
D
c

E
G
a

b

a

A
R
R
A
A

K
B
C
D
G

1

t
t
d
o
t
e

b
r
s
C
d
h
(
r
a

v

g

0
h

Colloids and Surfaces B: Biointerfaces 108 (2013) 329– 336

Contents lists available at SciVerse ScienceDirect

Colloids  and  Surfaces  B:  Biointerfaces

jou rn al h om epage: www.elsev ier .com/ locate /co lsur fb

ispersion  of  bamboo  type  multi-wall  carbon  nanotubes  in
alf-thymus  double  stranded  DNA
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We  report  for  the first time  the use of double  stranded  calf-thymus  DNA  (dsDNA)  to successfully  disperse
bamboo-like  multi-walled  carbon  nanotubes  (bCNT).  The  dispersion  and  the  modified  electrodes  were
studied  by  different  spectroscopic,  microscopic  and  electrochemical  techniques.  The drastic  treatment
for dispersing  the  bCNT  (45 min  sonication  in  a  50%  (v/v)  ethanol:water  solution),  produces  a partial
denaturation  and  a decrease  in  the length  of  dsDNA  that  facilitates  the  dispersion  of  CNT  and  makes  pos-
eywords:
amboo carbon nanotubes
arbon nanotubes dispersion
ouble stranded DNA
lassy carbon electrode

sible an  efficient  electron  transfer  of  guanine  residues  to the  electrode.  A  critical  analysis  of  the  influence
of  different  experimental  conditions  on  the  efficiency  of  the  dispersion  and  on  the performance  of glassy
carbon electrodes  (GCE)  modified  with  bCNT–dsDNA  dispersion  is  also  reported.  The  electron  transfer  of
redox  probes  and  guanine  residues  was  more  efficient  at GCE  modified  with  bCNT  dispersed  in  dsDNA
than  at  GCE  modified  with  hollow  CNT  (hCNT)  dispersed  in  dsDNA,  demonstrating  the  importance  of  the
presence  of  bCNT.
. Introduction

The unique properties of nanomaterials have placed them in
he forefront of emerging technologies and have made possible
he unprecedented growth of the nanosciences field in the last
ecade. Carbon nanotubes (CNT) represent a very exciting group
f nanomaterials due to their amazing properties connected with
heir particular structure, high thermal and chemical stability, and
xcellent conductivity [1].

CNT are one of the allotropes of carbon and consist of car-
on atoms with sp2 hybridization arranged in graphene sheets
olled up in a tube [1–3]. According to the number of rolled-up
heets, they can be classified in single-wall (SWCNT) and multi-wall
NT (MWCNT) [3–5]. The latter ones have a veriety of structures
epending on the presence of side-defects, the hollow ones (hCNT)
ave ideally defect-free side walls while the bamboo-like ones
bCNT) present transverse walls regularly located along the tubes
esulting in edge planes of graphene material at regular intervals

long the walls [6].

Gooding et al. [7] reported an important improvement in the
oltammetric response of [Fe(CN)6]3− as well as a significant

∗ Corresponding authors. Tel.: +54 351 4334169/80; fax: +54 351 4334188.
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enhancement in the sensitivity for the electrooxidation of single-
stranded calf-thymus DNA at glassy carbon electrodes (GCE)
modified with bCNT dispersed in ethanol. Gedanken and Shan-
mugam [8,9] demonstrated that the electrodes modified with bCNT
present a faster electron transfer compared to those containing
hCNT due to a better wettability and the presence of edge-plane-
like defects and oxygenated functional groups.

Due to the poor solubility of CNT in water and common
organic solvents they must be previously functionalized for devel-
oping electrochemical sensors [10]. This functionalization involves
both covalent and non-covalent interactions [11–13].  The cova-
lent approach is usually performed after a drastic oxidation step
that generates oxygenated functions on the CNT. Even when this
functionalization has demonstrated to be very useful for different
applications [14], it produces changes in the electronic proper-
ties [11–13].  The non-covalent functionalization has received great
attention in the last years since it allows a successful derivatization
of CNT without disturbing their unique electronic characteristics
[13]. One of the strategies to achieve this functionalization is the
preparation of dispersions of CNT in different media. Ultrasoni-
cation plays an important role in debundling and dispersing the
nanotubes. The driving force comes from the cavitation, which

involves a process of bubble formation, growth and collapse [15].
Chen et al. [16] demonstrated that the parameters associated with
the sonication process, rather than solvent solubility parameters,
govern the dispersion process.

