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This work describes the reaction mechanism for chemical modification of tyrosinase by Woodward's Reagent
K and its covalent attachment to a glassy carbon electrode. The spectrophotometric studies revealed that the
modification does not cause a significant structural change to tyrosinase. The direct electrochemistry of
modified enzyme was achieved after immobilization on an oxidatively activated glassy carbon electrode. The
enzyme film exhibited a pair of well-defined quasi-revesible voltammetric peaks corresponding to the Cu (II)/
Cu (I) redox couple located in the active site of tyrosinase. The formal potential of immobilized enzyme was
measured to be 90 mV (vs. Ag/AgCl) in phosphate buffer solution at pH 7.0. The charge-transfer coefficient
and apparent heterogeneous electron transfer rate constant were estimated to be 0.5 and 0.9±0.06 s−1,
respectively. Finally, the electrochemical behavior of the immobilized enzyme in the presence of caffeic acid
and L-3,4-dihydroxyphenylalanine as substrates was investigated. The amperometric study of biosensor
toward L-3,4-dihydroxyphenylalanine resulted a linear response in the concentration range from 1.66×10−6

to 8.5×10−5 M with detection limit of 9.0×10−5 M and sensitivity of 135 mA μM−1 cm−2.
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1. Introduction

Protein direct electron transferring is of interest in both theory and
practice and can be improved either by electrode or protein modifica-
tion. In recent years, the direct electron transferring of multi-copper
proteins such as laccase, bilirubin oxidase, azurin and ascorbate oxidase
have been studied [1–9]. In general, inter-protein electron transfer
involves complementary docking sites on each of the redox partners
that minimizes the distance between the two redox centers and
therefore enhances the electron transfer rate [3]. The establishment of
direct electron transfer leads to the construction of reagent-less
electrochemical biosensors. By this type of biosensors not only can the
generated catalytic current be measured but also the detection of
enzyme electron transfer rate becomes feasible. One of the attractive
features of enzyme direct electron transferring is the possibility of
biosensor design using novel interfacial technologies [10].

In our previous work, we used Woodward's reagent K (WRK) to
prepare an active interface for protein immobilization and then, study
of protein direct electron transfer[11,12]. WRK is an isoxazolium salt
causing rapid and specific modification of carboxylic groups in
proteins [13–22]. In the present report we used this technique for
covalent attachment of tyrosinase (Tyr) on oxidatively activated
glassy carbon (GC) electrode surface. Tyr is a tetramer hydrophilic
protein with molecular weight of 120 kDa in which the most charged
residues are found on the surface [23]. Since electro-active prosthetic
groups of Tyr are deepened inside the structure, it is difficult to
directly exchange electrons with the electrode surface. Besides, the
adsorption of such a massive molecule on the electrode surface brings
about the adsorptive denaturation of the protein. We appliedWRK for
activation of Tyr carboxylic residues (of aspartate or glutamate) to
bind covalently on oxidatively activated GC electrode. We have
already used this technique for immobilization of catalase as a huge
redox protein however; the resulted voltammogram was irreversible
[12]. In the present experience, using this approach not only the stable
immobilization of Tyr on GC electrodewas obtained but also the direct
electron transfer of Tyr and determination of its precise electrochem-
ical properties became possible. There are several reports on direct
electron transfer of Tyr in the literature [24–28] however they suffer
from some defects. For instance Zhou et al. [28] did not report CV of
immobilized Tyr. On the other hand, Sun et al. [25], Mohammadi et al.
[24] and Yaropolov et al. [26] did not report some kinetic parameters
of the immobilized Tyr such as heterogeneous electron transfer rate
constant. Also, Ye et al. [27] investigated the direct electrochemistry of
Tyr at silver in the solution. To our knowledge the direct electro-
chemistry of chemically modified Tyr which covalently attached on an
oxidatively activated GC electrode has not been reported yet.
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2. Experimental section

