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Abstract
DNA damage by CrV and/or CrIV intermediates of CrVI electrochemical reduction was detected using a supercoiled
DNA-modified mercury electrode. A signal sensitive to formation of DNA strand breaks, AC voltammetric DNA
peak 3, increased due to incubation of the DNA-modified electrode in micromolar solutions of CrVI at potentials
sufficiently negative for CrVI reduction. Damage to DNA in solutions containing CrVI and a chemical reductant
(ascorbic acid, AA) was observed only at relatively high chromium concentrations (hundreds of mM). To eliminate
interferences of excess CrVI in measurements of guanine electrochemical signals, a magnetoseparation double surface
electrochemical technique was introduced. Using this approach, DNA damage in solution was detected for 50 –
250 mM CrVI upon addition of 1 mM AA. Our results suggest a more efficient DNA damage at the electrode
surface due to continuous production of the reactive chromium species, compared to DNA exposure to chromium
being reduced chemically in solution.

Keywords: Chromium electrochemical reduction, DNA damage, DNA-modified electrode, DNA biosensor, Reactive
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1. Introduction

Chromium compounds belong to the most important
occupational carcinogens found in industry and in the
environment as important pollutants [1 – 3]. The chromium
genotoxicity involves a multiplicity of mechanisms con-
nected with reduction of CrVI (uptaken by the cells) to CrIII

through three consecutive one-electron steps. Reactive
intermediates of this reduction, CrVand/or CrIV, can directly
attack biomolecules or enter a variety of chemical reactions,
including those leading to reactive oxygen species (ROS)
production. These processes may cause different lesions in
the genetic material, such as DNA strand breaks, oxidative
base (predominantly guanine) damage, abasic sites, etc [4 –
6]. In addition, CrIII can form different types of coordination
complexes with DNA or nucleotides [7].
Electroanalytical techniques and electrochemical DNA

biosensors have been utilized by a number of authors as
convenient tools for detecting DNA damage induced by
different toxic substances. Applications of these ap-
proaches in studies of DNA-drug interactions, testing
genotoxicity of various compounds as well as in environ-
mental monitoring have also been reported (reviewed in
[8 – 11]). The sensors for DNA damage are typically based
on either carbon electrodes (usually for detecting damage
to guanine residues) or on mercury and/or silver amalgam

electrodes. The latter electrodes can also be used for the
detection of nucleobase damage but in addition, they
exhibit a unique sensitivity to formation of DNA strand
breaks (sb). In our previous work we proposed a biosensor
for DNA damage using mercury [9, 12, 13] or silver
amalgam [14 – 16] electrodes modified with supercoiled
(sc) plasmid DNA (reviewed in [10, 11]). Detection of the
sb with this type of biosensor is based on a qualitative
difference between voltammetric responses of scDNA
(which does not possess any ends of the polynucleotide
chains) and the responses of linear DNA or circular DNA
involving the sb. While the latter DNA forms yield under
certain conditions an AC voltammetric peak 3, the scDNA
does not (for more details see [10, 11, 13, 17]). When the
scDNA (either in solution or adsorbed at the electrode
surface) is exposed to an agent causing DNA strand
breakage, the peak 3 appears and its intensity reflects the
extent of DNA damage. It has been also shown that
damage to DNA adsorbed at an electrode surface can be
modulated electrochemically through generation of DNA-
cleaving or otherwise damaging species [9, 12, 18, 19]. For
example, Fenton and/or Haber – Weiss reactions of tran-
sition metals (such as iron [12] or copper [9]) leading to
production of ROS can be controlled via redox cycling of
the metals at the electrode. These approaches offer the
advantages of the electrochemical platform for further
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development ofDNAbiosensors for toxicity testing and/or
environmental monitoring.
In this work we for the first time studied DNA damage by

chromium species. We show that DNA at the mercury
electrode surface dipped into micromolar solution of CrVI is
efficiently cleaved during electrochemical reduction of the
six valent chromium. In contrast, a detectableDNAdamage
in solution containing CrVI and a chemical reducing agent
was observed (through measurements of guanine signals at
either mercury or carbon electrodes) only at relatively high
chromium concentrations. To eliminate interferences of the
CrVI, a magnetic beads-based electrochemical double-sur-
face technique was used.

2. Experimental

2.1. Material and Reagents

Supercoiled (sc) pBSK(-) DNA was prepared as described
[13], synthetic oligonucleotides (ODNs) d(GTT)7(A)20
(further denoted as GTT7) or d(CCG)7(A)20 (CCG7) were
purchased fromVBCGenomics (Vienna,Austria). K2Cr2O7

and KCr(SO4)2 were purchased from Lachema (Brno,
Czech Republic) and L-ascorbic acid (AA) from Kulich
(Hradec Kralove, Czech Republic). These and all other
chemicals were of analytical grade. Dynabeads Oligo(dT)25
(DBT) and magnetic concentrator were supplied by Dynal
A. S. (Oslo, Norway).

