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Fully synthetic molecularly imprinted polymers (MIPs) are
expected to substitute antibodies in bioanalysis and chroma-
tography in the future.[1–3] In addition to binding MIPs,
catalytically active MIPs have been developed (see the
Supporting Information) for application in sensors and
syntheses.[4, 5] So far, however, the affinity and catalytic
activity of MIPs have in general been lower than those of
their biological counterparts. Hybrids composed of a biocat-
alyst and a MIP may combine the advantages of both
components. This combination should improve selectivity in
sensors that operate on the basis of either a “group-specific”
enzyme or a binding MIP. However, the harsh conditions of
MIP preparation have not previously been compatible with
the stability of enzymes.

Herein we describe the first combination of a molecularly
imprinted electropolymer with a biocatalyst in a catalytic
biomimetic sensor. We applied both highly active horseradish
peroxidase (HRP) and the “minienzyme” microperoxidase-
11 (MP-11). The peroxide-dependent substrate conversion
takes place in a layer on top of a product-imprinted electro-
polymer on the indicator electrode (Figure 1). The hierarch-
ical architecture enables the optimization of both parts prior
to their combination. This arrangement resulted in the
elimination of interfering signals for ascorbic acid (AA) and
uric acid (UA) both in a phosphate buffer and in diluted
serum samples.

For HRP and MP-11, a whole spectrum of peroxide-
dependent reactions has been described.[6,7] Notably, MP-11
also possesses P450-like activity and has been used to oxidize
hydrophobic substances, including drugs in organic solvents;
therefore, it is an attractive catalyst for biomimetic sensors. In
this study, we extended the spectrum of MP-11-based sensors
to the N-demethylation exemplified for the analgesic drug
aminopyrine (AP). AP is metabolized by NADPH-dependent

catalysis by liver cytochromes P450 to formaldehyde and
aminoantipyrine (AAP), which is devoid of the two methyl
groups at N4 (Scheme 1; NADPH is the reduced form of
nicotinamide adenine dinucleotide phosphate). The same
demethylated products are also formed in the HRP-catalyzed
reaction.[8]

In the HRP- and MP-11-catalyzed peroxide-dependent
oxidation of AP, a purple-colored intermediate with an
absorption maximum at 550 nm was formed. The radical
intermediate derived from AP (but not AAP) generated at
the MP-11-modified glassy carbon electrode (GCE) a catho-
dic current at 0 mV which was linearly dependent on the AP
concentration from 1 to 5 mm with a linear correlation
coefficient of 0.9871. The limit of detection (LOD) was
determined to be 584 nm (signal-to-noise ratio, S/N = 3). The
signal obtained for the conversion of AP (1 mm) was found to
be almost eightfold lower than the respective signal for the
optimal substrate p-aminophenol. Clearly, the indication of
an intermediate instead of a final product is the reason for the
lower sensitivity. With an HRP-modified GCE, the linear
range was extended to 90 mm with an LOD of 821.8 nm (S/N =

3).
Since HRP and MP-11 catalyze the peroxide-dependent

conversion of a very broad range of substrates, the sensors
generate an “overall signal”, which sums up the contribution
of all convertible substances. To narrow down the spectrum of
substances involved in the measurement signal, we covered
the electrode with a product-imprinted electropolymer. As
previously described by Weetall and Rogers,[9] we applied
a mixture of o-phenylenediamine (o-PD) and resorcinol
(Res) as functional monomers and AAP as the target to form
recognition sites in a molecularly imprinted electropolymer
cover layer.

AAP alone showed an irreversible oxidation peak at
519 mV at the bare GCE (see Figure S1 in the Supporting
Information). Oligomers are formed following the electro-

Scheme 1. Structures of the analyte AP and the template AAP.
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chemical generation of radicals.[10] Cycling of the electrode
potential between 0 and 0.8 V in the o-PD/Res mixture in the
absence (preparation of the nonimprinted polymer, NIP) or
in the presence of AAP (preparation of the MIP) led to
similar voltammograms (see Figure S1). The oxidation cur-
rent decreased during the following sweeps and approached
zero after 20 sweeps; this behavior is typical of a nonconduct-
ing polymeric film.

We used ferricyanide as a redox probe to characterize the
permeability of the layer after electropolymerization. With
the MIP- and NIP-modified GCEs, there was almost com-
plete suppression of the ferricyanide peaks after film for-
mation. Incubation of the MIP-covered electrode in aqueous
sodium hydroxide resulted in the removal of the template, as
revealed by the detection of AAP and its oligomers by mass
spectroscopy in the eluate and a marked increase in the
ferricyanide signal. The signal for ferricyanide was suppressed
again after interaction of the MIP layer with AAP (Figure 2).
Clearly, upon template removal, pores to the electrode were
formed that contained “imprints” of AAP and its oligomers.
Treatment of the NIP with NaOH led only to a small increase
in the permeability of the redox marker, and interaction with
AAP had a negligible effect. This behavior indicated the
absence of an imprinting effect for the NIP.

Unlike in some previously reported studies,[15–18] the layer
was less dense at higher template concentrations. When
electropolymerization was performed at pH 7, the template
could be removed, but rebinding at pH 7 was not observed.

