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Detection of catechin based on its electrochemical autoxidation
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Abstract

Catechins are strong autoxidant to produce steady intermediate in alkali solution. In present work, we, for the first time, developed a elec-
trochemical method based on ruthenium tris (2, 2′) bipyridyl (Ru(bpy)33+) modified boron-doped diamond (BDD) electrode to investigate the
electrochemical reduction of catechin autoxidation intermediate with its existence verified by the electron spin resonance (ESR). The reduction
peak potential was observed at−855.5 mV, not appearing either in acid solution (pH 2) containing catechins or in oxidized catechin solution
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pH 12). Moreover, the effects of pH, ascorbic acid, Cu, Fe and autoxidation time are investigated, demonstrating the reduction peak
eally the reduction of catechin autoxidation intermediate. It is found that the peak current is proportional to scan rate, indicative o
onfined reduction process. Sensitive amperometric response was obtained covering linear range from 0.3268�M to 0.1591 mM. The determ
ation of catechin in commercial preparations using this method shows satisfactory results comparable with those of the tradition
2004 Elsevier B.V. All rights reserved.
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. Introduction

Catechins with polyphenol structure[1,2] in vegetables,
ruits and teas can prevent degenerative diseases including
ancers and heart diseases through antioxidative action of
everal protein functions, mainly due to their antioxidant ac-
ivities and abilities to scavenge free radicals, such as O2

•−,
H• etc[3–7]. On the other hand, catechins are susceptible

o autoxidation to generate free radical intermediate, and ac-
ive oxygen species, such as O2

•− and hydrogen peroxide
H2O2) [8,9] to induce DNA damage and diseases. In the
utoxidizing process, cupric ion (Cu2+) that is subject to be
educed, can improve the rate of autoxidation and generation
f free radical intermediate[10,11]. There is growing evi-
ence that ascorbic acid has a pro-oxidant role for catechins
ecause it can scavenge free radicals[12,13]. On the contrary,
orate is proposed to inhibit the autoxidation of catechin[9].

∗ Corresponding author. Tel.: +86 731 8821355; fax: +86 731 8821355.
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However, there are rare reports concerning the charac
tics of the electrochemical reduction of catechin autoxida
intermediate and the use of this electrochemical reducti
detect catechins.

The traditional methods for detecting catechins inc
high-performance liquid chromatography (HPLC) combi
with chemiluminescence[14], electrochemical[15,16], UV
and fluorimetric[17] detection. The capillay electropho
sis with electrochemical detection was also develope
determine catechins[18]. Romani et al.[19] compared
HPLC/DAD analysis with screen-printed electrodes
biosensors for polyphenol determination. Most accurate
were obtained by HPLC/DAD method. The electrode
considered as a quick screening method, and the u
biosensors needs further improvement of the performan

In present work, we developed ruthenium tris (2,′)
bipyridyl (Ru(bpy)33+) modified boron-doped diamon
(BDD) electrode to investigate the characteristics of the e
trochemical reduction of catechin autoxidation intermed
using the electrochemistry to detect total catechins. An
039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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tron spin resonance (ESR) experiment was carried out to
verify the existence and steadiness of the intermediate. The
effects of ascorbic acid, Cu2+, Fe2+, H+ and autoxidation
time were investigated to prove the reduction peak being re-
ally the electrochemical reduction of catechin autoxidation
intermediate. Satisfactory linear range of catechin assay us-
ing chronoamperometry (CA) and commercial preparation
detection were obtained.

2. Experimental

2.1. Apparatus and materials

All cyclic voltammograms and chronoamperometry data
were acquired using a computer-based potentiostate/galva-
nostate (model 283) (EG & GP Princeton Applied Research,
Princeton, NJ, USA). ESR spectra were recorded by EMX
10/12 EPR Spectrometer (USA). The three-electrode system
consists of a Ru(bpy)3

3+ boron-doped diamond electrode, a
saturated calomel reference electrode and a platinum wire
auxiliary electrode.

The boron-doped diamond was kindly provided by Col-
lege of Materials Science and Engineering of Hunan Univer-
sity. Ru(bpy)33+ was purchased from Sigma. Catechin was
o so-
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2.4. Procedure

The chronoamperometry experiments of catechin with
Ru(bpy)33+-modified oxidized BDD electrode as working
electrode were carried at an applied potential−750 mV and
a time period of is 180 s. The solutions of catechin were kept
in 0.1 M NaNO3 with pH 12.