2.2. Electrochemically Modulated DNA Cleavage at the
Electrode Surface

ScDNAwas adsorbed at the electrode surface from a 3-mL
drop of solution containing 50 mg mL�1 scDNA in 0.2 M
NaCl, 10 mM Tris HCl, pH 7.4, for 60 s. The electrode was
washedbydistilledwater and transferred into solutionof the
reagents (K2Cr2O7 or KCr(SO4)2 and/or H2O2) in 0.2 M
NaClO4, followed by applying the potential Ec for the given
time (formore details see text). Then, the current circuit was
opened, the electrode system washed again and transferred
into blank background electrolyte to perform the AC
voltammetric measurement.

2.3. Treatment of DNA or ODN with the Chromium
Species in Solution

Mixtures of scDNA or an ODN (concentration depending
on the type of experiment) with the reagent (CrVI, CrIII and/
or AA; in experiments with the reducing agent, the DNA/
ODN was first mixed with CrVI and then AA was added)
were prepared and preincubated at 20 8C for 30 min,
followed by either the ex situ voltammetric measurement,
by the magnetoseparation procedure (see below) or by an
electrophoretic assay.

2.4. Magnetoseparation Procedure and the Double-
Surface Technique

Aliquots of 10 mLof theDBTwerewashed thrice in 50 mLof
buffer-A (0.3 M NaClþ 10 mM Tris, pH 7.4), followed by
incubation with 20 mL of the ODN sample on a shaker at
20 8C for 30 min to allow binding of the ODN to the DBT.
Then the beadswerewashed 4� by 50 mLof buffer-A (using
repeated magnetoseparation and resuspending) and trans-
ferred into 10 mL of deionized water. ODNs were released
fromDBTby heating at 85 8C for 2 min. The output samples
were analyzed electrochemically or electrophoretically.

2.5. Voltammetric Measurements

If not stated otherwise, the DNA or ODN voltammetric
responses were measured using the ex situ (adsorptive
transfer stripping, AdTS [20, 21]) procedure with DNA
modified electrodes. Hanging mercury drop electrode
(HMDE) was immersed in a 3-mL aliquot of the sample, or
7 mLof the samplewas applied onto the freshly wiped surface
of a carbon paste electrode (CPE); the samples always
contained 0.2 M NaCl. After a 60-s accumulation time, the
electrode was subsequently washed by deionized water and
by background electrolyte and placed in a voltammetric cell.
Allmeasurements were performed at room temperaturewith
anAutolabanalyzer (EcoChemie,Utrecht,TheNetherlands)
connected toVA-Stand663 (Metrohm,Herisau, Switzerland)
in three-electrode setup (Ag/AgCl/3 M KCl electrode as a
reference and platinumwire as an auxiliary electrode), under
argon at theHMDEor on air at theCPE.AC voltammetry at
HMDE: background electrolyte 0.3 M NaCl, 0.05 M Na2
HPO4; initial potential �0.6 V; final potential �1.6 V;
frequency 230 Hz; amplitude 10 mV; scan rate 20 mV s�1; in
phase component. Cyclic voltammetry (CV) at HMDE:
background electrolyte 0.3 M ammonium formate, 0.05 M
sodium phosphate, pH 7.0 (AFP); initial potential 0.0 V,
switching potential �1.85 V, scan rate 1 V s�1 (if not stated
otherwise in Figure legend). Square-wave voltammetry
(SWV)atCPE:backgroundelectrolyte 0.2 Msodiumacetate,
pH 5.0, initial potential �1.0 V, end potential þ1.5 V, fre-
quency 200 Hz, amplitude 25 mV, potential step 5 mV.

2.6. Gel Electrophoresis

Chromium-treated scDNA or synthetic ODNs were ana-
lyzed by electrophoresis in 1% agarose or 15% denaturing
polyacrylamide gels, respectively, according to laboratory
manual [22]. The scDNA was visualized by ethidium
staining, radioactive 32P-labeledODNs by autoradiography.

