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TiO2/ITO modified electrodes were developed to quanti-
tatively photooxidize adsorbed ds-DNA and to study the
effect of antioxidants as ds-DNA protecting agents. TiO2

films are used for efficient ds-DNA immobilization, for ds-
DNA oxidation through photogenerated hydroxyl radicals,
and as electrodes for amperometric sensing. The films,
prepared by a sol-gel process, are deposited on ITO glass
electrodes. Damages occurring after ds-DNA oxidation by
ROS are detected by adding MB as an intercalant probe
and by monitoring the electrochemical reduction current
of the intercalated redox probe. The MB electrochemical
signal is found to be sensitive enough to monitor ds-DNA
structure changes, and the electrochemical sensor has
been applied to the evaluation of the antioxidant proper-
ties of glutathione and gallic acid.

DNA sensors comprise many different devices used in fields
as varied as hybridization assays,1-6 identification and quantifica-
tion of DNA molecules in disease diagnostics, detection of
pathogenic organisms,7-11 detection of toxins,12 and antioxidant
tests.13,14 Electrochemical DNA sensors should meet general
specifications, such as rapid detection, sensitivity, low power
consumption, low cost, and mass production, as recently

reviewed.15-18 Usually, electrochemical signals pertaining to DNA
detection are obtained either directly from the oxidation of the
DNA bases or indirectly using DNA-specific redox active indica-
tors, DNA-mediated redox reporters, or enzymes immobilized
upon DNA hybridization.15 One of the key features for the design
of such a biosensor is the efficient attachment of DNA onto the
electrode surface through specific linkages. Classic immobilization
procedures used in DNA sensor technology are based on the
adsorptive accumulation of DNA on carbon, bulk-modification of
a carbon paste electrode, carbodiimide covalent binding, attach-
ment of biotinylated probes to an avidin-coated surface, attachment
to polymer-coated surfaces, and direct self-assembly of thiolated
probes 1.

DNA oxidation sensors represent a class of sensor to monitor
the degree of DNA oxidation. They are based on polymer-modified
electrodes19 and disposable carbon screen printed electrodes.12-14,20

In the latter case, DNA was immobilized onto the electrode surface
by electrocoating12,20 or by dip-coating.13,14 Another DNA oxidation
sensor based on direct DNA adsorption on a mercury electrode21,22

has been also proposed. DNA oxidation was promoted by an
electrochemically induced Fenton reaction and monitored by the
signal of a specific tensametric peak or by the electrochemistry
of reducible adenine and cytosine residues.21,22 More recently, an
electrochemiluminescent method for oxidized DNA detection was
also reported.23

Nucleic acids can be oxidized by various oxidants and in
particular by ROS. Cellular DNA oxidation by ROS always results
in DNA bases being damaged, which has been acknowledged as
a significant source of mutations leading to cancer, premature
aging and other degenerative diseases.24 In living systems,
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superoxide radicals (O2
-•), H2O2, and hydroxyl radicals (OH•) are

the main ROS produced in normal metabolism.25 In addition to
the destruction and release of the nucleobases, hydroxyl radicals
also attack the deoxyribose moieties of DNA, resulting in double
strand breaking (DSB), which causes interruption of the phos-
phodiester bonds.26 Products coming from the oxidation of DNA
bases and DNA strand breaking have received particular attention.
For example, more than 26 oxidized bases were identified after
oxidation27 (OH•, Fenton-type reaction). TiO2-based materials have
been investigated also for the photocatalytic oxidation of DNA,
causing breakage and mineralization of nucleic acids strands28

through ROS generation,29 underlining that TiO2 electrode materi-
als are suitable for the immobilization and oxidation of biomol-
ecules.

We present herein a ds-DNA oxidation sensor based on
modified TiO2/ITO electrodes in which the TiO2 coating, obtained
by sol-gel process, plays the role of ds-DNA immobilization
substrate, photoanode for ROS (OH•) generation, and electrode
for the monitoring of intercalated redox probes by voltammetry.
The gist of this sensor is to adsorb ds-DNA on TiO2 electrodes
and to irradiate the ds-DNA-coated TiO2 electrodes with UV light.
The resulting ds-DNA oxidation damages are monitored by
electrochemistry, by transferring the electrode in a MB solution,
and by monitoring the surface concentration of the redox probe
intercalated in the remaining ds-DNA. The proposed ds-DNA
oxidation sensor, depicted in Figure 1, has been used to compare
the antioxidant properties of glutathione and gallic acid.

