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Electrochemical and nanogravimetric DNA-hybridization biosensors have been developed for sensing single
mismatches in the probe-target ssDNA sequences. The voltammetric transduction was achieved by coupling
ferrocene moiety to streptavidin linked to biotinylated tDNA. The mass-related frequency transduction was
implemented by immobilizing the sensory pDNA on a gold-coated quartz crystal piezoresonators oscillating in
the 10 MHzband. The high sensitivity of these sensors enabled us to studyDNAdamage caused by representative
toxicants and environmental pollutants, including Cr(VI) species, common pesticides and herbicides. We have
found that the sensor responds rapidly to any damage caused by Cr(VI) species, with more severe DNA damage
observed for Cr2O7

2− and for CrO4
2− in the presence of H2O2 as compared to CrO4

2− alone. All herbicides and
pesticides examined causedDNAdamageor structural alterations leading to the double-helix unwinding. Among
these compounds, paraoxon-ethyl and atrazine caused the fastest andmost severe damage to DNA. The physico-
chemicalmechanismof damaging interactions between toxicants andDNAhas beenproposed. Themethodology
of testing voltammetric and nanogravimetric DNA-hybridization biosensors developed in this work can be
employed as a simple protocol to obtain rapid comparative data concerning DNA damage caused by herbicide,
pesticides and other toxic pollutants. The DNA-hybridization biosensor can, therefore, be utilized as a rapid
screening device for classifying environmental pollutants and to evaluate DNA damage induced by these
compounds.
B.V.
Published by Elsevier B.V.
1. Introduction

The increasing environmental pollution, caused by expanding
industrialization and application of new intensive agricultural technolo-
gies, necessitates urgent development of pollution monitoring [1,2] and
novel methods for fast screening of harmful compounds. Of a particular
importance are bioactive pollutants causing DNA damage [3–7], carcino-
genesis [8–10], and a number of different diseases. In thiswork,we report
on the design and testing of a novel biosensor based on unique sensitivity
of DNA hybridization process to DNA damage and structural alterations
caused by pollutants, such as Cr(VI), herbicides and pesticides.

Herbicides and pesticides are very serious environmental pollutants
[5,11]. They show a high acute toxicity and a wide range of biological
activities [6,12–15]. It is believed that active herbicides/pesticides in
combination with adjuvants used in agricultural preparations are the
main source of genotoxicity [16]. The Codex Alimentarius Commission
of the Food and Agriculture Organization (FAO) and the World Health
Organization (WHO) have established maximum residue limits for
pesticides in food [12]. Standard procedures, based on liquid chroma-
tography and gas chromatography, are reliable techniques for routine
laboratory detections of pesticides. However, there is also a need for
innovativemethods for rapid, inexpensive, andfield-deployable testing.
Recently, we have developed highly sensitive piezoimmunosensors for
the detection of herbicides, atrazine [17] and 2,4-D [18]. Disposable
immuno-electrochemical sensors for herbicides have been developed
by Helali et al. [19].

Various types of biosensors have been developed in the field of
environmental monitoring [20–22]. The DNA biosensors have recently
gained some importance in such applications. For instance, the DNA
biosensors have been employed in diagnostics, gene analysis, fast
detection of biological warfare agents, detection of genetically modified
food, and forensic applications [23–30]. Oliveira-Brett and coworkers
[31] applied DNA sensors for elucidation of anticancer drug interactions
with DNA. The key part of these biosensors is a molecular probe that is
built from oligonucleotides of well defined sequence. That sequence
must be complementary to the oligonucleotide sequence to bedetected.
The hybridization process is specific and only the complementary
strands can hybridize. Many different transduction techniques have
been applied to convert the information on the progress of DNA
hybridization to an analytical signal, such as the electrochemical [32–
35], impedimetric [36], or spectroscopic tagging of nucleotides under
test [37,38].
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Two fundamental issues that need to be addressed in the
development of DNA hybridization sensors are related to the specificity
and selectivity of the devices [39]. The DNA biosensors based on the
avidin–biotin affinity fit very well these issues [40–43]. Biotin is a small
molecule that binds with a very high affinity to the avidin- or
streptavidin binding sites (Ka=1015M−1) [44,45]. The utility of the
streptavidin–biotin interactions follows from the dihedral D2 molecular
symmetry of the streptavidin whichmakes it possible to bind two pairs
of biotin on opposite faces of the protein [46] and in consequence this
opens the possibility to construct multilayer architectures [38,47,48].
Streptavidin is extremely resistant to thermal denaturation and
chaotropes [49], and many biotinylated molecules are commercially
available. The applications of these electroinactive proteins in DNA
hybridization biosensors with electrochemical detection require intro-
ducing a charge mediator which is either a freely diffusing electron-
transfer shuttle or an attached redox relay. Ferrocene derivatives are
very often used as charge mediators because of their desirable
properties, including electrochemical reversibility, high Fc0/Fc+ elec-
tron self-exchange rates of ~107mol−1dm3 s−1 [50], and its adjustable
Scheme 1. Structural formula of te
formal potential over a considerable range which is achieved by
introducing appropriate substituents into the cyclopentadienyl ring.
The electron relaying via ferrocenebound through aflexible chain to the
protein surface has been extensively studied in recent years [51–55].

The methods used for the detection of DNA hybridization process
include electrochemical [35,56–63], optical [37,64–66], impedimetric
[36], surface plasmon resonance [67] and microgravimetric techniques
[68–71]. The electrochemical quartz crystal nanobalance (EQCN) has
been employed in ultra-sensitive biosensor applications [30,38,72–74]
including aptamers [75] and immunosensors [17,18,76]. The crystal
resonance frequency decreaseswith increasingmass of the sensory film
attached to the gold piezoelectrode [77]. With EQCN, subnanogram
levels of mass change can be detected. Higher sensitivity is achieved by
using QCN crystals of higher frequencies [78]. Further enhancement of
the detection can be obtained, if necessary, by amplification of the
nucleic acids by polymerase chain reaction (PCR) [79].