3. Results and Discussion

Chromium species are reducible at the mercury electrodes
[23 – 25]. Figure 1 shows CVs of K2Cr2O7 in 0.2 M sodium
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perchlorate (medium used for the DNA cleavage experi-
ments, see below) or in 0.3 M ammonium formate, 0.05 M
sodium phosphate, pH 7.0 (AFP, a background electrolyte
used for measurements of nucleobase redox signals at the
HMDE). The cathodic peaks at about�0.35 V (in NaClO4,
denoted as VIpc) or 0.0 V (in AFP, VIAFP) correspond to
reduction of CrVI to CrIII while the cathodic peak around
�1.65 V (in both media, peaks IIIpc or IIIAFP, Fig. 1) can be
attributed to further reduction of CrIII [23 – 25]. As men-
tioned in Introduction, the chromium species can cause a
variety of DNA lesions, depending on the chromium
oxidation state and redox processes occurring upon their
interactions with the genetic material. We focused on (i)
DNA strand breakage during electrochemical or chemical
reduction of CrVI, and (ii) chromium-induced damage to
DNA guanine residues.

3.1. Cleavage of Electrode Surface-Confined DNA
During CrVI Electroreduction

In analogy with our previous studies [12, 26] of iron or
copper-mediated electrochemical generation of DNA-
cleaving species, we tested whether DNA at the HMDE
surface can be damaged upon chromium electroreduction.
Figure 2 shows the effects of potential Ec, applied at the
scDNA-modified HMDE during its incubation in solution
of the reagents of interest (CrIII or CrVI and/or hydrogen
peroxide), on AC voltammetric behavior of the DNA
adsorbed at the electrode. The tensammetric peak 3 (see
inset in Fig. 2)was used as ameasure of the amount of strand
breaks formed during the treatment [12, 13, 26]. As
expected, no peak 3 was detected with the scDNA-modified
electrode not subjected to any treatment prior to the ACV
measurement. For potentials Ec in the range of 0 to �0.2 V
applied for 60 s, a small peak 3 was detected the intensity of

which practically did not depend on the reagent composi-
tion. On the other hand, striking differences between the
responses to treatment with CrVI (2.5 mM K2Cr2O7) and to
the CrIII [5 mM KCr(SO4)2] treatment were observed at
�0.70 V<Ec< –0.20 V. CrIII alone (in deoxygenated solu-
tion with no H2O2 added) caused no detectable DNA
damage within the whole Ec region tested. On the contrary,
for CrVI (again, in deoxygenated and H2O2-free solution),
the dependence of the peak 3 intensity on Ec followed an S-
shaped curve with a sharp transition between �0.25 and
�0.40 V. Inflection point of this curve was found at
approximately �0.35 V, close to peak potential of dichro-
mate reduction (Fig. 2: the superimposed dotted curve
represents section of a voltammogram of 2.5 mMK2Cr2O7 in
the same medium) suggesting that the observed DNA
damage was connected with the CrVI electroreduction
process involving reactive CrV and/or CrIV intermediates
(see below) [4, 6].
Further, we performed the same experiments in the

presence of 1 mMH2O2. As shown previously [12, 26], H2O2

alone (in the absence of transitionmetals) causes a potential
Ec-dependent damage toDNAat theHMDE surface due to
electrochemically mediated ROS production ([12] and
references therein). Addition of CrIII to the H2O2 solution
resulted in augmentation of the DNA damaging effect at
potentials Ec � �0.5 V. In the presence of CrVI plus H2O2,
the dependence of the peak 3 intensity on Ec was S-shaped
similarly as observed for CrVI alone. Presence of H2O2 in the
reagent solution caused significantly stronger DNA dam-

Fig. 1. In situ cyclic voltammograms of a) 2.5 mM K2Cr2O7 in
0.2 M NaClO4 or b) 50 mM K2Cr2O7 in 0.3 M ammonium formate,
0.05 M sodium phosphate, pH 7.0 (AFP). Initial potential þ0.1 V,
switching potential �2.0 V, scan rate 1 V s�1.

Fig. 2. Dependence of the area of the AC voltammetric DNA
peak 3 on the potential Ec applied at the scDNA-modified
electrode during 60-s incubation in the reagent solution containing
(~) 2.5 mM K2Cr2O7; (*) 2.5 mM K2Cr2O7, 1 mM H2O2; (~) 5 mM
KCr(SO4)2; (&) 5 mM KCr(SO4)2, 1 mM H2O2; (� ) 1 mM H2O2

alone (all in 0.3 M NaClO4). The superimposed dotted curve
represents cathodic peak VIpc due to electroreduction CrVI!CrIII

(taken from Fig. 1). Inset: sections of AC voltammograms yielded
by a) intact scDNA; b) scDNA exposed at the HMDE surface to
2.5 mM K2Cr2O7 for 60 s, Ec¼ 0.0 V; c) same as (b) but Ec¼
�0.3 V; d) same as (b) but Ec¼�0.6 V. For more details, see
Sec. 2.
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age, compared to CrVI alone, at potentials more negative
than �0.4 V but not around the inflection point (Fig. 2).
ForEc¼ –0.3 V the dependences of the peak 3 area on the

