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Novel impedimetric nanostructured disposable DNA-biosensors have been created using alayer of
multiwalled carbon nanotubes (MWNT) and double stranded calf thymus or herring sperm DNA
deposited on the surface of a screen-printed carbon electrode (SPCE) by layer-by-layer and mixed
coverage. The presence of DNA significantly decreases the electroconductivity of the MWNT/SPCE
interface and represents a charge barrier for the transport of the [Fe(CNg)]* redox probe ions. Hence,
electrochemical impedimetric procedure performed with DNA/MWNT/SPCE sensor in 0.1 M
phosphate buffer solution (PBS) pH 7.0 using 1 mM [Fe(CNg)]* was developed for the evaluation of
deep DNA damage caused by reactive oxygen species formed in situ as well as antioxidative effects of
rutin and tea extracts. Good correlation has been found between the charge transfer resistance change
obtained as a parameter of the impedimetric equivalent circuit and the voltammetric current response
change of the [Fe(CNg)]* / [Fe(CNe)]* redox couple measured at the DNA modified and bare SPCEs.
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1. INTRODUCTION

The use of nucleic acids as recognition elements represents a rapidly growing and exciting area
at the biosensors development. The DNA biosensors are used to detect binding interactions of the
surface attached DNA with drugs as well as health-risk chemicals, the presence of pathogenic



Int. J. Electrochem. Sci., Vol. 3, 2008 224

microorganisms and subtle as well as deep damage to DNA [1]. Electrochemical biosensors are
fabricated using the approach of chemically modified electrodes [2]. Among them, carbon electrodes
including screen printed carbon electrodes (SPCE) are of general interest as mass-produced,
inexpensive, non-toxic and widely accessible analytical probes.

In order to achieve good specific and analytical parameters of the biosensors, it is necessary to
study electrical processes that occur at the surface of the sensor or inside the sensor membrane [3].
There are various techniques suitable for this purpose, e.g. voltammetry, scanning electrochemical
microscopy and others [4, 5]. A majority of the methods probe the surface/electrolyte interface by
using alarge perturbation which is designed to provide mechanistic information by driving the reaction
to conditions far from the equilibrium. Another approach is the use of a perturbation of a system at
equilibrium by a small amplitude sinusoidal excitation signal to ensure that the kinetic information
pertaining to the surface/electrolyte interface [6, 7]. Electrochemical impedance spectroscopy (EIS) is
a non-destructive steady-state technique that is capabl e to probe the relaxation phenomena over arange
of alternative current frequencies from 10° to 10 Hz. EIS is a tool for identifying and separation of
different contributions to the electric and dielectric response of material. Traditionally, it has provided
information about corrosion processes of metals and metal-coated surfaces. Nowadays, there is an
increased use of EIS for the investigation of adsorption processes, mechanism of electrochemical
reactions, the dielectric and transport properties of materials used for the creation of sensors and
biosensors[3, §].

Recently, the probing of biomolecular interactions at conductive and semiconductive surfaces by
EIS has been outlined including impedimetric immunosensors, enzyme biosensors and DNA-sensors
[9]. EIS gives a possibility to study the process of immobilization of a biocomponents, including DNA,
and to characterize electric features of a biocomponent/electrode interface. It has been employed for
the evaluation of various carbon-based electrodes used as the signal transducers for the detection of
DNA hybridization [10], investigation of interaction of redox probes on a glassy carbon DNA-
modified electrode [11], and the study of the DNA adsorption/hybridization onto a gold surface [12-
14]. The dendrimer-based electrochemical impedimetric DNA-biosensor shows high sensitivity and
selectivity for the DNA hybridization assay [15]. DNA impedimetric biosensor based on colloidal Ag
and bilayer two-dimensional sol-gel as matrixes has been proposed for the DNA hybridization
detection [16].

With respect to rather ssmple measurement procedure and commercially available equipments,
ElS seems al so to be an advantageous method for the evaluation of deep DNA degradation by reactive
chemical agents[17]. Comparing to the traditional use of DNA redox indicators [18], time consuming
steps of their accumulation and desorption can be omitted here. The detection window is given by an
impedance difference between the electrode surface without and with DNA. Good el ectric conductivity
of the surface without DNA can be achieved by the arrangement of an interface. Application of
conductive nanomaterials such as carbon nanotubes could significantly improve electric properties of
bare electrodes such as carbon paste electrode and screen printed carbon electrode [19].

