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A  key  issue  associated  with  electrochemical  DNA-based  biosensors  is how  to enhance  DNA  immobiliza-
tion  on  the substrates.  In order  to  improve  the  immobilization  of  DNA  and to optimize  DNA  interaction
efficiency,  different  kinds  of  strategies  have  been  developed.  In  this  regard,  nanomaterials  have  attracted
a great  deal  of  attention  in electrode  surface  modification  for  DNA  biosensor  fabrication.  In this  study,
nanostructured  films  were  deposited  at the  surface  of a pencil  graphite  electrode  (PGE)  as  a  working
electrode.  For  the  present  purpose,  common  polyelectrolytes  are  used  for  surface  modification  with
double-stranded  DNA.  Two  positively  charged  polyelectrolyte,  namely  poly  dialyldimethylammonium
chloride  (PDDA)  and chitosan,  are  initially  compared  for DNA  immobilization  at  the  surface  of  MWCNTs
and  TiO2 nanoparticles  (TiO2NPs).  In a second  step,  the  basic  electrochemical  properties  of  the  sensors
are  investigated  using  voltammetric  methods.  The  modified  electrodes  are  also  characterized  by scan-
ning electron  microscopy  and  electrochemical  impedance  measurements.  It  will  be  shown  that  electrode
modification  with  DNA  and  the  nanostructure  that  disperses  in PDDA  leads  to  an  enhanced  sensitivity

of  the  DNA  voltammetric  detection  mechanism.  In a previous  study,  a comparison  was done  between
MWCNTs  and  TiO2NPs  for determining  the  effect  of  nanoparticle  effect  on  DNA  immobilization  on  the
electrode  surface.  In  order  to compare  the  efficiency  of  the  prepared  DNA-based  biosensors,  methylene
blue  is chosen  as  an  electroactive  probe.  It  will  be  shown  that the  stability  of  the  immobilized  DNA  within
several  days  will  be much  higher  when  MWCNTs  rather  than  TiO2NPs  are  used.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Sequence-specific detection of nucleic acid targets has become
ncreasingly important in disease diagnostics, drug screening, epi-
emic prevention, and environmental protection [1]. So far, many
echniques including spectrophotometry [2], chemiluminescence
3], phosphorescence [4], fluorescence [5], chromatography [6], and
lectrochemical methods [7,8] have been developed for DNA deter-
ination. In recent years, the development of DNA biosensors has

eceived great attention due to its extreme importance in many
elds, such as clinical diagnostics [9], gene therapy [10], environ-
ental monitoring [11], food safety [12], and biological research

13]. DNA recognition layers can be combined with electrochem-

cal transducers to form new and important types of biosensors
14]. Electrochemical DNA biosensor technologies have been devel-
ped due to their several advantages, such as high sensitivity, good

∗ Corresponding author. Tel.: +98 311 3912351; fax: +98 311 3912350.
E-mail addresses: aaensafi@gmail.com, Ensafi@cc.iut.ac.ir (A.A. Ensafi).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.05.040
927-7765/© 2014 Elsevier B.V. All rights reserved.
selectivity, low cost, rapid diagnosis, and the possibility of minia-
turization [15].

DNA-based electrochemical sensors exploit a range of different
chemistries, but all take advantage of nanoscale interactions
between the target in solution, the recognition layer, and a
solid electrode surface. Numerous approaches to electrochemical
detection have been developed, including direct electrochemistry
of DNA, electrochemistry at polymer-modified electrodes, elec-
trochemistry of DNA-specific redox reporters, electrochemical
amplifications with nanoparticles, and electrochemical devices
based on DNA-mediated charge transport chemistry [16]. Recently,
an impressive number of inventive designs have appeared for DNA-
based electrochemical sensing. These types of sensors combine the
nucleic acid layer with electrochemical transducers to produce a
biosensor that expectedly provide a simple, accurate, and inexpen-
sive platform for clinical diagnosis [17]. Electrochemical methods

are well suited for DNA diagnostics. Because electrochemical
reactions give an electronic signal directly, there is no need for
inexpensive signal transduction equipment. Moreover, because
immobilized probe sequences can be readily confined to a variety

dx.doi.org/10.1016/j.colsurfb.2014.05.040
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2014.05.040&domain=pdf
mailto:aaensafi@gmail.com
mailto:Ensafi@cc.iut.ac.ir
dx.doi.org/10.1016/j.colsurfb.2014.05.040
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f electrode substrates, detection can be accomplished with an
nexpensive electrochemical analyzer. Sensitive electrochemical
ignaling strategies based on the direct or catalyzed oxidation of
NA bases, as well as the redox reactions of reporter molecules or
nzyme recruited to the electrode surface by specific DNA probe
arget interactions and by charge transport reactions mediated by
he �-stacked base pairs have all been demonstrated [18].