CrVI concentration and on the time of exposure were
measured (Fig. 3). The peak 3 intensity increased remark-
ably with both time andCrVI concentration (Fig. 3A). Shape
of the DNA AC voltammograms obtained for higher doses
of exposure (such as curve d in Fig. 2, inset) was character-
istic for single-stranded DNA rather than for double-
stranded DNA involving separated single strand breaks
[10, 13], suggesting heavy damage to the surface-confined
DNA. Contrary to CrVI, CrIII did not cause detectable DNA
damage even after prolongation of the exposure time
(Fig. 3B). When 1 – 10 mM dichromate was mixed with
scDNA in solution and its reduction was achieved by
addition of an excess of ascorbic acid (AA), followed by 30-
min incubation and the ex situ AC voltammetric measure-
ments, no significant changes in the peak 3 intensity were
observed (Fig. 3A). Absence of DNA cleavage under these
conditions was also confirmed by agarose gel electropho-
resis of the scDNA. Inset in Figure 3A shows that the
amount of scDNA in the gel practically did not change with
increasing CrVI concentration, indicating absence of DNA
cleavage (if single strand breaks were formed, the scDNA
would be converted into the more slowly migrating ocDNA
[13]). Certain (but not very efficient) DNA cleavage in
solution was observed only at rather high dichromate
concentration (100 – 200 mM, see below).
The above results suggest that DNA adsorbed at the

HMDE surface is damaged during electrochemical reduc-
tion of CrVI to CrIII at the same electrode independently of
the presence of H2O2 or dioxygen. Genotoxic and carcino-
genic effects of sixvalent chromium have been ascribed to
reactive intermediates of CrVI reduction (CrV and/or CrIV)
[5, 27]. CrV has been postulated to be the ultimate
carcinogenic form of chromium. The same species can
occur, and attack the immobilized DNA, at the HMDE
surface as products of consecutive one-electron steps ofCrVI

electroreduction:

CrVI! [CrV!CrIV]!CrIII (1)

On the contrary, trivalent chromium did not exhibit any
significant effect in the potential region corresponding to
the CrVI reduction peak but augmented the DNA damaging
effect of H2O2 at more negative potentials. It is not likely
that the effect of CrIII on the DNA damage in the potential
region �0.4 to �0.7 V occurred through mechanism pre-
viously proposed for iron [12] or copper [26] complexes, i.e.,
via Fenton-type reactions (Eq. 2) and electrochemically
mediated redox cycling of the metals (Eq. 3):

MenþH2O2!Menþ1þ ·OHþOH� (2)

Menþ1þ e�!Men (3)

Electroreduction of CrIII to CrII [expected to enter the
Fenton reaction (Eq. 2)] actually occurs at more negative

potentials [23 – 25]. Nevertheless, an alternative mechanism
may involve reduction of CrIII with superoxide anion (Eq. 4)

CrIIIþ ·O2
�!CrIIþO2 (4)

followed by ·OH production through the CrII-mediated
Fenton reaction (Eq. 2) [28, 29]. The superoxide anion
occurs at the electrode, being an intermediate of dioxygen
reduction while O2 is a product of H2O2 spontaneous
decomposition ([13] and references therein). The increase
of DNA damage caused by addition of H2O2 to CrVI at
potentials Ec��0.5 V can be attributed to the same
mechanism, with CrIII generated via CrVI electrolysis. CrVI

Fig. 3. A) Dependence of the DNA peak 3 area on chromium
concentration: (~) damage to electrode surface-confined scDNA
upon the CrVI electrochemical reduction. During incubation of
scDNA-modified electrode in solution of the K2Cr2O7, Ec¼
�0.3 V was applied for 60 s; for more details, see Figure 2. (&,*)
scDNA exposed in solution (0.2 M NaClO4) to (&) CrVI or (*)
CrIII in the presence of 1 mM ascorbic acid (AA). After 30-min
incubation, the DNAwas adsorbed at the HMDE and analyzed by
AC voltammetry. Inset: agarose gel electrophoresis of scDNA
exposed to CrVI (concentrations given in the figure) in the (lanes
1 – 4) absence; or (lanes 5 – 8) presence of 1 mM AA. B) Depend-
ence of the DNA peak 3 area on the time of exposure of the
scDNA-modified electrode to (*) 2.5 mM K2Cr2O7 or (*, 5 mM
KCr(SO4)2, at Ec¼�0.3 V. Other details as in Figure 2.
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or CrVare also known to undergo reactions of types (Eq. 4)
or (Eq. 2), respectively, and it has been proposed by some
authors that it is not the CrV itself what is carcinogenic, but
rather ROS generated in reactions mediated by the
chromium species [30]. Nevertheless, our results suggest
that contribution of these processes in the potential Ec

