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Abstract A stable quercetin–thioglycolic acid-modified
gold electrode (Qu–TCA/Au) was prepared as a self-
assembled monolayer (SAM) and its electrochemical
behavior was investigated by electrochemical methods.
In 0.05-M phosphate buffer solution (pH 7.0) quercetin
exhibits quasi-reversible signals at the Qu–TCA/Au
electrode. The stability of the quercetin-modified gold
electrode is very good. The quercetin self-assembled
monolayer is an effective mediator for the oxidation of
dopamine, which was investigated by cyclic voltammetry
and differential pulse voltammetry. Ascorbic acid does
not interfere with determination of dopamine at an
electrode modified with a mixture of quercetin–thiogly-
colic acid and quercetin–11-mercaptoundecanoic acid.
This modification allows dopamine to be determined in
the presence of ascorbic acid in the range from 3·10�5 to
3·10�4 M. The detection limit is 1·10�6 M. Scanning
electrochemical microscopy (SECM) was employed to
study the electrochemical performances of the modified
gold electrode indicating different feedback modes at
differently modified surfaces.
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Introduction

Dopamine (DA) is a ubiquitous neurotransmitter in
mammalian brain tissues and it frequently coexists with
ascorbic acid (AA). DA plays a very important role in
the functioning of the central nervous, renal, hormonal
and cardiovascular systems [1, 2]. Dysfunction of the

dopaminergic system in the central nervous system
(CNS) is related to neurological disorders such as
schizophrenia, Parkinson’s disease and to HIV infection.
Therefore, currently great interest of neuroscientists and
chemists is focused on the study of dopamine. DA is an
electrochemically active compound and can be deter-
mined by various electrochemical methods. However, it
is known that at a bare electrode the oxidation peaks of
AA and DA are situated at the same potential [3]. In the
presence of DA, a homogeneous catalytic oxidation of
AA occurs by oxidized DA. This leads to incorrect
determinations of DA. Therefore, it is essential to
develop rapid, simple and selective electrochemical
methods for the determination of DA. To improve the
selectivity for DA many different strategies have been
used to modify the electrode surface. These include
modifications by iodide [4], AA oxidase [5], polymer
films [6, 7, 8, 9, 10], and self-assembled monolayers of
mercaptoalkanes [11, 12, 13, 14], electrochemical pre-
treatment [15], and covalent modification [16].

Quercetin, a derivative of benzo-c-pyrone, is a biofl-
avonoid. Bioflavonoids are a large family of naturally
occurring organic compounds widely distributed in
plants. Bioflavonoids are highly interesting because they
may exert a wide range of beneficial effects on human
health and have broad pharmacological activities,
including prevention of cardiovascular diseases and
different forms of cancer. Further they possess antiviral,
anti-allergic, anti-platelet, anti-inflammatory and anti-
tumor activities, and possibly even protective effects
against chronic diseases [17, 18, 19]. This is the reason
for their subsequent use in a great variety of health
products [20]. They also can help absorption of AA in
the human body [21]. Some workers [21] have claimed
better results for the combined use of bioflavonoid and
AA than for bioflavonoids alone. DA and AA have
similar structures and pharmacological activities. Hence,
bioflavonoids might be highly active electron transfer
mediators for the electrocatalytic oxidation of DA.
Interactions of DA with bioflavonoids have essential
significance for their pharmacological activities.
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In the present work, we described the electrochemical
behavior of a quercetin-SAM-modified gold electrode
and its electrocatalytic properties to oxidize DA. The
quercetin-modified electrode can be used to determine
DA in the presence of AA at physiological pH.

Experimental

Reagents

Dopamine hydrochloride (DA) was purchased from
Fluka. Thioglycolic acid (TCA) was obtained from the
Chinese Medicament Combine Co. (China). 11-Mer-
captoundecanoic acid (MUA) and ascorbic acid (AA)
were purchased from Aldrich and Beijing Chemical
Laboratory (China), respectively, and quercetin (Qu)
was obtained from the Institute of Chemical Physics,
Chinese Academy of Sciences (China). 1-Ethyl-3-
(3-dimethylamino-propyl) carbodiimide (EDAC) was
purchased from Sigma. Working solutions of AA and
DA were prepared daily. Other reagents used in this
investigation were of analytical reagent grade. Phos-
phate buffer solution (0.05 M, pH 7.0 and 7.3) was
prepared using Na2HPO4 and NaH2PO4 and they con-
tained 0.1 M KCl. All reagents were used as received
without further purification unless otherwise noted. All
solutions were prepared with doubly distilled water.