3. Results and discussion

3.1. ESR study of catechin autoxidation intermediate

The ESR spectrum of catechin autoxidation intermediate
in 0.1 M NaNO3 of pH 12 is shown inFig. 1a. A large signal
corresponding to free radical is observed which is similar to
that reported for the free radical intermediate from catechin
autoxidation in 1 M NaOH[21]. After the catechin solution
being placed in atmosphere for 30 min, the change of the
signal is hardly observable as shown inFig. 1b. No spectral
signals were observable in 0.1 M NaNO3 of pH 2 containing
1 mM catechin (Fig. 1c) or catechin solution after oxidation
(Fig. 1d). The results indicate that catechin autoxidation in-
termediate is a free radical intermediate, being only generated
during catechin autoxidation in 0.1 M NaNO3 of pH 12 and
e
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ffered by Hunan Agricultural University. The catechin
utions were freshly prepared immediately before use. O
hemicals are of analytical reagent grade. Doubly dist
ater was used throughout. The supporting electrolyte
.1 mol L−1 NaNO3 adjusted to different values of pH wi
2SO4 and NaOH.

.2. Preparation of oxidized catechin solution

Catechin solution of 1 mM in 0.1 M NaNO3 of pH 12 was
xidized by K3Fe(CN)6. During the process of oxidation, t

emperature was kept at 0◦C with an oxidation time of 30 mi
20]. Then oxidized catechin solution of 1 mM concentra
as prepared.

.3. Fabrication of Ru(bpy)33+-modified oxidized BDD
nd glass carbon electrode

The BDD and glass carbon electrodes were subject
lectrolytic oxidation in a 1 mol L−1 H2SO4 aqueous solu

ion at 3.0 V versus SCE with a platinum wire auxiliary el
rode for 30 min to introduce hydroxyl groups to its surf
21]. The surface was then electrochemically modified
uthenium tris (2, 2′) bipyridyl, for this purpose the oxidize
DD and glass carbon electrodes were scanned 20 c
sing cyclic voltammetry (CV) in 1 mmol L−1 Ru(bpy)33+
ith potential range from−1000 to 1000 mV and scan ra
f 100 mV s−1. Thus, Ru(bpy)33+-modified oxidized BDD
lectrode and Ru(bpy)3

3+-modified oxidized glass carbo
lectrode were prepared.
xists steadily.

.2. Electrochemical characteristics of catechin
utoxidation intermediate on Ru(bpy)3

3+-modified
xidized BDD electrode

Fig. 2a shows the cyclic voltammograms obtai
ith the Ru(bpy)33+-modified oxidized BDD electrode
.1 mol L−1 NaNO3 (pH 12) containing 1 mmol L−1 cate-
hin. A sharp reduction peak is apparent at−855.5 mV with

ig. 1. ESR spectra of 1 mM catechin in 0.1 M NaNO3 of pH 12 (a) im-
ediately after preparation and (b) after standing for 30 min, (c) in 0
aNO3 of pH 2 and (d) in oxidized I mM catechin.
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Fig. 2. Cyclic voltammograms obtained with the Ru(bpy)3
3+-modified ox-

idized BDD electrode (a) in 0.1 M NaNO3 of pH 12 and (b) pH 2 containing
1mM catechin and (c) in 0.1 M NaNO3 of pH 12 containing 1 mM oxidized
catechin. Scan rate: 50 mV s−1, potential range: 0.4 to−1.0 V.

no apparent oxidation peak. This reduction peak has not been
observed on the cyclic voltammogram with the Ru(bpy)3

3+-
modified oxidized BDD electrode in 0.1 mol L−1 NaNO3 (pH
2) containing 1 mmol L−1 catechin, as shown inFig. 2b, while
a couple of reduction and oxidation peaks at−209.8 and
127.0 mV, respectively, appears. The results are consistent
with the previous literature[22] which reported that catechin
can oxidize at 120–220 mV in acid and neutral solutions. No
sharp reduction and oxidation peaks were observed on the
cyclic voltammogram obtained in oxidized catechin solution
as shown inFig. 2c. A small reduction peak is at around
−200 mV, similar to the reduction peak onFig. 2b. Com-
bined with the results ofFig. 1, the reduction peak may be
from the reduction of free radical intermediate.

heme

Fig. 3. Cyclic voltammograms obtained with the Ru(bpy)3
3+: (a) modified

oxidized GC electrode and (b) the oxidized BDD electrode in 0.1 M NaNO3

of pH 12 containing 1mM catechin. Scan rate: 50 mV s−1, potential range:
0.4 to−1.0 V.

Fig. 3shows the cyclic voltammograms obtained with the
Ru(bpy)33+-modified oxidized glass carbon electrode(a) and
the oxidized BDD electrode (b) in 0.1 mol L−1 NaNO3 (pH
12) containing 1 mmol L−1 catechin. There is no sharp re-
duction peak on curve a, but a couple of redox peaks can be
observed, which may be attributed to reduction and oxidation
of catechin. On the oxidized BDD electrode, small redox peak
potential is similar with that inFig. 2b. The results show that
only Ru(bpy)33+-modified oxidized BDD electrode can fig-
ure out the reduction of catechin autoxidation intermediate.