region between �0.2 and �0.4 V was insignificant and
that the major effect in this potential region was oxygen-
independent.
The absence of DNA cleavage in solution can be

explained by a rapid reduction of all CrVI to CrIII by the
excess of the reducing agent. Thus, all reactive chromium
species in the bulk of solution were consumed before they
could attack the dissolved DNA. The situation at the
electrode surface is different: the reactive CrV or CrIV

intermediates are generated continuously from dichromate
diffusing to the electrode from the bulk of solution in a close
vicinity of the adsorbed DNA.

3.2. Effects of Chromium Species on the Voltammetric
Signals due to Guanine Residues

Among the DNA bases, guanine has been found to be most
susceptible to oxidative damage as well as to modification
due to exposure to the chromium species [3 – 7]. Here we
studied the effects of chromium species on the voltammetric
responses of guanine-containing ODNs GTT7 or CCG7 at
the HMDE or CPE. Ex situ CVs of the CCG7 (1.25 mg
mL�1) are shown in Figure 4A (curve b). The CV displays
two signals: a cathodic peak CA at �1.47 V, corresponding
to irreversible reduction of the CCG7 cytosine and adenine
residues [17], and anodic peakG at�0.22 V due to guanine.
The mechanism giving rise to the peak G involves chemi-
cally reversible reduction of guanine to 7,8-dihydroguanine
at potentials � �1.6 V and its anodic oxidation back to
guanine [31, 32]. Similar response was obtained withGTT7
but the cathodic peak of this ODN (lacking cytosine)
appeared around �1.55 V (not shown). At the CPE, both
ODNs yielded signals due to electrooxidation of guanine
(peak Gox) and adenine (peak Aox) residues (in Fig. 4B
shown for 10 mg mL�1 GTT7).
Treatment of the ODNs with K2Cr2O7 caused the peak G

measured at the HMDE to decrease, depending on the
dichromate concentration (Fig. 5A, squares). The cathodic
peak CAwas also strongly depressed and overlapped with a
new cathodic signal at �1.65 V; another cathodic peak
appeared around �0.35 V (Fig. 4A). Analogous ex situ CV
measurement with 100 mMK2Cr2O7 alone (in the absence of
the ODN) yielded well developed cathodic peaks at
�0.35 Vand at�1.65 V. The peak at�1.65 V corresponded
to the more negative chromium signal detected in AFP in
the in situ CV mode (peak IIIAFP, Fig. 1) suggesting that
dichromate was accumulated at the HMDE surface during
the adsorption step, being adsorbed sufficiently firmly to
resist washing of the electrode and the cathodic scan. The
CrVI reduction peak around 0 V (peak VIAFP, Fig. 1) could
not obviously be detected under the conditions used in

Figure 4 due to too negative initial potential (0.0 V). The
peak around �0.35 V was most probably due to a reor-
ientation process undergone by the adsorbed chromium
species.
The firm binding of CrVI to the electrode surface could

cause decrease of the peak G intensity (even without
damage to the guanine residues) for at least two reasons: (a)
due to competition for the electrode surface during the
accumulation step; and (b) due to affecting electrode
processes in the potential region where the 7,8-dihydrogua-
nine is generated [10, 31, 32]. To examine these interfer-
ences, we exposed the HMDE to various concentrations of
K2Cr2O7 in the absence of the ODN, followed by the
electrode washing and transfer into AFP containing the
CCG7 ODN. In this way, in situ CVs of the ODN were
recorded with the dichromate-modified HMDE. Intensities
of the peak G resulting from this experiment are displayed
as a function of K2Cr2O7 concentration in Figure 5A

Fig. 4. A) Ex situ (adsorptive transfer stripping) CVs at the
HMDE of a) K2Cr2O7; b) CCG7 ODN; and c) mixture of both.
Samples containing 1.25 mg mL�1 CCG7 and/or 100 mM K2Cr2O7

were preincubated at 20 8C for 30 min, followed by the ex situ CV
measurements in blank AFP (for more details see Sec. 2). Inset:
detail of the anodic curves in the region of peak G. B) Sections of
ex situ square-wave voltammograms measured at a CPE for a)
10 mg mL�1 GTT7 ODN; b) the same ODN preincubated with
250 mM K2Cr2O7 and 1 mM AA; c) background electrolyte.
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(circles). Treatment of the HMDE with dichromate in the
absence ofDNAresulted in a sharp decrease of the intensity
of the peak G that practically disappeared for dichromate

concentrations � 50 mM. Notably, in the K2Cr2O7 concen-
tration region of 10 – 200 mMthe relative decrease of peakG
observed in the latter experiment was considerably stronger
thandecrease of the samepeakobtainedwhen theODNwas
co-adsorbed at the HMDE with the dichromate. Such
behavior suggests that the ODN competed with dichromate
for the electrode surface.
In another experiment we studied ex situ responses of the

