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Abstract: Molecularly imprinted polymers (MIPs) are artifi-
cial receptors which can be tailored to bind target molecules
specifically. A new method, using photoinitiated atom-transfer
radical polymerization (ATRP) for their synthesis as mono-
liths, thin films and nanoparticles is described. The synthesis
takes place at room temperature and is compatible with acidic
monomers, two major limitations for the use of ATRP with
MIPs. The method has been validated with MIPs specific for
the drugs testosterone and S-propranolol. This study consid-
erably widens the range of functional monomers and thus
molecular templates which can be used when MIPs are
synthesized by ATRP, as well as the range of physical forms
of these antibody mimics, in particular films and lithographic
patterns, and their post-functionalization from living chain-
ends.

We describe herein a new method to synthesize molecularly
imprinted polymer (MIP) nanomaterials and nanocomposites
under mild reaction conditions. The reaction proceeds
through photoinitiated atom-transfer radical polymerization
(ATRP). MIPs, also referred to as “plastic antibodies”, are
synthetic biomimetic receptors which are capable of binding
target molecules with an affinity and specificity similar to
natural receptors such as enzymes and antibodies.[1] Molec-
ular imprinting is based on the copolymerization of functional
and crosslinking monomers in the presence of a molecular
template. The removal of the template from the polymer
matrix reveals specific recognition cavities which can then
bind the target molecules (see Scheme S1 in the Supporting
Information). MIPs are predominantly prepared by free-
radical polymerization (FRP).[2] Controlled/living radical
polymerization techniques, in contrast, can greatly improve

the polymeric materials and are therefore a newly emerging
and highly regarded approach in the molecular imprinting
area. These sophisticated polymerization techniques not only
allow the design of complex architectures and the modifica-
tion of surface properties of MIPs, but also can result in an
improved network morphology of the final polymers.[3, 4]

Hence, a more homogeneous distribution of molecular bind-
ing sites gives rise to enhanced molecular recognition proper-
ties.[5a,b]

ATRP is one of the most versatile controlled radical
polymerization techniques and holds great promise for MIP
synthesis. For instance, the group of Zhang demonstrated the
surface modification of azobenzene-based photoresponsive
MIPs with N-isopropylacrylamide, thus rendering the MIP
particles thermoresponsive and hydrophilic.[6] These charac-
teristics are important for the use of MIPs in aqueous
environments, especially for applications in biotechnology
and controlled drug release. Unfortunately, the use of ATRP
in the MIP field has been limited thus far because of its
inherent incompatibility with acidic monomers like meth-
acrylic acid (MAA),[4] which is by far the most widely used
functional monomer. Though there have been a few reports of
MAA being employed in surface-initiated[7,8] or emulsion-
type[9] ATRP for MIP synthesis, the technique was mainly
used for the grafting of MIP films from surfaces, and the
controlled/living character of the polymerization was not
verified. Thus, ATRP with acidic monomers still constitutes
a major limitation and a great challenge.

The metal catalyst has a prominent role in ATRP as it
facilitates the redox reaction. It has therefore a great
influence on maintaining control over the polymeri-
zation.[10–12] Considerable work has been devoted to catalyst
development in the ATRP field,[13, 14] with some recent efforts
to develop photoinitiated ATRP.[15–17] Photoinitiated poly-
merization techniques pave the way to surface modification
and patterning through lithography and enable synthesis of
polymers at room temperature. Photopolymerization is also
more versatile from a general point of view since it can be
spatially controlled much more easily than thermal polymer-
ization. For example, thin films and micropatterns can be
obtained. It is also widely used for the synthesis of MIP micro-
and nanostructures. Recently the group of Hawker employed
fac-[Ir(ppy)3] (ppy = 2-phenylpyridine) as an ATRP photo-
redox catalyst and maintained excellent control over the
polymerization of methacrylates even in the presence of
MAA.[18a] The fac-[Ir(ppy)3] not only enabled the initiation of
the reaction by visible light at room temperature, but because
of its robustness it was also extremely tolerant to acidic
moieties.
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The proposed polymerization mechanism with this cata-
lyst is shown in Figure 1A. Light is absorbed by fac-[Ir(ppy)3],
thus converting it into its excited state, fac-[Ir(ppy)3]*.[18b,c]

The latter then reduces an alkyl bromide initiator, thus
resulting in the formation of the necessary alkyl radical for
propagation, and in the oxidation of fac-[Ir(ppy)3].[18a] This
alkyl radical reacts with the highly oxidizing iridium(IV)
complex forming the end-capped dormant polymer chain and
iridium(III) complex in the ground state. This equilibrium
process forms the basis of ATRP and enables the formation of
living polymer chains with halide end-groups.