3.3. Mechanism of free radical intermediate being
monitored on Ru(bpy)3

3+-modified oxidized BDD
electrode

It has been reported[9] that the process of catechin autox-
idation can be expressed as follows:Scheme 1.

At room temperature, the rate of autoxidation is very
slow [8]. In our experiment, Ru(bpy)3

3+ film on the
BDD electrode can accelerate formation of the intermedi-
Sc
 1.
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Scheme 2.

ate, due to Ru(bpy)3
3+ working as a one-electron oxidant

[23](Figs. 2a and 3bhas proved it). The probable process is
as follows:Scheme 2.

Fig. 1a and b demonstrate that free radical intermediate can
exist steadily in pH 12 solution. Carbon sp3 and boron possess
the electron-deficient structure, which is subject to combine
with free radical intermediates to be accumulated on BDD
electrode surface. The results ofFig. 2a and 3ahave proved
the speculation. Owing to these kinds of actions, the free
radical intermediate can be reduced electrochemically and
monitored on Ru(bpy)3

3+-modified oxidized BDD electrode.

3.4. pH dependence of the autoxidation

In 0.1 M NaNO3 solution containing 1 mM catechin, the
effect of pH on the reduction peak current and potentialEp
was examined in pH range of 9.0–12 as shown inFig. 4. The
peak current increases parallel with the increasing pH, which
means the electrochemical reduction rate increases with pH.
Additionally, the peak potential of reduction peak shifts in
negative direction with increasing pH. The relationship of
peak potential (mV) with pH is−Ep = 354.4 + 41.05pH. This
indicates H+ joins in the catechin autoxidation intermediate
electrochemical reaction after the intermediate capturing one
electron[24]. The process may be as follows:Scheme 3.

3

time
f k

F k cur-
r lic
v

Scheme 3.

current increases dramatically during 60 min. From 60 to
120 min, the Ru(bpy)33+-modified oxidized BDD electrode
has maximum sensitivity. While autoxidant time is more than
120 min, the peak current decreases. At the beginning of au-
toxidation, the rate of autoxidation reaction is low because of
lack of O2 and OH• [8]. With the increase of time, the amount
of OH• and O2 dissolved in solution increases and the rate
is fast and the amount of the intermediate increases, too. At
certain time, the amount of the intermediate reaches the max-
imum and keeps the value in a time range and a platform ap-
pears onFig. 5. With the decrease of catechin in solution, the
peak current decreases with the amount of the intermediate
produced decreasing.

3.6. Effect of ascorbic acid

Ascorbic acid concentration affects the reduction peak
current. The peak current decreases gradually with the in-
crease of ascorbic acid concentration. On the other hand, an
oxidation peak appears and the peak current increases with
the increase of ascorbic acid, which may be due to the ox-
idation of ascorbic acid. It is known that ascorbic acid is a
quenching agent of free radical. It makes the free radical in-

F ode in
p

.5. Effect of autoxidation time

The relationship between peak current and autoxidant
rom 0 to 210 min was monitored as shown inFig. 5. The pea

ig. 4. Relationship between pH and electrochemical reduction pea
ent on the Ru(bpy)3

3+-modified oxidized BDD electrode studied by cyc
oltammetry in 0.1 NaNO3 containing 1 mM catechin.
ig. 5. Dependence of peak current on autoxidation time at the electr
H 12, 0.1 NaNO3 containing 1 mM catechin.
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Fig. 6. (a) Effect of Fe2+ on the reduction peak current (from column 1–5:
0.5, 1, 1.5, 2, and 2.5 mM). (b) Effect of Cu2+ on the reduction peak current
(from column 1–8: 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mM).

termediate being oxidized before reaching the surface of the
electrode. The result provides a evidence that the reduction
peak comes really from the reduction of free radical interme-
diate on the Ru(bpy)3

3+-modified oxidized BDD electrode.

3.7. Effect of Fe2+ and Cu2+

It has been reported that metal ions have effects on hy-
drogen transfer from oxidant chemical to free radical using
UV–vis spectroscopy[25]. Therefore, we investigated the ef-
fect of Fe2+ on the reduction peak current as shown inFig. 6a.

Scheme

Fig. 7. Cyclic voltammograms obtained with the Ru(bpy)3
3+-modified ox-

idized BDD electrode in 0.1 M NaNO3 of pH 12 containing 1 mM catechin
at various scan rate. (from inner to outer curve: 10, 20, 30, 40, 50, 60, 70,
80, 90, 100 mV s−1).

One notices that the peak current decreases with the increase
of Fe2+. The result may be attributed to the intermediate be-
ing reduced by Fe2+ in solution and the strong binding of
Fe3+ to reduction product. Then the amount of catechin au-
toxidation intermediate decreases on the surface of electrode.
The process is possible as follows:Scheme 4.

