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Antioxidant redox sensors based on DNA modified carbon
screen-printed electrodes were developed. The carbon ink
was doped with TiO2 nanoparticles, onto which double-
strand DNA was adsorbed. A redox mediator, namely, tris-
2,2′-bipyridine ruthenium(II) [Ru(bpy)3

2+] was electro-
oxidized on the electrode surface to subsequently oxidize
both the adsorbed ds-DNA and the antioxidants in solu-
tion. The resulting oxidation damage of the adsorbed ds-
DNA was then detected by square wave voltammetry in a
second solution containing only Ru(bpy)3Cl2 at a low con-
centration (µM). A kinetic model was developed to study
the protecting role of antioxidants in aqueous solutions.
The electrochemical sensor has been applied to evaluate
the redox antioxidant capacity of different molecules.

The role of antioxidants (AOs) in life science is of great interest
both to the general public and to experts in different disciplines
including medicine, nutrition, health, and food science. Indeed, it
is of fundamental importance to understand and control the oxi-
dative stress in biological systems. However, oxidative pathways
are numerous and many different species can act as antioxidants.
We can distinguish the enzymatic antioxidant activity (for example,
of superoxide dismutase) from the molecular activity whereby
molecules, acting as scavengers, are sacrificially oxidized, for
example, by reactive oxygen/nitrogen species (ROS/RNS). Those
sacrificial molecules can be either endogenous such as glutathione
or exogenous such as ascorbic acid. From a mechanistic view-
point, molecules can be oxidized either by hydrogen atom accep-
tors (e.g., ROO• ) or by electron acceptors (e.g., Fe3+). To study
the antioxidant properties of molecules acting through the radical
reaction pathway, many methods have been proposed whereby a
radical is thermally or photochemically generated. These methods
using absorbance or fluorescent indicators1,2 yield different param-
eters such as, for example, the total radical trapping antioxidant
parameter,3 the oxygen radical absorbance capacity,4 and the

2,2-diphenyl-1-picrylhydrazyl radical scavenging capacity.5 Alter-
natively, to study the antioxidant properties of molecules acting
through the electron-transfer pathway, some optical methods have
been developed such as the trolox equivalent antioxidant capacity6

or the ferric ion reducing antioxidant power.7 In addition to optical
methods, electrochemical sensors have also been designed to
measure the redox antioxidant capacities of molecules, for exam-
ple, by monitoring the oxygen reduction current at a mercury film
electrode.8,9

In biological conditions, DNA damages caused by ROS or RNS
are complex and involve base oxidation, sugar fragmentation, and
DNA strand structure changes such as strand breaks, interstrand/
intrastrand cross-links, and DNA-protein cross-links.10 DNA oxi-
dation damages appear to be associated with cancer and a number
of non-neoplastic pathologies including neurodegenerative, cardio-
vascular, and autoimmune diseases.10,11 Therefore, it is important
to study the damaging effects of oxidative stress on DNA and the
protective effects of AOs against such damages.

Traditional methods for DNA damage analysis include gel
electrophoresis, gas chromatography, and HPLC with mass spec-
trometry or electrochemical detection.12-17 Sensors to study DNA
oxidation damage have been developed based on electrochemistry
at DNA adsorbed mercury electrodes18-24 and layer-by-layer
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assembled polymer-DNA modified electrodes.25,26 In a platform
of DNA modified electrodes, an adsorbed DNA layer is used as
sensor substrate and chemicals causing DNA damage can be
studied including pathogenic organisms,27-30 toxicants,24,31-33 and
AOs.34,35

There are two main approaches to oxidize DNA, either by OH•

radicals or by electron acceptors. An easy way to photogenerate
OH• radicals is to carry out photocatalytic reactions on TiO2. DNA
fragments and damaged DNA bases have been detected after such
a photoinduced degradation.36,37 In our group, we have developed
a photoelectrochemical method based on the fabrication of TiO2-
coated indium tin oxide (ITO) glass electrodes for studying
double-stranded (ds)-DNA photooxidation by UV irradiation in the
presence of AOs.38 The TiO2 nanocrystalline film was used as a
substrate for immobilizing the DNA, as a photocatalyst for the
photogeneration of OH• radicals under UV light to oxidize the
surface-bound ds-DNA, and as an electrode to monitor the
reduction current of methylene blue, acting as a sensitive redox
intercalant to monitor the resulting ds-DNA damage.38 In this
method, AOs acted as hydrogen donors to scavenge radicals and
thereby protecting the adsorbed ds-DNA.