Instrumentation

Electrochemical experiments were carried out using a
CHI-832 electrochemical analyzer (CH Instruments Inc.,
USA) with a bare gold or a modified gold electrode as
the working electrode, a platinum wire as a counter
electrode, and a saturated calomel reference electrode
(SCE). Scanning electrochemical microscopy experi-
ments were carried out with a CHI-900 electrochemical
workstation (CH Instrument Inc., USA). A 10-lm
diameter gold electrode was fabricated as described in
[22] and served as the SECM tip. A Pt wire with a
diameter of 0.5 mm and an Ag | AgCl (KCl saturated)
electrode were used as counter and reference electrodes,
respectively. Before each experiment, the tip was pol-
ished with 0.05-lm alumina, and then rinsed with water.
A Branson 200 Ultrasonic cleaner (USA) was used to
clean the working electrode. Experiments were carried
out at laboratory temperature. The following instru-
mental parameters were used to perform differential
pulse voltammetry: Potential increment E: 4 mV;
amplitude: 50 mV; pulse width: 0.06 s; pulse period:
0.2 s; quiet time: 2 s.

Preparation of modified gold electrode

Before modification, the gold electrode was polished
with 1-lm, followed by 0.3-lm alumina slurry on a

polishing pad, and then rinsed with distilled water and
acetone, ultrasonicated in a water bath for 2 min and in
acetone for 5 min. The gold electrode was then electro-
polished by potential cycling scan (+1.4V to �0.2 V) in
0.5 M H2SO4 with a scan rate of 100 mV s�1 until the
CV characteristic for a clean Au electrode was obtained.
After being rinsed with twice with distilled water and
ethanol and dried in nitrogen gas, a clean bare gold
electrode was obtained. The resulting gold electrode was
immersed in an ethanol solution containing 2 mM TCA
or MUA, or mixtures of TCA and MUA, respectively,
for 8 h, then removed and washed copiously with the
solvent. Then the modified gold electrode was activated
by inserting in an ethanol solution containing 0.1 g L�1

1-ethyl-3-(3-dimethylamino-propyl) carbodiimide as
coupling agent for 1 h, 0.1 mg quercetin was added and
the reaction was allowed to proceed for 24 h to obtained
Qu–TCA/Au or Qu–MUA/Au or Qu–TCA–MUA/Au
modified electrodes. This was followed by rinsing suffi-
ciently with the solvent and drying with a stream of
pure nitrogen before performing the voltammetric
experiments.

Results and discussion

Characterization of the Qu-SAM-modified
gold electrode by cyclic voltammetry and SECM

Figure 1 shows the cyclic voltammograms of 5 mM
potassium ferricyanide solution containing 0.1 M NaCl
supporting electrolyte at a bare gold electrode (curve a),
at a Qu–TCA/Au electrode (curve b) and at a

Fig. 1 Cyclic voltammogram of 5 mM K3Fe(CN)6 solution con-
taining 0.1 M KCl supporting electrolyte at a bare gold electrode
(curve a); at a Qu–TCA/Au electrode (curve b); at a Qu–MUA/Au
electrode (curve c); scan rates 50 mV s�1
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Qu–MUA/Au electrode (curve c). From Fig. 1 it is
apparent that a pair of redox peaks for Fe(CN)6

3�/4�

appear at the bare gold electrode. The peak separation

(DE) of 87 mV shows an almost reversible one-electron
transfer process. However, at the Qu–TCA/Au electrode
the redox peaks of Fe(CN)6

3�/4� decrease and they
disappear at the Qu–MUA/Au electrode. Scheme 1 de-
picts the gold electrode modified with a quercetin TCA

Scheme 1 Proposed electrochemical reaction schemes of dopamine
at the Qu–TCA/Au electrode
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self-assembly monolayer. The scheme makes clear that
the electron transfer must take place through a compact
monolayer of alkyl chains and therefore the electron
transfer kinetics may exhibit an exponential increase
with decreasing alkyl chain length. Many references
indicate that the long-chain monolayer has no measur-
able pinholes [23, 24, 25]. Substantial energetic barriers
of the long alkyl chain monolayers on Qu–MUA/Au
electrode prevent the electron transfer between the gold
electrode and the Fe(CN)6

3�/4� ions. However, in the
literature [23, 24, 25] it is indicated that thioglycolic acid
with a 3-C chain provides a weaker barrier for electron
transfer than an 11-C chain. Accordingly, the redox
peak current of Fe(CN)6

3�/4� at a Qu–TCA/Au elec-
trode is higher than that at a Qu–MUA/Au electrode.

