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Abstract: For the first time a molecularly imprinted polymer (MIP)-based sensor for tyrosinase is described. This sensor
is based on the electropolymerization of scopoletin or o-phenylenediamine in the presence of tyrosinase from mushrooms,
which has a high homology to the human enzyme. The template was removed either by treatment with proteinase K
or by alkaline treatment. The measuring signal was generated either by measuring the formation of a product by the
target enzyme or by evaluation of the permeability of the redox marker ferricyanide. The o-phenylenediamine-based
MIP sensor has a linear measuring range up to 50 nM of tyrosinase with a limit of detection of 3.97 nM (R? = 0.994)
and shows good discrimination towards other proteins, e.g., bovine serum albumin and cytochrome c.
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1. Introduction
The high specificity of enzymes and antibodies has been exploited for more than 50 years in clinical analysis,
food control, and environmental analysis. 2 In order to overcome inherent problems of biomolecules, especially
their instability during storage and long-term use, biomimetic binders and catalysts have been generated. Two
major concepts have been used: “evolution in the test tube” of nucleotides (aptamers) or total chemical synthesis
of (molecularly imprinted) polymers.3~12

Molecular imprinting is a methodology used to create recognition sites in synthetic polymers by poly-
merizing a functional monomer and a cross-linker in the presence of the target analyte, so-called “template”.
Subsequent removal of the template leads to the formation of binding sites that partially mirror the size, shape,
and functionality of the template.®19=12 In addition to binding molecularly imprinted polymers (MIPs), also
catalytically active MIPs have been developed as mimics of enzymes. In analogy to the generation of cat-
alytically active antibodies a stable analogue of the transition state is used as the template and/or transition
state metals or redox active prosthetic groups are integrated into the MIP scaffold as catalytic center.512-16
Whilst classical bulk imprinting techniques have been widely applied for small molecules, it is still a challenge
to prepare MIPs for proteins, due to their size and structural complexity. 13~2% Electropolymerization is espe-
cially appropriate for the synthesis of protein MIPs because no cross-linker is required, which could react with
surface groups of the target protein. Furthermore, the thickness of the MIP layer can be controlled by the

charge during the electropolymerization. 32830 In this process the protein should be only partially trapped by
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the polymer film in order to allow an efficient exchange of the macromolecule with the solution phase during
template removal and rebinding. At present almost 1200 papers per year are published on different MIPs, with
some 10% covering MIPs for proteins.2® In total, MIPs for almost 15 enzymes have been published. So far no
MIP for tyrosinase has been presented in the literature.

Tyrosinase is a copper enzyme that oxidizes both monophenols and diphenolic compounds to the re-
spective quinones.3'32 Due to the relevance of these substances in environmental analysis, a large spectrum
of tyrosinase-based sensors has been described in the literature. Among them, electrochemical sensors clearly
dominate. In addition to the classical immobilization methods, entrapment of the enzyme via electropolymer-
ization has been also used. The voltammetric sensors exhibited linear measuring ranges from the lower nM
to mM concentrations. Electroenzymatic or bienzyme recycling allowed shifting the measuring range into the
subnanomolar region. 3342

Tyrosinase is inhibited by several substances with relevance especially in nutrition, e.g., kojic acid or pesti-
cides, and thus sensors for these inhibitors have been developed for food control and environmental analysis. 43~45
Furthermore, it is an established marker for skin cancer. According to the World Health Organization (WHO),
132,000 melanoma skin cancers occur globally each year (www.who.int/uv/faq/skincancer /en/index1.html). 6

In this paper for the first time a molecularly imprinted polymer-based sensor for tyrosinase is described.
It is based on the electropolymerization (EP) of scopoletin or o-phenylenediamine (0-PD) in the presence of
tyrosinase from mushroom, which has a high homology to the human enzyme. The template was removed
either by treatment with proteinase K or by alkaline treatment. The measuring signal was generated either by
measuring the formation of a product by the target enzyme or by evaluation of the permeability of the redox
marker ferricyanide. The o-PD based MIP sensor has linear measuring up to 50 nM of tyrosinase and shows

good discrimination towards other proteins.