EXPERIMENTAL SECTION
Chemicals and Materials. Salmon testes ds-DNA sodium salt

(dissolved in water at 1.7 mg/mL), MB, and glutathione were
purchased from Sigma. TiCl4 (at 2 M in water prepared as
follows: The required amount of water is first frozen and TiCL4

is slowly added. The resulting stock solution is stirred until the
end of the HCl generation and stored at -20 °C) and terephthalic
acid (dissolved into a 4 mM NaOH aqueous solution at a final
concentration of 0.4 mM) were from Fluka. Gallic acid was
obtained from Acros. ITO pieces of 42 mm2 of surface area
(resistance <20 Ω/square, 15 × 7 mm), used as working
electrodes, were obtained from Merck. The PBS buffer was made
of sodium phosphate (NaH2PO4/Na2HPO4, 81:19 (molar ratio))
and NaCl dissolved in water at final concentrations of 50 and 10
mM, respectively (pH: 7.4). ds-DNA adsorption buffers were citric
(pH: 2-3), acetic (pH: 3.5-5), MES (pH: 6) solutions at 50 mM
KCl.

(TiO2)i/ITO Electrodes. Before use, the ITO slide is washed
in water (under ultrasound for 10 min); rinsed with acetone, then
with a sodium hydroxide solution at 1 M (H2O/ethanol 1:1, V/V);
and finally, dried at room atmosphere and temperature for 1 h.
The resulting ITO glass is immersed into a 25 mM TiCl4 aqueous
solution (obtained by dilution of the stock solution) and heated
at 70 °C (room atmosphere) for 30 min.30 After washing with 1-2
mL of water, the modified TiO2/ITO glass is dried at 200 °C (at
room atmosphere) for 5 min. The described sol-gel process could
be repeated several times to obtain (TiO2)i/ITO electrodes
(i represents the number of coatings). Finally, the (TiO2)i/ITO
electrodes are calcinated at 350 °C (at room atmosphere) for 30
min. The determination of the size of particles constituting the
films (10-15 nm) as well as the thickness of the different coatings
(30 nm for i ) 4) were accessed by scanning electron microscopy
SEM (SEM, Philips XL 30 SFEG). As an example, Figure 2a and
b presents the SEM micrographs (top view and cross section view,
respectively) of a (TiO2)4/ITO modified electrode. The optical
quality of the different (TiO2)i/ITO electrodes (1 < i < 4) allows
the control of the film growth by UV spectroscopy: the absorbance
monitored at 300 nm increases with i. The UV measurements
corroborated the SEM data.

ds-DNA Adsorption on (TiO2)i/ITO Electrodes. The
(TiO2)i/ITO electrodes are immersed at 4 °C overnight in ds-
DNA stock solutions (0.43 mg/mL of ds-DNA in a pH 3 citrate
buffer or at the same concentration in buffers ranging from pH 2
to 7.4 for the adsorption study as a function of the pH). After
washing with water and drying at room atmosphere, the electrodes
are heated at 70 °C for 30 min to form the modified ds-DNA/
(TiO2)i/ITO electrodes.31

ds-DNA Photooxidation on (TiO2)i/ITO Electrodes. ds-
DNA/(TiO2)i/ITO electrodes are immersed in a PBS buffer (pH:
7.4) and illuminated with UV light through the solution (wave-
length ranges from 300 to 500 nm with a maximum peak at 360
nm and an illumination power on the ds-DNA sensor of 25 W/m2).
After a given illumination time, the ds-DNA/(TiO2)i/ITO elec-
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Figure 1. Schematic diagram of ds-DNA/(TiO2)i/ITO sensor prin-
ciple.
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trodes are washed with water and are ready for electrochemical
studies. All the photocatalytic oxidations were performed in an
open system because the room atmosphere provides enough
oxygen for an efficient oxidative degradation of ds-DNA.

