
Bioelectrochemistry 84 (2012) 25–31

Contents lists available at SciVerse ScienceDirect

Bioelectrochemistry

j ourna l homepage: www.e lsev ie r .com/ locate /b ioe lechem
Direct electrochemistry of dopamine on gold—Agaricus bisporus laccase enzyme
electrode: Characterization and quantitative detection

Reza Karimi Shervedani ⁎, Akbar Amini
Department of Chemistry, University of Isfahan, Isfahan 81746-73441, I.R. Iran
⁎ Corresponding author. Tel.: +98 311 7932715.
E-mail address: rkarimi@sci.ui.ac.ir (R.K. Shervedani

1567-5394/$ – see front matter © 2011 Elsevier B.V. All
doi:10.1016/j.bioelechem.2011.10.004
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 August 2011
Received in revised form 21 September 2011
Accepted 24 October 2011
Available online 9 November 2011

Keywords:
Laccase enzyme from Agaricus bisporus
Immobilization
Direct electron transfer
Dopamine
Human blood plasma
Direct electrochemistry of a new laccase enzyme immobilized on gold and its application as a biosensor for
dopamine (DA) are investigated by voltammetry and electrochemical impedance spectroscopy. The sensor
demonstrated a redox adsorption behavior with E0′=+180 mV vs. Ag/AgCl for immobilized Agaricus
bisporus laccase (LacAB) enzyme. The MPA platform was assembled on Au with and without utilization of
ultrasounds. Excellent results were obtained by using the enzyme electrode fabricated based onMPA assembled
with sonication. The LacAB immobilized in this condition showed a large electrocatalytic activity for oxidation of
DA. Accordingly, a third-generation (mediator free) biosensor was constructed for DA. The DA concentration
could be measured in the linear range of 0.5 to 13.0 and 47.0 to 430.0 μmol L−1 with correlation coefficients of
0.999 and 0.989, respectively, and a detection limit of 29.0 nmol L−1. The biosensor was successfully tested for
determination of DA in human blood plasma and pharmaceutical samples.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Several researches have been performed to evaluate possible
applications of enzymes for environmental and biotechnological inten-
tions [1]. The oxidoreductase enzymes, either dissolved in electrolyte
solutions or immobilized on solid surfaces, can serve as redox centers
and react selectively with biological species. However, operational con-
ditions for enzymatic processes in solution phase are not often suitable
[2], which in turn is due to enzyme denaturation, difficulties in enzyme
recovery from substrate and products, and low efficiency [3]. These
problems can be successfully overcome by immobilization of the
enzymes on solid surfaces [4]. The choice of a suitable immobilization
method determines parameters such as overall catalytic activity, deacti-
vation, regeneration kinetics, and thus, the cost of process [5]. In partic-
ular, the enzyme should be immobilized in a manner that its redox
center being as close as possible to the electrode base allowing rapid
electron transfer with the electrode, thus, resulting in higher electroca-
talytic activity of the modified electrode [6,7].

Various methods have been developed to immobilize biological
compounds on the solid surfaces [8–10], however, the self-assembled
monolayers (SAMs) can potentially provide a stable and robust method
of constructing immobilized enzyme layers, where control over the
orientation of the enzyme is offered [11].

Enzymes can be immobilized onto SAMs via electrostatic interac-
tions [12,13], cross-linking [14], and covalent binding [15,16]. Among
).
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the different methods developed for immobilization of enzymes, direct
covalent attachment onto SAMs [17,18] has been used for commercial
purposes due to the high stability and possible control over surface
architecture in molecular scale.

The immobilized enzymes are used for indirect [11] or direct [17,19]
electron-transfer kinetic studies. In particular, direct electron transfer
between the electrode surface and cofactor of the multicopper-
oxidase enzymes has been a subject of interest, however, it has been
studied for only a limited number of these enzymes [20–25]. Such
studies can provide attractive information for the development of
biocompatible and efficient electrodes in biofuel cells technology
[26–28]. In addition, the design and construction of modified elec-
trodes based on direct electron transfer between enzyme and the con-
ducting support of the electrode will eliminate the required chemical
mediators and oxygen, and thus, has a great significance in preparing
the third-generation biosensors [20,29].

