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a b s t r a c t

The biomolecular interactions of platinum derivatives widely used as anticancer drugs: cis-
diamminedichloroplatinum(II) and oxaliplatin with calf thymus double-stranded DNA were studied using
differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) in combination
with single-walled carbon nanotubes modified graphite electrode (SWCNTs-GE) and unmodified graphite
eywords:
arbon nanotubes
NA interactions
lectrochemical impedance spectroscopy
ifferential pulse voltammetry
is-Diamminedichloroplatinum(II)
xaliplatin

electrode (bare GE). The performance of these biomolecular interactions were explored at the electrode
surface by monitoring the changes at guanine oxidation signal in terms of optimum interaction times by
comparing the results of SWCNTs-GE with bare one. The features of these electrochemical sensors based
on carbon nanotubes for monitoring of biomolecular interactions were discussed and compared with the
earlier conventional ones.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

During early sixties, many electrochemical approaches have
een developed for analyzing or quantification of nucleic acids
nd its interactions [1–13]. Various types of affinity biosen-
ors as “Genosensor” for nucleic acid recognition processes
ave been rapidly developed incorporating different nanoma-
erials for the detection of specific nucleic acid sequences
elated with genetic and infectious diseases. Immediate appli-
ations will include direct quantification of DNA samples for
se in sequencing or polymerase chain reactions, or pharma-
eutical testing and quality control. Detection of biomolecular
nteraction of some anticancer drugs (Epirubicin, Mitoxantrone,
chinomycin, Daunomycin, etc.), several kinds of carcinogens
Benzo[a]pyrene, etc.) and toxins (Microcystin, etc.) with DNA is
he major branch of electrochemical biosensors. Variety of tech-
iques have been used to detect interaction of cancer drugs with
NA [3–5].

Nanotechnology has a key importance for the development

f challenging tools, including biosensor technologies. Carbon
anotubes were discovered in 1991 by Lijima [14]. They are large
acromolecules that are unique for their size, shape, and remark-

ble physical properties. Their intriguing structures have sparked

∗ Corresponding author. Tel.: +90 232 343 4000x5131; fax: +90 232 388 5258.
E-mail addresses: arzum.erdem@ege.edu.tr, arzume@hotmail.com (A. Erdem).

921-5107/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.mseb.2009.10.024
much excitement in the recent years and a large amount of research
has been dedicated to their understanding. The nanotubes have
a very broad range of electronic, thermal, and structural proper-
ties that change depending on the different kinds of nanotube. To
make things more interesting, besides having a single cylindrical
wall (SWNTs), the nanotubes can have multiple walls (MWNTs)
cylinders inside the other cylinders.

The investigations at chemistry side based on DNA–drug inter-
actions may provide new compounds, that could be tested for
an effect on a biochemical target, and also used as promising
hybridization indicator in combination with DNA hybridization
biosensors based on nanomaterials, which will further become DNA
microchip systems [6,12,13,15].

Recent advancements in the development of biosensors with the
advances in nanotechnology provide novel tools to develop new
techniques for monitoring biomolecular recognition events at the
solid surfaces, or in the solution phase. Typical applications include
environmental monitoring and control, DNA diagnosis, and chem-
ical measurements in the agriculture, food and drug industries
[6,12,13,15–24]. Electrochemical detection of nucleic acids related
to the specific gene for the breast cancer BRCA1 mutation provided
the enhanced signals contrast to bare one by using MWNT modi-

fied glassy carbon electrode [25]. A sensitive and low cost detection
of specific DNA hybridization at the surface of MWCNT modified
disposable graphite electrode was performed employing a simple
electrochemical protocol by Erdem et al. [6]. In another work of our
group, the application of MWCNT-screen printed electrodes was

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:arzum.erdem@ege.edu.tr
mailto:arzume@hotmail.com
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from 100 mHz to 100 KHz in a potential of 0.23 V versus Ag/AgCl
(sat. KCl), with a voltage amplitude of 10 mV. The frequency inter-
Fig. 1. Chemical structures of (a) cisplatin (cis-DDP) and (b) oxaliplatin (OXP).

uccessfully presented for monitoring of DNA hybridization based
n specific sequences on Hepatitis B virus DNA [21].

In our recent study [15], the disposable graphite electrodes
ere modified by using the single-walled carboxylic acid func-

ionalized carbon nanotubes and their surface morphologies were
hen explored using scanning electron microscopy (SEM) analysis.
hese modified electrodes were used for electrochemical detection
f nucleic acids and the interaction between an anticancer drug,
aunorubicin and double-stranded DNA based on the higher signal
nhancement contrast to bare electrodes.