In this report, we propose a new diagnostic method of testing DNA
damage by pollutants based on the DNA hybridization sensing with
electrochemical and nanogravimetric transduction. A specific DNA
sted herbicides and pesticides.



Scheme 2. Synthesis of Fc6ac and Fc-SA.
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hybridization biosensor was designed utilizing the affinity of biotiny-
lated ssDNA to streptavidin. The hybridization process of biotinylated
single-stranded target DNA (bt-DNA) and the immobilized single-
strandedprobe-DNA (p-DNA) chainswas carried out in the sensoryfilm
formed on a gold-coated quartz crystal piezoresonator surface. The
electrochemical transducer (ferrocene labeled streptavidin) was at-
tached at the outermost layer. Tests were performed to demonstrate a
single base ssDNA mismatch sensitivity of the biosensor and subse-
quently to analyze the DNA damage due to Cr(VI) species, and selected
herbicides and pesticides.

2. Materials and methods

2.1. Chemicals

All oligonucleotides used were purchased from MWG-Operon
(Eurofins, US). The following sequences were used:

– Biotinylated probe DNA (bp-DNA):
(5′⇨3′) biotin-ATTCGACAGGGATAGTTCGA

– Complementary modified target DNA (bt-DNA):
(5′⇨3′) biotin-TCGAACTATCCCTGTCGAAT (designed from the ssrA
gene of Listeria monocytogenes, a common food pathogen)

– Complementary non-modified target DNA (t-DNA):
(5′⇨3′) TCGAACTATCCCTGTCGAAT

– C–A mismatch complementary modified target DNA (bt-DNA⁎):
(5′⇨3′) biotin-TCGAACTATCACTGTCGAAT

– C–A and G–A double-mismatch complementary modified target
DNA (bt-DNA⁎⁎):
(5′⇨3′) biotin-TCGAACTATCACTATCGAAT

– Non-complementary DNA strand:
(5′⇨3′) biotin-ATTCGACAGGGATAGTTCGA.

11-mercapto-1-undecanol (MUD), 1,6-hexanedithiol (HDT), and
streptavidin (SA) from Streptomyces avidinii were purchased from
Sigma-Aldrich. Biotinylated tri(ethylene glycol) undecane thiol
(bMUD) was purchased from NanoScience Instruments. All applied
pesticides and herbicides were purchased from Sigma-Aldrich, and
their structural formulas are presented in Scheme 1.

Two buffers were used in this work: (i) the immobilization buffer,
applied in the immobilization of biotinylated probe bp-DNA, was
composed of 0.15 mM NaCl, 2 mM KCl and 0.02 M phosphate buffer
with pH 7.4; (ii) the hybridization buffer, composed of 1 M NaCl,
2 mM KCl and 0.02 M phosphate buffer with pH 7.4. The pH was
adjusted with either NaOH or HCl solution.

2.2. Synthesis of ferrocene-labeled streptavidin (Fc-SA)

The redox labeled protein was synthesized according to the
following procedures reported in the literature [48,52]. The steps in
the synthesis are presented in Scheme 2.

2.2.1. N-(ferrocenylmethyl)-6-aminocaproic acid (Fc6ac).
Synthesis of this compound was performed according to Padeste

et al. [52] and optimized to yield a well-defined product. To a solution
of 2.75 g (12.8 mmol) ferrocene-aldehyde (Fisher) in 40 mL DMF
(Sigma Aldrich) 1.5 g (11.4 mmol) 6-aminocaproic acid (Sigma
Aldrich) in 10 mL 2 M NaOH were added and refluxed at 80 °C for
2 h. After cooling to room temperature, 1.25 g (33 mmol) NaBH4 in
10 mL H2O was added in small quantities. After 1 h of reaction time,
acetic acid (10% in H2O) was slowly added under cooling to the
reaction mixture until pH 5 was reached. By-products (mainly Fc-
CH2OH) and unreacted 6-aminocaproic acid were extracted (3 times)
from the reaction mixture using EtOAc. The volume of the H2O phase
was then reduced to 50 mL at 50 °C under vacuum. The brownish-
yellow raw product crystallizing from this solution was re-dissolved
in hot ethanol and recrystallized by slow evaporation of the solvent,
yielding platelet-shaped yellow crystals. The product was character-
ized using 1H NMR in deuterated methanol.

2.2.2. Ferrocene-labeled streptavidin (Fc-SA)
36 mg of [N-(ferrocenylmethyl)-6-amino)hexanoic acid, 14 mg N-

hydroxysuccinimide (Fisher), and 22 mg [N-(3-dimethylaminopro-
pyl)-N′-ethyl-carbodiimide hydrochloride] (Sigma Aldrich) in 1 mL of
dry DMF were heated under N2 atmosphere with stirring at 80 °C for
1.5 h. Nine aliquots (15 μL) of this solution were added to a solution of
2 mg of streptavidin in 1 mL of PBS buffer (0.1 M, pH 7.4). The solution
was stirred overnight at room temperature with the appearance of
some precipitates. The precipitates were removed by centrifugation
and the supernatant was dialyzed (2 times) against 0.1 M PBS buffer
(pH 7.4) to remove the unreacted ferrocene. All equipments for this
synthesis were dried in the dryer at 200 °C and next were kept in a
dessicator until the synthesis.