Laccase (E.C.1.10.3.2) is one of the multicopper-oxidase enzymes
[20,30,31]. This enzyme can be used for several industrial, biotechno-
logical, and biocatalytic applications. For example, applications in
enzymatic oxidation of phenolic compounds [32], oxygen cathode
in biofuel cells [31,33], biosensors [21], biobleaching have been
reported. Laccase enzymes catalyze oxidation of several polyphenols
and catecholamines with concomitant reduction of oxygen. One elec-
tron from the substrate is transferred to the T1 site, as the primary
electron acceptor of the enzyme, which is then transferred through
an intermolecular electron-transfer mechanism to the T2/T3 cluster,
where oxygen is reduced to water [20,30]. Still, one may remove
oxygen, eliminate any mediator [34], and study the direct electron
transfer from dopamine (DA) to enzyme, and then, from enzyme to
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the conductive base of electrode [35]. Up to our knowledge, this sub-
ject has not been studied in conjunction with laccase enzymes immo-
bilized on Au-SAMs yet.

The laccase enzymes extracted from different sources have shown
different biochemical properties, depending on the source [23]. For ex-
ample, laccase enzymes have formal potentials of the T1 site ranging
from+470 to+710 mVvs. NHE [24], and hence, demonstrate different
catalytic performance. Accordingly, some of the laccase enzymes
extracted from different sources have been immobilized on the solid
supports and studied for different purposes. Examples include immobi-
lization of laccase from: (i) Trametes versicolor on glassy carbon
(GC) electrode modified by using dendrimers [34] and multi-walled
carbon nanotube [36], (ii) Trametes hirsute on GC electrode [37], and
(iii) Rhus Vernicifera on gold modified by cystamine [38] or
3-mercaptopropionic acid [39]. However, according to our review of
the literature, there is no previous report regarding immobilization
and electrochemical characterization of laccase from Agaricus bisporus
(LacAB) on solid surfaces.

Dopamine (DA), one of the most important catecholamines, plays
an important role in the function of the central nervous and cardio-
vascular system, which is a symptom of several diseases such as
Schizophrenia, Parkinsonism and HIV infection. Hence, simple, rapid
and reliable determination of DA in pharmaceutical injections and
biological fluids with relatively low cost instrument is strongly
required. Among the several methods developed for this purpose,
electrochemical methods, based on enzyme modified electrodes seem
to be highly promising [40,41].

The present work is intended to trace the electrochemical behavior
of LacAB, a fungal laccase enzyme [42] immobilized on the gold-
mercaptopropionic acid (Au-MPA-LacAB SAM) electrode, by using
several electrochemical methods like cyclic and differential pulse
voltammetry (CV and DPV), and electrochemical impedance spectros-
copy (EIS) [43–46]. Then, the characterized electrode is used as a
mediator free biosensor for detection of DA [35]. Finally, the biosensor
is tested for quantitative detection of DA in pharmaceutical injection
and in human blood plasma real samples. The results are presented
and discussed from which the merits of the sensor are quantitatively
explained.
2. Experimental

2.1. Material and reagents

Laccase (EC.1.10.3.2, fromA. bisporus, 4 umg−1), 3-mercaptopropionic
acid (MPA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), and other che-
micals were bought from commercial sources (Sigma® or Merck®).
Phosphate buffer solutions (PBS) in the pH range of 5.5 to 8.5
were prepared by mixing 0.1 M KH2PO4/0.1 M K2HPO4, and acetate
buffer solutions (ABS) in the pH range of 4.0 to 5.0 by 0.1 M acetic
acid/0.1 M sodium acetate. The pH of the buffers was adjusted by
corresponding acids or 0.1 M NaOH solutions. All solutions were
prepared with deionized water (18 MΩ cm−1, Millipore-MilliQ®