The aim of this study was to explore the application of
arboxylic acid functionalized single-walled carbon nanotubes
odified graphite sensors (SWCNTs-GE) for electrochemical mon-

toring of biomolecular interactions of platinum derivatives widely
sed as anticancer drugs: cis-diamminedichloroplatinum(II) (cis-
DP) and oxaliplatin (OXP) with calf thymus double-stranded DNA
ere studied by using differential pulse voltammetry (DPV) and

lectrochemical impedance spectroscopy (EIS).
In current situation, cis-DDP is widely used in chemotherapy

f many types of cancer (Fig. 1). Oxaliplatin is a platinum-based
hemotherapy drug which belongs to the same family as cisplatin
26]. Besides effectiveness of drugs, it gives many side effects which
imit the clinical application of this compound. For this reason, stud-
es are focused on designing a novel analog of cis-DDP that is equally
ffective in chemotherapy, but less toxic [26].

The performance characteristics of these biomolecular inter-
ctions were explored at the electrode surface by measuring the
hanges at guanine signal in terms of optimum interaction times by
omparing the results of SWCNTs-GE with bare one. The features of
hese electrochemical sensors based on carbon nanotubes for mon-
toring of biomolecular interactions were discussed and compared

ith the earlier conventional ones.

. Experimental

.1. Apparatus and chemicals

All experimental measurements were carried by using
UTOLAB – PGSTAT 302 electrochemical analysis system supplied
ith a FRA 2.0 module for impedance measurements, and GPES

.9 software package (Eco Chemie, The Netherlands). For electro-
hemical measurements, the differential pulse voltammetry (DPV)
nd electrochemical impedance spectroscopy (EIS) were used. The
hree-electrode system was consisted of the graphite electrode
GE), an Ag/AgCl/KCl reference electrode (BAS, Model RE-5B, W.
afayette, USA) and a platinum wire as the auxiliary electrode.
he EIS measurements were performed in the Faraday cage (Eco
hemie, The Netherlands).

Platinum complexes and calf thymus double-strand DNA were
urchased from Sigma (Germany). Single-walled carboxylic acid

80–90%) functionalized carbon nanotubes (diameter 4–5 nm;
ength 500–1500 nm bundles) was purchased from Aldrich.

DNA stock solutions (1000 mg/L) were prepared with 10 mM
ris–HCl containing 1 mM EDTA (TE; pH 8.00) and kept frozen. cis-
DP and OXP stock solutions were prepared in dimethyl sulfoxide
ngineering B 169 (2010) 169–173

(DMSO). DNA and drugs were further diluted using 0.5 M acetate
buffer containing 20 mM NaCl (ABS; pH 4.80).

Other chemicals were in analytical reagent grade and they were
supplied from Sigma and Merck. All buffer solutions were prepared
using deionized and autoclaved water.

2.2. Procedure

The immobilization of nucleic acids/detection of biomolecular
detection cycle was performed at freshly SWCNTs modified dis-
posable graphite electrodes (SWCNTs-GEs) and also bare ones. All
experiments were carried out at room temperature (25 ◦C).

The preparation of SWCNTs solution, and SWCNTs modified
graphite electrodes, and the 50 �g/mL DNA modified SWCNTs-GE
were done according to the information given in earlier report
[6,15]. Easy surface modification of disposable graphite electrodes
with SWCNT was performed properly via passive adsorption, and
DNA immobilization was, respectively, done by the formation of
covalent coupling between the carboxylated ends of nanotubes and
the amine group in the guanine bases of nucleic acid without using
any covalent agents.

2.3. Interaction of cis-DDP with DNA

DNA modified electrodes were immersed into the vials con-
taining 5 �g/mL cis-DDP during a required interaction according to
wet-adsorption process [27]. Each electrode was then rinsed with
ABS for 10 s. The voltammetric transduction was then performed.

2.4. Interaction of OXP with DNA

DNA modified electrodes were immersed into the vials con-
taining 5 �g/mL OXP during a required interaction according to
wet-adsorption process [27]. Each electrode was then rinsed with
ABS for 10 s. The voltammetric transduction was then performed.

2.5. Voltammetric transduction

DPV measurements were performed for detection of biomolec-
ular interactions in ABS by scanning between +0.20 V and +1.30 V
potential range at the pulse amplitude: 50 mV and the scan rate:
30 mV/s.

Repetitive measurements were carried out by freshly prepared
CNT modified disposable GEs and bare ones by repeating the above
assay formats in different concentration levels of drugs and inter-
action times.