After optimization of the electropolymerization condi-
tions, such as the template concentration, template-removal
time, and pH value, we studied the amperometric response
for the rebinding of AAP. AAP is electroactive in the anodic
potential region, and the amperometric response of both the
bare and the imprinted glassy carbon electrode at 500 mV was
linearly dependent on the AAP concentration. For the
imprinted electrode, the current increased linearly between

10 and 100 mm with a regression coefficient of 0.9963 (see
Figure S2). The limit of detection was determined to be
141 nm (S/N = 3). At higher concentrations, no steady state
was observed, probably as a result of the binding of AAP to
the cavities and the formation of an oligomeric AAP species.

At + 500 mV, the bare electrode and the sensor covered
with the AAP-MIP showed current signals for AP that were
almost 25 % smaller than those for AAP. This result shows
that the AAP-MIP does not differentiate the two substances,
which differ only in two methyl groups. The polymerization of
AAP during the formation of the MIP may lead to “imprints”
in which the N4 position is hidden between two monomer
units.[10] Therefore, the AAP-MIP indicates the total amount
of AAP and AP in mixtures of these substances.

The signal at + 500 mV for AAP was not influenced by
the presence of a tenfold excess of the potentially interfering

Figure 1. Schematic representation of sensor preparation and the measurement process.

Figure 2. Overlay of cyclic voltammograms recorded for the MIP
electrode after electropolymerization (solid line), after AAP removal
(dashed line), and after AAP rebinding (dotted line) in an aqueous
solution of KCl (100 mm) and ferricyanide (10 mm) at a scan rate of
50 mVs�1.
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substances ascorbic acid (AA), uric acid (UA), and caffeine
(see Figure S3). The amperometric response of each interfer-
ing substance at the bare electrode, the AAP-imprinted
electrode, and the nonimprinted electrode was compared with
that observed for AAP (Figure 3). Since ascorbic acid and

uric acid are electroactive, they cause an anodic current at
500 mV. In contrast, caffeine is not electroactive at this
potential. On the bare GCE, almost equal responses were
observed for AAP and the potentially interfering substances.
However, the highest response with the AAP-imprinted
electrode was observed for the template AAP itself. The
imprinting effect, which should be based on the generation of
specific binding sites, is illustrated in Figure 3, which shows
pronounced suppression of the signals for AA and UA in
relation to the signal of the target AAP with respect to the
bare electrode. Thus, the AAP-MIP shows preferential
permeability for AAP as compared with interfering substan-
ces.

We compared the electrochemical signals at + 500 mV of
AAP, AA, and UA for the AAP-imprinted MIP with those of
a desmethyltamoxifen MIP (dm-TAM-MIP). In these experi-
ments, we used the same matrix (o-PD/Res) in both MIPs to
demonstrate the “contribution of the imprinting”. Whereas
for the AAP-MIP, the current for UA was 4.96 times smaller
than that for AAP, for the dm-TAM-MIP, the current for UA
was only 1.3 times smaller than that for AAP. The currents
observed for AA and AAP differed by a factor of 2.39 with
the AAP-MIP and by a factor of 1.5 with the dm-TAM-MIP.
The considerably smaller difference between the AAP and
UA signals with the dm-TAM-MIP (which has no binding
sites for AAP) is a further indication of imprinting of the
electropolymer by the target.

The surface morphology of the MIP-covered electrodes
was visualized by atomic force microscopy (AFM). After
incubation in aqueous NaOH, the roughness of the NIP and
MIP as reflected by root-mean-square values of 1.11 and
1.18 nm was very close to that of the bare electrode (0.90 nm).
Furthermore, the surface of the MIP layer showed features in

the range of 20 nm in diameter which extended up to the
electrode surface (Figure 4). Similar porous structures have
been observed for electropolymers imprinted with a nona-
peptide, l-glutamate, and folic acid.[12–14] It is generally
assumed that pores in MIPs for low-molecular-weight sub-
stances have a larger diameter than the target molecule[11] and
that the majority of “binding pockets” are at the inner walls of
the pores.

At lower template concentrations, the template could not
be removed effectively, as indicated by very small signals for
ferricyanide and for AAP after treatment with NaOH. The
AFM image of the respective MIP was very similar to that of
the NIP and devoid of pore structures (see Figure S4).

In the case of the nonimprinted electrode, negligible
signals for AAP were always observed. The imprinting factor
was calculated to be 6.67 on the basis of the equation:
imprinting factor = (signal of MIP)/(signal of NIP). The
imprinting factor and the selectivity coefficients[13, 18, 20] were
comparable with those of surface-imprinted MIPs. For bulk
imprints, better values have been reported previously in a few
cases, because a large number of “separation plates” results in
more efficient separation.[21] However, this advantage comes
at the expense of considerably longer response times.[22]

As an example a MIP for AP was prepared by thermal
bulk polymerization with methacrylic acid as the functional
polymer. A solution of the polymer in tetrahydrofuran was
dropped onto the electrode of a quartz crystal microbalance.
The MIP sensor responded in the lower micromolar range and
showed twofold to fourfold higher sensitivity as compared
with the nonimprinted polymer. The intensity of signals for
competing substances, for example, caffeine and paracetamol
(at 1 mm), were around 40% of the value observed for the
target. The measuring cycle extends over 60 min, including
a response time of 20 min.[22]

Our MIP sensor responded in real time to both an
increase in the concentration of the target analyte and
dilution by the measurement buffer and reached the steady

Figure 3. Comparison of the signals of the template and interfering
substances on bare, nonimprinted, and AAP-imprinted GCEs.