2.3. Apparatus

Cyclic voltammetry studies were performed using a potentiostat/
galvanostat, ModelPS-1705 (Elchema, Potsdam, NY, U.S.A.). All
voltammetric experiments were carried out in a three-electrode cell
with a Pt wire as the counter electrode, a (KCl) saturated Ag/AgCl as
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the reference electrode, and gold disk electrode of 1.6 mmdiameter as
the working electrode. The working gold disk electrode was polished
before each measurement with 0.3 and, at the end, 0.05 μm diameter
Al2O3 powders on a wet pad. After polishing, the aluminum oxide was
removed by rinsing the electrode surface with a direct stream of
ultrapure water (Mili-Q, Milipore, Billerica, MA, USA; conductivity of
0.056 μS/cm). In voltammetric experiments, the electrochemical cell
was kept in a Faraday cage to minimize the electrical noise.

An electrochemical quartz crystal nanobalance model EQCN-700
(Elchema) with 10 MHz AT-cut quartz crystal resonators was used in
the study. The EQCN technique allowed us to record simultaneously
voltamperometric and nanogravimetric characteristics. The resonant
frequency of the quartz crystal lattice vibrations in a thin quartz crystal
wafer was measured as a function of the mass attached to the crystal
interfaces. For thin rigid films, the interfacial mass change Δm is related
to the shift in resonance oscillation frequency Δf of the EQCN through
the Sauerbrey equation [77,80,81]:

Δf =
2Δmnf 20
A

ffiffiffiffiffiffiffiffiffiffi
μqρq

p ð1Þ

where f0 is the resonance oscillation frequency in the fundamental mode,
n is the overtone number,A is the piezoelectically active surface area,ρq is
the density of quartz (ρq=2.648 g cm−3), and μq is the shear modulus of
quartz (μq=2.947⁎1011g cm−1 s−2). The oscillator was tuned to the
series resonance frequency of working piezoelectrodes to minimize
effects due to energy dissipation in protein films. All experimental varia-
bles influencing the resonant frequency [77] of the EQCN electrodes such
as the temperature, pressure, viscosity and density of the solution, were
kept constant during measurements. The piezoelectrically active (geo-
metrical) surface area of theworking Au electrodewas 0.196 cm2 and the
real surface area A=0.255 cm2 (roughness factor R=1.3). A 200 nm
thickAufilmwasdepositedona14-mmdiameter, 0.166 mmthickAT-cut
quartz resonator wafer with vacuum evaporated Ti adhesion interlayer
(20 nm thick). The real surface area was determined for Au-EQCN
electrodes by a standard monolayer oxide formation procedure [82]. The
resonator crystals were sealed to the side opening in a glass vessel of
50 mLcapacityusinghighpurity siloxanegluewith intermediate viscosity
(Elchema SS-431). The seal was cured for 24 h at room temperature. The
working electrode was polarized using Pt wire counter electrode and its
potential measured vs. (KCl) saturated Ag/AgCl reference electrode. The
measured resonance resistance change during the attachment of SA to
bMUD SAMwas negligible, so the observed frequency shift was assumed
to be due primarily to the mass variation of the film. This enabled us to
determine the surface coverage of SA and/directly related to it, suface
coverage of pb-DNA.

2.4. Preparation of hybridization biosensors

Each measurement involved an immobilization/detection cycle at a
freshly prepared golddisk electrode. All experimentswereperformed at
room temperature (22±1 °C). The preparation of the electrochemical
DNAhybridization sensor involved several steps, includingmodification
of the electrode surface bymixture of the thiols withMUD:bMUD=9:1
(0.9 mMMUD and 0.1 mMbMUD), SA (0.2 mg/mL in 0.02 M PBS buffer
pH 7.4), attachment of bp-DNA, hybridization with bt-DNA, Fc-SA
binding, and voltammetric measurements.

2.4.1. Cleaning procedure of gold disk electrodes
The working gold disk electrode was polished with 0.3 μm Al2O3

powder on a wet pad. After polishing, the electrode was rinsed with a
direct stream of ultrapure water (Milli-Q, Millipore, Billerica, MA, US;
conductivity of 0.056 μS/cm) to remove aluminumoxide from the surface.
The electrodeswere electrochemically pretreatedfirst by cycling between
0 V and 1.8 V (hold 10 s at 1.8 V) in a 0.5 MNaOHwith scan rate 50 mV/s,
then cycling between 0 and 1.15 V (vs. Ag/AgCl) in 0.1 M H2SO4 solution
until a stable voltammogram typical for a clean gold electrode was
observed [83].

2.4.2. Modification of gold electrode surface with binary layer of thiols
The clean bare gold electrodes were rinsed with distilled water,

slowly dried with argon and immediately immersed in a 1 mM binary
mixture of thiols (10% bMUD, 90% MUD at a net concentration 1 mM)
in ethanolic (99.8%) solution overnight at room temperature. This
composition is an optimized matrix for streptavidin binding [84]. The
resulting electrode with self-assembled binary thiols was slowly
rinsed with pure ethanol and water to remove physically adsorbed
thiol molecules.

2.4.3. Biotin–streptavidin linkage
The streptavidin films were assembled on biotin-containing

surfaces by placing of a 2 μL drop of 0.2 mg/mL SA solution in
0.02 M PBS buffer (pH 7.4) andwaiting for 1 h. Then the electrodewas
slowly rinsed with 0.02 M PBS buffer.

2.4.4. Immobilization of bp-DNA
After these steps, a 7 μL drop containing bp-DNA (1 μM solution in

0.02 M PBS buffer, pH 7.4) was placed onto the electrode surface to
form a sensing layer and the electrode was kept for 1 h under the
cover. Next, the electrode was carefully rinsed with 0.02 M PBS buffer.

2.4.5. Hybridization
Onto a freshly prepared ssDNA sensor, a 7-μL drop of hybridization

buffer solution (0.02 M PBS buffer, pH 7.4, with 1 M NaCl) containing a
given concentration of bt-DNA was placed and the electrode was
incubated for 1h. Similar procedure was applied to test the hybridiza-
tion with non-complementary and non-biotinylated sequences. Next,
the electrode was carefully rinsed with 0.02 M PBS buffer.