Electrochemical Characterization of the ds-DNA/(TiO2)i/
ITO Electrodes. The different ds-DNA-modified electrodes are
immersed in an undivided electrochemical cell filled with 2 µM
MB in PBS buffer (pH: 7.4) with a platinum wire counter electrode
and a homemade reference electrode, Ag/AgCl in a saturated KCl
solution. After 3 min (time required to label ds-DNA with MB),
the electrochemical detection is performed on an Autolab PGSTAT
30 potentiostat (Metrohm). ds-DNA damage is evaluated through
measurement of the MB reduction current and compared with
the electrochemical signal recorded with a nonirradiated ds-DNA
modified electrode. The electrochemical methods used are SWV
(potential step ∆Es ) 5 mV, step amplitude ∆Esw ) 25 mV, and
frequency f ) 10 Hz) and CV (potential step ∆Es ) 5 mV, scan
rate ) 50 mV/s).

Photocatalytic Properties of (TiO2)i/ITO Electrodes. The
evaluation of the photooxidation properties of the (TiO2)i/ITO
electrodes was accessed by titration with a fluorescent quencher.32

The fluorescence spectra of 2-hydroxyterephthalic acid (generated
by the reaction of terephthalic acid with the produced OH•) were
measured on a Perkin-Elmer LS-50B fluorescence spectrometer.
The (TiO2)i/ITO electrodes were immersed in a solution of
terephthalic acid and illuminated at 360 nm during a given time.
After irradiation, the solution is transferred into a quartz cell for
fluorescence measurements. The excitation wavelength is 315 nm
and the signal is recorded at 425 nm.

RESULTS AND DISCUSSION
ROS Generation on TiO2/ITO Modified Electrodes. The

modified (TiO2)i/ITO electrodes (as shown in Figure 2a and 2b),
made by successive TiO2 coatings onto ITO electrodes (i repre-
sents the number of dip-coating procedures), are used to generate
ROS via the photocatalytic oxidation of water29 (Scheme 1) when
irradiated at 360 nm. The amount of OH• produced at the (TiO2)i/
ITO electrodes was followed by fluorescence spectroscopy32

(Scheme 2). As shown in Figure 3a and b, the fluorescence rises
linearly with the illumination time. The quenching reaction,
selective toward OH• radicals,32 allows a direct comparison of the
photocatalytic efficiency of the different (TiO2)i/ITO electrodes.
From these results, it can be concluded that (TiO2)4/ITO
electrodes provide the highest OH• production. These results also
show that the ROS production rate is constant for a given
illumination fluence.

ds-DNA Adsorption on TiO2/ITO Modified Electrodes. As
already proposed for the adsorption of phosphate derivatives on
TiO2 materials,31 the ds-DNA/(TiO2)i/ITO electrodes were heated
at 70 °C to improve the ds-DNA immobilization. Temperatures
ranging from 40 to 70 °C were tested, and it was observed that a
drying procedure performed at 70 °C leads to an optimum binding
and a good conservation of the ds-DNA structure. To check the
presence of ds-DNA on the electrode, the ds-DNA/(TiO2)i/ITO
electrode is immersed in a solution of MB,33 and the amount of

intercalated probe molecules is quantified by voltammetry.34 This
well-known electroactive ds-DNA intercalant was chosen for its
good binding properties (binding constant from ≈105 to ≈106 M-1,
depending on the detection method33,34), its high sensitivity toward
ds-DNA structure changes (even single mismatches could be
detected35), and its formal redox potential slightly dependent on
pH (from -0.1 to -0.4 V/SCE for pH from 4 to 11 36). CVs
displayed in Figure 4 show that the peak intensity for MB
reduction is directly proportional to the scan rate (Figure 4 inset)
that indicates that voltammetric measurements in a MB solution
monitors mainly the surface-bound MB and is less sensitive to
the bulk concentration. The amount of adsorbed ds-DNA is then
considered as directly proportional to the reduction current of MB
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Figure 2. SEM characterization of a (TiO2)4/ITO electrode: (a)
surface morphology of the TiO2 film and (b) cross-sectional view of
the TiO2 film.

Scheme 1. TiO2 Photocatalytic Oxidation of
Water from Ref 29a,b

a hVB
+ : holes created in the valence band of TiO2 films when

irradiated at 360 nm.b eCB
- : electrons transferred in the conduct-

ing band of TiO2 films when irradiated at 360 nm.
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bound to the ds-DNA on the electrode. Experiments performed
on bare (TiO2)i/ITO electrodes highlight the diffusion-controlled
reduction of MB (no adsorption of MB at the electrode surface)
in the absence of adsorbed ds-DNA (Figure S-1).