dx.doi.org/10.1016/j.colsurfb.2013.02.028
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Surfactants, biomolecules and polymers have been successfully
sed to disperse CNT [17]. These molecules not only disperse the
NT but also give to them particular properties associated with
he nature of the polymer. CNT are wrapped by polymers forming
upramolecular complexes mainly by �-stacking with CNT sur-
ace [18]. Nafion [19,20], chitosan [21], polyethylenimine [22–25],
olylysine [26,27], polydiallyldimethyl ammonium (PDDA) [28],
olyacrylic acid [29,30], hialuronic acid [31], ionic-liquids [32],

ysozyme [33], glucose oxidase [34], surfactants [35] and polyhis-
idine [36], have been successfully used as dispersing agents.

Sperm salmon double stranded DNA (dsDNA) [37] and oligonu-
leotides [38,39] have been used to prepare CNT dispersions. In
eneral, most of the results have been obtained using SWCNT,
lthough in some cases MWCNT have been also employed. Li et al.
40] reported the effective dispersion of MWCNT in aqueous sin-
le stranded DNA (ssDNA) solution by sonication. They proposed
hat ssDNA interacts with CNT walls by adsorption of the nitro-
en bases during the ultrasonic treatment through �–� stacking,
eaving the sugar-phosphate backbone exposed to the solution.
arachevtsev et al. [38] described the adsorption of poly(rA) on

he CNT surface through �–� stacking between the nanotubes and
denine residues. Molecular dynamics simulations demonstrated
hat more than half of the adenine residues are not stacked on CNT
alls and that some of them undergo self-stacking. Wallace et al.

37] stated that the sonication of SWCNT with salmon sperm DNA
nd other biopolymers produces stable isotropic dispersions. Spec-
roscopic experiments and DFT calculations demonstrated that the
idewalls defects of CNT are effective for dispersing CNT in aque-
us DNA solutions [41]. Hughes et al. [42] compared the dispersing
roperties of different homo-oligonucleotides and found that the
ne containing only thymine was the most efficient for dispers-
ng SWCNT, although the fastest dispersion was obtained with the
ligonucleotides containing only cytosine.

Here, we report for the first time the use of calf-thymus dsDNA
o efficiently disperse bCNT. In the following sections we  discuss the
dvantages of using bCNT instead of hCNT, the influence of different
xperimental conditions (sonication time, solvent, bCNT:dsDNA
atio) on the efficiency of the dispersion and on the perfor-
ance of GCE modified with bCNT–dsDNA dispersion. Different

pectroscopic and electrochemical techniques and high-resolution
icroscopy have been used for studying the system.

. Experimental

.1. Apparatus

The amperometry and cyclic voltammetry measurements were
erformed with EPSILON (BAS) and Autolab (PGSTAT 128N Eco-
hemie) potentiostats. The electrodes were inserted into the cell
hrough holes in its Teflon cover. A platinum wire and Ag/AgCl,

 M NaCl (BAS) were used as counter and reference electrodes,
espectively. All potentials are referred to the latter. A magnetic
tirrer provided the convective transport during the amperometric
easurements.
Scanning electronic microscopy (SEM) images were obtained

ith a Hitachi S3000N Microscope equipped with secondary
nd back-scattered electron detectors. Transmission electronic
icroscopy (TEM) was done with a JEOL-2000 FXII electron micro-

cope operated at 200 KeV.
Electrochemical impedance spectroscopy (EIS) measurements

ere performed with a Solartron 1287 FRA 1260. UV–vis exper-

ments were carried out with a Shimadzu UV1700 Pharma
pectrometer. Fourier Transform Infrared Spectroscopy (FTIR)
pectra were obtained with a Nicolet 5-SX C spectrometer. For scan-
ing electrochemical microscopy (SECM) measurements, a ∼10 �m
Biointerfaces 108 (2013) 329– 336

diameter home-made carbon fiber electrode served as SECM tip,
while glassy carbon electrodes (GCE) of 3 mm diameter (Model
CHI104, CH Instruments) were used as SECM substrates.