Millipore Inc, France). Stock solutions of LacAB (0.3 mgml−1) were
prepared in 0.1 M PBS, pH 6.5, stored at 4 °C, and allowed to equilibrate
to 25 °C prior to be used in experiments. The test solutions were deaer-
ated with high purity argon gas for 30 min before each experiment,
and blanketed with the gas during the experiments. A polycrystalline
gold disk electrode (Au, 99.99%, Azar electrode Co., Urmia, I.R. Iran)
was used for assembly process of the enzymatic electrode. A DOPADIC®

ampoule (Iran Pharmaceutical Development Investment Co., I.P.D.I.C.,
Rasht, I.R. Iran) containing 5 ml of 10 mmol L−1 DA hydrochloride
was used asDA source of pharmaceutical sample. Blood plasma samples
were collected from volunteers in Dr. Naser Ekramian's Medical Diag-
nostic Lab (Isfahan, Najafabad, I.R. Iran).
2.2. Preparation of the Au-MPA-LacAB SAM electrode

For immobilization of enzymes through SAMs, either inmediated or
in direct electron transfer, a short alkyl chain alkane-thiol, usually three
carbons long, is used so that the redox center of the grafted enzyme
being as close as possible to the electrode [6]. Another advantage of
this choice is that a relatively disordered SAM is formed which means
the underlying metal is still electrochemically accessible [47]. In this
study, MPA was selected as a short alkyl chain and grafted to the Au
electrode (Au-MPA), and then, used as a platform to immobilize LacAB
and fabricate Au-MPA-LacAB enzymatic electrode. Thus, the amine
groups of the LacAB were coupled to the acidic head groups of Au-
MPA using EDC and NHS by formation of amide group, according to
the method reported in our previous works [11,48].

The gold disk electrode (surface area 0.0314 cm2) was polished
using aqueous slurries of alumina (0.30 down to 0.05 μm) and
then washed ultrasonically in water/chloroform/water for 5 min to
remove the physically adsorbed particles. Then, the electrode was
cleaned electrochemically by cycling the electrode potential be-
tween 0.00 and +1.500 V terminated at 0.00 V vs. Ag/AgCl in
0.5 M sulfuric acid (~15 cycles, 100 mV s−1), until reproducible
voltammograms were observed [49]. The cyclic voltammograms
obtained on the electrode in the presence of reversible marker, K3

[Fe(CN)6], showed a peak separation (ΔEp≅77 mV) that supported
cleanness of the electrode, safety of the instrument, and properly
configured cell. After rinsing with distilled water, the precleaned
gold electrode was modified by sonicating in a 20 mM MPA aqueous
solution for 10 min, and then, keeping in this solution for 20 h more
to form Au-MPA SAM electrode. The modified electrode was
washed with distilled water and then activated in 0.1 M PBS, pH
5.5, containing 0.002 M EDC and 0.005 M NHS for ~1.5 h. The acti-
vated electrode was coated with 200 μl of a 0.3 mg ml−1 LacAB so-
lution (prepared in PBS 0.1 M, pH 6.5). The electrode coated by
enzyme solution was maintained at room temperature for one
hour to form Au-MPA-LacAB SAM enzymatic electrode. The elec-
trode was removed, washed with the PBS, and used for electro-
chemical measurements.

