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Abstract A comparative study about the electrochemical re-
sponse of glassy carbon electrode modified with four different
carbon nanomaterial (CNM) against dsDNA is reported. The
CNM used were oxidized and nonoxidized multiwalled car-
bon nanotubes (MWNT-OX and MWNT, respectively),
graphene oxide (GO) and chemically reduced graphene oxide
(RGO) and dispersed in 3:1 chitosan/water mixture. The elec-
trodes were characterized by cyclic voltammetry, scanning
electrochemical microscopy, and contact angle measurements.
The results showed that the type and degree of oxidation have
a strong effect on the electroactivity of the modified electrode.
GCE/RGO clearly exhibited the most electroactive surface
among the CNMs, demonstrating that the graphitic structure
is highly important. A more sensitive electrochemical re-
sponse against dsDNA was obtained when GCE/RGO elec-
trode was used. Therefore, RGO is the CNM recommended
for further consideration in the development of DNA
biosensors.

Keywords Carbon nanotube . Graphene . Electrochemical .

Chitosan . DNA

Introduction

Since the introduction of carbon nanomaterials (CNM), a
large number of CNM-based electrochemical (bio)sensors
have been developed, demonstrating the great value provided
by the incorporation of these materials on the transducer sur-
face [1, 2]. The first reports were focused on carbon nanotube
(CNT)-based materials [3, 4]; more recently, there have been
many reports on the advantages of using graphene derivatives
(Gr) [5–7].

Each material, CNT or Gr, has its own advantages that
allow for obtaining better electrical conductance, a large area
and a wide variety of possible structural modifications. Thus,
currently CNT and Gr are considered to be some of the more
versatile materials used in biosensor development [6].

However, a review of the scientific literature reveals a
dearth of reports comparing the use of these materials for the
detection of a specific analyte. The majority of the published
works describe new systems using a unique nanomaterial that
are compared with other similar systems from the literature.
Although these comparisons show that a specific system is
more sensitive and selective than another, they are complicat-
ed by the highly variable origins of the CNM.

The first comparative analyses of these nanomaterials ap-
peared over the last 5 years. A wide-ranging survey of both
nanomaterials was performed byYang et al. [8] who described
the latest advances in electrochemical, electrical, and optical
biosensors that use carbon nanotubes and graphene and criti-
cally compared their performance. They concluded that while
there are still many challenges in their fabrication and han-
dling, CNM have a bright future in terms of biosensor
development.

Additionally, several reports comparing graphene and
nanotubes as materials for electrochemical sensors have ap-
peared in recent years. Cheng et al. [9] investigated the
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interactions between lectins and carbohydrates using field-
effect transistor (FET) devices containing either graphene or
single-walled carbon nanotubes (SWNTs). Their main results
showed that SWNT-FET exhibits a larger response and better
selectivity than Gr-FET. They proposed that this difference is
due to the structural differences between the materials (1D
versus 2D) as well as due to the more favorable lectin binding
to sugar moieties attached to the SWNT surface.

In 2013, Zheng et al. [10] compared the use of graphene
and multiwalled carbon nanotubes (MWCNTs) as
nanomaterials for fabrication of electrochemical glucose bio-
sensors using glucose oxidase (GOx). They reported that both
sensors showed the same linear range for blood glucose in
humans. However, direct electron transfer between the GOx
and the modified surface was only observed for the MWCNT-
based biosensor; this sensor also provided higher current sig-
nals (by a factor of four) than the grapheme-modified
electrode.

Nevertheless, until now, no comparative studies have been
conducted on the performance of nanotubes and graphene in
DNA biosensors, in spite of abundant reports of individual use
of different CNM.

In the present work, a comparative study of four different
CNM on the double-stranded DNA (dsDNA) electrochemical
response using modified glassy carbon electrode (GCE) is
reported. We have evaluated oxidized and nonoxidized
multiwalled carbon nanotubes (MWNT-OX and MWNT,
respectively) and two graphene derivatives: graphene oxide
(GO) and chemically reduced graphene oxide (RGO). To
avoid the introduction of new variables and enable a simpler
comparison, the dispersions were prepared according to the
methodology described in our previous works on DNA bio-
sensors [11–14]. The electrodes were characterized by cyclic
voltammetry; scanning electrochemical microscopy (SECM)
and differential pulse voltammetry were the electroanalytical
techniques to evaluate the figure of merit against dsDNA.