The purpose of this work is to use EIS in a combination with cyclic voltammetry for the
analytical characterization of DNA-nanoctructured disposable biosensors and to develop a procedure
for the evaluation of DNA damage by reactive oxygen species formed in situ as well as DNA
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protection by standard chemicals and tee antioxidants. A commercially available SPCE was used as
asignal transducer which was covered by a layer of multiwalled carbon nanotubes.

2. EXPERIMENTAL PART

2.1 Reagents

Multiwalled carbon nanotubes (MWNT) (OD 40-60 nm, ID 5-10 nm, length 0.5-500 mm) were
obtained from Aldrich, Germany. Their suspension (0.5 mg mL™) was prepared in a 1 % agueous
solution of sodium dodecyl sulfate (SDS) from Sigma, Germany. Herring sperm dsDNA was
purchased from Aldrich Germany. Its stock solution (0.1 mg.mL™) was prepared in 0.1 M phosphate
buffer solution (PBS) pH 7.0 and stored at -4 C. Calf thymus dsDNA was obtained from Merck,
Germany and used as received. Its stock solution of 0.1 mg.mL™ was prepared in 10 mmol L™ Tris-
HCI and 1 mmol L™ EDTA solution of pH 8.0 and stored at (4 [T.

Rutin (glycoside of polyphenol quercetin) was purchased from Aldrich, Germany. Its stock
solution of 1x10™ M was prepared in PBS, pH 7.0 and diluted in the range 5x10°° [15x10° M. Other
chemicals used were of analytical reagent grade purity and used as received. Deionized and double
distilled water was used for measurements. Teas under investigation were commercia products
obtained from a local market. Tea extracts were prepared by soaking one tea bag in 250 mL of boiled
(98 °C) or hot (70 °C) water for the time recommended by the producer, i.e. 5 min for both green and
black tea. Tea extracts were used after cooling to laboratory temperature and filtration through filter
paper without any other pretreatment.

2.2 Apparatus

The SPCE (Food Research Institute, Bratislava, Slovakia) was athree electrode assembly
consisting of working carbon electrode (25 mm?® geometric surface area), a silver/silver chloride
reference electrode Ag/AQCI/SPE (potential of 0.284 V vs conventional Ag/AgCl/saturated KCI
electrode) and the same counter electrode. EIS measurements were carried out using the Autolab/FRA
system with the potentiostat PGSTAT 12 and FRA-DSG, FRA-ADS modules (Eco Chemie B.V.,
Netherland), version 4.9.006. CV measurements were carried out on Autolab potentiostat/galvanostat
with the software GPES-General Purpose Electrochemical System, version 4.9.005 (Eco Chemie B.V .,
Netherland). All measurements were performed in 10 ml glass voltammetric cell.

2.3 Preparation of the modified electrodes

The nanostructured MWNT interface was prepared using layer-by-layer or mixed coverage on
the surface of screen-printed carbon electrode (SPCE) without any electrochemical precondition of the
working electrode surface. The layer-by-layer coverage was used to create a DNA/MWNT/SPCE
biosensor as follows: the working electrode was covered with 5 | of MWNT suspension and allowed
to dry. Then the DNA layer was formed by the application of 5 | of its stock solution and evaporation
to dryness. To prepare the mixed coverage, the MWNT suspension was mixed with the DNA stock
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solution in the volume ratio 1:1. The resulting suspension (5 L) was then applied as a drop to the bare
SPCE surface and | eft to evaporate to dryness.

For a comparison, an electrode modification with single modifiers (MWNT or DNA only) was
aso tested using the DNA/SPCE and MWNT/SPCE sensors. They were prepared by the application of
5 | of DNA stock solution or MWNT suspension on the surface of bare SPCE and evaporation to
dryness. Prior to the measurement, the bare and modified SPCE were immersed into 5 mM PBS for 5
min under stirring to achieve an equilibrum.

2.4. Procedures

Electrochemical impedance spectroscopy

The EIS measurements were carried out in 1 mM K3[Fe(CN)g] in the 0.1 M PBS pH 7.0 at
ambient temperature, at the polarization potential of 0 V in the frequency range 0.1 010" Hz (in 51
frequency steps) and with the amplitude of 10 mV.