2.3. Electrochemical measurements

Electrochemical measurements were performed in a 10 ml elec-
trochemical cell. The CV, DPV, and EIS measurements were controlled
by Potentiostat/Galvanostat Autolab 30. The modified gold disk elec-
trode was used as working electrode, a large area Pt plate (99.99%,
5 cm2) and a Ag/AgCl (3 M KCl) electrode were used as counter and
reference electrodes, respectively. All measurements were carried
out under room temperature. The modification steps were traced
by CV and EIS. For the EIS studies, a 5 mV ac amplitude potential
superimposed on the formal potential of the redox probe was applied,
and a wide frequency range, from 10 kHz to 100 mHz, was scanned.
All experiments were performed at room temperature under dearea-
tion conditions. The EIS data were approximated using ZView2.3f®

software considering the fit criteria [43–45] and using appropriate
equivalent circuits built in this software, fromwhich electron-transfer
kinetics as charge transfer resistance (Rct), double layer capacitance
(Cdl) and solution resistance (Rs) were extracted [50].

3. Results and discussion

3.1. Characterization of Au-MPA-LacAB

3.1.1. Electrochemical behavior of Au-MPA-LacAB electrode
The cyclic voltammograms obtained on bare Au (curve (a)), Au-

MPA SAM (curve (b)) and Au-MPA-LacAB SAM (curve (c)) electrodes
in 0.1 M PBS, pH 7, are presented in Fig. 1 (note that there was no
redox probe in the solution). No faradic current was observed on the



Fig. 1. Cyclic voltammograms obtained on bare Au (curve a), Au-MPA SAM (curve b)
and Au- MPA-LacAB SAM (curve c) electrodes in PBS, pH 7. Scan rate, 100 mV s−1.
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bare Au and Au-MPA SAM electrodes. However, after immobilization
of LacAB, a single well-defined redox wave with a formal potential
of +180 mV vs. Ag/AgCl was observed on Au-MPA-LacAB SAM (curve
(c)). This value, corresponding to +380 mV vs. NHE, is consistent
with the T1 copper reduction potential [51]. Only one redox couple
was observed for the active LacAB throughout the voltammetric exper-
iments. The separation between the anodic and cathodic peak
potentials [ΔEp=(Epa−Epc)≅95 mV at 100 mV s−1], and the ratio of
the anodic to cathodic peak currents (Ipa/Ipc≅0.81) indicated almost
a quasi-reversible cyclic voltammetric behavior for Au-MPA-LacAB
electrode [52]. Also, the EIS complex plane plots obtained during
layer-by-layer modification of the gold electrode show almost a pure
capacitive effect for Au and Au-MPA, however, when the LacAB mole-
cules are chemisorbed on the Au-MPA electrode, a faradaic behavior is
observed (i.e. the semicircle complex plane plot start to be appeared).
The faradaic behavior is attributed to the direct electron transfer
between the immobilized LacAB molecules and the electrode base
[53] (see Supplementary Information, Fig. S1). Further investigation
Fig. 2. Cyclic voltammograms of Au-MPA-LacAB SAM electrode in PBS, pH 7, scan rates
from inner to outer: 10, 20, 40, 60, 80, 100, 150, 200, 250, 300, 350, 400, 450 and
500 mV s−1. The inset shows variations of Ips vs. scan rate.
indicated that the electron-transfer process was a surface-controlled
process. The cyclic voltammograms obtained on Au-MPA-LacAB SAM
in PBS at various sweep rates are presented in Fig. 2. The peak
currents increased linearly with increasing the sweep rate (ν) in the
range of 10 to 500 mV s−1. This behavior demonstrates a surface
confined faradaic reaction (direct electron transfer) for LacAB enzyme.
We have to emphasize that the observed behavior (Fig. 2) is highly
reproducible, and thus, LacAB immobilized on Au-MPA electrode is
especially stable. Effects of the working solution pH on direct electron
transfer of laccase enzymes is an important parameter [54], and thus,
will be studied here.