Scanning electrochemical microscopy was employed
to study the electrochemical performances of the modi-
fied gold electrodes. The bare gold electrode, the
Qu–TCA/Au electrode, and the Qu–MUA/Au electrode
were used as SECM substrates. The feedback mode is
the main quantitative operation mode of SECM. A
positive feedback means that the substrate is conductive,
whereas a negative feedback is observed when the
substrate is insulating. Figure 2 shows the approach
curves of ferricyanide at pH 7.0. The results indicate that
the electron transfer (ET) of Fe(CN)6

3�/4� on the
Qu–MUA/Au electrode could be fully blocked and also
that there was no blocking effect for both the bare gold
electrode and the Qu–TCA/Au electrode. A reasonable
explanation is that the substantial barriers of the long
alkyls block the diffusion of Fe(CN)6

3�/4� onto the

substrate surface. A sufficiently negative potential was
applied to the tip so that the reduction of Fe(CN)6

3� to
Fe(CN)6

4� was controlled by the diffusion of
Fe(CN)6

3�, and then Fe(CN)6
4� diffused to the surface

of the substrate. While the tip approaches the substrate,
the tip current response to distance depends only on the
kb value of the reverse reaction on the substrate at a
certain pH value. The effective heterogeneous rate con-
stant kb for the ET reaction can be extracted from fitting
the experimental SECM current (IT)–distance (d) curve
(or approach curve) to the theoretical value [26]. Fig-
ure 2 shows that kb (0.00778 cm s�1) obtained from
fitting the curve for the bare gold electrode is larger than
kb (0.00477 cm s�1) obtained from fitting the curve for
the Qu–TCA/Au electrode. These results prove that the
barrier of the short alkyl chains slows down the electron
transfer rate, whereas the substantial barrier of the long
alkyl chains fully blocks the electron transfer.

Electrochemical behavior of the Qu-SAM-modified
gold electrode

A typical cyclic voltammogram, obtained in phosphate
buffer solution (pH 7.0) after soaking a Qu–TCA/Au
electrode (curve a) or a Qu–MUA/Au electrode (curve
b), is shown in Fig. 3. The cyclic voltammogram
exhibited a pair of peaks of quercetin at the Qu–TCA/
Au electrode and no peaks at the Qu–MUA/Au elec-
trode. The reason is that the barrier provided by the
thioglycolic acid with a 3-C chain is weaker than that
provided by the 11-mercaptoundecanoic acids with an
11-C chain.

The cyclic voltammetry exhibited a quasi-reversible
wave of quercetin at the Qu–TCA/Au electrode. Hend-

Fig. 2 Normalized tip current–distance curves of 5 mM Fe(CN)6
3�

containing 0.1 M KCl supporting electrolyte solution for the tip
approaching the bare gold electrode (open circles); the Qu–TCA/Au
electrode (open triangles); the Qu–MUA/Au electrode (open
squares) fitted with theoretical curves (line). The dotted line, solid
line and dashed line represent the theoretical positive feedback
curves of Fe(CN)6

3� at the bare gold electrode and at the
Qu–TCA/Au electrode, and negative feedback curves of Fe(CN)6

3�

at the Qu–MUA/Au electrode respectively

Fig. 3 The cyclic voltammogram of phosphate buffer solution (pH
7.0) containing 0.1 M KCl at the Qu–TCA/Au electrode (curve a)
and the Qu–MUA/Au electrode (curve b); scan rate 50 mV s�1

117



rickson et al. [27, 28] reported that this pair of peaks can
be ascribed to the 3’,4’-dihydroxy groups on the B-ring
of quercetin and the oxidation of the 3’,4’-dihydroxy
groups on the B-ring of quercetin is a 2e�–2H+ revers-
ible process. The peak separation of quercetin at the Qu–
TCA/Au electrode is greater than that at the bare gold
electrode because the alky chain monolayer provided a
barrier that blocks electron transfer. The influence of the
scan rates on the anodic peak current of quercetin was
investigated at the Qu–TCA/Au electrode. The anodic
peak current increased with increasing scan rates. The
result is such that the anodic peak current is directly
proportional to the scan rates, as respected for some
characters of the surface wave.

According to the formula given by Laviron [29]:

Epc ¼ E00 þ 2:303RT=anF log RTKs=anFð Þ � log m½ � ð1Þ

Epa ¼ E00 þ 2:303RT=ð1� aÞnF ½logðRTKs=ð1� aÞnF Þ
� log m� ð2Þ

If values of nDEp>200 mV can be obtained experi-
mentally, a and Ks can be easily determined by using
Eqs. (1) and (2). A graph of Ep=f(log v) yields two
straight lines with a slope equal to –2.3RT/anF for the
cathodic peak, and 2.3RT/(1�a)nF for the anodic peak.
a can be determined from the slope of the straight lines.
Ks can be calculated with the help of the equation

logKs ¼ a log 1� að Þ þ 1� að Þ log a� log RT=nF mð Þ
� a 1� að ÞnF DEp=2:3RT

From the voltammograms with various potential
scan rates, a linear regression equation Epa=
0.5409+0.03767 lg v, with a correlation coefficient
(r=0.9720), was obtained (Fig. 4). The estimated coef-

ficient of electrons transferred of quercetin in the Qu–
TCA film is 0.2, and the standard rate constant is 20 s�1

at high scan rate.
The stability of the Qu–TCA/Au electrode was

examined. The peak currents of quercetin did not change
apparently for four repetitive scans at scan rate of
50 mV s�1. The peak currents increased a little after the
electrode was stored at 4 �C for 3 days.