2.4.6. Attachment of ferrocene labeled streptavidin (Fc-SA)
Fc-SA could be attached to the hybridized biotinylated complemen-

tary target DNA by placing a 2 μl drop of 40 μM Fc-SA solution in 0.1 M
PBS buffer (pH 7.4) on the sensor surface and waiting for 1h. After the
accumulation of Fc-SA on a hybridized surface, the electrodewas rinsed
with PBS buffer to remove physically adsorbed Fc-SA molecules. The
entire procedure of the sensor preparation is summarized in Scheme 3.

2.4.7. Voltammetric measurements
The electrochemical DNA-hybridization biosensors prepared in this

way were immersed in the degassed pure 0.02 M PBS buffer (pH 7.4)
and the cyclic voltammogramswere recorded in the potential range 0 V
to 0.6 V.

3. Results and discussion

3.1. Design and testing of EQCN-based DNA-hybridization biosensor

The response of the EQCN is very sensitive to the deposition of
consecutive layers on the electrode surface. The multilayered surface
modification is basedon theaffinityof streptavidinandbiotin andon the
hybridization process between probe and target DNA. The gold
piezoelectrode was first modified with a MUD and bMUD monolayer
SAM, followed by the assembly of a layer of SA via biotin–streptavidin
linkages. Then the bp-DNA was attached to the streptavidin molecules.
After adding the target bt-DNA to the solution, the hybridization process
was carried out. In the last step, a 20 µl droplet of Fc-SA was placed on
the multilayer surface architecture.

The resonant frequency shifts −Δf (corresponding to the mass
accumulation) for subsequent stages of sensory film synthesis: SA
assembly, probe bp-DNA attachment, and the successive hybridization
of the target bt-DNA, were: 70±6 Hz, 68±4 Hz, and 71±5 Hz,



Scheme 3. Preparation of a DNA-hybridization sensor. A bare gold piezoelectrode (a), after deposition of a mixed SAM of MUD and bMUD (b), followed by attachment of streptavidin
(SA) (c), and biotinylated single-stranded pb-DNA (d); the sensor was then subjected to hybridization of its pb-DNA with single-stranded target tb-DNA from solution (e) and
functionalized with a layer of SA labeled with redox transducer ferrocene FC (f).
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respectively, see Fig. 1. The apparent mass increase relating to the
observed experimental frequency shift for streptavidin binding is:
mSA=−0.8673⁎70=60.7 ng/QC which corresponds to 238 ng/cm2.
Fig. 1. Frequency shifts observed during the construction of a biosensor by deposition of
subsequent layers of: SA, bp-DNA, complementary bt-DNA, and Fc-labeled SA on a
biotinylated MUD-modified Au-EQCN electrode. The frequency response of the piezosensor
to a non-complementary bt-DNA is also included. All solutions were prepared in 0.02 M PBS
buffer (pH 7.4). The negative frequency shifts correspond to the apparent mass increases.
Hence, themolar surface concentration of SA in the layer is:γSA=mmono/
MSA=4.51pmol/cm2, whereMSA=52,800 Da. This value of γSA corrobo-
rates well with actual dimensions of streptavidin tetramer (5.4×6.3 nm)
which leads to the theoretical coverage γSA,theor=4.89pmol/cm2 for a
close packing 2D array. This means that the SA layer is very close to tight
packing density for the maximum film functionality. The mass uptake
obtained for bt-DNA is larger than expected. This is likely due to the
electrolyte uptake since only two DNA strands can be attached to each SA
molecule in the film. The surface concentration of bp-DNA is therefore
estimated from the surface coverage of SA rather than from the Δf signal
for bp-DNA deposition. Thus, γbpDNA=9.0pmol/cm2. Through titrating
the surface bound bp-DNA (prepared at 1 µM) with increasing concen-
trations of bt-DNA (1 nM to 1 µM), theΔf signal decrease (mass increase)
was observed as shown in Fig. 2. A plot of plateau values of Δf from Fig. 2
vs. bt-DNA concentration, shown in Fig. 3, represents the adsorption
isotherm with linear response up to 150 nM. The EQCN frequency shift
decreases linearly with the concentration of complementary bt-DNA
sequences in the range from 1×10−9 to 150×10−9M. The obtained
quantification limit is ca. 30×10−9M of bt-DNA in the sample,
corresponding to the presence of ~54×1012 copies of DNA in the solution
(3 mL). This value was assumed as equal to 10σΔf where σΔf is the
standard deviation of the frequency shiftmeasured upon addition of non-
complementary bt-DNA.

The linear relationship between resonant frequency shift and
concentration of bt-DNA, CbtDNA, can be described by the following



Fig. 2. Titration of a bp-DNA immobilized on a Au/bMUD/SA electrode with increasing
bt-DNA concentrations, from 1 nM to 1000 nM, monitored by EQCN. The bp-DNA was
deposited from a at 1 mM solution. All solutions were prepared in 0.02 M PBS buffer
(pH 7.4).

Fig. 4. Cyclic voltammograms obtained for a sensory film (Au/bMUD/SA/bp-DNA) after
interaction with 1 μM of: (a) complementary bt-DNA sequence, (b) C–A mismatch
complementary bt-DNA sequence, (c) C–A and G–A double-mismatch complementary
bt-DNA sequence, (d) complementary non-biotinylated t-DNA sequence, and (e) non-
complementary biotinylated DNA sequence. Experimental conditions: 0.02 M PBS
buffer (pH 7.4), scan rate 50 mV/s, diameter of disk gold electrode 1.6 mm.
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formula:−Δf=(0.418±0.03)CbtDNA+(1.94±0.5), r=0.992;Δf is in Hz
andCbtDNA innM. Fromthe slopeof the linearportionof the curves and the
instrumental noise level of the measured signal (~0.01 Hz for EQCN), the
calculated signal to noise ratio is 40.
3.2. DNA-hybridization sensor with voltammetric monitoring

The DNA biosensors with redox residue attached have been explored
in the context of electrocatalytic amplification of oligonucleotide
hybridization by Knoll et al. [62]. The interactions of various redox
couples fromasolutionwithDNAbiosensorshavebeenstudiedbyAbruna
group [61]. In these investigations, the binding constants associated with
electrostatic and intercalative interactions could be determined using
voltammetric techniques.