2.1. Materials

All chemicals were of analytical grade and used without further
purification. Mushroom Tyr (EC 1.14.18.1, 5370 U/mg, Cat No. T-3824),
perfluorinated ion-exchange resins (Nafion, 5% in ethanol), L-3,4-
dihydroxyphenylalanine (L-DOPA) and bovine serum albumins (BSA)
were purchased from Sigma. 2-Ethyl-5-phenylisoxazolium-3-sulfonate
(Woodward's reagent K) was obtained from Aldrich, 1-anilino-8-
naphthalenesulfonate (ANS), caffeic acid and phosphate buffer salts
were obtained from Merck (Germany). All experiments were carried
out at 25 °C. All samples were prepared in 0.1 M phosphate buffer
solution (PBS), pH 7.0 using doubly distilled water.

2.2. Spectroscopic measurements

A Shimadzu UV-3100 spectrophotometer equipped with a water
bath (±0.5 °C) was used for determination of Tyr concentration and
assay. The spectra of native and WRK-modified Tyr were recorded at
the wavelength range of 200–600 nm. The concentration of Tyr stock
solution in PBS (0.1 M, pH 7.0) was determined at 280 nm, using Tyr
molar extinction coefficient (ε280=2.27×10−5 M−1 cm−2). Kinetic
assay of catecholase activity of Tyr was carried out in a conventional
quartz cell through depletion of caffeic acid for 2 min at 311 nm and
25±0.1 °C, while the enzyme concentration was 11.8 μM (40 U/ml)
[29].

For the secondary structural analysis a circular dichroism (CD)
spectrometer model 215 (Aviv Instruments INC, USA) was used.
The far-UV CD spectra of the native or modified Tyr (0.4 mg/ml) in
PBS were recorded at the wavelength range of 190–260 nm with a
spectral resolution of 1 nm at 25 °C. The scan speed, response time
and bandwidth were 20 nmmin−1, 0.33 s and 1 nm, respectively.
A quartz cell with an optical path of 1 mm was used. The far-UV
CD spectra were analyzed for the secondary structural elements
of the native and modified Tyr using CDNN program, version 2
(http://bioinformatik.biochemtech.uni-halle.de/cdnn).

Fluorescence measurement was carried out using a Hitachi Fluores-
cence Spectrophotometer model MPF-4 (Japan). Tyr (0.4 mg/ml) was
incubated with 24 μM ANS in PBS for 15 min. The sample was exited at
380 nm and the fluorescence emission was recorded from 400 to
650 nm at 25 °C.

2.3. Electrochemical measurements

The electrochemical measurements were carried out using a 263A
potentiostat/galvanostat (EG&G, USA) equipped with a PowerSuite
software package and a GPIB interface. A conventional three-electrode
cell consisting of a GC electrode (diameter 0.2 mm, from Azar
Electrode, Uromia, Iran), a silver/silver chloride reference electrode
(3 M KCl solution, from Metrohm), and a platinum rod counter
electrode were used as working, reference and counter electrode,
respectively at 25±1 °C.

2.4. Electron microscopy

Scanning electron microscopy (SEM) images of the immobilized
proteins on GC electrode were obtained with a Ziess EM 902A
Scanning Electron Microscope (Germany). For each SEM image, the
electrode tip was detached from the electrode body and coated with a
thin layer of gold.

2.5. Chemical modification of Tyr

The modification of exposed carboxylate groups of Tyr was carried
out selectively using WRK. Different concentration of WRK (0.5, 1, 5
and 10 mM)was added to the different concentrations of native Tyr at
room temperature and incubated for 30 min. Using the procedure
reported by Sinha and Brewer [21], the number of carboxylate groups
modified by WRK is proportional to the increase of absorbance at
340 nm (ε340=7000 M−1 cm−1). The stability of WRK is pH
dependent and rapidly gets destroyed at pH values above 3.0 [19].
For this reason, we used a large excess of WRK over the enzyme in
order to compensate the instability of the reagent at pH 7.0. Then, to
remove the excess WRK the reaction mixtures were dialysed for 72 h
at 4.0 °C. Thereafter, the modified Tyr (WRK–Tyr) was applied for
spectrophotometric, electrochemical and electron microscopic
studies.