Surface immobilization of DNA plays an important role in the
erformance of DNA biosensors. The amount of immobilized DNA
robe will directly influence the accuracy, sensitivity, selectivity,
nd life of a DNA biosensor [19]. The development of nanomaterials
or the immobilization of DNA has attracted great attention over the
ast decades in fabricating electrochemical DNA biosensors [20,21].
ecause of their high surface-to-volume ratio and excellent biolog-

cal compatibility, nanomaterials can enlarge the sensing surface
rea that greatly increases the amount of immobilized DNA, while
he DNA mixed with nanomaterials can satisfactorily maintain
ts biological activity. The nanomaterials used in DNA biosensors
nclude nanoparticles, nanowires, and nanotubes like carbon nano-
ubes (CNTs), among others [19].

As one of the most promising nanomaterials in photochem-
stry and biochemistry, nano-titanium dioxide (TiO2) acts as an
fficient agent in biosensing applications due to its good intrinsic
iocompatibility, specific affinity to biomolecules, and high reac-
ivity [22,23]. Owing to its high conductivity and low cost, TiO2
as become an attractive electrode material in its different forms
uch as nanoparticles, nano-needles and nanotubes for fabricat-
ng electrochemical DNA-based biosensors [24]. The properties of
NTs, such as high electronic conductivity and high mechanical
esistance, have also led to their use in the preparation of elec-
rochemical sensors [25]. DNA is an important biological polymer,
hich is classified as a natural, negatively charged polyelectrolyte
ue to its phosphate groups. It can be immobilized onto CNTs
nd TiO2 via covalent and noncovalent interactions. However,
he results are unsatisfactory because negatively charged CNTs
nd TiO2 repulse the negatively charged DNA. To overcome this
roblem, nanoparticles are usually dispersed on such positively
harged polyelectrolytes as poly dialyldimethyl ammonium chlo-
ide (PDDA) or chitosan [26].

The study of the interactions between drugs and DNA is
 relatively little known area which forms an attractive field,
hich is essential for gaining a deeper understanding of the
echanisms of interaction and developing efficient methods for

etecting these mechanisms. The knowledge thus gained will be
sed for designing new, efficient drugs and for their in vitro
creening [27]. Some studies have demonstrated that DNA dam-
ge, which may  occur by induction of DNA hypomethylation and
eneration of reactive oxygen species [28,29]. Induction of oxida-
ive damage (oxidative stress) is a noticeable event to explain

etal-induced mutagenicity and genotoxicity. Various carcino-
enic metals such as cobalt, chromium, lead, mercury, and copper
ause redox reactions in living systems [29]. These metals can pro-
uce the reactive oxygen species and reactive nitrogen species

n vivo and vitro systems in experimental and clinical medicine
30–32].

In this study, to improve the immobilization of ds-DNA on the
urface, a mixture of nanomaterials and positively charged poly-
lectrolytes was immobilized at the surface of a pencil graphite
lectrode (PGE). At first, two positively charged polyelectrolytes,
amely poly dialyldimethylammonium chloride (PDDA) and chi-
osan, were compared for DNA immobilization at the surface of

WCNTs and titanium dioxide nanoparticles (TiO2NPs). In another

tudy, a comparison was made between MWCNTs and TiO2NPs in
rder to recognize the effect of nanoparticle on DNA immobilization
t the electrode surface. In order to investigate the efficiency of the
repared PGE in the determination ds-DNA and small molecules
: Biointerfaces 121 (2014) 99–105

interactions, methylene blue was  chosen as a model. The inter-
action between methylene blue and guanine bases of ds-DNA is
well known in the literature [33–35]. The interaction between
methylene blue and ds-DNA has generally been investigated by
means of the oxidation peak current value of methylene blue
[36,37]. However, we investigated the interaction between methy-
lene blue and ds-DNA by means of the changes in the oxidation
peaks current of guanine and adenine bases (of the ds-DNA) on PGE.
These studies were carried out using differential pulse voltammetry
technique.