When studying the oxidation of DNA by electron accep-
tors, metal complexes, such as tris-2,2′-bipyridine ruthenium(III)
[Ru(bpy)3

3+] have proved to be efficient oxidants through electron-
transfer reactions between Ru(bpy)3

3+ and guanine39 or ad-
enine.40,41 In the present paper, we develop AO redox sensors
based on ds-DNA modified screen-printed electrodes (SPEs) com-
posed of graphite flakes and TiO2 aggregates. An oxidizing
mediator, namely, Ru(bpy)3

3+, is electrogenerated on the carbon
in the presence of AOs in the solution and is used to oxidize the
ds-DNA adsorbed on the TiO2 particles. The same electrode is
then used to monitor the ds-DNA damage by square wave

voltammetry (SWV) by measuring the catalytic oxidation of Ru-
(bpy)3

2+ in a second solution in the absence of AOs. In this
approach, the instrumentation required is limited to a potentiostat.
The principle of the sensor is to measure the kinetics of the
electron transfer between the oxidant Ru(bpy)3

3+ and AOs, thereby
inhibiting the oxidative attack on the ds-DNA. The sensors are
purely electrochemical and are therefore easy of use.

EXPERIMENTAL SECTION
Materials and Instrumentation. Salmon testes ds-DNA

sodium salt (Sigma) dissolved in water at a concentration of 1.7
mg/mL was used as a stock solution. The PBS buffer was made
of sodium phosphate (Na2HPO4:NaH2PO4 ) 81:19, molar ratio)
and NaCl dissolved in water at a final concentration of 50 and
10 mM, respectively (pH 7.4). Glutathione (Sigma), gallic acid
(Acros), ascorbic acid (Riedel-de Haën), uric acid (Fluka), trolox
(Fluka), and bovine serum albumin (BSA; Sigma) were dissolved
in PBS and used as model AOs. Ru(bpy)3Cl2‚6H2O was purchased
from Aldrich. TiO2 nanoparticles (Degussa, P25, 21 nm in
diameter, 50 m2/g) were kindly provided by Dr. John Kiwi (LPI-
ISIC-EPFL). Carbon ink (E/D 5000, Electra Polymers & Chemi-
cals) was mixed with TiO2 nanoparticles to fabricate TiO2 modified
SPEs (the surface area of the working electrode was 10 mm2, and
the thickness of the conductive layer is ∼40 µm). The surface
morphology of the SPEs was characterized by scanning electron
microscopy (SEM; Philips XL 30 SFEG) and is illustrated in Figure
1. An Autolab PGSTAT 30 potentiostat (Metrohm), an undivided
electrochemical cell, a platinum wire counter electrode, and an
Ag/AgCl/saturated KCl reference electrode were used.

ds-DNA/SPE Electrodes. The TiO2 modified SPEs were
immersed in a ds-DNA solution (0.4 mg/mL in pH 3.0 citric buffer)
overnight at 4 °C for DNA adsorption. The electrodes were then
dried at room temperature, washed with water, and dried again
at 65 °C for 30 min. The electrodes, denoted as ds-DNA/SPE,
were then ready for use.

DNA Oxidation Damage and AO Activity Measurement.
In a first step, the ds-DNA/SPE was immersed in a solution of
Ru(bpy)3

2+ (0.1, 1, 10 µM) in PBS (pH 7.4). A constant potential
of 1.05 V versus Ag/AgCl was applied to oxidize Ru(bpy)3

2+ into
Ru(bpy)3

3+, which in turn oxidized ds-DNA immobilized on the
SPE. Different amounts of AOs were added to the solution to study
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Figure 1. SEM characterization of the TiO2 modified SPE (TiO2,
5 wt %).
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the competitive oxidation of AO in solution. In a second step, the
ds-DNA/SPE electrodes were transferred in a cell containing only
Ru(bpy) 3

2+ at a low concentration (0.1, 1, 10 µM) in PBS (pH 7.4).
The catalytic oxidation current of Ru(bpy) 3

2+ was measured by
SWV to assay the ds-DNA oxidation damages. SWV was used with
the following parameters: potential step ∆Es ) 5 mV, step ampli-
tude ∆Esw ) 25 mV, and frequency f ) 10 Hz. The direct electro-
chemical oxidation of the various AOs was also studied by SWV.

