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‘On/off-switchable catalysis by a smart enzyme-like imprinted polymer is reported. This unique
imprinted polymer was composed of poly(N-isopropylacrylamide)-containing p-nitrophenyl phos-
phate-imprinted networks that exhibited temperature-dependent hydrophilicity/hydrophobicity. At a
relatively low temperature (such as 20 °C), this polymer was capable of vigorous catalysis for the hydro-
lysis of p-nitrophenyl acetate due to its hydrophilic networks, which enabled access to the imprinted
framework. On the contrary, at higher temperatures (such as 40 °C), this polymer demonstrated poor
catalysis resulting from its dramatically increased hydrophobicity, which inhibited access to the
imprinted sites. Unlike previously reported imprinted polymers which lack adjustable networks, this
novel imprinted polymer employed thermosensitive poly(N-isopropylacrylamide) networks, thus
enabling the switchable catalysis.

Crown Copyright © 2010 Published by Elsevier Inc. All rights reserved.

1. Introduction

The appeal of developing biomimetic catalytic materials capa-
ble of recognizing and catalyzing desired molecules is gaining trac-
tion, because of their importance in a broad range of applications
[1-3]. Prominent among the ongoing endeavor is the application
of molecular imprinting technique, which provides a straightfor-
ward route to develop molecular recognition and catalytic materi-
als comparable to natural antibodies but with improved properties
[4,5]. Known as a ‘from-key-to-lock’ technology, molecular
imprinting is capable of tailor-made binding sites for desired tem-
plates within highly cross-linked polymers. In order to fabricate
molecularly imprinted polymers, the template and functional
monomers are first allowed to form a self-assembled architecture
where the functional monomers are regularly positioned around
the template. Polymerization is then performed to fix this
self-organized architecture in place, followed by removal of the im-
printed template from the polymeric networks, which thereby
leaves behind binding sites stereochemically complementary to
the template. In this way, the match between the template and
binding sites constitutes an induced molecular memory, thus en-
abling the prepared polymer to recognize the imprint species
(i.e., the template). For their application in enzyme-like catalysis,
a template similar to the transition-state of the ongoing reaction,
i.e., transition-state analogue (TSA), is generally used [6]. The rea-
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son for this is related to the phenomenon that activation energy
is usually needed to overcome the potential barrier between the
reactant and product (i.e., the conversion from the reactant state
to the transition-state) [7]. As such, the host-guest interaction
within the molecular imprinting system is generally comparable
to that within natural biosystems, such as enzyme-substrate,
receptor-ligand and antibody-antigen. However, compared with
these biosystems, molecularly imprinted polymers are highly
cross-linked polymers, which thus offer significant advantages
including resistance to elevated temperature and pressure, and
inertia to acid, base, metal ion, organic solvent, etc. Hence, molec-
ularly imprinted polymers are especially suitable to be used as
molecular recognition and catalytic materials under harsh
conditions.

One emerging frontier in chemical research is to handle chem-
ical reactions into an adjustable model. Scientists in this field have
been working to cater for this challenge over the past few years [8-
10]. Prominent among them are Bergbreiter and his colleagues
[11,12], who have greatly contributed to this field by developing
poly(N-isopropylacrylamide) (PNIPAm)-bound catalysts. By using
the unique thermosensitive phase transition of PNIPAm, catalysts
or substrates bound upon PNIPAm can be readily recovered by
using heating (water) or solvent precipitation, which thus led this
system to a smart catalytic one capable of quantitative isolation of
catalysts. Now, it is clear that these results can be directly
attributed to the unique structure of PNIPAm, which comprises
hydrophilic amide chains and hydrophobic isopropyl. At a temper-
ature below its lower critical solution temperature (LCST; ~32 °C),
the polymer is soluble in water due to the hydrogen-bonding
interactions between the amide chains and water [13]. At a
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Scheme 1. Proposed mechanism for the modulated catalysis by MIP-S.
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Scheme 2. Scheme for the preparation of MIP-S.
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temperature above the LCST, the polymer is subject to a thermal
phase transition induced by the suppression of hydrogen-bonding
interactions, resulting in dramatically increased hydrophobicity
[14]. Encouraged by these elegant works, we [15] and related
researchers [16,17] have successfully developed molecularly im-
printed polymers capable of thermosensitive molecular recogni-
tion. At relative low temperatures, the polymers can specifically
recognize their templates due to the hydrophilic networks, which
enable access for analytes in waters to the imprinted sites. Above
the transition temperature, the dramatically increased hydropho-
bicity causes shrinking of the imprinted networks, destroying the
molecular recognition ability. In this way, molecular recognition
by such smart imprinted polymers demonstrated the tempera-
ture-dependent adjustable model.