In the electrochemical biosensor architecture developed in this
work, the redox current signal of ferrocene can only appear when some
of the immobilized probe DNA has hybridized to form a duplex. When
hybridization occurs, the bt-DNA sequence binds to the complementary
ss-DNA of the probe. Target DNA sequences have been modified with a
biotin group attached to the 5′-end in order to provide link to attach a
ferrocene labeled streptavidin redox transducer moiety. Four biotin
molecules can bind to each streptavidin. When a non-complementary
biotin labeled bt-DNA sequence is applied, the hybridization can not
Fig. 3. Plot of EQCN frequency shifts vs. bt-DNA concentration showing saturation at
higher concentration levels. Inset: Linear response up to 150 nM.
occur. Therefore, no contact can be made between the redox indicator
and the electrode surface and no current signal can be detected. Also,
no current signal would be detected if, in the hybridization step, a non-
modified complementary ss-DNA sequence is used.

Cyclic voltammograms were recorded to determine the extent of
hybridization that occurred during the interaction of the biosensor with
various ss-DNA analytes. Thus, the bp-DNA sequence was exposed to
both the complementary bt-DNA sequences aswell as to themismatched
bt-DNA sequences: bt-DNA⁎ and bt-DNA⁎⁎, non-complementary ss-DNA,
and complementary non-modified t-DNA.

The obtained results are presented in Fig. 4. Because the electron
transport between Fc and electrode surface through the DNA base stack
depends on the stacking of the bases in the double helix, the presence of
mismatches results in lower current response. In this study, the bt-DNA*

sequencewith a single CAmismatch (biotin-TCGAACTATCACTGTCGAAT)
and the bt-DNA⁎⁎ sequence with two (CA and GA) mismatches (biotin-
TCGAACTATCACTATCG-AAT) were used. The corresponding
Fig. 5. Cyclic voltammograms obtained for a sensory recognition film (Au/bMUD/SA/
bp-DNA) after interaction with complementary bt-DNA sequences with concentration
[M]: (a) 1×10−6, (b) 5×10−7, (c) 1×10−7, (d) 5×10−8, (e) 1×10−8, (f) 5×10−9, (g)
1×10−9, (h) 1×10−10. Inset: Plot of the Fc-peak oxidation currents vs. concentration
(logarithmic scale) of the complementary bt-DNA sequences in 7 μl droplets. Error
bars:±standard deviation for one electrode, one DNA delivery, 3 measurements.
Experimental conditions: as in Fig. 4.



Fig. 6. Stability of the biosensor (Au/bMUD/SA/bp-DNA/bt-DNA/SA/bFc) response in
time. Electrode was kept in 0.02 M PBS buffer.
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voltammograms shown in Fig. 4, reveal a 38% and 52% current drop for
single mismatch (CA) and double- mismatch (CA, GA), respectively. This
indicates that the DNA-hybridization biosensor tagged with ferrocene-
labeled streptavidin is sufficiently sensitive to detectmismatcheswithout
any extra treatment andmeasurement. The analytical performance of the
DNA biosensor with different concentrations of target was evaluated by
cyclic voltammetry. Typical voltammograms are presented in Fig. 5. The
reproducibility of the measurements was satisfactory for bt-DNA
concentrations in the range from 1×10−6 to 1×10−9M. The relative
standard deviation was ca. 10% (single electrode, 3 measurements).

The calibration curveof the Fcoxidation current vs.DNAconcentration
is shown in the inset of Fig. 5. The peak oxidation current varies linearly
with the logarithmofconcentrationof complementarybt-DNAsequences,
log[bt-DNA], in the range from 1×10−6 to 6×10−9M. The obtained
quantification limit is ca. 42fmol (10−15mol) in a 7 μl droplet and
corresponds to the concentration of ca. 6×10−9M of target DNA in the
sample, equivalent to the presence of ~25×109DNAcopies in the droplet.
This valuewas determinedby adding10σi to the average value of baseline
current (where σi is the standard deviation of the current measurements
with non-complementary biotinylated t-DNA). The obtained detection
limit is ca.7fmol in a 7 μl droplet and corresponds to the concentration of
ca.1×10−9M of target DNA in the sample. This value was determined by
adding 3σi to the average value of the baseline current.
Fig. 7. Effects of Cr(VI) species on the current response of a Au/bMUD/SA/b-dsDNA/SA
The DNA sensor stability was tested for constant bt-DNA analyte
concentration. In general, for a sensing film to be useful in a DNA hybridi-
zation assay, the film should be stable over at least the timeframe of the
experiment (typically 1h). The stability of the peak current response for
the oxidation of ferrocene tethered to the sensoryfilm is depicted in Fig. 6.
The stability was tested by periodically measuring the voltammetric peak
current. The sensor was stored in the electrolyte buffer between
measurements. The current response of a particular sensorwas practically
unchanged during the first 2 h (with the relative standard deviation of
ca.1%), and dropped to the level of 70% of the initial response after
14 hours.

Thevoltammogramspresented in Fig. 5 exhibitwell-definedoxidation
and reduction peaks corresponding to the Fc/Fc+ redox couple. The peak
currents scale linearly with the scan rate indicating surface confined
electroactive species, as expected. The separation of peaks increases with
the scan rate. For the low scan rates, v≤20 mV/s, ΔEp=60mV and for
v=500mV/s, ΔEp=294mV.