Cyclic voltammetry of Ks[ Fe(CN)e]

The biosensor was immersed into 1 mM K3[Fe(CN)g] in the 0.1 M PBS pH 7.0. The CV scans
were recorded within the potential range from 1.0 V to [0.8 V at scan rate 50 mV/s. .

DNA damage and evaluation of antioxidants

Prior to the DNA damage, the EIS and CV signals of DNA/MWNT/SPCE were obtained as
described above. Then, after rinsing with distilled water, the same electrode was incubated at ambient
temperature in corresponding cleavage mixture without or with the addition of antioxidant substance
solution (5 mL of the stock rutin solution or tea extract in 1:1 volume ratio) for 5 min under stirring.

Subsequently, the EIS and CV measurements after this exposure were carried out. With respect
to differences between individual SPCE strips, the and Ry and CV parameters are expressed as the
normalized (i.e. relative) values compared regarding to the parameters obtained for the original
biosensor before its incubation in cleavage agent. A survived DNA (denoted as surv DNA) after
damage was calculated from the change of the signals obtained at electrodes with and without DNA
related to the difference of signals corresponding to original undamaged DNA according to the
formulaes:

Retgrety = (Retsurv bnay OReeguwnt-cHim) / (Retonay DRemwnT-cHim) 1)
lre = (Isurv DNA = ImwiT-cHIT) / (IDNA = IMWNT-CHIT) @)

where R is electron transfer resistance at EIS measured at the peak potential obtained for 1 mM
KsFe(CN)g at the MWNT-CHIT/SPCE without DNA (about O V) and | is the CV cathodic current
response of 1 mM KsFe(CN)s measured at the peak potential obtained for 1 mM KsFe(CN)g at the
MWNT-CHIT/SPCE without DNA (about 0 V). The indexes used characterize the chemical modifiers
of SPCE.
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3. RESULTS AND DISCUSSION

Various biosensors with layers of double stranded calf thymus or herring sperm DNA attached to
the MWNT interface at the SPCE surface have been investigated. Modification of the SPCE surface
was performed using the layer-by-layer or mixed films obtained via physical adsorption of the
electrode modifiers at open circuit conditions. Amount and concentration of the MWNT suspension
were optimized using the biosensor response as the criterion.

3.1 Electrochemical impedance spectroscopy (EIS

The EIS measurements have been performed using the electroactive ferricyanide anion as
astandard redox probe in the solution phase. Fig. 1 shows typical impedance responses of SPCE
covered with various layers of modifiers.
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Figure 1. Niquist plots in the presence of 1 mM K3[Fe(CN)¢] in 0.1 M PBS pH 7.0 for various
modified electrodes: SPCE ( ), herring sperm DNA/SPCE ( ), herring sperm DNA-MWNT/SPCE
(), herring sperm DNA/MWNT/SPCE ( ), MWNT/SPCE ( ). Conditions. frequency range (0.1-
10% Hz, polarization potential 0V and amplitude 10 mV.

Complex impedance spectra as the Niquist plots (the dependence of an imaginary part of the
impedance Z” vs a real part of the impedance Z) represent semicircles at high freguencies
corresponding to the electron transfer limiting process. For bare SPCE and DNA/SPCE, there are short
linear parts at low frequencies resulting from the diffusion limiting step of the electrochemical process
[20]. It should be noted that this part of the spectrum represents the properties of the electrolyte
solution and the diffusion of the redox probe and, thus, are not affected by the modification of the
electrode surface [21]. The respective semicircles diameters at the high frequencies corresponding to
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the charge transfer resistance at the electrode surface increase in the presence of DNA on the electrode
surface. Thus, the charge transfer resistance was used as a sensor signal.

The impedance data were simulated using the Randles equivalent circuit (Fig. 2) consisting of a
paralel combination of the capacitance (C) and charge transfer resistance by redox reactions (Ry) in
series with the supporting electrolyte resistance (Rsy). The fitting of spectras to the equivalent circuit
has indicated a good agreement between the circuit model and the real experimental data, especially at
the high frequency val ues.

RsoI | |

Ret

Figure 2. The scheme of equivalent circuit simulating the impedance spectra Rs, U solution
(supporting electrolyte) resistance, R [Icharge transfer resistance, C [Icapacitance.