Inspired by this mechanism, we herein report the first example
of switched catalysis by a smart and enzyme-like imprinted poly-
mer (namely ‘MIP-S’). As illustrated in Scheme 1, below the LCST,
the hydrophilic imprinted networks allow access to the reactants,
thereby enabling catalysis. On the contrary, above the LCST, the
dramatically decreased hydrophilicity causes shrinking of the im-
printed networks, which inhibits the reactivity of this polymer.
Thus, the temperature-regulated catalysis by MIP-S can be recog-
nized as an ‘on/off-switchable process. In order to test such
switchable catalytic properties, the hydrolysis of p-nitrophenyl
acetate (NPA) was selected as the model reaction, because this
reaction is compatible with water and has a well-proven TSA
(i.e., p-nitrophenyl phosphate; NPP) [18,19]. For the study of cata-
lytic specificity, p-nitrophenyl butyrate (NPB), the structural ana-
logue of NPA, was selected as the control. The objective of this
study is to demonstrate that modulated catalysis can be realized
by utilizing a smart and catalytic imprinted polymer.

2. Experimental section
2.1. Preparation of imprinted polymers

Unless otherwise noted, chemicals were obtained from Aldrich
(Sigma-Aldrich Company Ltd., Dorset, UK) and Fisher (Fisher Scien-
tific UK Ltd., Loughborough, UK) and used as received, except 1-
vinylimidazole (VI) and divinylbenzene (DVB), which were washed
with 5 wt.% sodium hydroxide solution prior to use. The prepara-
tion of molecularly imprinted polymers, as illustrated in Scheme
2, was based on our recently optimized design [20] and would be
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Fig. 1. The change of UV spectra as a function of the VI/NPP molar ratio.

further discussed afterward. A stoichiometric monomer-template
ratio was used. NPP (0.11 g; 0.5 mmol), DVB (1.42 mL; 8.0 mmol),
1,1"-azobis(cyclohexane-1-carbonitrile) (ABCHCN) (0.60 g;
2.46 mmol), N-isopropylacrylamide (NIPAm) (0.91g; 8.0 mmol)
and a certain amount of VI (additionally stated) were dissolved
in acetonitrile containing 50% dimethylsulfoxide (totally 10 mL)
to form a homogeneous system. After being deoxygenated with
sonication and nitrogen, the mixed system was irradiated by ultra-
violet light (365 nm) overnight. The resulting polymers were
crushed and extracted with dimethylsulfoxide containing 20% ace-
tic acid by using a Soxhlet apparatus for 24 h. The product (i.e.,
MIP-S) were profusely washed with ethanol and dried at room
temperature.

For comparison, three control polymers named “MIP”, “NIP”
and “NIP-S” were also prepared under comparable conditions.
The MIP and NIP are the conventional imprinted and non-im-
printed polymers, respectively. Both of them do not have PNIPAm
in their polymeric networks. The NIP-S is the non-imprinted poly-
mer that further contains the same amount of NIPAm as it in the
MIP-S.