By using fac-[Ir(ppy)3] as catalyst, we describe herein
a new method to synthesize MIPs, at room temperature,
through photoinitiated ATRP. This method is an important
new development in the MIP field since it considerably
widens the range of functional monomers and thus molecular
templates which can be used when MIPs are synthesized by
ATRP, as well as the range of physical forms of these MIPs.
Also, avoiding higher temperatures is favorable for the
stability of the template/monomer complex. MIPs composed
of MAA as a functional monomer were produced in the form
of monoliths, nanoparticles, and surface-bound films, thus
demonstrating the versatility of the method. The drugs
testosterone and S-propranolol were used as model templates.
First, bulk polymers were synthesized using protocols adapted
from previous publications.[19, 20] MAA and ethylene glycol
dimethacrylate (EGDMA) were used as monomers. MAA
constituted 24 and 16 mol% of the total monomer amount in
the testosterone and S-propranolol, respectively, MIP pre-

cursor solutions. Ethyl a-bromophenylacetate was the initia-
tor, fac-[Ir(ppy)3] was used as catalyst, and a 375 nm narrow-
bandwidth light-emitting diode (LED) was employed as the
light source. This wavelength corresponds to the maximum
absorption of fac-[Ir(ppy)3] (see Figure S1 in the Supporting
Information). Polymerization was conducted at room temper-
ature. Non-imprinted control polymers (NIPs) were prepared
in the same manner except that the template was omitted.
Polymer yields were determined to be 63 and 46% for the
testosterone MIP and NIP, respectively, and 89 and 75 % for
propranolol MIP and NIP, respectively. The binding proper-
ties of the bulk polymers were evaluated by radioligand
equilibrium binding assays. Both testosterone and S-propra-
nolol imprinted polymers were very specific towards their
corresponding analytes as evidenced by nearly no binding to
the NIPs (Figure 1B).

To evaluate the selectivity of the testosterone imprinted
polymers, competitive binding assays at equilibrium were
performed. The MIP was incubated with radiolabeled testos-
terone (80 nm) in the presence of structurally related com-
pounds like b-estradiol, estrone, 1,4-androstene-3,17-dione,
and 4-androstene-3,17-dione (see Figure S2 in the Supporting
Information) at concentrations between 1 nm and 1 mm. The
MIP exhibited negligible affinity for all of the related
compounds, thus confirming its selectivity (see Figure S3 in
the Supporting Information). The IC50 value (the concentra-
tion of competing ligand required to displace 50% of the
specifically bound radioligand) for testosterone, determined
from a nonlinear regression fit was 3.8 mm, which is compa-
rable to that obtained with MIPs synthesized through
FRP.[19, 21]

In the molecular imprinting field, commonly preferred
ATRP catalysts are CuBr/N,N,N’,N’’,N’’-pentamethyldiethy-
lenetriamine (PMDETA)[7, 8, 22–24] and CuBr/Tris[2-(dimethyl-
amino)ethyl] amine (Me6TREN).[6, 25] It was thus interesting
to compare their performance with that of fac-[Ir(ppy)3].
MAA/EGDMA-based polymers were synthesized under
reaction conditions (i.e., monomer concentrations and sol-
vent) similar to those used for the testosterone polymers
described above. The ATRP polymerizations employing
CuBr/Me6TREN and CuBr/PMDETA as catalysts were
done at 60 8C for 48 hours. As expected, no polymerization
was observed (see Figure S4 in the Supporting Information)
because of the presence of the acidic monomer, thus
indicating the superiority of fac-[Ir(ppy)3] with acidic moi-
eties.

To further demonstrate the efficiency of fac-[Ir(ppy)3], it
was employed to synthesize S-propranolol MIP nanoparticles
(MIP-NPs) by precipitation polymerization. The same for-
mulation used for the fabrication of bulk MIPs was adopted
except that the volume of porogen was increased tenfold. The
polymer yield was determined to be 46 and 20 % for MIP and
NIP, respectively. The molecular recognition properties of the
MIPs were found to be similar to their bulk counterparts
(Figure 2A). The particle size, as analyzed by scanning
electron microscopy (SEM) was found to be about 45 nm
(Figure 2B). To assess the living character of the polymer
chain-ends, acrylamide (AAm)-based polymer brushes were
grafted from the halide-capped living ends of the MIP

Figure 1. A) Proposed mechanism of ATRP with iridium photoredox
catalyst (adapted from Ref. [18a], with permission). B) Equilibrium
binding isotherms of [14C]testosterone (80 pmol, 4.5 pCi) with bulk
MIP (filled triangle) and NIP (empty triangle) in toluene (bottom axis),
and of [3H]propranolol (20 pmol, 15 nCi) with bulk MIP (filled circle)
and NIP (empty circle) in acetonitrile (top axis). Pn =polymer chain,
M = monomers.
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nanoparticles (Scheme 1A). The MIP nanoparticles were
dispersed in acetonitrile (ACN) and irradiated with the
375 nm LED in the presence of fac-[Ir(ppy)3] and AAm,
without the addition of any initiator, for 2 hours at room
temperature. The formation of the poly-AAm brushes was
indicated by the change in zeta potential from �33 mV (core
MIP-NPs) to �5 mV (Figure 2C). We were also able to
further functionalize the particles with negatively charged
ethylene glycol methacrylate phosphate (EGMP) by using the
iridium-based catalyst (Scheme 1A). Phosphorus-containing
charged polymers are of interest in the biomaterials field,
especially in tissue engineering[26] where they provide bio-
compatibility, allow integration with the bone, improve cell
attachment, and enhance the mineralization processes.