Chronoamperometry of Ru(bpy)3
2+ Oxidation in the Pres-

ence of AOs at SPE. Chronoamperometry was used to study
the reaction rate constants between electrogenerated Ru(bpy)3

3+

and AOs in solution. A potential of 1.05 V (vs Ag/AgCl) was
applied and the current recorded as a function of time. The
working electrode was a bare carbon SPE, the solutions were Ru-
(bpy)3

2+ (1 µM) plus AOs in PBS (pH 7.4).

RESULTS AND DISCUSSION
The TiO2 modified SPEs have a porous surface structure with

TiO2 appearing as nanoclusters, as shown in Figure 1. This porous
structure facilitates ds-DNA adsorption, and the ds-DNA adsorbs
mainly on the TiO2 particles because of the specific phosphate-
TiO2 interactions.42-44 Upon application of a potential of 1.05 V in
a solution of Ru(bpy)3

2+, Ru(bpy)3
3+ is electrogenerated on the

carbon particles and diffuses to react with the adsorbed ds-DNA,
as schematically represented in Figure 2 (step 1). The Ru(bpy)3

2+

formed during the ds-DNA oxidation is reelectrooxidized on the
SPE, so a catalytic enhancement of the oxidation current of Ru-
(bpy)3

2+ can be observed as illustrated in Figure 3. After the
indirect oxidation of ds-DNA by Ru(bpy)3

3+, the electrode is
transferred to another solution containing only Ru(bpy)3

2+, and
the oxidation current catalyzed by the remaining ds-DNA is
measured by SWV (Figure 2, step 2).

A catalytic oxidation peak current can be observed at ∼1.1 V.
The peak current is directly proportional to the remaining ds-
DNA present on the electrode and can be considered as a direct
measure of the ds-DNA damage (Figure 2, step 2). The stronger
the damage, the smaller the peak current. We shall call It the
peak current for an electrode where the ds-DNA has been oxidized
during a time t in the first step and I0 is the initial value in the
absence of oxidation. Figure 4 shows how the ratio It/I0 varies
with the oxidation time during the first process and illustrates
how SWV can be used to probe ds-DNA damage.

To quantify the kinetic aspects of ds-DNA damage by electron-
transfer reactions, we shall develop a simple kinetic model that
distinguishes those Ru(bpy)3

3+ generated close to a TiO2 nano-
particles called RuDNA

III from those generated too far and unable
to oxidize the surface-bound ds-DNA called Rubulk

III . We then
write

where RuDNA
II represents those redox mediators that are electro-

oxidized in the vicinity of TiO2 nanoparticles. k is a second-order
rate constant. The rate law for the production of [RuDNA

III ] able to
oxidize ds-DNA is then

where θ is the proportion of the electrode surface that contains
ds-DNA at a time t, such that θ[RuII]b defines the amount of
“useful” RuII, namely, RuDNA

II . In this way, [RuDNA
III ] is the surface

concentration of Ru(bpy)3
3+ electrogenerated close to the TiO2

nanoparticles and [RuII]b is the bulk concentration of Ru(bpy)3
2+

in solution. D is the diffusion coefficient of both Ru(bpy)3
2+ and
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Figure 2. Schematic diagram of ds-DNA/SPE sensor principle.
RuDNA

II and RuDNA
III represent those redox mediators that are in the

vicinity of TiO2 nanoclusters. The recycling of Rubulk
III by AO is not

illustrated.

Figure 3. Square wave voltammetry for the oxidation of Ru(bpy)3
2+

catalyzed by surface-adsorbed ds-DNA. (a) Blank PBS buffer on SPE;
(b) 1 µM Ru(bpy)3

2+ on SPE; (c) blank PBS buffer on ds-DNA/SPE;
(d) 1 µM Ru(bpy)3

2+ on ds-DNA/SPE.
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II 98 Rubulk

III

RuDNA
II 98 RuDNA

III

RuDNA
III + DNA 98

k
RuDNA

II + DNA+

d[RuDNA
III ]

dt
)

Dθ[RuII]b

δh
-

k[RuDNA
III ][DNA] -

D[RuDNA
III ]

δh
) 0 (1)
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Ru(bpy)3
3+ considered equal to 10-5 cm2 s-1.29 δ represents the

diffusion layer thickness associated with the linear flux of Ru-
(bpy)3

2+ from the bulk to the SPE and that of Ru(bpy)3
3+ from

the SPE to the bulk. h represents the thickness of a thin layer at
the surface of the electrode in order to avoid defining surface
concentrations (in mol m-2). In a steady-state approximation, eq 1
then yields