2. Experimental

2.1. Chemicals

All solutions were prepared using reagent grade chemicals
and doubly distilled water was  used through the work. Double-
stranded salmon sperm DNA (ds-DNA, catalog No. D8899) was
purchased from Sigma (St. Louis, USA). Reagent grade Tris–HCl,
CH3COOH, CH3COONa, H3PO4, EDTA, NaCl and NaOH were pur-
chased from Aldrich Chemicals (Milwaukee, USA). Chitosan was
obtained from Acros Chemical. Their solution was  prepared by
dissolving a certain amount of chitosan in 10 mL  CH3COOH
(120.1 mg  mL−1) containing 29.2 mg  mL−1 NaCl by aid of sonica-
tion for 30 min. PDDA (low molecular weight) were purchased
from Sigma. Aqueous solutions of PDDA were initially prepared
with 29.2 mg  mL−1 NaCl. Multiwall carbon nanotubes (MWCNTs)
powder (diameter 70–100 nm,  length 5–9 �m)  was obtained from
Fluka. Titanium dioxide nanoparticles (TiO2NPs) powder (30 nm)
was obtained from Fluka. Their suspensions were prepared in
chitosan and PDDA solutions after sonication for 3 h to obtain a
homogeneous suspension.

2.2. Apparatus

Electrochemical measurements were performed using an
Autolab PGSTAT 12, potentiostat/galvanostat connected to a three-
electrode cell, Metrohm, Model 663 VA stand, with a GPES 4.9
software package (Eco Chemie, The Netherlands). The raw data
was treated using the Savitzky and Golay filter (level 2) of the
GPES software, followed by the GPES software moving average
baseline correction with a “peak width” of 0.01. The reference
electrode was  Ag/AgCl and the counter electrode was a platinum
wire. A standard one-compartment three-electrode cell of 20 mL
capacity was  used in all experiments. PGE was the working elec-
trode. A Noki pencil was  used as a holder for Pentel graphite
leads. Electrical contact with the lead was  obtained by soldering
a metallic wire to the metallic part. The pencil was  hold verti-
cally with 12 mm of the lead extruded outside (9 mm of which was
immersed in the solution). The pencil leads were used as received.
All the electroanalytical measurements were performed at room
temperature.

2.3. Functionalization and purification of MWCNTs

MWCNTs were purified and functionalized as described else-
where [38]. A mass of 120 mg  of MWCNTs was stirred in 10 mL of a
190.0 mg  mL−1 nitric acid solution for 20 h. The solid product was
collected on a filter paper and washed several times with distilled
water until the filtrate solution became neutral (pH 7.0). The func-

tionalized MWCNTs thus obtained were then dried in an oven at
80 ◦C for 24 h. Nitric acid usually causes a significant destruction of
carbon nanotubes and introduces –COOH groups at the ends or at
the sidewall defects of the nanotube structure.
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.4. Preparation of the modified electrodes

A preliminary chemical modification of the PGE surface was
sed to enhance the electrode conductivity, and to form an inter-
ace with sites for the immobilization of DNA. The films of the
lectrode modifier were formed via the adsorption method repre-
ented by an accumulation of species without any faradaic process.
fter electrochemical treatment of PGE, the surface of the PGE
ecame functionalized. Such pretreatments are believed to result

n an increase in surface quinone and other functional groups.
hese groups lead to further and better absorption of biomolecules,
anoparticles, and polymers on the PGE. They can also catalyze
he oxidation/reduction of the analyte [39]. For this purpose, the
urface of the PGE was pretreated at +1.40 V for 300 s in a qui-
scent solution (20 mL)  of 30.0 mg  mL−1 acetate buffer containing
.2 mg  mL−1 NaCl (pH 4.8). The PGEs obtained after the treatment
as designated as PPGE in this study.

.4.1. DNA/PGE
The pretreated PGEs (PPGEs) were dipped into a ds-DNA

olution (1.0 mg  mL−1 buffered with Tris–HCl, pH 7.0) for approxi-
ately 30 min  and allowed to dry for 1 h at room temperature.