2.6. The working electrode preparation

Prior to each experiment, the working electrode was cleaned using
the following method. First, it was polished with 0.6 and 0.03 μm
alumina suspension, respectively. Then it was rubbed on a filter paper
and rinsed with deionized water and then, sonicated in a beaker
containing a 1:1 (v/v) mixture of deionized water/ethanol for 10 min
using a Techno-Gaz ultrasonic cleaner (Italy). The electrode was
oxidatively activated by applying the potential of +1.5 V for 2 min in
PBS (0.1 M, pH 7.0). Thereafter, 10 μl of WRK–Tyr was dropped on the
oxidatively activated electrode and then, the enzyme-coated elec-
trode was covered by 2 μl of 5% Nafion to obtain the Nafion/WRK–Tyr/
GC electrode. Finally, the electrode was allowed to dry at room
temperature and then the prepared electrode was stored at 4.0 °C. In a
parallel experiment, BSA was modified in the same way and used as
control. For electrochemical measurements, the test solution was first
carefully degassed using highly purred nitrogen gas and then
maintained under a nitrogen flow during the voltammetric
experiment.

For amperometric experiment a rotating disc electrode with the
rotation speed of 500 rpm was used under the constant potential of
−200 mV (vs. Ag/AgCl, 3 M KCl) in an electrochemical cell containing
4 ml of phosphate buffer 0.1 M, pH 7.0. At first the background current
was allowed to reach to a steady-state then the aliquots of L-DOPA
solutions were added to the electrochemical cell.

3. Results and discussion

3.1. Mechanism of Tyr immobilization

The reaction of WRK with a carboxylate anion and immobilization
mechanism of modified Tyr is demonstrated in Scheme 1. Irreversible
formation of a ketoketenimine is the first step of the reaction, which
then reacts with a carboxylate group to give an enol ester, showing an
absorption peak at 345 nm [22]. This reaction is initiated by the
abstraction of a proton from the reagent by a base or water, causing an
immediate rearrangement to highly reactive ketoketenimine inter-
mediate, which then rapidly reacts with a carboxylate group on the
protein to form an enol ester. Finally, enol ester bond may further
react with appropriate nucleophiles [18,19]. In this study we used an
electrochemically activated GC electrode as the appropriate nucleo-
philes. During the electrochemical treatment, the oxidized functional
groups of alcohol or phenol appeared on the electrode surface [30,31].
These functional groups, as nucleophiles, react with enol ester
derivative of Tyr. By this mechanism the enzyme covalently bound
to GC electrode surface.

3.2. Morphological characterization of the Nafion/WRK–Tyr film

Fig. 1 represents the morphology of Nafion (A), Nafion/Tyr (B) and
Nafion/WRK–Tyr (C) on pretreated GC electrode surface. Nafion is
formed in micro phase separated morphology of spherical shaped in
which the hydrophilic regions containing sulfonate groups are

http://bioinformatik.biochemtech.uni-halle.de/cdnn


Scheme 1. The reaction mechanism of enzyme chemical modification and its covalent attachment to activated GC electrode.
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embedded in hydrophobic regions composed by a perfluorinated
bone [31]. While, co-deposition of Tyr and Nafion generated a non-
uniform membrane on which globular spots of protein emerge over a
smooth polymer coating. Therefore, it seems that the high molecular
weight Tyr is covered by the polymeric net. Most certainly, the Nafion/
WRK–Tyr film on GC electrode produces a high heterogenic
membrane, where the microstructure of polymer has distorted and
effectively acts as a protein retentive agent. The composite membrane
of Nafion/WRK–Tyr film (Fig. 1C) exhibits much more bulbous spots
in comparison with Nafion/Tyr film (Fig. 1B). This indicates that the
modified Tyr is absorbed on activated GC electrode much more than
native enzyme.
3.3. Spectrophotometric properties

