains in solution [54,55], thus providing better con-
trol over the polymerization process. The grafted MIP
layers were successfully imprinted with different tem-
plates. A very thin MIP layer could be deposited onto
the particle surface, so three polymer layers with different
properties were also constructed, which only slightly re-
duced the specific binding [53].

Core–shell nanoparticles have also been prepared using
silica cores [20]. To increase the density of imprinted sites
in the MIP shell, the authors exploited a strong charge-
transfer interaction between the nitroaromatic ring of the
template and surface amino groups of the core particles.
Nanoparticles exhibited very good selectivity and rebind-
ing kinetics (4.5-fold faster than conventional microparti-
cles). However, such a thin imprinted shell (25 nm) might
not be suitable for imprinting of bulkier templates, such as
proteins.

Protein imprinting can be difficult for several reasons,
not least their size and intrinsically poor stability under
imprinting conditions. For protein imprinting, the mono-
mer 3-aminophenylboronic acid (APBA) has been particu-
larly useful as a monomer because of its water solubility
and suitability for interaction with amino acids [56]. Mag-
netic polystyrene core–shell nanoparticles were recently
imprinted for bovine haemoglobin using APBA [57]. The
nanoparticles synthesized exhibited fast rebinding kinet-
ics (30–120 min), as well as good specificity and selectivity.
Moreover, magnetic properties ensured rapid product re-
covery, which is particularly suitable for large-scale pro-
duction and applications (e.g. large-scale separation of
proteins).

An original imprinting approach that involves dopa-
mine self-polymerization at slightly basic pH values was
recently used to imprint human haemoglobin on a poly-
dopamine (PDA) layer synthesized onto magnetic Fe3O4

nanoparticles [58]. The MIP nanoparticles exhibited good
recognition affinity for haemoglobin (Kd=18.13 mg/mL) and
good selectivity. It seems that the use of PDA is particu-
larly suitable for protein imprinting because it is hydro-
philic, biocompatible, and can easily interact with the
macromolecular template owing to its amino and catechol
groups. Moreover, the thickness of the PDA layer can be
tuned by changing the polymerization time [59].

Core–shell MIP magnetic nanoparticles have also been
prepared using a semi-covalent imprinting approach on a
silica shell, followed by thermal cleavage of the template
(estrone) [60]. This ensures better imprinting properties,
togetherwith rapid template removal and product recovery.
The authors obtained relatively monodisperse, 150-nm
superparamagnetic nanoparticles. Scatchard analysis indi-
cated thepresenceof homogeneousbinding sites (R2=0.998),
with high selectivity. However, the number of synthetic
steps required makes this approach unsuitable for large-
scale processes, despite the rapid magnetic recovery.

Controlled living radical polymerization methods, such
as RAFT [61] and ATRP [62], have also been used to
prepare core–shell magnetic MIP nanoparticles. Both
methods ensure good control over the thickness of the
MIP layer, thus avoiding secondary polymerization phe-
634
nomena [63,64]. Nevertheless, the ATRP protocol relies on
catalytic complexes formed by copper ion and acidic or
basic ligands, which might be disrupted by the interaction
with the template molecules. Moreover, the metallic cata-
lyst has to be removed from the final product [65]. RAFT
seems to give better products than ATRP, even if for both
methods the polymerisation conditions should be carefully
evaluated. Because their application in molecular imprint-
ing is relatively new, these techniques warrant more stud-
ies for full utilization in MIP synthesis.

MIP micro- and nanogels
The term nanogel refers to unimolecular crosslinked
polymer particles of a size comparable to the statistical
dimensions of a natural enzyme or antibody (�100 nm)
that can exist as stable solutions in appropriate solvents.
MIP micro- and nanogels (Table 2) overcome mass trans-
port issues typically associated with insoluble bulk
materials. Standard techniques available for soluble
macromolecules can be used for their separation and
characterization [66,67]. MIP nanogels could represent
a viable alternative to the biological molecules used in
sensors, separation and catalysis, or could be used in vivo
for drug delivery and diagnostics. Furthermore, it might
be possible to combine nanogels with other approaches,
such as grafting, to create high-performance MIPs for
real-life applications.

The first water-soluble MIP nanoparticles were pro-
duced through extensive grinding and ultrafiltration of
an MIP monolith [68]. Imprinted nanoparticles were able
of enhancing the activity of chloroplasts. However, the
yield was very low and the process was long and inefficient
for large-scale production purposes. This approach has not
been further developed. By contrast, water-soluble MIP
nanoparticles capable of inhibiting trypsin enzyme activity
were synthesized via polymerization from a very dilute
solution [69]. Because benzamidine is a well-known inhib-
itor of trypsin, a polymerizable derivative was used to
complex the template with high affinity and to localize
MIP nanogel synthesis on the surface of the enzyme. TheKi

value calculated for the imprinted nanoparticles was
79 nM, which is much lower than the value for free benza-
midine (18.9 mM). Moreover, the nanoparticles exhibited
strong selectivity.