Cu2+ acts as a one-electron oxidant in place of O2 [10,11].
The possible process is following:Scheme 5.

Cu2+ can induce catechin to produce the free radical inter-
mediate.Fig. 6b shows the relationship between Cu2+ con-
centration and the reduction peak current. The peak current
decreases parallel with the increase of Cu2+ in low Cu2+
concentration. When the Cu2+ concentration is greater than
1.5 mmol L−1, the reduction peak current increases with the
increase of Cu2+ concentration. There is a “lag period” in low
Cu2+ concentration, which may be dependent on the lack of
molecular oxygen initially present.

3.8. Effect of scan rate

The influence of potential scan rate on the oxidation and re-
duction peak current has been investigated by cyclic voltam-
metry in the range of 10–100 mV s−1 as shown inFig. 7. It
4.
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Scheme 5.

can be observed that the redox peak current is proportional
to the scan rate, indicative of a surface confined redox pro-
cess. Other phenomena are found that the oxidation peak of
catechin appears at high scan rate and the reduction peak
becomes broader with the increase of scan rate. The results
indicate that low scan rate is suitable for the reduction of
catechin autoxidation intermediate.

3.9. Effect of catechin concentration on the cyclic
voltammetry response

The reduction peak current was investigated at the
Ru(bpy)33+-modified oxidized BDD electrode using differ-
ent concentrations from 0.01 to 1 mM, as shown inFig. 8.
With the concentrations increasing, the peak potential ap-
pears to decrease slightly. The peak current is inversely
proportional to catechin concentration. Linear regression
of peak current (�A) versus concentration (mM) profiles
shows reasonable linearity from 0.01 to 0.8 mM (slope =
−0.02249�A mM−1, linear equation:I = −0.02249 log
C−0.04303). The possible reason is that it is beneficial for
the second step inScheme 1in high catechin concentration,
but not so for the rate of second step inScheme 3.

3.10. Application of Ru(bpy)3
3+-modified oxidized BDD

e

m in-

F
d nt
o

Fig. 9. Dependence of steady-state current on applied potential at the elec-
trode in 0.1 M NaNO3 of pH 12 containing 1 mM catechin.

creasing potential from−500 to−700 mV, the sensitivity of
the modified electrode increased significantly. The sensitiv-
ity obtained at potential lower than−700 mV actually leveled
off. A potential of−750 mV (versus SCE), which is close to
the reduction peak potential, was selected as the applied po-
tential for amperometric measurements.

The calibration curve for catechin using CA with an ap-
plied potential of−750 mV. A linear relationship between the
peak current and the logarithm of catechin concentration is
obtained covering the range from 0.3286�M to 0.1591 mM,
the linear regression equation beingI =−33.96 logC−204.18
with a correlation coefficient of 0.9864. The detection limit
is 1.21× 10−7 mol L−1.

The proposed method was used for the determination of
catechin in commercial preparations, which purchased from
Yalong Company in China. The results were compared with
those the traditional HPLC method (Table 1).

Table 1
Determination of catechin in commercial preparations

The electrode
method (%)

Mean (%) RSD (%) The HPLC
method (%)

70.37
61.20 67.04 3.9 67.73
6
7

lectrode

Fig. 9shows the effect of applied potential on Ru(bpy)3
3+-

odified oxidized BDD electrode CA response. With the

ig. 8. Cyclic voltammograms obtained with the Ru(bpy)3
3+-modified oxi-

ized BDD electrode in 0.1 M NaNO3 of pH 12 containing different amou
f catechin.
5.86
0.71
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4. Conclusion

We have successfully investigated the characteristics of
electrochemical reduction of the intermediate produced in the
process of catechin autoxidation using Ru(bpy)3

3+-modified
oxidized BDD electrode. Ru(bpy)3

3+ film on the oxidized
BDD electrode accelerates the rate of catechin autoxidation
to produce the intermediate on electrode surface. Carbon sp3

and boron in BDD electrode possess the electron-deficient
structure that is subject to combine with catechin autoxida-
tion intermediate. On the basis of interactions between the
Ru(bpy)33+-modified oxidized BDD electrode and catechin
autoxidation intermediate, the reduction characteristics could
be monitored. The reduction process is a surface confined
one, which further confirm the electrode surface to play a
critical role for the electrochemical reduction of the interme-
diate.

The peak potential and current is dependent on pH. H+
joins in the intermediate electrochemical reduction after
capturing one electron (Scheme 3). Fe2+ causes the electron
reduction of the intermediate in solution (Scheme 4) and hin-
ders its electrochemical reduction on the surface of electrode.
Ascorbic acid cuases the decrease of reduction peak current
due to the oxidation of the intermediate. The existence of
Cu2+ is beneficial for the increase of reduction peak current.
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