Electrochemical behavior of Au-MPA-LacAB SAM electrode in
various pH, from 4.0 to 8.0, was studied by CV in the absence of any
substrate (See Supplementary Information, Fig. S2, for clarity, only
few of the curves have been shown). The results indicated that an
increase in the solution pH was led to an increase in the peak current
up to pH ~7, then after, the currents started to decrease. Therefore, pH
~7 can be considered as the optimized pH for LacAB activity. Also,
both reduction and oxidation peak potentials (i.e. Cu2+/Cu+ redox
reaction of Au-MPA-LacAB) were shifted negatively by increasing
the pH, which is a normal behavior [20, 55].

3.1.2. Effect of sonication on immobilization efficiency
The voltammetric response of the Au-MPA-LacAB electrode to-

wards DA oxidation was studied by DPV in two cases to verify
effect of sonication: (i) in presence of DA (Fig. 3), and (ii) in the
presence of DA and ascorbic acid (AA) or DA and uric acid (UA) (See
Supplementary Information, Fig. S3).

(i) The voltammograms obtained in the absence of DA on Au-MPA-
LacAB electrode (fabricated without sonication of Au-MPA)
(curve a) show only one peak (peak I) which is attributed to
the redox reaction of enzyme. However, the voltammograms
obtained in the presence of DA on this electrode (curve b)
show two peaks in which the first one (peak I that its intensity
is partially increased) is independent of number of voltammo-
gram scans while the second one (peak II) is dependent on it,
i.e. its intensity is decreased by number of voltammogram
scans. Peak II is attributed to the oxidation of DA at pinholes.
To verify this mater, the Au was sonicated during assembly of
MPA for an optimized time, 10 min.
The voltammogram obtained in the presence of DA on Au-MPA-
LacAB electrode (fabricated with sonication of Au-MPA) (curve
c) show only one peak that its intensity is increased by a factor
of more than 3.5, and is attributed to the redox reaction of
DA catalyzed by immobilized enzyme. One point should be
explained here, why the intensity of peak I (curve b) is just a
little increased (while more than this may be expect)? This
behavior is explained in the following.
The Au-MPA fabricated without sonication of Au contains some
pinholes, i.e. a dense MPA layer is not formed and the Au is not
completely covered. Since these MPAmolecules act as platform
for enzyme, thus, little enzyme had been loaded on Au. This
effect can cause the intensity of catalytic oxidation peak of DA
(peak I, curve b) to be partially increased.
However, the reason for a large increase in the intensity of the
peak I (curve c) and elimination of peak II (curve b) on the elec-
trode fabricated with sonication of MPA is the assembling of
a dense layer of MPA, which in turn is due to the covering of
pinholes that allows loading much more enzyme on the elec-
trode surface. The EIS complex plane plots obtained at E1/2
(Fig. 3B) support the DPV observations. For example, the small
Rct obtained on Au-MPA-LacAB electrode is corresponded to
the large faradaic current observed by DPV in these conditions
(R1 and R2 of the inset equivalent circuit are considered as Rs

and Rct, respectively).

image of Fig.�1


Fig. 3. (A) Differential pulse voltammograms obtained on the Au-MPA-LacAB SAM electrode fabricated:Without sonication of Au-MPA; (curve a) in the absence of DA and (curve b)
in the presence of DA. And with sonication of Au-MPA; (curve c) in the presence of DA. The DA concentration was 4 μmol L−1 DA, when it was present in the test solution. (B) The
EIS complex plane plots obtained at E1/2 in the frequency range of 10 kHz to 100 mHz, in the same conditions as (A).
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(ii) The voltammograms obtained on Au-MPA-LacAB electrode
(See Supplementary Information, Fig. S3) in the presence of
DA (curve a) and AA (curve b) on Au-MPA-LacAB electrode
(fabricated without sonication of Au-MPA) show that AA is
oxidized together with DA at pinholes (peak II, curve b). How-
ever, on the electrode fabricated with sonication, this peak
(peak II) is not observed (Fig. S3, curve c). Similar behavior
was observed when UA was used instead of AA. This behavior
supports several points; selective response of this enzyme
electrode to DA (see also Section 3.2.2.2), effect of sonication
on formation of a dense layer of MPA, and thus, immobilization
efficiency assisted by application of the ultrasounds.