2.2. Reagents

Hydrogen peroxide (H2O2, 30% (v/v) aqueous solution) was pur-
chased from Baker. Ferrocene methanol (FcOH) and calf-thymus
double stranded DNA (dsDNA, Catalog number D 4522) were
purchased from Sigma. Potassium ferrocyanide and potassium fer-
ricyanide were obtained from Merck. Bamboo-like multiwalled
carbon nanotubes (bCNT, diameter (30 ± 10) nm,  length 1–5 �m,
98.92% purity) and hollow-type multiwalled carbon nanotubes
(hCNT, diameter (30 ± 15) nm,  length 1–5 �m,  98.92% purity) were
obtained from NanoLab (U.S.A.). The CNT powders were used
pristine and no chemical purification or further activation was  per-
formed. Other chemicals were of reagent grade and were used
without further purification. Ultrapure water (� = 18.2 M� cm)
from a Millipore-MilliQ system was used for preparing all the
solutions. A 0.200 M acetate buffer solution pH 5.00 and 0.050 M
phosphate buffer solution pH 7.40 were used as supporting elec-
trolytes.

2.3. Preparation of modified GCE

2.3.1. Pretreatment of GCE
Before modification, the GCE were polished with alumina

slurries of 1.0, 0.3 and 0.05 �m for 1.5 min  each and then elec-
trochemically pretreated by performing cyclic voltammograms
between −0.300 and 0.700 V in a 0.050 M phosphate buffer solu-
tion pH 7.40 at a scan rate of 0.100 V s−1 (10 cycles). After that, the
electrodes were carefully dried under a N2 stream.

2.3.2. Preparation of the dispersions
(a) bCNT in ethanol/water: the dispersion was obtained by mix-

ing 1.00 mg  of bCNT powder with 1.00 mL  of a 50% (v/v)
ethanol:water solution followed by sonication for 45 min.

(b) bCNT in dsDNA (bCNT–dsDNA): the dispersion was  obtained by
mixing 1.00 mg  of bCNT powder with 1.00 mL  of a 100 ppm
dsDNA solution (prepared in 50% (v/v) ethanol:water) followed
by sonication for 45 min.

For comparison, a dispersion of hCNT in dsDNA was prepared
in the same way  as bCNT–dsDNA. The solution of dsDNA used to
modify the GCE was prepared by sonicating for 15 min  a 100 ppm
dsDNA solution in 50% (v/v) ethanol:water.

2.3.3. Modification of GCE with bCNT–dsDNA (GCE/bCNT–dsDNA)
The GCE were modified by dropping 20 �L of the bCNT–dsDNA

dispersion on the top of the surfaces followed by the evaporation
of the solvent by exposure to air for 90 min. A similar proto-
col was  employed to prepare GCE/bCNT, GCE/hCNT–dsDNA and
GCE/dsDNA by using dsDNA or the corresponding CNT dispersion.

2.4. Procedure

The amperometric experiments were carried out by applying
the desired potential and allowing the transient current to decay to
a steady-state value prior to the addition of the analyte and the sub-
sequent current monitoring. All the experiments were conducted
at room temperature.
EIS experiments were performed by applying a sinusoidal
potential perturbation of 10 mV  of amplitude in the frequency
range of 105–10−1 Hz and a working potential corresponding to
the formal potential of a 2.0 × 10−3 M [Fe(CN)6]3−/4− solution
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Fig. 1. Cyclic voltammograms obtained at GCE modified with (a) dsDNA (100 ppm),
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b)  bCNT (1.00 mg mL )–dsDNA (100 ppm) dispersion and (c) bCNT (1.00 mg mL )
ispersion; v = 0.100 V s−1. Supporting electrolyte: 0.200 M acetate buffer solution
H  5.00. The inset shows the voltammogram (a) with a larger scale.

∼0.200 V). The impedance spectra were analyzed and fitted by
sing the Z-view program.

The samples for FTIR experiments were obtained by dropping
he dsDNA solution or the CNT-dispersion on a ZnSe disk, followed
y the evaporation of the solvent.

SECM experiments were performed using the feedback mode.
hey were carried out in a 0.100 M phosphate buffer solution pH
.40 using 5.0 × 10−4 M FcOH as redox mediator. The tip potential
as held at 0.500 V to produce the oxidation of FcOH, while the
otential of the bare or modified GCE (called substrate) was  kept at
.000 V to allow the feedback between the electrodes (more details
bout SECM in Supplementary Information).

The results presented here were obtained using three different
ispersions and three electrodes in each case.