As shown in Fig. 2A, comparison of the UV–Vis spectra of the native
(blue line) and modified enzyme (pink, red and green lines) indicates
that owing to the modification of Tyr a new absorption peak was
appeared at around 345 nm. This peak could be a sign for the
formation of a stable enol ester bond due to the modification of Tyr
carboxylate residues (aspartate or glutamate) via WRK [21,32–34].
Also the significant intensity at 280 nm (Fig. 2A, spectrum green)
shows that Tyr modification is optimized at 5 mM WRK. At over this
concentration, WRK leads to the enzyme denaturation (data not
shown). Although the attachment of WRK to Tyr carboxyl residues
adjoins the new functional groups containing delocalized electron
which intern rises up the absorbance intensity, but no significant shift
was observed at 280 nm. This confirms that the enzyme active site
remained unchanged. Of course, addition of the WRK may cause a
little conformational change in the modified Tyr, but the enzyme
assay revealed that the activity was not drastically changed (results
not shown). So, 5 mM was applied as the optimum concentration of
WRK for enzyme modification in the next experiments.

The solvent exposure of non-polar clusters on the native and
modified Tyr was studied by ANS binding. This fluorescent probe
binds to non-polar clusters on protein surface [35]. Fig. 2B shows the
ANS fluorescence spectra bound to the native and modified Tyr. The
significant fluorescence intensity at about 521 nm indicates the
hydrophobic interaction between ANS and the exposed hydrophobic
patches on the native Tyr [36]. However, the fluorescence properties
of ANS interacting with modified Tyr show a significant quenching of
ANS fluorescence intensity without shift of emission at λmax. This
indicates that in the attachedWRK the effect of polar groups dominate
to the aromatic patches; therefore, the exposed hydrophobic patches
were reduced due to Tyr modification.

In order to determine the effect of chemical modification of
carboxylic residues on the protein structural properties at the
secondary folding level, CD spectroscopy was used. Fig. 2C shows that
the far-UV CD spectra of the native and modified Tyr at negative
extremesof 212 and220 nmarealmost similar. The contents ofα-helix,
β-sheet, β-turn and random coil in each spectrumwere analyzed using
the CDNN program version 2, which was represented in Table 1.
Regarding the 5–10% error in software analysis, the modification of
enzyme by WRK caused no significant conformational change in Tyr
secondary structure.

3.4. Electrochemical features of Nafion/WRK–Tyr film

Due to the adsorptive denaturation of large proteins such as Tyr on
bare electrode, it is impossible for protein to directly exchange
electrons with the electrode surface [37–39]. As shown in the
previous section, the secondary structure of the modified enzyme
did not significantly change while, its hydrophobic patches was
decreased. On the other hand, the oxidative treatment of the electrode
causes an increase in hydrophilic groups on the electrode surface [31].
The modification of Tyr and oxidative treatment of GC electrode
decrease the hydrophobic interactions between the enzyme and
electrode surface. On the contrary, as we will consider in the next
sections, the formation of the enol ester bound between enzyme and
oxidized functional groups of electrode not only keeps the enzyme in
its native form but also facilitates the enzyme electron transfer
process. Therefore, this immobilization method prevents the adsorp-
tive denaturation of the protein.

3.4.1. Cyclic voltammetry of WRK–Tyr
Cyclic voltammetry is an effective method for probing the feature

of surface-modified electrode and testing the kinetic barrier of the
interface. Therefore, the electrochemical behavior of native and
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Table 1
Percentage of the secondary structure components for native and modified Tyr.

Percentage secondary
structure

Enzyme type

Native Tyr Modified Tyr

Helix 31.9 30.9
Antiparallel 8.8 9.2
Parallel 9.3 9.6
Beta turn 16.9 17.2
Random coil 34.6 35.1
Total sum 101.6 102

The data were extracted from Fig. 2C and analyzed based on cdnn program version 2.