.4.2. DNA/PDDA/PGE
The PPGEs were immersed into a 1.0 mg  mL−1 PDDA solution

containing 29.2 mg  mL−1 NaCl) for 2 h. The electrodes were then
ried at room temperature before they were dipped into the ds-
NA solution (1.0 mg  mL−1 buffered with Tris–HCl, pH 7.0) for
pproximately 30 min  and allowed to dry for 1 h at room tempera-
ure.

.4.3. DNA/chitosan/PGE
The PPGEs were immersed into a 1.0 mg  mL−1 chitosan solu-

ion (containing 29.2 mg  mL−1 NaCl) for 1.5 h. The electrodes
ere subsequently dried for 8 h at room temperature before they
ere dipped into the ds-DNA solution (1.0 mg  mL−1 buffered with

ris–HCl, pH 7.0) for approximately 30 min  and allowed to dry for
 h at room temperature.

.4.4. DNA/MWCNTs/PGE
The PPGEs were immersed into a 1.0 mg  mL−1 MWCNTs suspen-

ion (containing 29.2 mg  mL−1 NaCl without PDDA and chitosan)
or 2 h. They were dried at room temperature and subsequently
ipped into the ds-DNA solution (1.0 mg  mL−1 buffered with
ris–HCl, pH 7.0) for approximately 30 min  and allowed to dry for

 h at room temperature.

.4.5. DNA/TiO2NPs/PGE
This modified electrode was prepared as DNA/MWCNTs/PGE.

he difference lies in the use of 1.0 mg  mL−1 TiO2NPs suspension
containing 29.2 mg  mL−1 NaCl without PDDA and chitosan) rather
han MWCNTs.

.4.6. DNA/MWCNTs-PDDA/PGE
The PPGEs were immersed into a 1.0 mg  mL−1 MWCNTs (dis-

ersed in 1.0 mg  mL−1 PDDA solution containing 29.2 mg  mL−1

aCl) for 2 h. The electrodes were subsequently dried at room
emperature prior to being dipped into the ds-DNA solution
1.0 mg  mL−1 buffered with Tris–HCl, pH 7.0) for approximately
0 min. Finally, they were allowed to dry for 1 h at room tempera-
ure.
.4.7. DNA/TiO2NPs-PDDA/PGE
This modified electrode was prepared as DNA/MWCNTs-

DDA/PGE. In this case, a 1.0 mg  mL−1 TiO2NPs suspension
: Biointerfaces 121 (2014) 99–105 101

(dispersed in 1.0 mg  mL−1 PDDA solution containing 29.2 mg  mL−1

NaCl) was  used instead of MWCNTs.

2.4.8. DNA/MWCNTs-chitosan/PGE
The PPGEs were immersed into the 1.0 mg  mL−1 MWCNTs (dis-

persed in 1.0 mg  mL−1 chitosan solution containing 29.2 mg  mL−1

NaCl) for 2 h and the electrodes were dried at room tempera-
ture. They were subsequently dipped into the ds-DNA solution
(1.0 mg  mL−1 buffered with Tris–HCl, pH 7.0) for approximately
30 min  and allowed to dry for 1 h at room temperature.

2.4.9. DNA/TiO2NPs-chitosan/PGE
This modified electrode was prepared as DNA/MWCNTs-

chitosan/PGE using a 1.0 mg  mL−1 TiO2NPs suspension (dispersed
in 1.0 mg  mL−1 chitosan solution containing 29.2 mg mL−1 NaCl)
rather than MWCNTs.

2.4.10. DNA/MWCNTs-TiO2NPs-PDDA/PGE
The PPGEs were immersed into a suspension containing

1.0 mg  mL−1 MWCNTs and TiO2NPs dispersed in 1.0 mg  mL−1 PDDA
for 2 h. After drying at room temperature, the electrodes were
dipped into the ds-DNA solution (1.0 mg mL−1 buffered with
Tris–HCl, pH 7.0) for approximately 30 min  and subsequently
allowed to dry for 1 h at room temperature.