CCG7 ODN co-adsorbed with 100 mM dichromate in
successive CV scans (Fig. 5B). The signals due to chromium
were observed only in the first cycle regardless of the
presenceor absenceof theODN. In the absenceof theODN,
the CVs obtained in the second and following scans did not
differ significantly from curves obtained with bare HMDE
in the blank background electrolyte (not shown). This
indicated that after completion the first potencial cycle, the
electrode surface was cleaned, i.e., free of the chromium
species. Similarly, the signals due to K2Cr2O7 co-adsorbed
with the CCG7 ODN disappeared after the first potential
cycle (Fig. 5B). The cathodic peak CA was absent in the
second and further scans in agreement with irreversibility of
the corresponding electrode process [10, 17, 33]. On the
contrary, the ODN peak G in the second cycle was almost
twice higher than the same signal observed in the first CV
scan and did not change significantly in the third to fifth
scans (Fig. 5A, right inset). Hence, after removal of the
interfering chromium from the electrode surface during the
first potential cycle, the chemically reversible electrode
processes giving rise to the peak G [10, 17, 31 – 33] became
more feasible, resulting in a more intense signal. However,
the peak G intensity observed in the second and following
cycles with the dichromate-treated ODNwas only 50 – 60%
of the peak G intensity resulting from analogous ex situ
measurement in the absence of K2Cr2O7 (Fig. 5B, left inset).
This difference may in principle involve contributions from
(a) lower amount of ODN adsorbed at the electrode in the
presence of dichromate; (b) damage to certain portion of
guanine residues by CrVI during preincubation in solution;
and/or (c) damage to the ODN at the electrode surface due
to reactive intermediates of CrVI electroreduction (see
above). A significant contribution from (b), at least for K2

Cr2O7 in the absence of a reducing agent, was excluded by
the next experiments (see below).

3.3. Using the Magnetoseparation Double Surface
Technique in Analysis of Chromium-Treated ODNs

The AdTS procedure (Fig. 6A) has successfully been
applied in electrochemical analysis of biopolymers, (strongly
adsorbing at the electrode surfaces) in the presence of
weakly adsorbing low molecular mass substances (such as
metal ions, monomeric nucleic acids components, DNA
intercalators; etc. [10, 17, 20]). Sufficiently different affinities
of DNA and of the above mentioned small molecules to the
electrode surfaces enabled their effective separation and
elimination of interferences. However, results of this work
suggest that this is not the case of dichromate (binding to the

Fig. 5. A) Interference of dichromate in ex situ measurements of
the peak G at the HMDE. (*) Effects of ex situ-modification of
the HMDE with K2Cr2O7 on the subsequently recorded in situ CV
responses of the CCG7 ODN (dependence of the peak G height
on the K2Cr2O7 concentration). The electrode was first immersed
into a drop of the dichromate solution in 0.1 M NaCl for 60 s,
followed by washing and transfer into AFP containing 1.5 mg mL�1

CCG7, 60-s accumulation of the ODN at the electrode and the
CV measurement. (&) Ex situ measurements of the CCG7
responses after co-adsorption at the HMDE with different
concentrations of K2Cr2O7 (as in Fig. 4A). (~) As (*) but ODN-
blank samples (containing dichromate at the given concentration
but no ODN) subjected to the double-surface magnetic separation
procedure were used for the HMDE treatment prior to the CCG7
in situ CV. The peak intensities are expressed as per cent of the
peak intensity of untreated DNA for each data series. B) Effects
of repeated scans on the ex situ CV response of a mixture of
1.25 mg mL�1 CCG7 and 100 mM K2Cr2O7: a) first scan; and b)
second scan; c) first scan of 100 mM K2Cr2O7 in the absence of the
ODN. Insets: details of peak G in five successive scans (numbered
in the figure) for 1.25 mg mL�1 CCG7 in the (left); absence or
(right) presence of 100 mM K2Cr2O7. Other conditions as in
Figure 4.
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electrode rather firmly) and that including of a pre-
separation step in the analytical protocol is necessary. We
chose a procedure involving magnetic beads analogous to
the double surface techniques (DST) recently applied in
electrochemical analysis of DNA hybridization [34 – 36]
and/or DNA-protein interactions [37]. Principle of the
technique is depicted in Figure 6B. After incubation of the
ODN probe with a genotoxic agent (here, CrVI), magnetic
beads bearing a suitable recognition element complemen-
tary to molecular adaptor linked to the probe are added to
the reaction mixture. Here we used ODNs involving an
oligo(dA)n tail designed for immobilization at the Dyna-
beads oligo(dT)25 (DBT). The exposed ODN is captured at
the DBT and the interfering species can be efficiently
removed via repeated magnetic separation and washing of
the beads. Finally, the purified ODN is released from the
DBT and analyzed electrochemically using the ex situ
voltammetric procedure.
We first tested efficacy of the DST in dichromate removal