2. Results and discussion
MIP-based sensors were prepared as shown in Figure 1. The functional monomer scopoletin or o-phenylenediamine

was electropolymerized in the presence of the target tyrosinase on gold or glassy carbon (GC) electrodes.

‘:ﬁf%\ ey Rebinding
Electropolymerization Template Removal

Figure 1. Workflow of the preparation of MIPs for tyrosinase.

2.1. Method I: Scopoletin as functional monomer

At first the thickness of the MIP layer on the gold electrode was controlled by adjusting the number of cycles
during electropolymerization. This influences the sensor performance and the stability. 283047 Whilst thicker
films provide incorporation of larger amounts of enzyme at the electrode surface, it is more difficult to remove the
template molecules from thicker polymer films. Easier removal can be achieved with thinner films. However,
the polymer layer was less stable. Therefore, electropolymerization is a crucial step to obtain stable but
sufficiently thin layers to remove the template. As a compromise between the lower stability of thin layers and
the restriction of target accessibility with increasing film thickness, 30 cycles were chosen for the preparation of

the tyrosinase-imprinted electrode (Figure 2).
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Ferricyanide was used as a redox probe to characterize the permeability of the layer after each step.
After EP the current for ferricyanide was almost completely suppressed for both the MIP (Figure 3) and control
NIP (not shown). The MIP-modified electrode gave a markedly increased ferricyanide signal after the removal
of the template by the treatment with proteinase K and washing with 1X PBS, indicating the formation of
cavities through which ferricyanide can diffuse. This signal was subsequently suppressed after incubation in
tyrosinase-containing solutions as expected by the filling of cavities with the target protein.
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Figure 2. Current-time curves for the preparation of the  Figure 3. CVs of the different steps of MIP synthesis in
tyrosinase MIP on the gold electrode in 0.5 mM scopoletin 10 mM ferricyanide (100 mM KCl): a) After EP (blue), b)
solution containing 10 pM tyrosinase , 0 V.=55,0.9V = After 30 min incubation in 100 pg/mL proteinase K (in
1's, 30 cycles. 1X PBS) + 30 min washing in 1X PBS (red), and c) After

rebinding of 50 pM tyrosinase (black).

In addition to signal suppression with the redox marker, the detection of the rebinding of the enzyme to the
MIP layer was also confirmed by its activity towards its substrate, paracetamol. Figure 4 shows amperometric
current-time curves at —100 mV on stepwise addition of paracetamol to a tyrosinase-rebound MIP. Stepwise
increase in cathodic current was obtained due to the cathodic reduction of N-acetyl-p-quinoneimine, which was

formed in the enzymatic reaction. 4

2.2. Method II: o-Phenylenediamine as functional monomer

In order to characterize the influence of the functional monomer, a second method was developed for a tyrosinase
sensing MIP: o-Phenylenediamine was used as the functional monomer, which has been widely applied for MIP-
based sensors not only for low molecular weight targets like drugs and pesticides, but also for high molecular

weight targets like proteins. 2349

EP was performed in a mixture containing 10 pM tyrosinase and 5 mM o-PD (acetate buffer, pH 5.2)
by scanning between 0 V and 0.8 V with a scan rate of 50 mV /s (Figure 5a). As with scopoletin, the thickness
of the MIP layer was controlled by adjusting the number of cycles during electropolymerization.

The oxidation currents at around 450 mV decreased in the following sweeps, which is typical of a
nonconducting polymer. It can be seen from the CVs of MIP-modified electrodes in ferricyanide/ferrocyanide

solution that the increase in the number of scans during EP causes inefficient template removal by NaOH and
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Figure 4. Amperometric responses of the scopoletin-based tyrosinase MIP at —100 mV on stepwise addition of 2 x 100
uM paracetamol into 50 mM phosphate buffer, pH 7, under 300 rpm stirring.
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Figure 5. a) CVs showing the MIP preparation on GCE by using 5 scans, cycling between 0 V and 0.8 V with a scan
rate of 50 mV /s in 5 mM o-PD solution containing 10 M tyrosinase (pH 5.2) and b) CVs of the MIP-covered GCEs in
5 mM ferricyanide/ferrocyanide solution (in 100 mM KCIl) after incubation in 0.1 M NaOH: black curve: EP by 5 scans

and overnight removal of the template, red curve: EP by 10 scans and after 2 days removal of the template and blue
curve: EP by 20 scans and after 2 days removal of the template.

requires a longer time (Figure 5b). In order to reduce the time for template removal, 0.1 M sodium dodecyl
sulfate solution in 0.1 M NaOH was also applied. However, no success was obtained. Therefore, 5 scans were
chosen for the preparation of the tyrosinase-imprinted sensor.