. Results and discussion

.1. GCE/bCNT–dsDNA versus GCE/hCNT–dsDNA

.1.1. Intrinsic electrochemical response of GCE/bCNT–dsDNA
Fig. 1 displays cyclic voltammograms obtained at 0.100 V s−1

n a 0.200 M acetate buffer solution pH 5.00 at GCE/dsDNA
a), GCE/bCNT–dsDNA (b) and GCE/bCNT (c). The i–E profile for
CE/dsDNA shows a small peak current at around 0.800 V due to the
xidation of guanine residues [43] (inset in Fig. 1). On the contrary,
t GCE/bCNT–dsDNA the peak current for guanine electrooxidation
ppears at (1.100 ± 0.002) V and it is 99 times higher than that at
CE/dsDNA, indicating that the close proximity of dsDNA to bCNT

n the dispersion and the huge increment of the electroactive area
ake possible a sensitive oxidation of guanine residues. The cyclic

oltammogram obtained at GCE/bCNT (c) only exhibits the solvent
xidation at potentials higher than 0.800 V demonstrating that the
urrent peak observed at GCE/bCNT–dsDNA is effectively due to
NA residues oxidation. At GCE/bCNT–dsDNA there is a linear rela-

ionship between the oxidation current at the peak potential and
he scan rate, as expected for a surface controlled process (Fig. S1
n Supplementary Information). Therefore, the oxidation current of
he electroactive residues of dsDNA can be used as an indicator of
he efficiency of dsDNA as dispersing agent of bCNT.
Fig. 2A depicts cyclic voltammograms for GCE modified with dis-
ersions of bCNT (a) and hCNT (b) in 100 ppm dsDNA performed in
.200 M acetate buffer solution pH 5.00. At GCE/bCNT–dsDNA the
xidation peak potential due to the oxidation of guanine residues
Biointerfaces 108 (2013) 329– 336 331

is 130 mV  lower than that obtained at GCE/hCNT–dsDNA and the
associated current is around 30% higher, indicating a facilitated
electro-oxidation of dsDNA at GCE/bCNT–dsDNA. These results
are in agreement with those reported by Compton et al. [44]
who demonstrated that the maximum electrocatalytic activity is
reached at edge-plane regions. The inset shows the cyclic voltam-
mograms after baseline correction.

3.1.2. Hydrogen peroxide electrochemical response
Fig. 2B depicts the amperometric profiles at −0.100 V for GCE

modified with bCNT–dsDNA (a) and hCNT–dsDNA (b) for succes-
sive additions of 1.0 × 10−3 M H2O2. Although the reduction of H2O2
takes place at both electrodes, at GCE/bCNT–dsDNA the signals are
better defined and more sensitive. In fact, the sensitivity drastically
increases from (2.8 ± 0.3) × 103 �A M−1 at GCE/hCNT–dsDNA to
(2.9 ± 0.1) × 104 �A M−1 at GCE/bCNT–dsDNA. These results clearly
demonstrate that the presence of a higher density of edge-like
defects at bCNT improves the catalytic activity of the electrode
modified with bCNT–dsDNA, in agreement with previous reports
[45,46].

3.2. Electrochemical behavior of GCE/bCNT–dsDNA using redox
probes

Fig. 3A shows the voltammetric profiles for 2.0 × 10−3 M
[Fe(CN)6]3− at bare GCE (a), GCE/bCNT (b), GCE/dsDNA (c), and
GCE/bCNT–dsDNA (d). As expected, the voltammogram at bare GCE
(a) indicate a quasi-reversible electron transfer process with a peak
potential separation (�Ep) of (78 ± 2) mV.  Upon the modification
with bCNT (b), there is an increase of 73% in the current den-
sity for the reduction of [Fe(CN)6]3− while �Ep diminishes until
(61 ± 2) mV.  These results demonstrate once again the advantages
of the high density of edge-plane like defects present in the bCNT
structure, which act as electroactive centers for the electron trans-
fer process. The �Ep obtained at GCE/dsDNA (c) is (5.2 ± 0.2) × 102

while the current density decays 46% compared to the bare elec-
trode. These results can be attributed to the electrostatic repulsion
between the negatively charged redox probe and the negatively
charged phosphate backbone of dsDNA. On the contrary, when the
electrode is modified with bCNT–dsDNA dispersion (d) the �Ep of
the redox couple is reduced to (213 ± 9) mV,  demonstrating that,
even in the presence of the negatively charged nucleic acid, the
electron transfer of the probe improves due to the presence of
the edge-plane like defects in bCNT and to a rearrangement of
the dsDNA that supports CNT, resulting in a faster electrochemical
response.