2.6. Impedance measurements

After the surface modification of the electrodes by SWCNTs and
then dsDNA, the EIS measurement was done accordingly to the pro-
cedure given below. In order to present the effect of interaction of
cis-DDP, or OXP with dsDNA at the surface of SWCNTs modified GE,
the EIS measurement was also performed in the same conditions.

The EIS measurements were performed by using 2.5 mM
K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture as a redox probe prepared
in 0.1 M KCl. The impedance was measured in the frequency range
val divided into 51 logarithmically equidistant measure points. The
respective semicircle diameter corresponds to the charge-transfer
resistance, Rct, the values of which are calculated using the fit-
ting programme AUTOLAB 302 (FRA, version 4.9 Eco Chemie, The
Netherlands).
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Fig. 2. Voltammograms showing guanine oxidation signals in the absence/presence
of biomolecular interactions between cis-DDP and DNA: (A) bare electrodes, (B)
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EIS has been widely used to study a variety of other electrochem-
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WCNTs modified electrodes, (a) cis-DDP signal in the absence of DNA, (b) guanine
ignal before interaction with cis-DDP, and (c) guanine signal after interaction with
is-DDP.

. Results and discussion

Disposable SWCNTs-GE were aimed to use in our study for
lectrochemical monitoring of biomolecular interactions between
rugs and calf thymus double-stranded DNA by using DPV and
IS in combination with single-wall carbon nanotubes modified
raphite electrode (SWCNTs-GE) and unmodified graphite elec-
rode (bare GE). Under this scope, the platinum derivatives drugs:
is-DDP and OXP were used as the target compounds for biomolec-
lar interactions with DNA.

The representative voltammograms were shown in Fig. 2 and
he magnitudes of guanine oxidation signals were measured at
1.00 V in the absence/presence of cis-DDP interactions with DNA
n order to present the electrochemical performance of bare
lectrodes (Fig. 2A) to the SWCNTs modified ones (Fig. 2B). No sig-
ificant signal related to cis-DDP was obtained with bare electrode
nd SWCNTs modified one at the same peak position of guanine.

An enhancement at guanine signal was similarly also observed
hen nanomaterial based electrode was used in parallel to the

esults reported in previous reports [6,15]. To obtain an enhanced
uanine response could be a result of high electrical conductivity
f SWCNTs, and electrocatalytic action of SWCNTs able to promote
lectron transfer reactions.

After interaction of cis-DDP with DNA immobilized onto the sur-
aces of bare GE and SWCNTs modified ones, there was the decrease
atio, respectively, as 22.5% and 13.4% obtained at the oxidation
ignals of guanine in 30 min interaction time (shown also in Fig. 3).
n a shorter interaction time as 5 min, this decrease was gradually
maller (respectively, 4.2% and 6.5%) than the recorded ones above.

Similarly, the representative DPVs were recorded by measuring
he oxidation signals of guanine in the absence/presence of interac-

ion between OXP and DNA at the surface of bare electrodes (Fig. 4A)
o the SWCNTs modified ones (Fig. 4B). No oxidation signal of OXP
as observed with bare electrode and SWCNTs modified one in

he same measurement scale with electroactive DNA base, guanine.

ig. 3. Histograms showing the magnitude of guanine oxidation signals in the absence/
ame in Fig. 2.
Fig. 4. Voltammograms showing guanine oxidation signals in the absence/presence
of biomolecular interactions between OXP and DNA: (A) bare electrodes, (B) SWCNTs
modified electrodes, (a) OXP signal in the absence of DNA, (b) guanine signal before
interaction with OXP, and (c) guanine signal after interaction with OXP.

After interaction of OXP with DNA immobilized onto the surfaces
of bare GE and SWCNTs modified ones, there was the decrease
ratio, respectively, as 22.0% and 18.6% obtained at guanine signals
in 30 min interaction time (shown also in Fig. 5).

The observed decrease in the guanine signal can be attributed
to the binding of these platinum derivatives specifically to guanine
bases in the skeleton of DNA. This phenomenon could be explained
by the shielding of oxidizable groups of electroactive DNA base,
guanine while cis-DDP, or similarly OXP interact with nucleic acids
at the electrode surface or in a solution phase, similarly explained
in earlier reports [28–31]. One of the previous studies presented the
electrochemical detection of carboplatin interaction with DNA by
using glassy carbon electrode [28], it was concluded that the platin
compounds can bind covalently to DNA with cross links between
two bases on opposite strands of DNA helix and intrastrand cross
links two bases on the same DNA strand. Brabec also presented the
results that show a linear decrease at guanine signal upon increas-
ing concentrations of [Pt-(dien)(H2O)]2+ with DNA by paraffin-wax
impregnated spectroscopic graphite electrode [29].