2.2. Temperature-programmed desorption

Temperature-programmed desorption (TPD) was employed to
evaluate the interaction between the prepared polymers and ana-
lyte [21,22]. Using a device comprising a gas chromatography
(TCD) and a data processing system, polymers (10 mg) were placed
into an online U-shaped quartz tube (4 mm ID). After 10 pL of ana-
lyte (0.01 umol mL~! acetonitrile) was pre-adsorbed by these poly-
mers, the U-shaped tube was heated under a nitrogen flow
(40 mL min~'; 0.23 MPa) at 10°C min~' from room temperature
to the temperature where the analyte desorbed. The desorbing sig-
nal was recorded by the data processing system.
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Fig. 2. FTIR spectra of the prepared polymers.
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Fig. 3. SEM images of the prepared polymers. (a) NIP; (b) NIP-S; (c) MIP; (d) MIP-S.
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Fig. 4. TPD profiles of the prepared polymers.
2.3. Evaluation of phase transition

Dynamic light scattering (DLS) was used to evaluate the phase
transition behavior in water (containing ca. 5% acetonitrile) [23].
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Fig. 5. DLS curves of the prepared polymers.

The DLS analysis was carried out at a scattering angle of 90° using
a goniometer equipped with a self-rotation unit and a He-Ne laser
(Mastersizer-X) (Malvern, UK). In order to allow equilibrium reach-
ing, all samples were kept at specific temperatures for 10 min be-
fore acquiring the hydrodynamic radius (Ry). By a comparison
between these thermosensitive and non-thermosensitive poly-
mers, the relative change in hydrodynamic radii (R.) reflected the
contribution of the thermal phase transition:
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herein Ry is the particle size of dried particles. T represents the ther-
mosensitive polymers, and NT indicates the corresponding non-
thermosensitive polymers.

2.4. Catalysis test

The catalytic properties of the prepared polymers were evalu-
ated in batch formats in PBS (pH 7.0; containing ca. 5% acetonitrile)
[24]. The initial concentration of analyte (NPA or NPB) was
0.01 pmol mL~! (totally 10 mL). The solid content of polymers
was 2.5mgmL™! in each test. The produced p-nitorophenolate
was spectrophotometrically monitored at 400 nm. The catalytic
activity of these polymers was obtained from the average value
of triple runs. By considering the effect of self-hydrolysis upon
the catalysis process, the hydrolysis of analytes without any poly-
mer was also performed under the comparable conditions, and the
results were deducted from the overall activity of the prepared
polymers.

2.5. Dynamic desorbing cyclic voltammetry

The potential to reduce/oxidize a binding molecule depends on
the binding constant. A high binding constant requires more en-
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Fig. 6. Catalytic activity of the prepared polymers at 20 and 40 °C.

ergy to overcome the binding, thereby leading to a larger redox po-
tential. Thus, dynamic desorbing cyclic voltammetry (DCV) can
provide valuable information on the binding interaction between
the prepared polymers and their template [25,26]. Using an elec-
trochemical workstation equipped with a three-electrode configu-
ration (Pt-working and counter electrodes; Ag/Ag*-Ref.) (LK9806)
(Lanlike, China), polymers (10 mg) pre-absorbed ca. 1 pmol
template were placed into a cuvette encircled by a diffusion-
eliminated sonication apparatus (supporting electrolyte: 0.01
mmol mL~! KCI; 10 mL). The transiently desorbed template was
rapidly scanned by the workstation up to 20 cycles until a stable
dynamic cyclic voltammogram was achieved (scanning range, ca.
800-200 mV; scanning rate, 25 mV s~ 1).

3. Results and discussion

3.1. Template-monomer interaction and stoichiometric amount of
monomer

It is well known that molecular self-assembly plays an impor-
tant role in pre-determining the activity and specificity of the pre-
pared imprinted polymer. An excess amount of monomer over the
template would cause spatial and steric mismatch due to the exces-
sive binding sites that randomly distribute throughout the polymer.
On the contrary, too small an amount of monomer will result in a
polymer with insufficient quantity of binding sites. Thus, only the
stoichiometric amount of monomer could generate the optimal
molecular recognition and catalytic ability [27]. In order to monitor
this self-assembly interaction, Fig. 1 displays the UV spectrum as a
function of the VI/NPP molar ratio, in which NPP (7.5 mmol L™1;
10 pL per titration) was titrated into VI (0.5 mmol L™!; 2.5 mL).
The titration caused a shift in the UV spectrum, and the shift be-
came maximal when the titrated NPP reached a critical amount
(corresponding to 1.67 mol/mol VI/NPP ratio). Beyond the critical
value, no further shift in the UV spectrum was observed except
for increased absorbency. This result suggests that the self-assem-
bly interaction was saturated by the stoichiometric titration, and
the amount ratio of template to monomer was optimized. Thus,
0.835 mmol VI was used to prepare MIP-S and its control polymers
where 0.5 mmol NPP was adopted.