The electrochemical activity of the different electrodes was also
evaluated by EIS. It is known that this technique is a very use-
ful tool to understand the interfacial properties of a given surface
with minimal electric perturbation [47]. Fig. 3B depicts Nyquist
plots (normalized by the electroactive area of each surface) for
GCE (a), GCE/bCNT (b), GCE/dsDNA (c), and GCE/bCNT–dsDNA
(d) obtained at 0.200 V in a 2.0 × 10−3 M [Fe(CN)6]3−/4− solu-
tion. With exception to GCE/bCNT, the Nyquist profiles for all the
platforms show a semicircle at high frequencies (low values of
impedance) and a linear increase of the impedance at low fre-
quencies. This behavior can be modeled with a typical Randles
circuit [48]. As it is shown in Fig. 3B(b), the resistance associated
with the charge transfer (Rct) at GCE/bCNT is very small, in agree-
ment with the low �Ep obtained by cyclic voltammetry, indicating
that the diffusion controls the overall process in the investigated
frequency range (for further details of the circuit used to fit the

GCE/bCNT, see supplementary information). Comparing the Rct for
GCE, GCE/dsDNA and GCE/bCNT–dsDNA, is clear that the dsDNA
present at the electrode surface, either as free molecule or as sup-
port of the CNT, behaves as a barrier for the charge transfer of
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Fig. 2. (A) Cyclic voltammograms obtained at GCE modified with dispersions of (a) 1.00 mg mL−1 bCNT–100 ppm dsDNA and (b) 1.00 mg mL−1 hCNT–100 ppm dsDNA, both
sonicated for 45 min. Supporting electrolyte: 0.200 M acetate buffer solution pH 5.00; v = 0.100 V s−1. The inset shows the oxidation peaks with baseline subtraction. (B)
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mperometric recordings for successive additions of 1.0 × 10−3 M H2O2 obtained at
00  ppm dsDNA solution. The arrows in (a) indicate the successive additions of H2O2

H  7.40.

he redox probe, being this effect more pronounced when GCE
s modified just with dsDNA (see more details in Supplementary
nformation).

By using the Rct the heterogeneous rate constant k0 of the
Fe(CN)6]3−/4− couple was calculated according to [48]:

0 = RT

n2F2RctC˛
oxC1−˛

red

here R is the molar gas constant, T is the absolute temperature,
 is the number of exchanged electrons, F is the Faraday constant,

 is the transfer coefficient and Cox and Cred are the bulk concen-
rations of [Fe(CN)6]3− and [Fe(CN)6]4−, respectively. The k0 values
or the redox marker at GCE, GCE/dsDNA and GCE/bCNT–dsDNA
ere (2.7 ± 0.5) × 10−2, (5.1 ± 0.3) × 10−5 and (3.6 ± 0.3) × 10−4 cm

−1, respectively, correlating the trend obtained for the �Ep values
reviously shown.

In order to evaluate the contribution of the electrostatic interac-
ions and to properly assess the increase of the Rct when comparing
CE with GCE/bCNT–dsDNA platforms, we performed EIS measure-
ents using solutions of different ionic strengths (by adding NaCl

olution to the buffer). Table S1 (in Supplementary Information)
ummarizes the Rct for [Fe(CN)6]3−/4− obtained at GCE, GCE/dsDNA

nd GCE/bCNT–dsDNA at the different ionic strengths. In all cases,
he decrease of Rct with the increase in the ionic strength can be
xplained by the dependence of the charge transfer rate constant
f [Fe(CN)6]3−/4− with the concentration of cations in the solution,
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ig. 3. (A) Cyclic voltammograms obtained at (a) bare GCE, (b) GCE/bCNT, (c) GCE/dsD
upporting electrolyte: 0.050 M phosphate buffer solution pH 7.40; v  = 0.050 V s−1. (B) Ny
)  GCE/dsDNA and (d, �) GCE/bCNT–dsDNA. Frequency range: 0.1 MHz  to 0.1 Hz; potent