3.2. Analytical characteristics of Au-MPA-LacAB SAM as a biosensor
towards DA

3.2.1. Electrocatalytic behavior of Au-MPA-LacAB electrode towards DA
The electrocatalytic behavior of Au-MPA-LacAB electrode towards

the DA was studied to find the possible application of Au-MPA-LacAB
Fig. 4. (A) Differential pulse voltammograms obtained on (a) bare Au, (b) Au-MPA SAM and
DA in solution. The DPV conditions were as: interval time: 400 ms; modulation time: 10 ms;
obtained at E1/2 in the frequency range of 10 kHz to 100 mHz, in the same conditions as (A
which R1 and R2 are considered as Rs, and Rct respectively.
SAM electrode for quantitative detection of DA, first. Then, themethod
was calibrated and its application for determination of DA in real sam-
ples was tested.

Electrocatalytic activity of Au-MPA-LacAB SAM electrode towards
the DA was evaluated by DPV. The voltammograms obtained on
(a) bare Au, (b) Au-MPA SAM, and (c) Au-MPA-LacAB SAM elec-
trodes in the presence of DA are displayed in Fig. 4A. The oxidation
potential of DA (~+220 mV) on bare Au was shifted to more anodic
potentials (~+360 mV) on Au-MPA SAM. This shift could be mostly
due to isolation effect of MPA. However, on Au-MPA-LacAB SAM
electrode, the potential was shifted to negative (more facile) direc-
tion (~+170 mV) and the related peak current increased by a
factor of ~10 (compare curves (b) and (c)), which is due to oxida-
tion of DA in oxidation potential range of immobilized LacAB, so
called direct electrocatalysis of DA by LacAB. An increase in current
or a shift in reaction potential to more facile direction for an electro-
chemical reaction observed on a modified electrode surface is
called electrocatalytic effect of the modifier. Interestingly, here, both
effects are observed for LacAB toward the DA. The EIS complex
(c) Au-MPA-LacAB SAM electrodes in 0.1 M PBS, pH 7, in the presence of 0.02 mmol L−1

step potential: 30 mV; modulation amplitude: 40 mV. (B) The EIS complex plane plots
). The inset of (B) shows equivalent circuit used for approximation of the EIS data, in

image of Fig.�3
image of Fig.�4
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plane plots obtained in the same condition at E1/2 (Fig. 4B) support
the DPV observations (note that 1/Rct behaves similar to the faradaic
current).

We should emphasize that oxygen has been removed from the so-
lution, and the experiments have been performed under pure argon
atmosphere to eliminate effect of oxygen mediation and perform
the electrooxidation of DA under direct electron transfer. Thus, this
study indicates the direct electron transfer from DA (as substrate)
to enzyme, and then, from enzyme to the conductive base of the elec-
trode. Up to our knowledge, this subject is reporting in conjunction
with laccase enzymes immobilized on Au-SAMs for the first time
here. The proposed mechanism is given in Supplementary Information,
after Fig. S3.

The abovementioned examination revealed that Au-MPA-LacAB
SAM electrode was an efficient electrocatalyst for detection of DA
at the ambient temperature and the operational instrumental condi-
tions. More experiments were performed to investigate the electroca-
talytic activity of the Au-MPA-LacAB SAM biosensor in the presence of
DA in various pH, from 4 to pH 8. Variations of the voltammetric
oxidation peak current of 0.02 mM DA vs. pH showed that the
maximum activity was obtained between pH 6 to 7 (Fig. 5, for clarity
only some of the curves are presented).