2.5. Procedure

Before the first measurement, the DNA–modified electrode was
immersed in the acetate buffer solution (pH 4.8) for 5 min  under
stirring. Immediately, the voltammetric stripping step was  per-
formed by employing a positive-going differential pulse potential
scan (from 0.40 to 1.40) using a pulse amplitude of 50 mV  for a
modulation time of 0.05 s, and a step potential of 8 mV  in the blank
solution (the acetate buffer pH 4.8 containing 1.2 mg mL−1 NaCl).
The oxidation signals of guanine and adenine were recorded. The
raw data were then treated using the Savitzky and Golay filter (level
2) of the GPES software followed by the GPES software moving aver-
age baseline correction using a “peak width” of 0.01. The procedure
was repeated using a new PGE.

2.6. Optimizations

The optimum amount of MWCNTs (dispersed in PDDA and chi-
tosan) on PGE was studied to obtain the guanine signal. The amount
of MWCNTs in MWCNTs–PDDA and MWCNTs–chitosan compos-
ites was  varied between 0.5 and 2.0 mg  mL−1 (Fig. S1). It was
observed that the oxidation peak current of guanine increased with
increasing MWCNTs content up to 1.0 mg  mL−1 before it leveled off.
Therefore, 1.0 mg  mL−1 of MWCNTs was  selected and used in all
the following experiments. The other optimized parameters were
adopted from similar parameters in our previous studies [38,40,41].

Supplementary Fig. S1 can be found, in the online version, at
http://dx.doi.org/10.1016/j.colsurfb.2014.05.040.

3. Results and discussion

3.1. SEM images of the modified electrodes

SEM is an excellent tool for studying the surface morphology
of thin films on the nano-/micro-scale. Representative SEMs of the
modified working electrodes are shown in Fig. 1. The surface rough-

ness of the unmodified PGE is clearly seen in Fig. 1A. The graphite
layers are quite conspicuous in this figure. From the electrode cov-
erage morphology, it can be seen that the effective surface area
of the modified working electrodes significantly increased when

http://dx.doi.org/10.1016/j.colsurfb.2014.05.040
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unique electron transfer properties that induce the conductivity of
PDDA and improve the electron transfer characteristics, but they
also increase the amount of PDDA and chitosan deposited on the
electrode.
Fig. 1. SEM images of (A) PGE, (B) PDDA–MWCNTs/PGE

he highly conductive MWCNTs and TiO2NPs were used. The SEM
mages of PDDA–MWCNTs (Fig. 1B), chitosan–MWCNT (Fig. 1C),
nd PDDA–TiO2 (Fig. 1D) films show a homogeneous surface and
ood dispersion. When MWCNTs and TiO2 were sonicated and incu-
ated in the PDDA and chitosan solution, the positively charged
olyelectrolyte PDDA and chitosan were adsorbed (or wrapped)
t the surface of MWCNTs and chitosan, resulting in positively
harged PDDA–and chitosan–modified MWCNTs and TiO2. This
niform and interdigitated structure provided a significant increase

n the effective area for ds-DNA loading. The negatively charged
NA made it suitable for incorporation in positively charged sur-

aces to form DNA modified PG electrodes.

.2. Oxidation of ds-DNA

Different tests were performed to examine the electrochem-
stry of ds-DNA under various electrode conditions. The conditions
or the immobilization and oxidation experiments of ds-DNA
t the surface of PGE are discussed elsewhere [40,41]. The gua-
ine and adenine bases of ds-DNA can oxide at the surface of
arbon electrodes at anodic potentials in acidic media [42]. This
xidation process is used in the detection of small molecules
hose interact with the ds-DNA. Under the experimental condi-
ions, the redox behavior of original ds-DNA immobilized PGE
xhibited two oxidation processes of guanine (ca. +1.02 V) and
denine (ca. +1.28 V) residues. Figs. 2 and 3 show the oxidation
ifferential pulse signals of guanine and adenine obtained at
he different modified PGE. The relationship between the type
f polyelectrolyte and the oxidation peaks current of ds-DNA
an be seen in these two figures. When PDDA was  used as the
ispersant of MWCNTs (Fig. 2) and TiO2NPs (Fig. 3), the oxidation
urrents of guanine and adenine bases of ds-DNA increased. On the
ther hand, the oxidation peaks current of guanine and adenine

ases of ds-DNA at the surface of ds-DNA/PDDA–MWCNTs/PGE
nd ds-DNA/PDDA–TiO2NPs/PGE increased by about 3.5
nd 1.7 times vs. ds-DNA/chitosan–MWCNTs/PGE and ds-
NA/chitosan–TiO2NPs/PGE, respectively. It was  found that
DDA–TiO2NPs/PGE, and (D) Chitosan–MWCNNTs/PGE.