3.3. Determination of DNA damage due to Cr(VI) using DNA biosensor

Cr(VI) has been established as a human carcinogen. The reaction of Cr
(VI) with DNA creates a number of putative lesions in cellular systems
including inter- and intrastrand cross-linked adducts, DNA-protein cross-
links, DNA strandbreaks, abasic sites, and oxidized nucleic acid bases [85–
87]. The oxidative damage (including the formation of oxidized lesions in
DNA) is considered one of the critical steps in the induction of carcino-
genesis by Cr(VI). The DNA-strand breaks are formedwhen the oxidation
ofDNAoccurs at thedeoxyribose sugar. TheDNAoxidations canalsooccur
at the nucleic acid bases forming oxidized base lesions [88,89].

We have investigated the DNA damage caused by Cr(VI) species
using the DNA hybridization sensor developed in this work. In the tests
performed, the sensor was immersed in the solution containing the
appropriate amount of the toxicant. After 5 min of immersion in 50 μM
solutions of Cr(VI), the biosensor was rinsed, immersed in 0.02 M PBS
buffer (pH 7.4) and cyclic voltammetry was quickly carried out to
evaluate the sensor response. Then, the sensor was washed and
subjected for the next 5 min period in the toxic solution under test
and so on. It is seen from Fig. 7 that the subsequent exposures to 50 μM
CrO4

2− alone cause considerable damage to DNA manifested by a
substantial decrease in the sensor signal. The DNA damage φDNA

measured as the relative current decrease of the DNA sensor:

φDNA = ðIt=0–ItÞ= It = 0 ð2Þ
/Fc biosensor. Experimental conditions: v=50 mV/s, 0.02 M PBS buffer (pH 7.4).



Fig. 8. Effects of various pesticide and herbicide species on the current response of a Au/bMUD/SA/b-dsDNA/SA/Fc biosensor. Experimental conditions: v=50 mV/s; 0.02 M PBS
buffer (pH 7.4); PE: paraoxon-ethyl; DFB: diflubenzuron; CF: carbofuran; 2,4-D: 2,4-dichlorophenoxyacetic acid; GA: glufosinate ammonium.
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approached 0.28 in 90 min of the biosensor contact with 50 μM CrO4
2−

solution. The addition of 1 mMascorbic acid effectively prevents the DNA
damage due to the reduction of CrO4

2− in solution and so φDNA is low:
φDNA=0.08. Contrary, the H2O2 (0.6 mM) added to the CrO4

2− solution
acts synergistically and increases the DNA damage done by CrO4

2−:
φDNA=0.34. The addition of AA to the CrO4

2−+H2O2 solution does not
prevent DNA from damage and φDNA=0.31 is observed. Among
chromium species, Cr2O7

2− has shown the strongest effect on DNA
biosensor with the Fc oxidation current decreased by more than 68%
(φDNA=0.68) in 30min of the biosensor contact with 50 μM Cr2O7

2−

solution. On the contrary, CrO4
2− caused only 28% diminution of the Fc

oxidation current. Since in the Cr2O7
2−molecule, there are two chromium

species at hexavalent state, the observed effect should be twice as strong
as that for CrO4

2−, if both chromium atoms were active in the DNA
oxidation. The effect of the supporting sulfuric acid alone was also tested
because in experimentswith bichromates a strongly acidicmediummust
be maintained to sustain the bichromates in the solution. As seen from
Fig. 7, the acid alone caused much less damage to the DNA sensor
(φDNA=0.32). Assuming that the action of bichromate and sulfuric acid
are additive, one would have for the DNA damage by bichromates alone:
φDNA=0.67–0.32=0.35, which is higher than damage done by CrO4

2−

alone but not twice as high. Because the Cr(VI) species cause DNA
damages suchas the strandbreaks and theoxidationofnucleic-acidbases,
these changes in DNA structure must have the influence on the electron
transport between ferrocene and the electrode surface through the DNA
double helix. The DNA hybridization sensor developed in this work has
shown remarkable sensitivity to DNA damage inflicted by the short time
interactions with Cr(VI) species.
Fig. 9. Cyclic voltammograms obtained for a Au/bMUD/SA/b-dsDNA/SA/Fc biosensor
before (a) and after immersing the biosensor in: 0.1 mM (b), and 1 mM atrazine solution
(c) for 1h. Conditions: v=50mV/s; 0.02 M PBS buffer (pH 7.4). Inset: schematic view of
the conducting DNA duplex and damaged non-conducting DNA strand.
3.4. Application of DNA biosensor to comparative analysis of DNA
damage caused by herbicides and pesticides

Herbicides and pesticides belong to the most unwanted environ-
mental pollutants. They have a high acute toxicity and a wide range of
biological activities. We have examined the DNA damage and structural
alterations, such as the double-helix unwinding, caused by various
herbicides and pesticides using the DNA biosensor developed in this
work. We have investigated known herbicides (atrazine, 2,4-D, and
glufosinate ammonium) and representative compounds from the main
groups of pesticides, including organophosphate, carbamate, and urea
pesticides, viz. paraoxon-ethyl (PE), diflubezuran (DFB), and carbofuran
(CF). The methodology involved was similar to the one applied in the
study of DNA damage by chromium species.
Freshly prepared biosensors were immersed in 1 mM solution of
each herbicide/pesticide for a predetermined time, followed by rinsing
and immersing in pure PBS buffer solution. The DNA damage was
evaluated by voltammetric measurements in PBS buffer. The obtained
results are presented in Fig. 8. It is seen that themost negative influence
on DNA hybridization among herbicides has atrazine forwhich the DNA
damageφDNA approached 0.58. For other herbicides tested,φDNA=0.47
for 2,4-D and φDNA=0.52 for GA. Among pesticides tested, CF caused
the least damage (φDNA=0.48), followed by DFB (φDNA=0.54) and PE
(φDNA=0.72). Therefore, themost severe DNA damage, as tested by the
DNA-hybridization sensor, among all herbicides and pesticides exam-
ined in this work has been observed for the herbicide atrazine and the
organophosphate pesticide, paraoxon-ethyl. The compounds tested can
bind to DNA non-covalently or covalently and have been implicated in
the formation of breaks in the DNA strands and/or DNA unwinding.