Fe(CN)6]3−/4− . The inset shows a zoom of the impedance spectra of GCE, GCE/bCNT and G
odified with (a) bCNT (1.00 mg mL−1) and (b) hCNT (1.00 mg mL−1) dispersed in a
king potential: −0.100 V. Supporting electrolyte: 0.050 M phosphate buffer solution

especially when the cation is an alkali metal [49]. This phenomenon
is attributed to the formation of an ionic pair between the hexa-
cyanoferrate species and Na+ that reduces the charge of the anionic
complex and favors the electron transfer. The drop in the Rct with
the increase of the ionic strength observed at GCE/bCNT–dsDNA
is higher than that obtained at the bare electrode. Considering
that the catalysis of Na+ is a homogeneous process, this addi-
tional decrease in the Rct is due to the screening of DNA phosphate
backbone charges and the subsequent decrease in the electro-
static repulsion forces between dsDNA and the redox couple. In
the case of GCE/dsDNA, the decrease in Rct is less pronounced than
at GCE/bCNT–dsDNA indicating that, due to the characteristics of
the dsDNA layer, there is a blocking effect not only due to the elec-
trostatic repulsion but also to the nature of physical barrier. In the
case of GCE/bCNT, upon rising the salt concentration it was not pos-
sible to determine any modification in the interfacial behavior due
to the poorly resistive behavior demonstrated for the redox probe
within the studied frequency range (more details in Supplementary
Information).

The electroactivity of the platform was also evaluated by SECM
using FcOH as redox probe. Fig. 4 shows the surface images of GCE
(A), GCE/bCNT (B), GCE/dsDNA (C) and GCE/bCNT–dsDNA (D). Com-

pared to GCE, the adsorption of bCNT dispersed in ethanol:water (B)
produces an irregular surface indicating that ethanol:water does
not disperse efficiently the bCNT. However, the normalized cur-
rent drastically enhances due to the increase in the electroactive
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peak at 1647 cm−1 (corresponding to a double strand conforma-
tion) and a new one at 1583 cm−1 assigned to the C N ring vibration
of guanine. This last band corresponds to the vibration of unpaired
ig. 4. SECM surface-plots images of (A) bare GCE, (B) GCE/bCNT, (C) GCE/dsDNA a
alues. Experimental conditions: 5.0 × 10−4 M FcOH, supporting electrolyte: 0.050 M

rea and the better conductivity of the surface. The adsorption
f dsDNA at GCE (C) produces a decrease in the normalized
urrent compared to GCE. This behavior is compatible with a
egative feedback between the tip and the substrate, indicat-

ng that dsDNA partially blocks the charge transfer of FcOH as
t was also demonstrated by EIS and CV experiments. It should
e noticed that, since FcOH has no net charge and the oxida-
ion product is FcO•+, the decrease in the current is primarily
elated to a blocking effect. On the contrary, when the dispersion
f bCNT in dsDNA solution is deposited at GCE (D), the electroac-
ivity of the surface is homogeneous. The normalized current is
lightly smaller than that for GCE/bCNT (in agreement with the EIS
esults), although it is higher than the one for GCE/dsDNA implying
hat the nanotubes are efficiently dispersed by the polymer and
over the electrode surface, counteracting the blocking effect of
sDNA.

.3. Spectroscopic study of bCNT–dsDNA

FTIR spectroscopy it is a very useful technique to evaluate the
nteraction of polymers with CNT. Fig. 5 shows the FTIR spec-
ra for native dsDNA (a) and bCNT–dsDNA (b). The spectrum for

 mixture of 100 ppm dsDNA solution prepared in ethanol:water
0% (v/v) and 1.00 mg  mL−1 bCNT previously sonicated separately
or 45 min  (c) is also included for comparison. It is important to

ention that there are two distinctive spectral regions to get infor-
ation about the DNA structure: (I) 1800–1500 cm−1 region that
orresponds to the in-plane vibrations of the nitrogen bases and
s sensitive to effects of the base pairing and base stacking and
II) 1250–1000 cm−1 region that corresponds to sugar–phosphate
ibrations and is sensitive to the backbone conformation [50].
) GCE/bCNT–dsDNA. Numbers on the image correspond to the normalized current
sphate buffer solution pH 7.40, ET = 0.500 V, ES = 0.000 V, tip scan rate: 10 �m s−1.