A

B

C

Fig. 1. SEM images of different modified GC electrode surfaces. (A) Nafion/GC,
(B) Nafion/Tyr/GC and (C) Nafion/WRK–Tyr/GC at ×2000.
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modified Tyr was studied by cyclic voltammetry. At first the
electrochemistry of native and modified Tyr in buffer solution was
examined. Tyr, WRK or WRK–Tyr did not show voltammetric
response in solution (data not shown). Also drop coating of the
native Tyr on the naked GC electrode exhibited no distinguished
redox peak (Fig. 3, blue line). The Nafion/WRK–Tyr film on activated
GC electrode showed a pair of well-defined quasi-reversible and
nearly symmetrical peaks at about −20 and +200 mV vs Ag/AgCl at
scan rate of 100 mV s−1 (Fig. 3, purple line). The formal potential (E°′)
of Nafion/WRK–Tyr/GC was determined to be 90 mV vs. Ag/AgCl
(287 mV vs. NHE). However, this value is in the range of the E°′ values
reported for Tyr from different sources and different methods of
immobilization (120 to 600 mV vs. NHE) [40]. The ratio of the
cathodic/anodic current was found to be close to 1. Also, in order to
control the covalent bound of theWRK–Tyr on activated GC electrode,
the CV of WRK–Tyr/GC electrode, without Nafion coating, in the same
condition was studied (Fig. 3 green line). As seen, an electrochemical
behavior similar to that of Nafion/WRK–Tyr was observed while the
peaks height was relatively reduced and E°′ decreased to 75 mV. This
confirms an intimate electronic communication between immobilized
WRK–Tyr and GC electrode surface which is in agreement with the
proposed immobilization mechanism. On the other hand, positive
shift (+15 mV) of E°′ in Nafion/WRK–Tyr/GC relative toWRK–Tyr/GC
indicated an improvement in the electron transfer ability and
facilitating the electrode reaction. The Nafion coating causes relatively
more reversible peaks, because based on the Equation:ΔG=−nFΔE°′,
the positive shift of E°′ makes the ΔGb0.

Difference between the peaks intensity of WRK–Tyr/GC and
Nafion/WRK–Tyr/GC brought us to this conclusion that two types of
Tyr molecules play role in electronic communication with GC
electrode. First, those molecules which covalently bond on the
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electrode surface through the mechanism explained in Scheme 1.
Second, are those Tyr molecules which adsorbed on Nafion coating. As
reportedpreviously,Nafionmayoffer abiocompatiblemicroenvironment
to confine bio-macromolecules at its ionic cluster region (30–50 nm),
based on polar/non-polarmicrophase separation in a hydrated ionomer
[41]. So, it seems that Nafion preserve the adsorbed Tyrmolecules in the
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vicinity of the covalently boundedTyr onGCelectrodeand consequently
amplify the signal (Fig. 3, purple line). In addition, this process leads to
conservation of the enzyme layer on electrode surface for a longer time
in comparison to the WRK–Tyr/GC electrode without Nafion coating
(data not shown).

In order to demonstrate the performance of immobilization
method in direct electron transfer of Tyr, the method was applied
for a non redox protein (BSA) modified with WRK, too. Then the
cyclic voltammogram (CV) of Nafion/WRK-BSA film on GC electrode
was studied as control (Fig. 3, dotted line). Essentially, no voltam-
metric response was observed for the modified BSA film. This
experimental result confirms that the voltammetric response in
Fig. 3 (solid line) is related to Tyr redox couple of Cu(II)/Cu(I). Thus,
the comparison of CVs at different conditions revealed that chemical
modification along with immobilization of the enzyme provides a
favorable condition for the enzyme to exchange electrons with the
underlying GC electrode.