Theherbicide atrazine is oneof themost heavily usedherbicides in the
United States. Atrazine exhibits endocrine disruptor activity [4]. There is
evidence that it interfereswith the reproduction anddevelopment of cells
[3–5,7,11,15], and may cause cancer [6,8–10,13]. The experiments
described above have shown that atrazine causes considerable changes
in DNA leading to the reduction of the charge transport between the
electrode surface and the redox centers. This measurement is so sensitive
because just one obstacle on the way of charge transport path through a
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DNA channel affects electrical conductance through this channel. While
atrazine may also bind non-specifically to streptavidin, this binding will
not influence the electrical conductance. The non-specific binding of
atrazine to streptavidin in sensory film is also not a major factor since
atrazine has been found to bind rather weekly to proteins [90], especially
at low concentrations (for instance, the association constant for atrazine
binding to human serum albumin is Kb=3.50×104 M−1). The indepen-
dent testswith piezosensors lackingDNA (i.e., Au/bMUD/SA) have shown
resonant frequency shifts of less than 1 Hz upon exposure to atrazine.
Moreover, in the presence of DNA attached to SA in sensory films, a large
part of streptavidin surface is blockedbyDNAand, hence, atrazinehas less
access to SA to interact with these molecules. The interaction of atrazine
with DNA leads to the formation of an adduct and, in consequence, to
structural changes in DNA double helix. The decrease in the Fc oxidation
current observed in voltammetric experiments (Fig. 9) confirms the
changes in the biosensor response. They show the diminution of the Fc
redox signal corroborating that the communication between the Fc
moiety and the electrode surface through a DNA double-helix is affected.
Since the redox probe current does not decrease to zero,we conclude that
atrazine does not damage DNA through the formation of breaks, which
could destroy theDNAhybridization and could result in complete current
cessation, but rather acts as to cause an unwinding of the DNA, thereby
decreasing thefilmconductance. Inviewof the ratherweak interactionsof
atrazine with proteins, it is highly unlikely that atrazine could possibly
disrupt the strong binding SA-bpDNA for which the binding constant is
some12-orders ofmagnitudehigher than that anticipated for atrazine-SA.

3.5. Kinetics of DNA damage and unwinding

The transients recorded for toxicant-induced DNA damage and
unwinding recorded for all toxicants investigated show redox current
decays. To elucidate the mechanism of a toxicant interaction with DNA,
we have evaluated first the limiting rate of mass transport for the
substrate of the process, the toxicant Tx. For the semi-infinite mass
transport in the solution, outside of the film, the diffusion-controlled
mass transport can support fast heterogeneous processes up to the
Cottrell rate of the mass transport v given by:

v =
CTxDffiffiffiffiffiffiffiffiffi
πDt

p ð3Þ

where CTx is the Tx concentration, D its diffusion coefficient, and t is the
interaction time. Assuming the experimental value: CTx=1×10−6mol/
cm3 (1mM) and typical diffusivity in solution D=1×10−5cm2/s, one
obtains for t=60 s a value v=230 μmol s−1 cm−2 This means that in 1 s
this limitingmass flux can deliver 230 μmol of Tx per cm2,which is orders
ofmagnitudehigher than the actual surface concentrationofDNAdouble-
helices, Cs,DNA=4.5pmol/cm2. While the limiting mass flux decreases
with time, the natural convection which takes over at longer times,
approximately t>100 s, provides more than the sufficient amount of the
substrate for the reaction with DNA in the sensory film. Therefore, it
becomes clear that the interactions of toxicants are slow processes which
are not controlled by mass transport in bulk solution. The mass transport
within thefilm requires a separate consideration. Here, we have a layer of
nearly vertical DNA double-helices and the toxicant diffusion proceeds
mainly in the free (solution) space between DNA columns. In order to
evaluate the rate of diffusion in the film, it is necessary to determine first
the amount of free diffusional space. In a tight space, the mass transport
rate may be limited. The relative cross-sectional area taken up by DNA
columns can be expressed as the DNA coverage θ given by:

θ =
Cs;DNANASDNA

Stot
ð4Þ

where SDNA is the cross-sectional area of a single DNAdouble-helix, Cs is
the surface concentration of DNA,NA is the Avogadro number, and Stot is
the total area of the electrode. Introducing values for Cs,DNA=4.5pmol/
cm2 and SDNA=π(d/2)2=3.46 nm2 where d=2.1 nm is the diameter
of the DNA double-helix, one obtains: θ =0.093. This is a relatively low
surface coverage which can not cause any considerable blocking effect
for the mass transport. From the diffusion layer thickness model, we
have:

h =
ffiffiffiffiffiffiffiffiffi
πDt

p
ð5Þ

where h is the layer thickness. On the basis of this expression, the
diffusional time constant τD for the mass transport in the free solution
space along DNA columns with height h is obtained:

τD =
h2

πD
ð6Þ

By introducing h=5.4 nm for the length of 20 bp DNA strands, one
obtains τD=9.3×10−9s, a very fast mass transport indeed. Therefore,
no transport limitations are expected for both the semi-infinitediffusion
outside the film and also for the solution transport inside the film. The
experimental transients presented in Figs. 7 and 8 represent then
kinetically-controlled processes. Assuming simple first order reaction
kinetics, one can estimate time constants for all these processes:

v = v0 exp � t
τk

� �
ð7Þ

The values of τk obtained range from 1.2×103 to 4.8×103 s,
pointing to a very slow kinetic regime. If only a simple adduct of a
given toxicant to the DNA strand were formed, the reaction kinetics
would be faster. Therefore, it is reasonable to assume that conforma-
tional transformation of DNA is occurring during its interaction with
the toxicant. This conformation change likely includes breaking
hydrogen bonds between nucleotides forming base pairs and
interrupting the base stacking [91–97]. From the viewpoint of energy
required to break hydrogen bonds and interrupt base stacking, there
are considerable differences between H-bond energies for base pairs:
A...T and G...C (where “...” denotes double or triple H-bonding). The
energies of stacking interactions between A and T and between G and
C are also different. While the energy of H-bonding for G...C is low, the
H-bonding for A...T is actually destabilizing the DNA double-helix [93].
Therefore, in the reaction pathway, breaking the H-bonding of A...T
would not require any energy expense. However, in order to separate
one AT base pair, the distance between nucleotides forming neighbor
base pairs should also be increased which could require some energy
expense unless the neighbor pairs are also AT. Thus, for the bp-DNA
sequence used in this work, 5′biotin-ATTCGACAGGGATAGTTCGA-3′,
there are two spots of triple base pairs A...T: one attached to biotin, in
positions 1–3 (the nucleotide sequence -ATT-) and one in positions
12–14 (sequence: -ATA-). There is also one spot of double A...T pairs at
positions 16–17 (sequence -TT-). Hence, the easiest double-helix
unwinding induced by the interactionwith toxicants is at position 1–3
and 12–14 where breaking hydrogen bonds could occur without any
additional energy expense. The energy expense is however, required
to interrupt the stacking interactions between nucleotides in each
DNA strand. Any DNA unwinding requires at least some adjustments
in the angles between stacking nucleotides which will take up energy.
For the same angle change Δϕ, the energy input ΔE is proportional to
the stacking interaction energy:

ΔEe−ΔϕΔGst;n ð8Þ

where ΔGst,n is the stacking free energy for the given stacking
nucleotide interaction and is equal to ΔGst,a or ΔGst,g where

ΔGst;a =
1
3
∑
i
ΔGst;i ð9Þ
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with i=AA, AT, TT and:

ΔGst;g =
1
3
∑
j
ΔGst;j ð10Þ

with j=GG, GC, CC.
In general,ΔGst,a>ΔGst,g. According to Yakovchuk et al. [93],ΔGst,a=

−0.92 kcal/mol in 15 mM NaCl solution at 37 °C and ΔGst,g=
−1.44 kcal/mol under the same conditions. This points to positions
between nucleotides 1–2, 2–3, 12–13 and 13–14 in the bp-DNA
sequence as most likely spots for an interruption of DNA duplex in the
interaction with a toxicant. The spots 1–3 and 12–14 have already been
selected for the weakness in the H-bonding. The attack of toxicants at
these positions can be facilitated by the DNA breathing [98,99] which
may expose the weakest spots in the duplex to the disruptive
interactions with a toxicant. The stacked–unstacked equilibria in DNA
duplexes have been recently characterized by Protozanova et al. [100].

The through-chain electrical conductance of DNA films depends
strongly on the integrity of DNA strands.While both the unstacking and
partial unwinding will cause the redox current decrease, greater effects
are expected for unstacking since a single unstacking in DNA strandwill
cause a complete shut down of the current through that strand. It also
increases the chance of dehybridization and removal of the redox
moiety from the electrode surface. In the case of unstacking, the sensor
redox current is proportional to the number of damaged strands:

I = I0 1� Γunstack
ΓDNA

� �
ð11Þ

where Γunstack is the surface concentration damaged DNA strands with
unstacked nucleotides, ΓDNA is the total surface concentration of DNA
duplexes, and I0 is the sensor redox-signal in the absence of any damage.
The detailed differences between the electrical conductance of DNA
strandsdamaged indifferentwaysby toxicants arenotyetknown. Further
studies are carried out to evaluate temperature dependence of the
conductance and the level of damage for different nucleotide sequences.

4. Conclusions

The DNA-hybridization biosensors developed in this work provide a
sensing platform for the detections of single mismatches in the probe-
target ssDNA sequences. The sensors utilize nanogravimetric and
voltammetric transduction techniques. The voltammetric transduction
was achieved by coupling Ferrocene moiety to streptavidin linked to
biotinylated t-DNA and the mass-related frequency transduction was
implemented by immobilizing the sensory p-DNA on a gold-coated
quartz crystal piezoresonators oscillating in the 10 MHz shear mode.
The high sensitivity of these sensors enabled us to study DNA damage
and structural alteration caused by representative toxicants and
environmental pollutants, including Cr(VI) species, common pesticides
and herbicides. We have found that the sensor responds rapidly to any
damage caused by Cr(VI) species. More severe DNA damage was
observed forCr2O7

2 as compared toCrO4
2−. TheDNAdamage causedbyCr

(VI) can be prevented by adding ascorbic acid to the solution. On the
other hand, the damage is increased in the presence of H2O2. All
herbicides and pesticides examined caused DNA damage or alteration.
Among these compounds, atrazine and paraoxon-ethyl caused the
fastest and most severe damage to DNA. The DNA damage can be
quantified using relative signal change of the sensor. The voltammetric
and nanogravimetric DNA biosensors developed in this work can be
applied in systematic studies of toxicity and DNA damage caused by
various compounds. With further developments and automatic fabri-
cation, the cost and reliability can be further improved so that this kind
of testing can be applied in laboratory and even in the field-testing
provided that portable instrumentation is available.
The methodology used here to test for DNA damage can also be
employed as a simple protocol to obtain rapid comparative data concern-
ing DNA damage caused by herbicide, pesticides and other toxic
pollutants. The DNA biosensor developed in this work can, therefore, be
utilized as a rapid screening device for classifying environmental
pollutants and to evaluate DNA damage induced by these compounds.
Further studies are being conducted to develop diagnostic tools enabling
one to distinguish different kinds of DNA damage done by toxicants.
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