The impedance plots for the individual electrodes have shown a significant difference in the
impedance values that reflect the properties of the electrodes surfaces. The presence of MWNT at the
electrode surface significantly decreases the impedance, as one can expect due to the high MWNT
conductivity. For the electrodes with nanostructured interface the impedance values are lower than
those for the SPCE and SPCE electrodes modified with DNA layer only, independently of the DNA
kind and modification way (the mixture with MWNT or the layer-by-layer coverage). The parameters
obtained by fitting analysis are presented in Table 1.

For the bare SPCE, the value of R i1519.16 k and it reflects the semicircle part with very big
diameter. The introduction of DNA on the electrode surface leads to a slight decrease of the semicircle
diameter in the spectra with corresponding decrease of the R valuestill 16.90 k and 15.24 k for
calf thymus and herring sperm DNA, respectively. A remarkable decrease in the R value (to 3.59k )
was observed after the modification of SPCE by MWNT and the Nyquist plot exhibits very small
semicircle. In the cases of DNA/MWNT/SPCE and DNA-MWNT/SPCE sensors, the Ry values
increase in comparison with MWNT/SPCE but they do not differ significantly between each other. So,
in this sense the way of modification (mixture or layer-by-layer coverage) does not play an important
role.

The increase or decrease of the R value reflecting the increase or decrease in the diameter of the
semicircle at high frequencies in the impedance spectra is associated with the blocking behavior of the
electrode surface for the charge transfer to the redox probe [22]. MWNT immobilized on the SPCE
play an important role similar to an electron conducting tunnel making electron transfer to the
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electrode surface easier (in analogy with nano-sized Au colloids [23] or Ag nanoparticles [24]). In the
presence of DNA, the electron transfer of to the redox probe is blocked by the formation of highly
organized layer of the biocomponent on the electrode surface and the redox species do not penetrate
this layer [25]. The Croughness coefficient[In reflecting the deflection from ideal smooth surface [26]
isincreased in all cases of the modification in comparison to unmodified SPCE which can be attributed
to the enhanced homogenity of the surface, especially when MWNT are present. The small difference
in n between DNA immobilized on simple SPCE and DNA on the MWNT interface is due to a good
distribution of DNA chains on such interface.

Table 1. Parameters of the equivalent circuit simulating the complex impedance spectra of the
electrodes in the presence of 1 mM K3[Fe(CN)g] in 0.1 M PBS. Ry, [solution (supporting electrolyte)
resistance, Ry [charge transfer resistance, C [Icapacitance, n [J[foughnessCcoefficient.

Electrode Rsal, Ry, k C, F n
SPCE 3401 19.16[10.06 181 0.769
MWNT/SPCE 4413 3.59[D.02 29[ 0.886

Calf thymus DNA-MWNT/SPCE 636 6.1500.03 121 0.861
Calf thymus DNA/MWNT/SPCE 42[4 6.3000.05 152 0.827
Calf thymus DNA/SPCE 508 | 16.90(D.05 | 132 0.819
Herring sperm DNA-MWNT/SPCE 52(3 9.18[0.04 12r1 0.891
Herring sperm DNA/MWNT/SPCE 56[b 7.71[0.03 17tp 0.814
Herring sperm DNA/SPCE 67(b | 15.24[D.05 | 12[P 0.815

The capacitance can be generally defined as the amount of charge stored between two layers (a
capacitor aproximation) for a potential difference or voltage existing across the layers (a double layer
capacitance). The larger the area of the plate/surface the more charge can be accumulated and,
consequently, the higher is the capacitance. That iswhy the capacitance value is increased in the case
of the MWNT interface. However, there is only a small difference in the C values at the DNA
modified electrodes. Therefore, the capacitance should not be considered here as a decisive sensor
parameter.

3.2 Cyclic voltammetry

To confirm the EIS data, the CV scans were used performed advantageously in the same solution.
The mechanism of the DNA detection using [Fe(CN)g]* resides in a barrier effect of the negativelly
charged DNA backbone towards the redox probe anions. This effect leads to a decrease of the
[Fe(CN)g]* current signal evaluated against the baseline [17]. The CV records of the redox couple
[Fe(CN)g]*/[Fe(CN)g]* at the bare SPCE and various modified SPCE are presented in Fig. 3.