Covalent imprinting techniques have also been applied
to the preparation of MIP nanogels under highly dilute
conditions. Nanogels capable of catalyzing a cross-aldol
reaction, such as that catalyzed by natural aldolase type I
enzymes, have been prepared [25]. Imprinted nanogels
exhibited 20-fold more catalytic activity than non-
imprinted gels. Furthermore, the data revealed a homoge-
neous affinity distribution for the catalytic sites and good
enantioselectivity. Their catalytic activity (kcat=0.25�10–2

min–1) was lower than that of natural aldolase; neverthe-
less, these MIP nanoparticles could be used to complement
enzymes under conditions in which they are unstable, such
as in organic media or at extreme pH values or tempera-
tures.

Compared with dilute synthesis conditions, a post-dilu-
tion method was used to prepare MIP nanogels. This
method involves polymerization at high monomer concen-
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trations in a suitable solvent, with early termination by
diluting the solution. This yieldedMIP nanogels that could
catalyze carbonate hydrolysis [24]. To imprint the active
sites, a diphenyl phosphate template was used as a transi-
tion-state analogue (TSA) for the carbonate hydrolysis
reaction. After removal, the template left behind binding
sites with shape and functional groups suitable for cata-
lyzing the hydrolysis reaction. TheMIP nanogels produced
were of lower polydispersity (Mw/Mn=1.54) and smaller
size (10–20 nm) than those produced under high-dilution
conditions. Moreover, they had, on average, one active site
per particle.

Although the post-dilution method provides high yields,
it relies on thermal polymerization, which might interfere
[(Figure_4)TD$FIG]
Figure 4. The polymer chain-growth process. Monomers begin to add from solution to

increases owing to intramolecular reactions and the continued capture of monomers an

network structures are then formed owing to reactive groups within the molecule tha

macromolecular clusters bind to each other, giving rise to globules and eventually to

irradiation (magnification 340 000�). (b,c) SEM images of polymers formed by aggregat

Adapted with permission from Ref. [70].
with the imprinting process. In response, soluble MIP
nanoparticles imprinted with acetoguanamine have been
prepared using early termination of an iniferter-initiated
polymerization [70]. As in the post-dilution method, the
polymerization was performed at high monomer concen-
tration, but instead of thermal initiation the authors used
an iniferter and UV irradiation was applied for only
2.5 min (Figure 4). Iniferter use facilitated adjustment of
the reaction kinetics, introducing the possibility to re-
initiate the polymerization later. After fractionation
through gel permeation chromatography and affinity chro-
matography, nanoparticles of 90–100 kDa were produced
with high affinity and selectivity for acetoguanamine. The
Kd value of 6.6�10–8 M was comparable to that of mono-
form small polymer chains that are poorly branched. The degree of branching then

d oligomers from solution. Highly crosslinked macromolecular clusters with stable

t strongly favor intramolecular crosslinking reactions. On further reaction, these

the insoluble polymer. (a) TEM image of nanoparticles formed by 170 s of UV

ion of molecular clusters achieved during 180 and 250 s of irradiation, respectively.

635



Review Trends in Biotechnology Vol.28 No.12
clonal antibodies reported for atrazine (3.87�10�7 M [71]
and 9.20�10�9 M [72]). However, the main drawback of
this method is the low yield (3% w/w).

Conclusions and outlook
The feasibility of developing MIP nanoparticles has been
discussed using examples from the most recent literature,
noting methodological advantages and limitations, as well
as compatibility with imprinting procedures and require-
ments for large-scale manufacture. The choice of polymeri-
zation approach depends on the characteristics required
for the final material, together with the type of template to
be imprinted. Despite the quality work discussed in this
review, two limitations should be highlighted. First, there
is no evidence in the literature of an automatic method for
synthesis of MIP nanoparticles. Given the emerging im-
portance of MIP nanoparticles as antibody and enzyme
substitutes, automation of their manufacture needs to be
investigated. Ideally, similar to peptide and DNA synthe-
sizers, an automated system should guarantee fabrication
and purification of high-affinity MIP nanoparticles of a
uniform size distribution. Moreover, it should be suitable
for imprinting of several template types. To the best of our
knowledge, only one reactor for MIP synthesis has been
developed to date, related to the fabrication of MIP micro-
particles [73].

Second, commercial exploitation of molecular imprint-
ing is still in its infancy. MIPs cannot yet provide a total
replacement for biological molecules in terms of capacity,
selectivity and homogeneity of binding affinity. However,
their potential for use in separation and sensing applica-
tions is clear, considering their low cost and robustness.
Advances in MIP chemistry can be expected in the near
future and should facilitate the direct production of MIPs
in the form of nanoparticles on a continuous basis. This will
then provide the missing impetus for investment in MIPs,
leading to a new generation of superior, commercially
available affinity materials.
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