To obtain the kinetic parameters of the immobilized enzyme on the
activated GC electrode, the scan rate effect was investigated (Fig. 4A).
Both the anodic and cathodic peak currents (Ipa and Ipc) were linearly
increased with scan rate change in the range from 5 to 1000 mVs−1

(Fig. 4B). This suggests that the electrode reaction corresponds to a
typical surface-controlled electrochemical process as expected for
immobilized systems [42]. The regression equation for cathodic and
anodic peak current was Ipc=−4.44ν−117.5, R=0.9989 and Ipa=
4.017ν+84.717, R=0.9993, respectively.

The slope obtained for linear regression of log Ip vs. log ν (Fig. 4C)
was 0.92 (R=0.9993). This slope is close to the value of 1, as expected
for the thin layer electrochemical behavior [43].
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The amount of immobilized enzyme on the electrode surface can
be estimated from integration of peak currents in the CVs according to
Eq. (1)[44]:

Ip = n2F2νAΓ= 4RT ð1Þ

where, Γ (mol cm−2) is the surface coverage of adsorbed WRK–Tyr, A
(cm2) is the real electrode surface area, and n is the number of electron
transferred in the rate determining reaction and the other symbols have
their usual meanings. Assuming a two-electron transfer, the amount of
proteinmolecules is estimated to be 3.4×10−11 mol cm−2. It indicated
that a thin layer of WRK–Tyr molecules takes the electrode reaction
which is in agreement with result of Log Ipc vs. Log ν.

The kinetic parameters of charge-transfer coefficient (α) and
heterogeneous transfer rate constant (ks) are estimated using Eq. (2),
for nΔEpN0.200 V [45].

logks = α log 1−αð Þ + 1−αð Þ logα− log
RT
nFν

−
α 1−αð ÞnFΔEp

2:3RT
ð2Þ

Here, ν is the scan rate; n is the number of transferred electrons of
the rate determining reaction and ΔEp is the difference between
cathodic (Epc) and anodic (Epa) peak potential. The other symbols
have their usual meanings.

A graph of the peak potential vs. the logarithmof the scan rate yields a
straight line at scan rates N300 mVs−1 (Fig. 4D). An average value of
α=0.5wascalculatedusing the slopesof−2.3RT/αnFand2.3RT/(1−α)
nF for the cathodic and anodic peak, respectively. Afterwards, an average
value of 0.9±0.06 s−1 was obtained for ks which in comparisonwith the
values obtained by the silver electrode (0.03 s−1) [27] is faster.
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(B) Increasing trend of Tyr anodic peak current. The experiments were carried out in
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3.4.2. pH effect
Fig. 5A shows the CVs obtained by Nafion/WRK–Tyr/GC electrode

at different pH from 4.0 to 9.0. The pH changes cause a negative shift
in Ea of WRK–Tyr. This indicates that hydrogen ion is involved in the
redox process, and therefore, the solution pH is effective in the active
site conformation change and ionization of some amino acids residues
bywhich catalytic action of Tyr is performed. The slope of the Ea vs. pH
is 58.1 mV pH−1 (Fig. 5B), which is close to the theoretical value of
59.0 mV pH−1 for a two-proton coupled with two-electron redox
reaction process [44]. The pH value does also affect on the redox peak
currents of WRK–Tyr. Obviously, the maximum peak current was
observed at an optimal pH range between 6.0 and 7.0.

3.4.3. Catalytic activity of immobilized Tyr
The catalytic activity of immobilized Tyr (Nafion/WRK–Tyr/GC

electrode) on caffeic acid was assessed by cyclic voltammetry
(Fig. 6A). Based on Solomon et al. [45], the resting state of the
enzyme is mainly in the oxidized form [Tyr–Cu(II)] which can interact
with diphenolic compounds such as caffeic acid. The products of this
catalytic reaction is the oxidized form of caffeic acid (o-quinone) and
the reduced form of the enzyme [Tyr–Cu(I)]. Therefore, by increasing
the amounts of caffeic acid, the concentration of [Tyr–Cu(I)] is also
increased. This, in turn, causes the greater anodic peak current
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(Scheme 2A) as seen in the inset of Fig. 6A. In the other hand, as
shown in Scheme 2B, the produced o-quinone can be changed into
caffeic acid at about −100 mV. This causes the greater cathodic peak
current as seen in Fig. 6A. Calibration curve of caffeic acid based on
changes of the anodic peak current with regression equation of Ipa
(nA)=−1.709 [caffeic acid] (μM)−198, R2=0.995 was presented in
Fig. 6B.