Oxidation of DA at the Qu-SAM-modified
gold electrode.

Figure 5 shows the cyclic voltammogram of 5·10�4 M
DA at a bare gold electrode (curve a) and at a Qu–TCA/
Au electrode (curve b) in phosphate buffer solution (pH
7.0). There is a quasi-reversible wave of DA at the bare
electrode. The peak current is linearly proportional to
the scan rates in the range from 30 mV s�1 to 250 mV
s�1, indicating that the process is adsorption controlled.
The anodic peak increased markedly and the cathodic
peak did not change at the Qu–TCA/Au electrode. The
reductive peak of DA shifted negatively from 0.396 V to
0.363 V and the overpotential decreased to 33 mV.
These observations indicated that quercetin is an effec-
tive mediator for the oxidation of DA. The peak sepa-
ration (DE=145 mV) of DA at a Qu–TCA/Au electrode
was greater than that (DE=54 mV) at a bare gold
electrode because a quercetin self-assembled monolayer
slows down electron transfer. At pH 7.0, DA exists as a
cation with a positively charged amino group (p Ka 8.9)
[30, 31]. The mechanism of DA interaction with quer-
cetin can be explained by assuming that quercetin at the
electrode surface is oxidized, and then DA is attracted to

Fig. 4 Relationship between Epa and (log v); scan rates:
30 mV s�1, 50 mV s�1, 80 mV s�1, 100 mV s�1, 150 mV s�1,
200 mV s�1, and 250 mV s�1

Fig. 5 cyclic voltammogram of 5·10�4 M DA at the bare electrode
(a); at Qu–TCA/Au electrode (b) in phosphate buffer solution (pH
7.0); scan rate 50 mV s�1
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the electrode surface and subsequently reacts with the
oxidized form of quercetin. At the same time DA is
oxidized and quercetin is deoxidized (Scheme 1).

The reductive peak current of DA increased with an
increase of the scan rate at the Qu–TCA/Au electrode
which exhibited a linear relation to the scan rate in
the scan rate range from 30 mV s�1 to 250 mV s�1,
the linear regression equation ip=1.30216·10�6+
8.46964·10�6v and a correlation coefficient of 0.9936,
indicating a fast electrocatalytic reaction was controlled
by the adsorption of redox species [32].

Analytical application of dopamine at Qu–SAM/Au
electrode

AA often simultaneously exists with DA in a biological
sample and it disturbs the determination of DA. How-
ever, at a mixture-modified electrode of quercetin–thio-
glycolic acid and quercetin–11- mercaptoundecanoic
acid (Qu–TCA–MUA/Au) a fine peak shape of DA is
obtained and the oxidation of AA is prevented. So DA
can be detected in the presence of AA. When the ratio
of thioglycolic acid and 11-mercaptoundecanoic acids is
2:1 the peak shape of DA is quite fine and AA is not
oxidized.

The determination of DA was performed by differ-
ential pulse voltammetry in phosphate buffer solution
(pH 7.3) containing 0.1 M KCl (Fig. 6). The oxidative
peak current of DA was selected as the analytical signal.
The results showed that the oxidative peak current was
proportional to the concentration of DA in the range
from 3·10�5 M to 3·10�4 M. The detection limit was

1·10�6 M. Under the same conditions the peak currents
of DA did not change when the concentration of AA
ranged from 5·10�5 M to 3·10�4 M. So DA can be
detected in the presence of AA.

Conclusion

In the present article, a stable quercetin–thioglycolic
acid-modified gold electrode (Qu–TCA/Au) was pre-
pared. Quercetin exhibits quasi-reversible signals at a
Qu–TCA/Au electrode. The stability of the quercetin-
modified gold electrode is very good. The anodic peak
current of DA at the Qu–TCA/Au electrode is higher
than that at a bare gold electrode. The overpotential
decreased by 33 mV at a Qu–TCA/Au electrode. These
results indicated that quercetin is an effective mediator
in electrocatalytic oxidation of DA. At a Qu–TCA–
MUA/Au mixture-modified gold electrode the catalyz-
ing current is linearly proportional to the concentration
of DA in the range from 3·10�5 M to 3·10�4 M in the
presence of AA. Interaction of DA with quercetin will
improve our understanding of the pharmacology of
quercetin and DA.
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