The approximation in eq 2 assumes that most of the RuDNA
III

generated in the vicinity of DNA diffuses away to the bulk of the
solution. In other words, this assumption means that only a small
fraction of the oxidized mediators generated close to a ds-DNA
can be reduced to be further recycled. Since the concentration of
ds-DNA is proportional to θ, then the rate of consumption of ds-
DNA on the surface is then

where [DNA]0 is the initial surface concentration of DNA prior
to oxidation. In this way, the following relation is obtained

Since ds-DNA damage is monitored by measuring the catalytic
current peak, as shown in Figures 3 and 4, we can write

As shown in Figure 5, this simple kinetic model accounts for
the experimental data. Indeed, the ratio I0/It varies linearly with
time, and the slope varies with the bulk concentration of Ru-
(bpy)3

2+. From a linear fitting of eq 5, we obtain an average k
value of 0.85 × 105 M-1 s-1. This value is comparable to the value

of 1.3 × 105 M-1 s-1 obtained for the oxidation of ds-DNA in solu-
tion by Ru(bpy)3

3+ and measured by cyclic voltammetry at a scan
rate of 50 mV s-1 as described in the Supporting Information.

In the presence of AOs, in the first step during the ds-DNA
oxidative damaging step, the electrogenerated Ru(bpy)3

3+ can
react also with AOs in solution near the electrode surface as
illustrated in Figure 2 for RuDNA

III . A set of AOs including gallic
acid, glutathione, trolox, uric acid, ascorbic acid, and BSA were
studied. To characterize the redox properties of these molecules
on a bare carbon SPE, a SWV analysis of the electrooxidation of
AOs and AOs in the presence of Ru(bpy)3

2+ was performed. As
illustrated in Figure 6, some AOs (trolox, uric acid, ascorbic acid,
and to some extent gallic acid) are electroactive between 0 and
1 V. In the presence of Ru(bpy)3

2+, a catalytic current enhance-
ment for the oxidation of this mediator can be observed showing
that Ru(bpy)3

3+ can oxidize in solution all the tested AOs. Of
course for the electroactive species, their concentration at the
electrode surface at 1 V is strongly depleted yielding a small
catalytic enhancement. For those that are electroinactive on a
carbon electrode (namely, glutathione, to some extent gallic acid),
the enhancement is stronger.

Figure 4. Peak current ratio (It/I0) as a function of the oxidation
time during the first step for different Ru(bpy)3

2+ concentrations
(in µM).

Figure 5. Plot of eq 5 as a function of the oxidation time for different
Ru(bpy)3

2+ concentrations (in µM).

Figure 6. Square wave voltammetry for the oxidation of AOs (dot
line) and AOs plus Ru(bpy)3

2+ (1 µM) (solid line). (1) Gallic acid
(1 mM); (2) glutathione (1 mM); (3) trolox (1 mM); (4) uric acid (1 mM);
(5) ascorbic acid (1 mM); (6) BSA (10 mg/mL). Electrode, SPE.

[RuDNA
III ] )

Dθ[RuII]b

kδh[DNA] + D
≈ θ[RuII]b (2)

d[DNA]
dt

) - k[RuDNA
III ][DNA] )

- kθ2[DNA]0[RuII]b ) dθ
dt

[DNA]0 (3)

θ-1 ) 1 + k[RuII]bt (4)

I0/It ) 1 + k[RuII]bt (5)
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Considering the kinetic model developed above, the reaction
scheme includes now an additional reaction

where kAO is the second-order kinetic rate constant of the reaction
between RuDNA

III and AO in solution. This reaction is considered
to take place within a catalytic layer,45 of thickness µ given by

Applying again the steady-state approximation to the concentration
of RuDNA

III in the thin layer of thickness h, the following equation
is obtained

Assuming that the antioxidant AO is in excess, so that the
concentration of AO at the surface of the electrode remains equal
to the bulk value ([AO] ) [AO]b), we then have

and the rate of consumption of adsorbed DNA becomes

Assuming that the diffusion layer varies with (Dt)1/2, we get

As before, we express eq 10 as a function of the peak current

obtained during the second step by SWV to obtain

As shown in Figure 7, the experiments corroborate reasonably
well the kinetic model. High concentrations of trolox (0.5 mM),
uric acid (1 mM), and ascorbic acid (1 mM) were used to ensure
that despite their direct electrooxidation on the electrode surface
an excess amount of AO molecules are available to react with Ru-
(bpy)3

3+. The kinetic constants (kAO) can be obtained from this
model, they are 6.2 × 103, 1.43 × 103, 166, 67, 52, and 210 M-1

s-1 for gallic acid, glutathione, trolox, uric acid, ascorbic acid, and
BSA, respectively.