Accordingly, the reproducible and sensitive detection scheme
resulted in a shorter time was presented herein for electrochem-
ical investigation of biomolecular recognitions of the anticancer
drug, cis-DDP with DNA and similarly for another anticancer agent
OXP by the advantages of SWCNTs modified disposable graphite
electrodes.

The voltammetric results for the biomolecular recognition
process were also complemented successfully with the ones inves-
tigated herein by electrochemical impedance spectroscopy [32].
ical systems, including corrosion, electrodeposition, batteries and
fuel cells. However, only recently have impedance methods been
applied in the field of biosensors. Given their ability to sense charge
transfer resistance (Rct) and double layer capacitance (Cd) values,

presence of biomolecular interactions between cis-DDP and DNA. The conditions
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ig. 5. Histograms showing the magnitude of guanine oxidation signals in the abse
n Fig. 4.

pplication should be possible for several different types of sensing
chemes, with numerous recognition agents [32].

After the modification of the surface of graphite electrode with
arbon nanotubes, the average Rct value (shown in Fig. 6B-a) was
alculated as 145 �, which is three times larger than the one
btained by bare electrode (not shown) in parallel to the results
btained by using bare gold electrode and multiwalled carbon
anotube modified one [33]. The change of the Rct value after mod-

fication was a strong proof that CNT had been immobilized onto
he electrode surface. The negatively charged phosphate backbone
f double-stranded DNA prevented redox couple, [Fe(CN)6]3−/4−

rom reaching the electrode surface, leading to almost three folds
arger Rct value (shown in Fig. 6B-b). These results clearly presented
hat the modification of carbon nanotubes onto the graphite sur-

ace improved the immobilization capacity of dsDNA similarly to
he earlier reports using nanomaterials [15,34]. Correspondingly
o the surface confined biomolecular interaction with cis-DDP, an
ncrease level was found 32.4% at the Rct value, that may possibly

ig. 6. (A) Nyquist diagrams recorded at SWCNTs modified electrode after interac-
ion of cis-DDP with DNA. Inset was the equivalent circuit model used to fit the
mpedance data, the parameters of which are listed in the text; R1 is the solu-
ion resistance; the constant phase element Q1 is then related to the space charge
apacitance at the DNA/electrolyte interface; R2 is related to the charge transfer
esistance at the DNA/electrolyte interface; the constant phase element Q2 is the

arburg impedance due to mass transfer to the electrode surface. (B) Histograms
epresenting the Rct values measured after electrode surface modification, respec-
ively, with (a) SWCNTs and (b) dsDNA. After the interaction of cis-DDP with dsDNA
t the surface of SWCNTs-GE the Rct was also recorded and represented as (c).

Fig. 7. (A) Nyquist diagrams recorded at SWCNTs modified electrode after interac-

tion of OXP with DNA. (B) Histograms representing the Rct values measured after
electrode surface modification, respectively, with (a) SWCNTs and (b) dsDNA. After
the interaction of OXP with dsDNA at the surface of SWCNTs-GE the Rct was also
recorded and represented as (c).

indicate that there was a specific binding of platinum complexes to
the guanine bases of in the double helix form of DNA.

The Rct values in the absence/presence of interaction between
OXP and dsDNA were recorded, and similar increase at the Rct val-
ues (shown in Fig. 7B) was also of interaction of OXP obtained in
the presence with DNA.

4. Conclusion

In this study, the reproducible and sensitive detection scheme
resulted in a shorter time was presented for electrochemical
investigation of biomolecular recognitions of the anticancer drug,
cis-DDP with DNA and similarly for another anticancer agent OXP

by the advantages of SWCNTs modified disposable graphite elec-
trodes resulting with an enhancement at the guanine signal. There
have not yet been any reports in the literature for electrochemi-
cal investigation of interaction between platinum derivatives and
nucleic acids using carbon nanotubes modified electrodes. Voltam-
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etric results were consistent with the ones of electrochemical
mpedance spectroscopy. On the basis of DPV and EIS results, it can
e concluded that DNA could be immobilized properly onto the
urface of SWCNTs modified electrodes.

These studies have a great importance for further development
f nanomaterial based electrochemical sensors, that may also be
sed for monitoring of different biomolecular recognitions, such
s protein–DNA interactions, or toxin effects for environmental
onitoring.
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