3.2. FTIR spectra and SEM morphology

In order to ascertain the imprinting behavior, the FTIR spectra of
MIP-S, NPP and the unwashed MIP-S system (ie. the MIP-S
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Fig. 7. Catalytic reproducibility and stability of MIP-S.
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precursor) were performed (Fig. 2). Three characteristic peaks
(3200-3700, 2800-3200 and 1650-1750 cm™~') and one broad fin-
gerprint band (1000-1600 cm ') appeared in the spectra of MIP-S
and its precursor. These characteristic peaks can be assigned to the
stretching vibration of O—H, C—H and C=0 [28]. The fingerprint
band may arise from C—N and C—C bonds and their rotation. For
comparison, we also included the FTIR spectra of control polymers
in Fig. 2. The MIP-S precursor, MIP-S and NIP-S all demonstrated
an absorption peak at 1650-1750 cm™!, but MIP and NIP failed. This
result suggests that these thermosensitive polymers did have
PNIPAm in their polymeric networks [29,30]. It is noteworthy that
the MIP-S precursor had the characteristic peaks of both NIP-S and
NPP, implying the complicated composition of the MIP precursor.
After washing, the spectrum of the MIP-S precursor (i.e. MIP-S) be-
came comparable to NIP-S. This result strongly suggests that the
molecular imprinting of NPP did occur during the preparation, as
expected.

The SEM images of these prepared polymers are shown in Fig. 3.
These polymers are spherical in morphology with similar diame-
ters of ~1.5-2 um. When compared with MIP and NIP, MIP-S and
NIP-S appeared to be slightly uneven on surface. This observation
probably results from the PNIPAm contained, which normally has
some effects on the texture of the prepared polymers. Thus, the
successful preparation of these polymers facilitates further studies.
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3.3. Specific interaction between polymers and analyte

Fig. 4 presents the TPD profiles, with a purpose to further verify
the interaction between the prepared polymers and analyte. Both
MIP-S and MIP demonstrated significant separation abilities for
NPA and NPB, but NIP and NIP-S failed. This result suggests that
the interaction between the two imprinted polymers (i.e. MIP-S
and MIP) and NPA is highly specific and capable of separation of
NPA and NPB. In conjunction with the FTIR characterization, this
result reflects again a consequence of the NPA-specific imprint.
Since both MIP-S and MIP contained the template’s ‘imprint’ in
their polymeric networks, such molecular recognition abilities
are to be expected.

3.4. Thermosensitive hydrophilicity/hydrophobicity

The DLS curves of the prepared polymers are presented in Fig. 5.
In comparison with their corresponding non-thermosensitive poly-
mers (ie. MIP and NIP), MIP-S and NIP-S demonstrated more
dependence on temperature, as expected. The R. of MIP-S and
NIP-S decreased with increased temperatures, indicating decreased
hydrophilicity with increased temperatures. The significantly
decreased hydrophilicity from MIP-S and NIP-S exhibited at ca.
27-37 °C. Below the temperature region, both MIP-S and NIP-S
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Fig. 8. DCV profiles of the template NPP with the prepared polymers. (a) MIP at 20 °C; (b) MIP at 40 °C; (c) MIP-S at 20 °C; (d) MIP-S at 40 °C; (e) NIP-S at 20 °C; (f) NIP-S at

40°C; (g) NIP at 20 °C; (h) NIP-S at 40 °C.
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exhibited relatively high hydrophilicity; however, at higher tem-
peratures, their hydrophilicity dramatically decreased. This result,
as previously explained, may be attributed to the unique thermal
phase transition of PNIPAm. The higher hydrophilicity at low tem-
peratures may be due to the hydrophilic PNIPAm networks, which
allowed water to gain access to the polymer interior. The decreased
hydrophilicity at higher temperatures can be attributed to the
hydrophobic PNIPAm networks, which inhibited the access of
water to the polymer networks.