The probable reason for this behavior is explained as follows: At
pHs higher than 7, the OHˉ binds to T2/T3 sites of laccase and inhibits
the enzyme–substrate interaction, resulting in a decrease in biological
activity of enzyme [54,56]. At pHs lower than 6, the amine groups, of
both DA [40] and enzyme, are partially positively charged, and thus,
the activity decreases due to electrostatic interactions (repulsion).
Besides; denaturation of the enzyme at 7bpHb6 and the effect of
pH on redox reaction of DA are significant and should be considered.
The observed activity is a resultant of all these effects. Thus, the pH
7.0 that was very close to the physiological pH, was selected for the
electrochemical detection of DA.

Finally; the oxidation potential (Epa) of DA is shifted linearly
to negative direction by increasing the solution pH with a slope
of 58 mV/pH (r=0.996) in the range of 4.0 to 8.5 (Fig. 5), im-
plying that the redox reaction of DA undergoes a 1:1 for e−:H+

process.
Fig. 5. Voltammetric response of Au-MPA-LacAB SAM electrode in a 0.02 mmol L−1 DA
solution as a function of pH, buffered from 4.0 to 8.5. For clarity, only some of the
curves are presented. Insets show variations of the oxidation potential and current as
a function of solution pH.
3.2.2. Calibration and analytical application

3.2.2.1. Calibration and detection limit. Quantitative response of Au-
MPA-LacAB to DA was studied in 0.1 M PBS, pH 7, by gradual addition
of DA and recording the related differential voltammograms. Typical
voltammograms obtained on Au-MPA-LacAB SAM electrode as a function
of DA concentration are presented in Fig. 6A. A wide linear range with
two parts, from 0.5 to 13 μmol L−1 and 47.0 to 430.0 μmol L−1 DA as
we have shown by Eqs. (1) and (2), respectively, and a detection limit
of 29.0 nmol L−1 DA estimated using 3δ as signal, where δ was
standard deviation for (n=5) measurements in blank reagent
solution (Fig. 6B).

Ip=μA ¼ 6:12� 0:10ð Þ � 10−2 DA½ �=μM− 1:35� 0:20ð Þ � 10−8
=μA

h i

ð1Þ

Ip=μA ¼ 2:29� 0:10ð Þ � 10−2 DA½ �=μMþ 78:00� 0:60ð Þ � 10−8
=μA

h i

ð2Þ

A comparison between the detection limit obtained in this work
(29.0 nmol L−1 DA) with that recently published (448 nmol L−1

DA) using a similar enzymatic biosensor electrode based on “bean
sprout peroxidase” [40], indicates that the detection limit and the
linear range of this work are ~17 times lower and more than one
order of magnitude larger, respectively.

3.2.2.2. Interferences. To evaluate the selectivity of the Au-MPA-LacAB
SAM electrode, the influence of some possible interference substances
were investigated in the presence of DA. Interfering effect is defined
as the concentration of interfering species that can change the elec-
trode response toward the analyte by more than 3δ, where δ is stan-
dard deviation of the replicate. The criterion used for the presence
of interference was the t-test at 95% confidence level. The results
showed that a 25-fold excess of UA and 14-fold excess of AA did not
interfere in the determination of DA (see Supplementary Information,
Fig. S4). Also, the Au-MPA-LacAB electrode was tested in the absence
of DA for either AA or UA in the same conditions. The results revealed
no significant signal for these cases (see Supplementary Information,
Figs. S5 and S6). High selectivity of Au-MPA-LacAB is due to (i) selective
nature and electrocatalytic effect of the enzyme based biosensor (Epa
and Ipa on Au-MPA-LacAB were ~200 mV and 10 times better than
those observed on Au-MPA) and (ii) antifouling effect of SAM.