Comparison of the CVs of Tyr in the absence and presence of caffeic
acid showed that in the presence of caffeic acid the cathodic peak was
shifted to negative potential while no shift was observed in anodic peak
potential. Itwasexpected that in thepresenceof caffeic acid the cathodic
peak current of enzyme decreases (at about−20 mV) due to Tyr–Cu(II)
consumption. In contrary, not only this peak was increased but also it
was shifted to−100 mV. Since the concentration of o-quinone is much
higher than that of the immobilized Tyr, the cathodic peak of o-quinone
overcomes the reduction peak of Tyr. Therefore, the reduction peak
current of the enzymeat about−20 mVwas covered by strong cathodic
peak of o-quinone at−100 mV.

These results indicate that the catalytic activity of Tyr is reserved in
its modified or immobilized form.

Finally the electrochemical biosensing of L-DOPA was performed
under air saturated condition. Fig. 7A illustrates the typical current–
time plot of the biosensor at the applied potential of−200 mV in PBS
(0.1 M, pH 7.0). By addition of subsequent aliquots of L-DOPA into the
buffer solution under constant stirring, the stepwise increase of the
reduction current was detected. The response time, as the period
during which 95% of steady-state response is achieved, was less than
10 s. Such a fast response could be due to the very low thickness of
Nafion-enzyme layer on the electrode surface which makes the
substrate diffusion easier.

As shown in Fig. 7B, the biosensor response toward L-DOPA was
linear in the concentration range from 1.66×10−6 to 8.5×10−5 M
with a regression equation of: I (nA)=4.26 [L-DOPA] (μmol L−1)+
0.032, (R=0.9977). At signal-to-noise ratio of 3, the detection
limit and sensitivity were calculated to be 9.0×10−5 M and
135 mA μM−1 cm−2, respectively.
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3.4.4. Reproducibility and stability of the Nafion/WRK–Tyr film electrode
Operational and storage stability of biosensors are two impor-

tant characteristics for the evaluation of the device. In a cyclic
voltammetric test, the operational stability of WRK–Tyr based
biosensor was assessed. More than 95% of the WRK–Tyr peak height
retained after 50 cycles at the scan rate of 100 mV s−1 while the
peak potential remained unchanged. To control the storage
stability, the electrode was stored at 4.0 °C for 2 weeks and no
change in the CVs was observed. It seems that this stability can be
attributed to two factors. The covalent attachment of WRK–Tyr to
the oxidatively activated GC electrode prevents enzyme detaching
from the electrode surface. Also nafion polymer protects Tyr from
quinones formed during the Tyr-catalysed reaction. Quinones are
capable of reacting with the free amino groups of the enzyme and
inactivating the enzyme [46].

4. Conclusion

The presented mechanism for Tyr immobilization revealed that the
chemicallymodified enzyme is tightly attached toGC electrode. This not
only led to the achievement of enzyme direct electrochemistry but also
resulted in development of a biosensor for caffeic acid and L-DOPA
detection. Comparison of the characteristics of native and modified
enzymes such as catalytic activity and secondary structure components
revealed that themodification does not cause a distinguished structural
change to Tyr. Due to the covalently attachment of enzyme to the
electrode surface, a satisfactory storage and operational stability was
obtained for the immobilized enzyme. It seems that using this reaction
mechanism the direct electrochemistry of other copper containing
enzymes can alsobeachieved. The feasibility of this supposition andalso
optimization of the experimental parameters for amperometric detec-
tion of phenolic substrates in real sample is currently under investiga-
tion in our laboratory.
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