The peaks at 1688 cm−1 and 1647 cm−1 in the dsDNA spectra
(a) correspond to the C6 O6 vibration of guanine and the in-plane
ring vibration of thymine, respectively, and are consistent with a
base-paired structure of the DNA. In the spectrum corresponding to
bCNT–dsDNA (b) the peak at 1688 cm−1 is not evident. There is one
Fig. 5. FTIR spectra for (a) dsDNA, (b) dispersion of bCNT (1.00 mg mL−1)–dsDNA
(100 ppm) in 50% (v/v) ethanol:water and sonicated for 45 min, and (c) physical
mixture of a solution of 100 ppm dsDNA and 1.00 mg  mL−1 bCNT (both prepared in
a  50% (v/v) ethanol:water solution) sonicated separately for 45 min and then mixed.
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Table 1
Comparison of the absorbance at 260 nm (A260) and maximum absorption wave-
length (�max) for 100 ppm dsDNA solutions prepared in different media and treated
under different conditions.

Solution Solvent A260 �max (nm)

dsDNA Water 0.202 257.5
dsDNA 50% (v/v) ethanol:water 0.236 260.0
Denatured dsDNAa Water 0.335 260.0
15 min  sonicated dsDNA 50% (v/v) ethanol:water 0.256 260.5
30 min  sonicated dsDNA 50% (v/v) ethanol:water 0.266 260.5
45 min  sonicated 50% (v/v) ethanol:water 0.274 260.5
ig. 6. TEM image of dsDNA dispersing an individual bCNT. The black arrows indi-
ate the wrapping of the bCNT by dsDNA.

uanine and demonstrates that when DNA disperses the bCNT there
s a denaturation of the double helix upon the interaction of the
ases with the nanotubes sidewalls. However, is important to men-
ion that although the interaction takes place between the unpaired
ases and the surface of the nanotubes, there are regions of the DNA
hich remain in the double stranded form, as it can be seen in the

pectrum (b) in the region between 1220 and 1240 cm−1. These
ands correspond to the antisymmetric PO2

− stretching and are
haracteristic markers of the double stranded conformation (A-,
- or Z forms). These results suggest that the wrapping of DNA
round the bCNT present regions of unpaired bases (which interact
ith the sidewalls) and zones where the double helix structure is
reserved.

The spectrum of the physical mixture (c) shows a peak at
647 cm−1 which corresponds to the vibration of the paired
hymine as in the previous cases. The vibration of the C N ring of
uanine appears at higher wavenumbers than in the spectrum (b)
1698 cm−1) while the region of the spectrum between 1220 and
240 cm−1 remains similar to the spectra (a) and (b). These results

ndicate that when the physical mixture between bCNT and dsDNA
akes place, the degree of denaturation of dsDNA is lower than in
he ultrasonication-assisted dispersion.

The ultrasound-assisted dispersion of bCNT with dsDNA and
he presence of ethanol generate important changes in the poly-

er  structure due to the �–� stacking between the bases and the
idewalls of the nanotubes. As the aggregates of nanotubes are
xfoliated by the ultrasound cavitation process, the DNA adsorbs
hrough the bases to the sidewalls leaving its hydrophilic backbone
xposed to the solution. This non-covalent interaction between
romatic rings was already stated as the driving force of the disper-
ion of hCNT with DNA, as it reduces the contact area between the

olar media and the hydrophobic walls of the nanotubes [51–53].
his wrapping effect is demonstrated in the TEM image depicted in
ig. 6 (indicated by arrows). It is probable that the denatured zones
re those in intimate contact with the bCNT while the portions
a dsDNA denaturation was carried out by heating the solution in a boiling water
bath over 10 min  and quickly immersing it in an ice-water bath.

of the double strand which are far from the surface of the nano-
tube, correspond to a less denatured dsDNA, in agreement with
the results reported by other authors for DNA–hCNT interaction
[54,55].

3.4. Study of the factors that influence the dispersion of bCNT by
dsDNA

3.4.1. Effect of the amount of bCNT
Table S2 (displayed in Supplementary Information) shows the

variation of the peak current for guanine electro-oxidation at GCE
modified with bCNT–dsDNA dispersions obtained with different
amounts of bCNT and 100 ppm dsDNA. The highest peak current
for the guanine oxidation is observed using 1.00 mg  mL−1 bCNT. The
incorporation of larger amounts of bCNT in the dispersion do not
increase the oxidation current, demonstrating a limited capability
of the dsDNA to disperse the CNT. In addition, the non-dispersed
bCNT form irregular aggregates that increase the roughness and the
real area of the electrode, increasing, consequently, the base line
currents and making poor the definition of the guanine oxidation
peak.