using ODN-blank samples. Aliquots of the DBT were
incubated with different concentrations of K2Cr2O7 in the

absence of the ODN, followed by the magnetoseparation
procedure. The output supernatants were used for modifi-
cation of the HMDE, followed by the in situ CV measure-
ments of the CCG7 ODN (Fig. 5A, triangles). No decrease
of the peak G intensity with increasing dichromate concen-
tration was observed (and also no sign of the voltammetric
peaks due to chromium), suggesting an efficient removal of
the interfering K2Cr2O7 from the samples. Further, we
treated CCG7ODN with various concentrations of dichro-
mate and subjected them to the magnetoseparation proce-
dure. The output supernatants were analyzed by the ex situ
CVat the HMDE. Again, no decrease of the peak G height
with increasing dichromate concentration or any other
chromium effects were detected (Fig. 7A). In addition, the
same samples were analyzed using polyacrylamide gel
electrophoresis (after labeling of the output ODN by
radioactive 32P, Fig. 8A). Intensity of the band correspond-
ing to the 41-mer ODN did not change due to the K2Cr2O7

treatment andnoother species appeared in the gel (the same
pattern resulted from PAGE of the ODN not subjected to
the magnetoseparation, not shown). Hence, dichromate (in

Fig. 6. A) Adsorptive transfer stripping voltammetric procedure suitable for analysis of DNA damage by agents weakly adsorbing at
the electrode surface (single-surface technique, SST). The electrode (mercury or carbon) is immersed into small aliquot of the reaction
mixture a) for a short time during which the DNA (intact or damaged) is accumulated at the electrode surface via its strong adsorption.
In the washing step (b) the weakly adsorbing species are removed from the electrode surface, followed by ex situ voltammetric
measurement (c). B) A magnetic beads-based double surface electrochemical technique (DST). Specifically designed ODN, composed
of a segment expected to interact with the agent of interest (denoted as probe segment) and a suitable adaptor (A20) for capture at the
magnetic beads, is a) incubated with the agent of interest. Then the sample is mixed with the beads and after binding, the ODNs are b)
separated from the unreacted agent using magnetic concentrator. The beads can be thoroughly and repeatedly washed with a suitable
medium, resulting in removal of the residual weakly bound reagent. Finally, the ODN is c) released from the DBT into the solution, the
beads are removed and the output samples analyzed electrochemically using the AdTS procedure (as in A). In this way, interferences of
substances that strongly bind to the electrode surface but not to the beads can be eliminated.
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the absence of reducing agent) caused no changes in ODN
molecules detectable either electrochemically (such as
damage to the guaninebase) or electrophoretically (changes
in the ODNmolecular mass). This was in a striking contrast
to results of the AdTS voltammetric measurements without
application of themagnetoseparation procedure (the single-
surface technique, SST) in which the DNA damage-
independent chromium interferences might be misrecog-
nized as false positive results.
Next, we treated the CCG7 ODN as above but in the

presence of 1 mMAA. Intensities of peak G resulting from
this experiment after application of the SST or DST are
depicted in Figure 7B. Interestingly, the peak G intensity
obtained in the SST for dichromate concentration �50 mM
was less affected in the presence of the AA than in its
absence. This was in accord with reduction of CrVI to CrIII

which, when added to the reaction mixture instead of
dichromate, exhibited considerably lower effects on ODN
CVs than the dichromate [e.g., 500 mMKCr(SO4)2 caused a
65% decrease of the peak G intensity and did not hamper
measurement of the cathodic peak CA, not shown]. On the
other hand, for 250 mM K2Cr2O7 (plus 1 mM AA) the peak
G completely disappeared.Upon application of theDST, no
significant changes on the peak G intensity were observed
for the K2Cr2O7 concentrations �50 mM, while at higher
chromium concentrations the mixture of dichromate with
AA caused a remarkable decrease of the signal (Fig. 7B).
PAGE of the ODN output from the DBT revealed no
significant changes due to incubation with 50 mM K2Cr2O7