The influence of the pH of the ds-DNA coating solution on
the quantity of adsorbed ds-DNA at the (TiO2)i/ITO electrodes
was also studied (Figure 5). From pH 6 to 4, the MB reduction
current is constant and rather low, then revealing a low but equal
amount of ds-DNA adsorbed at the electrode surface in this pH
range. These observations could be directly compared to the weak
adsorption process occurring between phosphate diester deriva-
tives (a structure close to the phosphodiester group of ds-DNA
nucleotides) and TiO2 films at pH 6.37 In this pH range, TiO2 is
weakly positively charged (the zero point charge of TiO2 ranges
from 5.0 to 6.7, depending on crystallographic structures38),
whereas ds-DNA is highly negatively charged.39 When going
toward more acidic conditions, the adsorption increases until pH
2. At this pH, the strong ds-DNA/TiO2 interactions could be
reasonably attributed to attractive electrostatic forces between the
highly negatively charged ds-DNA (the pK of the phosphodiester
group is around 139) and the positively charged TiO2 film surface
(presence of TiOH2

+ and Ti-OH+-Ti groups40). No experiment
was done at pH < 2 because of a possible ds-DNA structure
alteration.39,41 The conservation of the ds-DNA structure after
adsorption at pH 2 and thermal treatment (70 °C) was verified by
CV, as shown in Figure 4.

The influence of the TiO2 film thickness on the amount of
adsorbed ds-DNA onto (TiO2)i/ITO electrodes was also studied
by SWV. When i varies from 1 to 3, the MB reduction current
increases as the specific surface area and, therefore, the amount
of immobilized ds-DNA on the electrode surface increases. These
observations are in agreement with the rise of the binding sites
at the electrode surface within the film thickness and roughness.
For i > 3, a MB reduction potential shift is observed (MB is
reduced at a more negative potential) which could probably be
attributed to either an IR drop or electron-transfer hindrance
considerations.

The stability of the different ds-DNA/(TiO2)i/ITO electrodes
was also followed by SWV. The MB reduction current was
monitored as a function of the electrode immersion time in a PBS
buffer (pH 7.4). A direct comparison with a simple ds-DNA/ITO
electrode (adsorption in a citrate pH 3 buffer overnight at 4 °C,
drying at 70 °C (room atmosphere) for 30 min) was made.
Whatever the i value, the ds-DNA/(TiO2)i/ITO electrodes were
found to be stable, because no MB reduction current evolution
with time was observed. In contrast, ds-DNA/ITO electrodes (after
treatment at 70 °C) show a current decrease of 50% after 1 h of
immersion. This observation, comparable to the adsorption
behavior of organophosphate ligands on ITO,42 confirms that the

(37) Connor, P. A.; McQuillan, A. J. Langmuir 1999, 15, 2916-2921.
(38) Kosmulski, M. Langmuir 1997, 13, 6315-6320.
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Scheme 2. OH• Quenching by Terephthalic Acid,
from Ref 32a

a The amount of OH• radicals produced at the (TiO2)i/ITO
electrodes is monitored through the fluorescence signal of
2-hydroxyterephthalic acid.

Figure 3. OH• radical production on (TiO2)i/ITO electrodes: (a)
fluorescence intensity vs illumination time plot and (b) fluorescence
intensity vs wavelength plot after 30 min of illumination.
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presence of TiO2 coatings in conjunction with a thermal treatment
enhance the ds-DNA/(TiO2)i/ITO electrodes’ stability.

ds-DNA Oxidation on TiO2/ITO Modified Electrodes. The
proposed electrochemical sensor was tested for ds-DNA oxidation
and damage monitoring in a physiological-like medium (PBS
buffer (pH 7.4)). The ds-DNA/(TiO2)i/ITO electrodes prepared
at pH 3 were irradiated to photooxidize ds-DNA prior to MB
labeling, because MB is known to be damaged by the photocata-
lytic activity of TiO2 materials.29 In addition, when irradiated with
visible light (550-590 nm under specific conditions), MB also
promotes singlet oxygen generation, then providing direct ds-DNA

damage via deoxyguanosine oxidation.43-45 The photocatalytic
activity of TiO2 films toward ds-DNA oxidation was evaluated by
measuring the MB reduction current as a function of the
illumination time for different ds-DNA/(TiO2)i/ITO electrodes.
The oxidation of ds-DNA was also monitored by electrochemistry,
as shown in Figure 6. Generally speaking, whatever the number
of TiO2 coatings, the MB reduction current decreases with the
illumination time.