3.4.2. Effect of the solvent and sonication time
Fig. 7A shows a SEM micrograph of GCE modified with

bCNT–dsDNA prepared by mixing 1.00 mg  mL−1 bCNT with
100 ppm dsDNA (prepared in water) and sonicated for 45 min.
The dispersion covers the whole surface; however, even when it
is completely covered, it is possible to distinguish a large num-
ber of agglomerated bCNT. Fig. 7B displays the SEM micrograph
of a GCE modified with bCNT–dsDNA obtained using 50% (v/v)
ethanol:water instead of water. The dispersion also covers the
whole surface, although, at variance with the previous micrograph,
the amount of bCNT bundles drastically decreases, showing that the
dispersion of dsDNA is more efficient when using ethanol:water as
solvent, as it was  observed by SECM images. Fig. 7C depicts one
small area of the surface showed in Fig. 7B using higher magnifica-
tion. In this case is possible to see more clearly the bCNT deposited
on the electrode surface. It is important to remark that even when
a small zone of the modified GCE disks is shown in the micrograph,
the analysis of different areas as well as different samples gave
analogous results.

In order to gain further insights about the effect of the sol-
vent and sonication on the dsDNA structure and, in this way  to
know the incidence of these parameters on the efficiency of the
dispersion of bCNT with dsDNA, we performed UV–vis experi-
ments. As it is widely known, the transition between ds and ssDNA
can be followed from the increase in the absorbance at 260 nm.
Table 1 summarizes the wavelengths for maximum absorption

and the absorbances at 260 nm for native dsDNA (dissolved in
water) and dsDNA dissolved in ethanol:water (50% (v/v)) after son-
icating for different times. For comparison, the information for
thermally denatured DNA (dissolved in water) is also included.
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Fig. 7. SEM micrographs of glassy carbon disks modified with dispersions of 1.00 mg mL−1 bCNT in a 100 ppm solution of dsDNA using (A) water, (B) and (C) a mixture of 50%
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v/v)  ethanol:water as solvent, after 45 min  sonication. The white bars correspond t

he absorbance at 260 nm increases when the dsDNA is dissolved
n ethanol:water, and this increase is more pronounced as the
onication time increases. This hyperchromicity suggests a partial
enaturation of the DNA.

We also evaluate the influence of the sonication time during
he preparation of the dispersion of bCNT with dsDNA in 50% (v/v)
thanol:water from the guanine oxidation signal of the resulting
odified GCE (Fig. S6 in Supplementary Information). The gua-

ine oxidation signal increases with the sonication time indicating
hat the ultrasound treatment in the ethanolic medium produces

 change in the biopolymer structure that facilitates the expo-
ure of nucleic acid bases and, in this way, the charge transfer of
uanine residues. Another important aspect to consider about the
ltrasound treatment is the effect on the size of the dsDNA. Elec-
rophoresis in agarose-gel experiments demonstrated that after
5 min  sonication of 100 ppm dsDNA (ca 20,000 base pairs (bp)),
he dsDNA is cut in fragments between 200 and 500 bp (not shown).
imilar results have been reported for the ultrasound treatment of
almon sperm nuclei DNA [56].

The hyperchromicity and the enhancement in the guanine oxi-
ation signal indicate that the association of the ethanolic medium
nd the ultrasound facilitates the interaction of the polymer with
he sidewalls of the bCNT due to a partial denaturation and a
ecrease in the length of dsDNA, making possible a more efficient
ispersion even when the viscosity of the solvent decreases [16].

. Conclusions

We report for the first time the successful dispersion of bCNT
n dsDNA. Spectroscopic experiments demonstrated that the dras-
ic treatment for dispersing the bCNT (45 min  sonication in a 50%
v/v) ethanol:water solution), produces a partial denaturation and a
ecrease in the length of the dsDNA, that facilitates the dispersion
f CNT and makes possible an efficient electron transfer of gua-
ine residues to the electrode. The advantages of modifying GCE
ith bCNT–dsDNA instead of hCNT–dsDNA on the electron trans-

er of redox probes and guanine residues are clearly demonstrated.
t is important to remark that the resulting GCE/bCNT–dsDNA rep-
esents a new alternative to build supramolecular architectures
or biosensing, opening the doors to new and exciting possibilities
or the development of biosensors using different biorecognition

olecules.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.colsurfb.
2013.02.028.
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