3.2.2.3. Stability, repeatability, and reproducibility. The stability of Au-
MPA-LacAB electrode was investigated by recording the electrode
response in 0.1 M PBS pH 7 containing 50 μM DA, once in every day.
There were no significant changes in the electrode response, where
the electrode was kept in 0.1 M PBS, pH 7, during the measurements
for one week. The relative standard deviation of the peak currents for
7 times measurements, and each time (n=5) was found to vary from
2.7% to 3.5%. The repeatability of the electrode response was estimated
by making repetitive determinations of 50 μmol L−1 DA using one
Au-MPA-LacAB electrode. The relative standard deviation of the peak
currents for (n=5) was found to be 3.2%. The reproducibility of the
electrode response was examined by fabrication of a set of four Au-
MPA-LacAB electrodes, and then, recording the electrode response in
0.1 M PBS, pH 7, containing 50 μmol L−1 DA. The relative standard
deviation of the peak currents for (n=4) was found to be 3.2%.
These examinations indicated high stability, repeatability, and
reproducibility of the electrode response to DA.

3.2.2.4. Analysis of the real samples. Blood plasma and pharmaceutical
injection sampleswere used asmodels of real samples to evaluate prac-
tical utility of the proposed biosensor, Au-MPA-LacAB. Two milliliters

image of Fig.�5


Fig. 6. (A) Differential pulse voltammograms of DA at the Au-MPA-LacAB SAM electrode under optimum conditions. DA concentration (inner to outer) 5×10−7, 8.4×10−7,
2×10−6, 4×10−6

, 6×10−6
, 8.7×10−6 and 1.3×10−5mol L−1 DA and 4.7×10−5, 7.3×10−5, 8.8×10−5

, 1.4×10−4
, 3.4×10−4, and 4.5×10−4mol L−1 DA. (B) The calibration

curves are also given for lower and upper ranges. The signals are corrected for background (blank) currents.
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of 0.125 M sodium citrate, was added to 18 mL of fresh blood sample
(collected from volunteers, see Section 2.1) and mixed. Then, the solu-
tion was centrifuged at the revolution rate of 3000 rpm. After 5 min,
three phases were appeared. The above phase (plasma) was separated
and used for next step. Four portions of 1.0 mL of this phase were
used for quantitative analysis by electrochemical methods. The phar-
maceutical samples were used without special treatment.

Both pharmaceutical and plasma samples were spiked with cer-
tain amounts of DA, the related voltammogram were recorded,
and the amount of DA was determined using Ips. The results of the
recovery tests (Table 1) showed that the proposed methods could
be efficiently used for the determination of DA in pharmaceutical
and human blood plasma samples.
Table 1
Results of the recovery tests obtained for determination of DA in pharmaceutical injec-
tion and human blood plasma samples.

Sample DAa added
(μM)

DA obtaineda

(μM)
Recovery%

Pharmaceutical injection sample 0.00 5.06 101.0
6.00 10.90 99.3

16.00 20.60 97.9
Human blood plasmab 0.50 0.52 104.0

5.50 5.62 102.0
15.50 15.34 98.9

a The results are average of three measurements.
b Concentration of DA in blood plasma obtained from “normal people” was lower

than the detection limit of the method. We hoped to find patients suffer from diseases
like Alzheimer, Schizophrenia, or Parkinsonism to test our method for determination
of DA in their blood plasma. However, we could not find any case during the course
of this project.
4. Conclusions

In this study, a new laccase enzyme was successfully immobilized
on gold via 3-mercaptopropionic acid, and its direct electron-transfer
behavior was studied by using CV, DPV, and EIS techniques. The char-
acterized electrode was used as a third generation biosensor for de-
termination of dopamine (DA). Excellent results were obtained by
using the sensor fabricated based on MPA assembled with sonication.
Other optimized conditions for biosensor response to DA were 0.1 M
PBS, pH 7 at ambient temperature according to DPV and EIS results.
The studies of the interferences showed that a 25-fold excess of UA
and 14-fold excess of AA did not interfere significantly in the determi-
nation of DA at 95% confidence level. The described biosensor was
successfully tested for determination of DA in pharmaceutical injec-
tion as well as in human blood plasma real samples. The sensor
showed good stability, for one test a day in a period of one week.
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