the electrode modification with DNA and the nanostructure that
dispersed in PDDA led to the enhanced sensitivity of DNA voltam-
metric detection. The increase in the guanine moiety response at
ds-DNA/PDDA–MWCNTs/PGE and ds-DNA/PDDA–TiO2NPs/PGE
is of interest for DNA detection. It is expected that the obvious
increase in the detecting signal of guanine (or adenine) base of
ds-DNA is due to the enhanced immobilization of DNA in the case
of ds-DNA/PDDA–MWCNTs/PGE and ds-DNA/PDDA–TiO2NPs/PGE.
The positively charged PDDA and chitosan cover the surfaces
of MWCNTs and TiO2NPs by electrostatic interaction. The poly-
electrolyte molecules can combine considerably well with DNA
to form DNA films. The MWCNTs and TiO2NPs not only display
Fig. 2. Differential pulse voltammograms (from down to up) for PGE/Chitosan/
ds-DNA, PGE/ds-DNA, PGE/PDDA/ds-DNA, PGE/MWCNTs/ds-DNA, PGE/Chitosan–
MWCNTs/ds-DNA and PGE/PDDA–MWCNTs/ds-DNA. The dashed line (– – –) rep-
resents the DPV of a bare PGE. Conditions: scanning potential between +0.40 and
+1.40 V in the acetate buffer (pH 4.8).



A.A. Ensafi et al. / Colloids and Surfaces B

Fig. 3. Differential pulse voltammograms (from down to up) for PGE/Chitosan/
ds-DNA, PGE/ds-DNA, PGE/PDDA/ds-DNA, PGE/TiO2NPs/ds-DNA, PGE/Chitosan–
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iO2NPs/ds-DNA and PGE/PDDA–TiO2NPs/ds-DNA. The dashed line (– – –) repre-
ents the DPV of a bare PGE. Conditions: scanning potential between +0.40 and
1.40 V in the acetate buffer (pH 4.8).

Fig. 4 shows the relationship between the type of nanomodi-
er and the oxidation peaks current of ds-DNA. Regarding the PGEs
overed with nanomodifiers, the oxidation peaks current of ade-
ine and guanine show an increase at both MWCNTs and TiO2NPs.

n the case of ds-DNA/PDDA–TiO2NPs/PGE, DNA binds firmly via
omplexation of its phosphate group to the surface exposed tita-
ium ions. The mesoporous morphology of the TiO2NPs layers
ndows them with a huge internal contact area offering the pos-
ibility to greatly increase the amount of immobilized DNA on the
ubstrate [43]. In the case of ds-DNA/PDDA–MWCNTs/PGE, indi-
idual DNA bases were stabilized on MWCNTs through mainly
eak van der Waals interaction to the graphitic CNTs wall. This

nteraction is perturbed by the sugar and phosphate groups in the
NA backbone, the counter ions that bind to DNA, and the water
olecules from the solution. Subsequently, the robust helical struc-

ure is formed by wrapping DNA around MWCNTs. The bases in
he DNA are almost fixed in geometry and bound on the MWC-
Ts through mainly van der Waals attraction and the hydrophobic
ffect [44]. Thus, the amperometric responses obtained with the ds-

NA/PDDA–MWCNTs/PGE and ds-DNA/PDDA–TiO2NPs/PGE prove

hat modification of the electrode with MWCNTs and TiO2NPs
llows the DNA immobilization capacity and sensitivity to increase
o that the oxidation current of guanine and adenine increase

ig. 4. Differential pulse voltammograms (from down to up) for PGE/PDDA–
iO2NPs/ds-DNA, PGE/PDDA–MWCNTs/ds-DNA and PGE/PDDA–MWCNTs–
iO2NPs/ds-DNA. The dashed line (– – –) represents the DPV of a bare PGE.
onditions: scanning potential between +0.40 and +1.40 V in the acetate buffer (pH
.8).
: Biointerfaces 121 (2014) 99–105 103

compared to those of ds-DNA/Chitosan–MWCNTs/PGE and ds-
DNA/PDDA–MWCNTs/PGE when a mixture of MWCNTs TiO2NPs is
used to construct ds-DNA/PDDA–MWCNTs–TiO2NPs/PGE (Fig. 4).
This offers an attractive prospect for using such films in DNA dam-
age assays and DNA–molecule interactions.