Figure 4. a,c) 3D and b,d) 2D AFM images of an AAP-imprinted
electrode after electropolymerization (a,b) and after AAP removal with
0.1m aqueous NaOH (c,d).
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state within 5 s (see Figures S2, S5, and S6). It required
regeneration only after a series of measurements. Up to
a concentration of 100 mm of AAP, the sensor was regenerated
by incubation in the background buffer. At higher concen-
trations, the electrode was partially blocked by electropoly-
merized AAP and regeneration required incubation in
NaOH. The fast response and also the fast removal of the
template are remarkable advantages as compared with the
harsh washing conditions and long response times typically
described for MIPs.[19]

The AAP-imprinted sensor was also evaluated in diluted
serum (1:40) spiked with physiological concentrations of
AAP and the interfering substances (see Figure S6). Only at
elevated concentrations of AA after vitamin dosage (an AA
concentration above 500 mm) or in hyperuricemic patients (an
UA concentration higher than 400 mm) would the signals for
AAP (1 mm) be falsely increased by more than 5–10%.

To completely eliminate the contribution of electrochemi-
cally interfering substances, we spatially integrated enzymatic
analyte conversion by MP-11 or HRP and filtering by
a product-imprinted electropolymer layer: The biocatalysts
were placed in a layer on top of the product-imprinted
electropolymer on the indicator electrode. On the stepwise
addition of AP, the cathodic current at 0 mV of the MP-11–
MIP/GCE increased linearly between 1 and 13 mm with
a regression coefficient of 0.9957 and reached saturation at
higher concentrations. In the case of the HRP–MIP/GCE, the
linear range was extended to 110 mm, and the sensitivity was
almost twice as high (see Table S1 in the Supporting
Information). Furthermore, the effect of the interfering
substances AA and UA was studied with MP-11–MIP/GCE
and HRP–MIP/GCE. UA gave no response, since it is not
electroactive at 0 mV. The contribution of AA was also
completely suppressed by the action of the MIP layer and
oxidation with peroxide (Figure 5). The peroxide-dependent
oxidation catalyzed by MP-11 or HRP leads only with AP but
not with AAP to a steady-state current signal at 0 mV.
Therefore, the combined MP-11–MIP sensor indicates only
AP (also in the presence of AAP) and prevents interference
by AA or UA. Our approach competes very well with
previously described MIP sensors with respect to the ana-
lytical parameters, including the lower limit of detection, the

complete elimination of cross-reactivity with AA, and in
particular the response time of 10–15 s (see Table S1).[23–26]

The formation of the “sandwich structure” is straightfor-
ward: After in situ formation of the molecularly imprinted
layer on the surface of the electrode, the biocompatible
chitosan layer, which contains the biocatalyst, is cast on the
MIP layer. This approach of combining a MIP with a thin
layer of a biocatalyst is generally applicable for the suppres-
sion of electrochemical interference. On the other hand, the
application of a charged cover membrane, for example,
nafion, or an enzyme-containing “anti-interference layer”[27]

is only effective for selected substances.
An advantage of the new hierarchical structure is the

separation of MIP formation by electropolymerization and
immobilization of the catalyst. In this way, it was possible for
the first time to integrate an enzyme—HRP—with an MIP
layer in a sensor configuration. This combination has the
potential to be transferred to other enzymes, for example,
P450, and could thus enable the detection of clinically
important analytes.

Experimental Section
AAP-imprinted GCEs were prepared in an o-PD (5 mm)/resorcinol
(5 mm) mixture (in 100 mm acetate buffer, pH 5.2) containing AAP
(0.1–10 mm) by cyclic voltammetry by sweeping between 0 and 0.8 V
(20 scans) at a scan rate of 50 mVs�1. The same procedure was
applied with desmethyltamoxifen (0.4 mm) for the preparation of
a dm-TAM-imprinted polymer. Nonimprinted electrodes were pre-
pared in a similar way in the absence of a template. Template
molecules were removed by incubation in a 100 mm aqueous solution
of NaOH overnight.

MP-11–MIP/GCEs and HRP–MIP/GCEs were prepared in two
steps: First, electropolymerization was performed as described above,
and template molecules were removed. A 1:1 (v/v) mixture of MP-11
or HRP and chitosan capped gold nanoparticles (AuNP-CH) was
then dropped onto the electrode and dried overnight in a refrigerator
at 4 8C, as described previously.[7b]

Amperometric measurements were performed under aerobic
conditions in a phosphate buffer (10 mm, pH 7). Working potentials
of 500 and 0 mV were applied for the direct oxidation and for the
combination of the enzyme with the MIP, respectively.
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