Core-AAm-EGMP particles were fabricated by exposing
the core-AAm particles to the 375 nm LED light source in the
presence of fac-[Ir(ppy)3] and EGMP for 2 hours in ACN.
Polymers grafted with EGMP exhibited a negative zeta
potential shift from �5 mV to �30 mV (Figure 2C), thus
confirming the living character of the MIPs. Further proof of
EGMP grafting was obtained by energy-dispersive X-ray
spectroscopy (EDS) analysis. The element phosphorous,
present in EGMP, was clearly observed as the P peak (see
Figure S5c in the Supporting Information). The spectrum of
the core particles does not contain a P peak, and the spectrum
of the core-AAm particles contains a negligible P peak.

To further demonstrate the versatility of the photocatalyst
fac-[Ir(ppy)3], ATRP was applied for surface grafting (Sche-
me 1B). For this study, an MAA/EGDMA-based cross-linked
copolymer layer was grown from a gold surface after
attaching the initiator by diazonium salt chemistry, which
results in a stable metal–carbon bond. This bond is an
advantage over the more common thiol link which is not
stable under UV irradiation.[27] A diazonium salt bearing an
alcohol functionality was first synthesized according to
a protocol from the literature[25] (see the Supporting Infor-
mation). Bromo-active moieties were then introduced
through treatment with 2-bromopropionyl bromide (see
Scheme S2 in the Supporting Information). MAA/
EGDMA-based copolymers were synthesized by irradiation

Figure 2. A) Equilibrium binding isotherms of [3H]propranolol
(20 pmol, 15 nCi) with MIP (filled circle) and NIP (empty circle)
nanoparticles in acetonitrile. B) Scanning electron micrograph of S-
propranolol imprinted MIP particles obtained by ATRP of MAA and
EGDMA in acetonitrile C) Zeta potential measurements of S-proprano-
lol MIP particles based on MAA/EGDMA cores (diamonds), AAm-
modified MIP particles (squares), and core-AAm-EGMP particles
(triangles) in 20 mm sodium phosphate buffer pH 8.0.

Scheme 1. A) Synthesis of MIP particles with chain-end functionality and further modification by grafting polymer brushes from particles.
B) Fabrication of surface-bound polymer films and their modification by grafting polymers.
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at 375 nm in presence of fac-[Ir(ppy)3]. The thickness of the
polymer was determined to be 12 nm by atomic force
microscopy (AFM; see Figure S6a in the Supporting Infor-
mation). The surface of the polymers was further modified by
irradiation at 375 nm in the presence of a hydrophilic
monomer 2-hydroxyethyl methacrylate (HEMA) and fac-
[Ir(ppy)3]. The thickness of the polymer was increased to
52 nm (see Figure S6b). The success of the grafting was
confirmed by a change in wettability of the surface, as studied
by microcondensation of water observed by environmental
scanning electron microscopy (ESEM). Water microdroplets
on an MAA/EGDMA thin polymer layer had a shape
characteristic for a high contact angle and thus a hydrophobic
surface and bad wetting (see Figure S7a in the Supporting
Information). Upon coating the MAA/EGDMA layer with
HEMA from the living chain-ends of the MAA/EGDMA, the
surface became hydrophilic as evidenced by visual observa-
tion of larger water drops with decreased thickness (see
Figure S7b), which is characteristic for good wetting.

In conclusion, we demonstrated a new method to
synthesize MIPs in the form of monoliths, nanoparticles,
and surface-bound films, through photoinitiated ATRP using
fac-[Ir(ppy)3] as the catalyst. MIPs based on MAA as
a functional monomer were synthesized for specific binding
of testosterone and S-propranolol. The living character of the
polymerization was demonstrated by postmodifications from
functionalized chain-ends. Polymer brushes were grafted from
MIP nanoparticles and surface-bound polymer films, thus
enabling the tuning of their surface charge. This development
is very important since it considerably widens the range of
functional monomers and thus molecular templates which can
be used when MIPs, as antibody mimics, are synthesized by
ATRP. Additionally, the range of physical forms of these
MIPs and their applications also increase.

Keywords: diazo compounds · molecular imprinting · iridium ·
living polymerization · ATRP
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