In the next step, the influence of rebinding time was investigated. Two hours were needed for reaching
a steady state.

Differential pulse voltammetry (DPV) was used under optimum conditions to prepare the calibration
graphics. Although three different electrodes from the same company were used, the current for bare electrodes
differed by up to 30%. In order to normalize the differences between the electrodes, the relative current decrease
(in %) was evaluated, a procedure that has been frequently applied for sensors that measure the suppression

of the diffusional permeability of ferricyanide. The current decreased linearly up to 50 nM tyrosinase with
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a limit of detection (LOD) of 3.97 nM (R? = 0.994) and reached saturation above 100 nM upon incubation
in increasing amounts of tyrosinase (Figure 6). As a control, non-imprinted polymer-modified electrodes were
prepared by EP with 20 scans and 2 days removal of the template, but in the absence of tyrosinase. However,
when only 5 CV scans were applied for the preparation, it was found that the layer was not tight. On the
other hand, at higher numbers of scans (20 scans) tight films were obtained and at saturation of rebinding an
imprinting factor of 70 was calculated.
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Figure 6. Concentration dependence of rebinding of tyrosinase to the MIP measured by the current decrease in the

redox marker by DPV (number of measurements for each concentrations is 3).

Furthermore, the catalytic activity was used as a tool to characterize the tyrosinase rebound to the
MIP. Figure 7 shows the amperometric response and calibration graphic of the MIP electrode after rebinding
of tyrosinase on stepwise addition of catechol. At —100 mV, o-quinone, which was formed by the enzymatic
reaction, was reduced (Figure 7a). The cathodic current increased linearly up to 15 uM (R? = 0.982) with a
LOD of 58.2 nM (Figure 7b). In spite of the submonolayer enzyme amount in the MIP these values are in the
same range as those in the literature.

One of the most important parameters of bio(mimetic)sensors is the specific recognition of the analytes.
In order to check the specificity of the tyrosinase MIP, binding of other proteins was studied and compared
with the binding of the proteins to a bare GCE. The linear part of the concentration dependence (10 nM) of
tyrosinase and the other proteins was compared. Signal suppression of the redox marker is 4-fold higher after
incubation with BSA at the bare GCE than for tyrosinase and Cyt c. On the other hand, the tendency is
different at the MIP-covered GCE: the signal suppression by tyrosinase (pI 4.7-5) is 3.5-fold and 2.5-fold higher
than for BSA (BSA, pI 4.8) and Cyt ¢ (pI 10-10.5), respectively. The proteins used for cross-reactivity studies
represent the most critical candidates because both Cyt ¢ and BSA are smaller than the target. Furthermore,
the influence of the electrostatic interaction was included because BSA is negatively charged like the target,
whilst Cyt ¢ carries a positive overall charge. In addition, it was found that ferritin (MW = 450 kDa), which is
bigger than tyrosinase, does not bind to scopoletin-based MIPs. This result is proof of preferential binding of
tyrosinase to the MIP and a significant difference to the nonspecific adsorption of proteins to the bare electrode.

Summing up, in this work, molecularly imprinted polymer films for the recognition of tyrosinase were
prepared by electropolymerizing either scopoletin or o-PDA. In contrast to our earlier protein MIPs for hex-

americ tyrosine-coordinated heme protein (HTHP) and acetylcholinesterase (AChE), the MIP was deposited
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Figure 7. a) Amperometric responses at —100 mV of the MIP-covered GCE after 100 nM tyrosinase rebinding on
stepwise addition of catechol (1 x 2 uM Cat, 1 x 3 uM Cat, 2 x 5 uM Cat, and 2 x 10 M) into 50 mM phosphate

buffer, pH 7 and b) Current-concentration dependence.

direct on the electrode surface without an additional self-assembled monolayer (SAM).%%5! Furthermore, an
indirect method, depression of the permeability of the redox marker ferricyanide, was applied for the evaluation
of rebinding of the enzyme. This method was very useful to characterize the different steps of MIP preparation.
A disadvantage is that at low target concentrations very small decreases in a large current have to be evaluated.