3.5. Modulated catalysis

Fig. 6 displays the catalytic activity of the prepared polymers. In
order to track the adjustable catalytic properties, herein two repre-
sentative temperatures, i.e. 20 and 40 °C (either lower or higher
than the thermosensitive region of MIP-S and NIP-S) were selected
for a contrastive study. It was observed that MIP-S at 20 °C was
comparable to MIP and capable of vigorous catalysis for the hydro-
lysis of NPA. However, MIP-S at 40 °C was more like NIP-S and NIP,
which did not demonstrate significant specific catalysis. MIP-S
apparently demonstrated the thermo-switchable catalytic proper-
ties. Clearly, this result can be attributed to the unique thermal
sensitivity of the MIP-S networks. The hydrophilic MIP-S networks
at the low temperature allowed reactants to gain access to the
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polymer networks, which thereby enabled the vigorous catalysis.
Above the transition temperature, the dramatically decreased
hydrophilicity inhibited the access of water to the polymer net-
works, thus inhibiting the catalytic activity.

Fig. 7 illustrates the catalytic reproducibility and stability of
MIP-S. The reactivity of MIP-S did not demonstrate significant de-
crease after a series of ‘on/off'-switched catalysis. This result sug-
gests that MIP-S is relatively stable and capable of reproducing
the switchable catalysis. Clearly, the catalytic reproducibility and
stability of MIP-S can be attributed to the highly cross-linked im-
printed networks. Molecularly imprinted polymers, as previously
explained, are highly cross-linked polymers, which offer significant
advantages of stabilizing the imprinted conformation. Hence, the
catalytic reproducibility of MIP-S could be expected.

3.6. Switchable binding behavior

As previously pointed out, the DCV experiments may provide
valuable information on the binding behavior of molecularly im-
printed polymers with their template. By considering the thermo-
sensitive mechanism of MIP-S, we further selected 20 and 40 °C for
a contrastive study. As shown in Fig. 8, the template molecule (i.e.
NPP) bound to MIP-S at 20 °C exhibited a reduction peak at
—730.6 mV (Fig. 8c). In contrast, this reduction peak at 40 °C
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shifted to a smaller Fig. (i.e., —684.5 mV) (Fig. 8d). MIP-S demon-
strated a weaker interaction with its template molecule at 40 °C
than at 20 °C.

In order to clarify this interaction, Fig. 8a, b, e, f, g and h also in-
cluded the reduction potentials of the template molecule from
these control polymers. The reduction potential of the template
bound to MIP-S at 20 °C was nearly comparable to that from
MIP (—730.6 vs. —735.9 mV). The reduction potential of the tem-
plate bound to MIP-S at 40 °C became as low as that from NIP-S
(—684.5 vs. —681.7 mV). The results strongly suggest that MIP-S
did provide a thermo-switchable interaction with its template
molecule. Again, this result can be attributed to the unique thermal
sensitivity of the MIP-S networks. The thermosensitive mechanism
by MIP-S regulated the access of analyte to the imprinted net-
works, which thereby enabled the switched binding.

4. Conclusions

‘On/off-switchable catalysis by a smart enzyme-like imprinted
polymer is reported in this study. This unique polymer was
composed of poly(N-isopropylacrylamide)-containing molecularly
imprinted networks that exhibited temperature-dependent hydro-
philicity/hydrophobicity. By creating such a hydrophilic/hydropho-
bic transition within the imprinted networks, the prepared MIP-S
was capable of ‘on/off-regulated access to the reactants, leading
to switchable catalysis. At relatively low temperatures, this poly-
mer demonstrated vigorous catalysis. However, at relatively high
temperatures, this polymer exhibited poor reactivity. The results
demonstrate that switchable catalysis by the smart and catalytic
imprinted polymer can be realized by using this novel design. By
taking advantages of the excellent stability, cost-effectiveness, ease
of preparation and reusability of molecular imprinting technology,
the resulting system could offer tantalizing applications toward
substantial and self-control catalysis.
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