As it happens, the evolution of the reduction current of MB
adsorbed after the irradiation step follows a second-order kinetics
rate law. Indeed, if the reduction current measured is proportional
to the concentration of adsorbed ds-DNA, then the rate law obeys
the equation

as shown in Figure 7. ds-DNA oxidation is a complex phenomenon
involving many reaction pathways. However, we propose in the
Appendix a simple macroscopic model to account for this observed
second-order kinetics. In the framework of this model, the second-
order rate constant k is directly proportional to the photocatalytic
ROS production Vp, directly proportional to the bimolecular rate
constant of the oxidation of the ds-DNA by the ROS (k1) and
directly proportional to the OH• lifetime τOH•.

In conclusion, taking into account the different parameters
discussed above, we decided to focus on ds-DNA/(TiO2)3/ITO

(43) Suzuki, T.; Friesen, M. D.; Ohshima, H. Bioorg. Med. Chem. 2003, 11, 2157-
2162.

(44) Ravanat, J. L.; Cadet, J. Chem. Res. Toxicol. 1995, 8, 379-388.
(45) Piette, J. J. Photochem. Photobiol., B 1991, 11, 241-260.
(46) Wang, J.; Cai, X. H.; Tian, B. M.; Shiraishi, H. Analyst 1996, 121, 965-

969.

Figure 4. Cyclic voltammetry of MB intercalated on a ds-DNA/
(TiO2)1/ITO electrode. Overnight adsorption at 4 °C in a pH 2 buffer,
CV (potential step ∆Es ) 5 mV, scan rate ) 50 mV/s). Inset: MB
reduction current vs scan rate plot.

Figure 5. pH dependence of the MB reduction current for ds-DNA
adsorption on (TiO2)1/ITO electrodes at different pHs. Overnight
adsorption at 4 °C in different buffers (citric (pH: 2-3), acetic (pH:
3.5-5), and MES (pH: 6)) followed by a thermal treatment at 70 °C
for 30 min, SWV (potential step ∆Es ) 5 mV, step amplitude ∆Esw )
25 mV, and frequency f ) 10 Hz).

Figure 6. Detection of ds-DNA oxidation on a ds-DNA/(TiO2)3/ITO
electrodes by SWV (potential step ∆Es ) 5 mV, step amplitude
∆Esw ) 25 mV, and frequency f ) 10 Hz) after different illumination
times (i.e., irradiation at 360 nm for 0, 10, 30, 45, and 60 min, curves
from a to e, respectively). The peak situated at 1.0 V (vs Ag/AgCl) is
related to guanine oxidation.46

1
I

- 1
I0

) kt (1)
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electrodes. In addition, to conserve the ds-DNA structure, the
adsorption process was carried out in a pH 3 citrate buffer. For
these ds-DNA/(TiO2)3/ITO electrodes, we have k ) 0.02 µA-1

min-1.
ds-DNA Oxidation Quenching by Antioxidant in Solution.

The antioxidant property of glutathione to protect ds-DNA from
oxidation was first examined. As shown in Figure 8, when the
photomediated ds-DNA oxidation was carried out in the presence
of glutathione (5 mg/mL), the electrochemical signal decreased
more slowly than in the absence of glutathione. The second-order
kinetic rate law in the presence of an antioxidant now reads
according to the model presented in the Appendix,

where kapp is inversely proportional to k3, the bimolecular rate
constant for the scavenging of the OH• by the antioxidant. The
apparent second-order rate constant kapp is equal to 0.00156 µA-1

min-1.
The comparison of the data of Figure 8 gives a direct

comparison of the quenching efficiency of the antioxidant com-
pared to that of the solvent, and we get k3[AO] ≈ 12k2.

In Figure 9, we compare the antioxidant efficiency of two model
compounds, namely, glutathione and gallic acid. According to the
model presented in the Appendix, the following equation,

should provide a linear relationship with the concentration of
antioxidant. The slopes of the graphs of Figure 9 were found to

be equal to 1.65 and 26.5 µA mM-1 for glutathione and gallic acid,
respectively. These values allow one to conclude that gallic acid
is ∼16 times more efficient as a ds-DNA-protecting antioxidant
than is glutathione in our system.