For those molecules that are electroinactive on the electrode,
kAO values can be obtained directly by chronoamperometry consid-
ering a simple EC mechanism.46 The catalytic oxidation current
of Ru(bpy)3

2+ in the presence of AOs, ICottrell, is related to the cur-
rent transient Id for the oxidation current of Ru(bpy)3

2+ alone by

(45) Coury, L. A.; Oliver, B. N.; Egekeze, J. O.; Sosnoff, C. S.; Brumfield, J. C.;
Buck, R. P.; Murray, R. W. Anal. Chem. 1990, 62, 452-458.

I0

It
) 1 + k[RuII]bx t

kAO[AO]b
(11)

Figure 7. Plot of eq 11. (1) Gallic acid (0.1 mM); (2) glutathione
(0.1 mM); (3) trolox (0.5 mM); (4) uric acid (1 mM); (5) ascorbic acid
(1 mM); (6) BSA (10 mg/mL). Ru(bpy)3

2+ (1 µM); electrode, ds-DNA/
SPE.

Figure 8. ICottrell for the oxidation of Ru(bpy)3
2+ in the presence of

glutathione (2), gallic acid (3) and Id for the simple oxidation of Ru-
(bpy)3

2+ 1 µM (1) on a bare screen-printed carbon electrode.
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where λ is the kinetic parameter defined by

Shown in Figure 8 are the current responses in the presence of
AOs. The slope (πkAO[AO]b) of the plot (ICottrell/Id)2 versus t in
the time domain between 0.15 and 0.5 s yields kAO values of 4.3 ×
103 M-1 s-1 for gallic acid, 1.2 × 103 M-1 s-1 for glutathione, and
200 M-1 s-1 for BSA. These kAO values correlate well with those
obtained from eq 11. These chronoamperometric data therefore
validate the ds-DNA SPE electrode approach developed above for
any types of molecules.

Table 1 presents a summary of kAO values or antioxidant
capacities obtained from photocatalytic reactions at ds-DNA/
(TiO2)3/ITO,38 Ru(bpy)3

3+ oxidation at ds-DNA/SPE, and by
chronoamperometry.

CONCLUSIONS
We have demonstrated the possibility to study the redox

antioxidant properties of chemical compounds using an electro-
chemical-based DNA modified SPE (ds-DNA/SPE). Electro-
generated Ru(bpy)3

3+ was used as a ds-DNA redox oxidant in the
absence and presence of antioxidant molecules. The ds-DNA oxi-
dation damage is monitored by measuring the catalytic oxidation
of Ru(bpy)3

2+. A simple kinetic model was proposed to quantify
the rate constants between Ru(bpy)3

3+ and adsorbed ds-DNA and
between Ru(bpy)3

3+ and AOs in aqueous solutions. In the former
case, the rate constants measured are similar to those measured
by cyclic voltammetry between Ru(bpy)3

3+ and ds-DNA in solution.
In the latter case, the values obtained correlate well with those
obtained by chronoamperometry for the non electroactive mol-
ecules. It is important to stress that to assay an antioxidant capacity
of a molecule, it is necessary to carry out kinetics studies. The
present approaches are based on competition reactions and on
comparing the rate of oxidation of adsorbed ds-DNA and the rate
of oxidation in the bulk of an antioxidant species. The present
study complements the previous one38 based on the photocatalytic
generation of OH• radicals and the electrochemical detection of
DNA damage using a redox intercalant.
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Table 1. Comparison of Antioxidant Capacities
Obtained from Different Methods

antioxidant capacities

Ru(bpy)3
3+ oxidation

kAO (M-1 s-1)

AOs
apparent kAO

a

(µA mM-1) at ds-DNA/SPEb
chrono-

amperometryc

gallic acid 26.5 6.2 × 103 4.3 × 103

glutathione 1.65 1.4 × 103 1.2 × 103

trolox 166
uric acid 67
ascorbic acid 52
BSA 210 200

a Apparent kinetic constants of reactions between AOs and OH•

radicals.38 b According to eq 11. c According to eq 12.

ICottrell/Id ) π1/2λ1/2 (12)

λ ) kAO[AO]bt (13)

6884 Analytical Chemistry, Vol. 78, No. 19, October 1, 2006