plus the AA (Fig. 8A). For higher dichromate concentra-
tions, the intensity of the ODN band decreased and a
considerable amount of the material migrated in the gel
more slowly (for 100 mMK2Cr2O7) and/or more rapidly (for
250 mMK2Cr2O7), suggesting crosslinking or aggregation on
the one hand, and/or cleavage of theODNmolecules on the
other. Notably, changes in the electrophoretic pattern
correlated with the changes in the peak G intensity
measured via the DST (Fig. 7B), and hence the ODN
crosslinking/aggregation and/or disintegration, together

with chemical modification of the guanine moiety may
contribute to the drop in the peak G height. It should be
noted that these effects were observed for rather high
chromium concentrations, exceeding the concentrations of
the nucleic acid components (1.5 or 10 mg mL�1 of the 41-
mer ODN, used in typical SST or DST experiments,
corresponded to 4.5 or 31 mM of the total nucleotide
monomers; concentrations of guanine residues were 0.77
or 5.1 mM, respectively). Formation of the ODN heavy
aggregates was most likely caused by CrIII that is known
to form coordination DNA adducts [7]; in addition,
multivalent cations can aggregate nucleic acids due to
electrostatic effects ([38] and references therein). Indeed,
addition of 50 – 100 mM KCr(SO4)2 to the ODN solution
caused it not to enter the polyacrylamide gel due to
formation of high molecular mass species (Fig. 8B). The
same phenomenonmay be the reason for the peakG partial
decrease observed after addition of CrIII to the ODN
samples (see above).

3.4. Measurements at a Carbon Electrode

In addition to the peak G at the HMDE, we measured also
effects of theODN treatment with the chromium species on
the guanine oxidation signal at the CPE (peak Gox, Fig. 4B,
7C). To obtain well-measurable signals at the CPE, higher
concentrations (ca. 10 mgmL�1) of theODNshad to beused,
compared to measurements at the HMDE (for which 1 –
1.5 mg mL�1 ODN was sufficient). On the other hand, no
significant effects of K2Cr2O7 alone (at concentrations of 50
to 250 mM) on the peak Gox intensity were observed in both
SSTandDSTexperiments (Fig. 7C), suggesting that dichro-
mate did not affect adsorption of the ODN at the CPE and/
or the guanine electrooxidation. When the ODN was
treated with K2Cr2O7 in the presence of AA and the DST
was applied, the peak Gox decreased with increasing
chromium concentration in a similar way as observed with
the HMDE (Fig. 7B).

Fig. 7. Effects of chromium species on guanine signals resulting (shaded columns) from the SST; or (empty columns) from the DST. A)
CCG7 treated with K2Cr2O7 in the absence of AA, peak G at the HMDE; B) CCG7 treated with K2Cr2O7 and 1 mM AA, peak G at the
HMDE; C)GTT7 treated with K2Cr2O7 in the absence of AA, peak Gox at the CPE. The peak intensities are expressed as per cent of the
peak intensity of untreated DNA for each data series. For other details, see Figure 4.
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4. Conclusions

We have shown that DNA at the surface of HMDE is
cleaved in the presence of the chromium species in an
electrodepotential-dependentmanner. Processes leading to
the DNA damage may involve, depending on conditions,
reactive intermediates of six valent chromium reduction
and/or reactive oxygen species. On the other hand, treat-
ment of DNA or synthetic ODNs with chromium com-
pounds in solution in the presence of a chemical reductant
was much less efficient in inducing DNA damage. A
magnetoseparation electrochemical double-surface tech-
nique was introduced to eliminate interferences of the
excess chromium compounds leading to false positives in
measurements of damage to the guanine residues, especially
at the HMDE. With the CPE, the chromium interferences
were less important but higher concentrations of ODNs had
to be used for the assay. Our results suggest that a
combination of measurements with the carbon electrodes
and with the HMDE (or amalgam electrodes offering
similar DNA responses as the mercury electrode [15, 16])
with the DST enables one to gain information about
different kinds of DNA lesions (sb, base damage) as well
as about electrochemical and surface activity of the
interacting (genotoxic) species. The electrochemically con-
trolled DNA damage using the scDNA-modified mercury-
based electrodes can in principle be utilized analytically in
monitoring of chromium species (or other redox-active
genotoxic and carcinogenic compounds) in different sam-

ples, including water, industrial waste, soil extracts, food,
and so forth.
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