CONCLUSIONS
We have demonstrated the possibility to study the antioxidant

properties of natural compounds using an electrochemically based

Figure 7. Detection of ds-DNA oxidation on ds-DNA/(TiO2)i/ITO
electrodes: MB reduction current vs UV illumination time plot
according to eq 1. Each data point is from a single electrode. All the
electrodes used for a given value of i were prepared in a single batch.

1
I

- 1
I0

) kappt (2)

[ 1
It)30

- 1
It)0]-1

) a30 + b30[AO] (3)

Figure 8. Detection of ds-DNA oxidation on ds-DNA/(TiO2)3/ITO
electrodes: MB reduction current vs UV illumination time plot
according to eq 1. Each data point is from a single electrode. All the
electrodes used in this figure were prepared in a single batch.

Figure 9. Detection of ds-DNA oxidation on ds-DNA/(TiO2)3/ITO
electrodes: MB reduction current vs antioxidant concentration plot
according to eq 3 for glutathione and gallic acid. Each data point is
from a single electrode. All the electrodes used in this figure were
prepared in a single batch. Inset: plot of the reduction current ratio
of MB after ds-DNA oxidation in the presence of antioxidants over
the MB reduction current of intact ds-DNA (I/I0) vs the antioxidant
concentration.
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ds-DNA sensor. The proposed (TiO2)3/ITO electrodes were found
to be suitable for the different and complementary tasks that
include ds-DNA immobilization, OH• radical photogeneration, and
electrode material to study MB reduction. It was also shown that
the use of MB as both ds-DNA intercalant and redox mediator is
a suitable method to follow ds-DNA damage via sensitive voltam-
metric methods such as SWV. This redox probe, able to detect
small ds-DNA structure changes, allows a direct analysis and
comparison of the antioxidant capacities of specific natural
molecules. A simple macroscopic kinetic model is proposed to
quantify the antioxidant efficiency for ds-DNA protection.

APPENDIX
In this part, we shall address the kinetics of surface-bound ds-

DNA oxidation on TiO2/ITO electrodes. We have seen in Figure
3 that the rate Vp of OH• production is a constant. In a volume
defined as a thin layer above the electrode surface, we could then
consider the following mechanisms:

The third step is a generic manner to consider the quenching of
OH• by all the other species, where k2 is a pseudo-first-order rate
constant. The steady-state approximation for the OH• radical is
then

that yields

Then, the consumption rate of surface-bound ds-DNA is

If k2 , k1[DNA], then we have

and we should get an apparent zero-order kinetics; i.e., the
concentration of ds-DNA on the electrode should decrease linearly
with time. If k2 . k1[DNA], then we have

and we should get an apparent first-order kinetics, and the

concentration of ds-DNA on the electrode should follow an
exponential decay.

However, the experimental data show that the kinetics is
second-order.

One aspect of the present experiment is that the OH• radical
has a very short lifetime. Therefore, we could consider two types
of OH• radicals, those produced on that part of the electrode
covered by ds-DNA (OHa

•) and those on that part coated by
oxidized ds-DNA (OHb

•).
Let’s call cmax the original surface concentration of ds-DNA after

the coating step. At time t, this concentration becomes θcmax,
where θ is the surface coverage. The mechanism considered
above can now be written as

The rate of production of OHa
• is, therefore, θVp. The steady-

state approximation for OHa
• is then given by

which yields

if we assume that OHa
• reaction with ds-DNA is slower than the

quenching by the solvent. The rate of consumption of surface-
bound ds-DNA is then

If the reduction current is proportional to the surface concen-
tration of ds-DNA, then the integration of this equation yields

We obtain, then, a second-order rate law. In addition, this
model accounts for the results of Figure 7, where we see that Vp

increases with the number of layers of TiO2. It is interesting to
notice that k2 is a pseudo-first-order rate constant and that τOH• )
k2

-1 is the OH• radical lifetime in solution in the vicinity of the
electrode.

In the presence of antioxidant, AO, the reaction mechanism
should consider an additional reaction,
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and the rate of consumption of ds-DNA is then

In Figure 9, we have measured the reduction current of MB
after an irradiation of 30 min for different concentrations of
antioxidant, and the plot

is proportional to [AO].
This simple macroscopic model allows the determination of

the efficiency of the antioxidant molecules at protecting ds-DNA.

Abbreviations. ds-DNA, double stranded DNA; ITO, indium
tin oxide; MB, Methylene Blue; ROS, reactive oxygen species;
CV, cyclic voltammetry; SVW, square wave voltammetry.
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