3.3. Effect of accumulation time on the oxidation peaks current

The amount of analyte accumulated on the film coating is a func-
tion of the distribution coefficient, concentration of the analyte in
the matrix and volume of the film. Therefore, the accumulation time
of the ds-DNA is a very important parameter for obtaining higher
guanine oxidation signals. It can be seen in Fig. 5A that the oxida-
tion peak current of guanine and adenine bases of ds-DNA on the
PDDA–MWCNTs–TiO2NPs/PG surface increased by up to 30 min  of
the accumulation time. At this accumulation time, the sites of the
film surface were filled with the analyte and no more ds-DNA diff-
used to the film surface. It may  be concluded from these results that
the optimum accumulation time for the ds-DNA immobilization on
the PDDA–MWCNTs–TiO2NPs/PGE is 30 min.

3.4. Effect of the ds-DNA concentration on the oxidation peaks
current

To check the effect of ds-DNA concentration on the oxida-
tion peaks current of guanine and adenine (Fig. 5B), experiments
were performed in solutions with varying ds-DNA concentra-
tions. A linear relationship was  observed to exist between ds-DNA
concentration and the values of the oxidation peaks current for
guanine and adenine bases in a concentration range of 0.05 and
2.0 mg  mL−1. When the ds-DNA concentration was  increased from
0.05 to 1.0 mg  mL−1, the linearity of the graph vanished. The
slopes of the lines obtained for guanine and adenine bases of ds-
DNA were very close to each other, indicating that a correlation
in the oxidation peaks current. The detection limit for the ds-
DNA based on guanine and adenine oxidation peaks current as
estimated from S/N = 3 was obtained to be 10.43 �g mL−1 using
PDDA–MWCNTs–TiO2NPs/PGE.

3.5. Interaction between methylene blue and ds-DNA via guanine
and adenine oxidation

In order to investigate the efficiency of the prepared
PDDA–MWCNTs–TiO2NPs/PGE in the determination of the inter-
action between ds-DNA and small molecules, methylene blue was
chosen as a model substance. The interaction between methylene
blue and guanine base of ds-DNA is well known in the literature
[34–36]. The difference in the oxidation signals of guanine base of
ds-DNA in the presence and absence of small molecules is the basis
for the preparation of DNA biosensors [37].

In order to investigate the effect of the interaction time between
methylene blue and the ds-DNA on the oxidation peaks current of
guanine and adenine bases, the experiments were performed using
different interaction times in the presence of 6.40 �g mL−1 methy-
lene blue. The oxidation peaks current obtained for guanine and
adenine as a function of interaction time in the absence of methy-
lene blue revealed that the values for the oxidation peaks current
of guanine and adenine remained nearly unchanged in the absence
of methylene blue. On the other hand, the oxidation peaks current
of guanine and adenine gradually decreased with increasing inter-
action time up to 500 s in the presence of methylene blue beyond,
which the oxidation peaks current did not change in spite of the

increasing interaction time.

To compare the efficiencies of ds-DNA modified electrodes,
the interaction of methylene blue with ds-DNA on the surface
of PDDA–MWCNTs/PGE and PDDA–MWCNTs–TiO2NPs/PGE was
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Fig. 5. (A) Effect of accumulation time of ds-DNA at PGE/PDDA–MWCNTs–TiO2NPs/ds-DNA surface on the guanine and adenine oxidation signals. Conditions as in Fig. 2
with ds-DNA concentration of 1.0 mg  mL−1. (B) Effect of the ds-DNA concentration on the oxidation peaks current of guanine and adenine of the ds-DNA, obtained at
PDDA–MWCNTs–TiO2NPs/PGE. Other conditions are as Fig. 2. (The error bars are standard deviations for n = 3).

Fig. 6. Differential pulse voltammograms for the interaction of methylene blue with
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Table 1
Stability data of the electrodes in the guanine signal measurement.