For both MIPs prepared by electropolymerizing scopoletin and o-PDA, concentration dependent rebinding
of the target was clearly demonstrated by the indication of substrate conversion by tyrosinase and the suppression
of the permeability of the redox marker ferricyanide. However, the stability of the scopoletin-based MIP film
was lower. The o-PD-based MIP exhibited good stability and a measuring range for its target in the lower
nanomolar concentration range was demonstrated. This range is comparable with that for MIPs described in
the literature, e.g., ferritin, HTHP, concanavalin A, and human serum albumin.*”5%52:53 On the other hand,
a few papers describing MIPs for proteins in combination with redox marker-based readout found considerably
higher sensitivities and measuring ranges over several orders of magnitudes. The mechanism that leads to the
extremely high sensitivity has not yet been elucidated.?*—56

Interestingly, BSA and Cyt ¢ showed 3.5- and 2.5-fold lower suppression of the ferricyanide permeability
as compared with the target. Because both proteins are considerably smaller than tyrosinase, it could be
expected that they could simply “fill” the binding pockets and suppress the permeability for the redox marker.
Their smaller effect demonstrates the preference of the interactions between the target and the polymer scaffold.

In summary, it can be concluded that the electrosynthesized o-PDA film acts on the GCE as a specific
adsorbent that modulates the permeation of the redox probe. This conclusion is in accordance with the
enzymatic activity of the rebound protein.

3. Experimental

3.1. Materials

Tyrosinase (EC 1.14.18.1, from mushroom), bovine serum albumin (BSA), cytochrome ¢ (cyt ¢, from horse
heart), proteinase K (EC 3.4.21.64, from Tritirachium album), scopoletin, o-phenylenediamine dihydrochloride
(0-PD), catechol (Cat), and paracetamol were purchased from Sigma-Aldrich (Steinheim, Germany).

All reagents were of analytical grade and used without further purification.

351



YARMAN/Turk J Chem

3.2. Methods
In this work either gold disk electrodes (2 mm in diameter, CHI) or glassy carbon disk electrodes (GCE) (3 mm
in diameter, CHI) were used for the MIP-synthesis and for the voltammetric and amperometric measurements.
Prior to electropolymerization, Au electrodes were cleaned with 1.0, 0.3, and 0.05 gm alumina slurry,
consecutively, sonicated in Millipore water, and then scanned in 0.5 M HSO4 (-0.35 V-1.7 V, 0.2 V/s) until
a typical CV for a clean gold surface was obtained.
The GCEs were cleaned with ethanol and treated with 60% nitric acid for 15 min. After this procedure,
mechanical cleaning was performed with 1.0, 0.3, and 0.05 gm alumina slurry, consecutively, and the electrodes
were rinsed with Millipore water by sonication.

Two methods were used for the preparation of MIP-covered electrodes:

i) Method I: Electropolymerization on a gold electrode was performed in a mixture of 0.5 mM scopoletin
(10 mM stock solution in ethanol), 10 mM NaCl (100 mM stock in water), and 10 pM tyrosinase (100
1M stock solution in 50 mM phosphate buffer, pH 6.5) solutions by using a 2-mL handmade cell. End
concentrations in the mixture were obtained by dilution with water. Multistep amperometry was applied,
involving a number of cycles (30-100) in which the Au working electrode was polarized at 0 V for 5 s and
at 0.9 V for 1 s.

ii) Method II: Electropolymerization was performed in 5 mM o-phenylenediame solution (in 100 mM acetate
buffer, pH 5.2) containing 10 pM tyrosinase (the stock solution was prepared as described above) by
scanning the potential of the GCE between 0 V and 0.8 V with a scan rate of 50 mV/s. Different
numbers of CV scans (5, 10, and 20 scans) were applied. Tyrosinase was removed from the polymer by
the incubation of 0.1 M NaOH solution.

Voltammetric and amperometric measurements were performed using a PalmSens potentiostat (Nether-
lands).
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