Electrode Working stability
(RSD%, n = 4)

Total stability
(RSD%, n = 10)

DNA/MWCNT–PDDA/PGE 9.0 23.0
DNA/MWCNT–CHIT/PGE 10.0 27.0
ds-DNA/PDDA–TiO2NPs/PGE 13.0 36.0
s-DNA at the surface of PDDA–MWCNTs/PGE; oxidation signals of guanine and ade-
ine after their interaction with methylene blue. The dashed line (– – –) represents
he DPV of a bare PGE after incubation in 6.40 �g mL−1 methylene blue.

tudied by DPV analysis, as shown in Figs. 6 and 7, respectively.
ifferent concentrations of methylene blue were used to interact
ith the ds-DNA on the surface of the ds-DNA–modified PGE. It
as found that the oxidation peaks current of guanine and ade-

ine decreased with a concomitant increase in methylene blue
oncentration. A linear dependency was observed between the
nalytical signals (considered as the decrease in guanine and ade-
ine signal before and after interaction with methylene blue)

ig. 7. Differential pulse voltammograms for the interaction of methylene blue with
s-DNA at the surface of PDDA–MWCNTs–TiO2NPs/PGE; oxidation signals of gua-
ine and adenine after their interaction with methylene blue. The dashed line (– – –)
epresents the DPV of a bare PGE after incubation in 6.40 �g mL−1 methylene blue.
ds-DNA/chitosan–TiO2NPs/PGE 11.0 33.0
ds-DNA/PDDA–MWCNTs–TiO2NPs/PGE 5.0 9.0

and methylene blue concentrations in two regions for the both
modified electrodes. Using DPV and following the changes in
the oxidation signal intensity of guanine, after interaction with
methylene blue (Figs. 6 and 7), the calibration curve was found
to be linear in the range of 0.06–3.20 and 3.20–160.0 �g mL−1

methylene blue in the case of ds-DNA/PDDA-MWCNTs/PGE and
0.03–3.20 and 3.20–192.0 �g mL−1 methylene blue in the case
of ds-DNA/PDDA–MWCNTs–TiO2NPs/PGE. The limits of detection
(LOD) of the proposed method, which equals 3Sb/m (where Sb is
the standard deviation of the blank signal and m is the slope of the
calibration curve), corresponded to 0.027 and 0.0038 �g mL−1 of
methylene blue at the surface of ds-DNA/PDDA–MWCNTs/PGE and
ds-DNA/PDDA–MWCNTs–TiO2NPs/PGE, respectively.

3.6. Stability of the biosensor

Guanine signal measurement repeated within several days at
the same biosensor was  used to test the sensor stability. Between
the measurements, the sensors were stored under dry conditions in
an open air at room temperature. The working stability was char-
acterized by a RSD value of the guanine peak current obtained from
four consecutive measurements and the total stability was tested
during a 20-day period by measuring the guanine signal every 3rd
day. As can be seen from Table 1, the stability of the biosensor was
improved in the case of ds-DNA/PDDA–MWCNTs–TiO2NPs/PGE.
Because DNA bases are attached rigidly to the MWCNTs and
TiO2NPs at the surface of ds-DNA/PDDA–MWCNTs–TiO2NPs/PGE,
the noise in the oxidation current measurements can be minimized.
This improved stability can satisfy voltammetric assay of the inter-
actions of the surface attached ds-DNA, as compared with the other
electrodes.

4. Conclusions
A critical comparison of different strategies was presented for
preparing DNA-based electrochemical nano-biosensors based on
the dispersion of multiwall carbon nanotubes and titanium diox-
ide nanoparticles in polymeric matrices (PDDA and chitosan). To
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ompare different types of the modified electrodes used for DNA
mmobilization, a PGE modified with a mixture of MWCNTs and
iO2NPs dispersed in PDDA was devised for the effective immobi-
ization of DNA on graphite electrodes. PDDA–MWCNTs–TiO2NPs

odified electrode was shown to be an interesting support for DNA
mmobilization. The existence of both MWCNTs and TiO2NPs was
ound to dramatically improve immobilization rates by covalent
nd electrostatic immobilization. Moreover, the storage stability of
he immobilized DNA was found to be superior to those of conven-
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