Experimental

Materials and reagents

Glutaraldehyde (25% v/v in water) was received fromAldrich
and used at 3 % (v/v). Double-stranded calf thymus DNA
(dsDNA) (activated and lyophilized, cat. no. 4522),
ferrocenemethanol (FcOH) and medium-molecular-weight
chitosan (CHIT) (cat. no. 44887-7) were purchased from Sig-
ma. Buffer solutions with 0.20 M formate and a pH of 5.00
and with 0.1 M phosphate and a pH of 7.00 were used for
DNA adsorption and electrode characterization, respectively.
Graphene oxide (GO) and reduced oxide graphene (RGO)
were purchased fromGRAPHENEA (Spain), andmultiwalled

carbon nanotubes (MWNT) 1–5 μm in length were obtained
from NanoLab (USA).

Oxidized carbon nanotubes (MWNT-OX) was prepared as
described previously, briefly 200 mg of MWNTs immersed in
130 mL of a mixture of 3 M H2SO4/HNO3 (3:1) solution,
refluxing for 3 h. MWNT-OXs were filtered and washed with
Milli-Q water until neutral pH was reached and were then
dried for 12 h at 50 °C [13].

Apparatus

Cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and scanning electrochemical microscopy (SECM)
measurements were performed on a CHI 440 or CHI 900
setup (CH Instruments Inc., USA). A platinum wire and 3 M
Ag/AgCl were used as the counter and reference electrodes,
respectively. A magnetic stirrer provided the connective trans-
port when necessary.

For SECM experiments, we used 0.1 M phosphate buffer
solution with a pH of 7 and 0.05 mM FcOH as a redox medi-
ator. A ~10-μm diameter homemade carbon fiber electrode
served as the SECM tip, while GCE with a diameter of
3 mm (Model CH Instruments) was used as the SECM
substrate.

Contact angle measurements were performed with a Ramé-
Hart, 21 AC (USA) using the DROP image software.

Preparation of the working electrode

The dispersions were obtained by mixing 1.0 mg of carbon
nanomaterial (MWNT, MWNT-OX, GO, or RGO) with
1.0 mL of chitosan-water (3:1) solution followed by sonica-
tion for 15 min at room temperature. Chitosan 1.0 % w/v was
prepared in 1.0 % v/v acetic acid solution.

Prior to the modification, a glassy carbon electrode with a
diameter of 3 mmwas polished with 0.3 and 0.05 μm alumina
slurries for 1 min, rinsed with Milli-Q water and then dried at
room temperature. Carbon nanomaterials were dispersed by
sonication for 15 min. The clean surface was then modified
with 10 μL of each nanomaterial dispersion (1 mg/mL) and
dried at 50 °C for 15 min.

Procedures

SECM experimental procedure The experiments were car-
ried out in a 0.10 M phosphate buffer solution with a pH of
7.40, using FcOH as the redox mediator. While the tip poten-
tial was held at 0.500 V to oxidize the FcOH, the substrate
potential was held at 0.000 V to permit the feedback between
the electrodes; this enabled the reduction of the FcOHox gen-
erated at the tip, regenerating the parent FcOH.
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A series of 100 μm×100 μm, constant-height SECM
images were recorded at a tip scan rate of 1 μm/s. The results
are presented in the dimensionless form (IT), by normalizing
the experimental feedback current (iT) by the steady-state
current obtained when the tip was far from the substrate (i

T,∞), i.e., IT=iT/iT,∞.

Capacitances Capacitances were calculated from the CV
curves using the linear relationship between the current
and the potential scan rate (c=i/v), where the slope of this
plot corresponds to the capacitance in μF. Voltammograms
were measured in the −0.4–0.5 V potential window to avoid
the region where oxidized multiwalled nanotubes and
graphene oxide are electroactive and using scan rates from
0.025 to 0.50 V/s in 0.1 M phosphate buffer solution with a
pH of 7.

Contact angle measurements Static water contact angles
were measured with water drops under ambient conditions. A
glassy carbon disk (12.7 mm) was modified using 40 μL of
each carbon nanomaterial dispersions in 3:1 CHIT-Wand then
dried at 50 °C for 15min. It was then transferred to the Contact
Angle equipment, where a 4 μL drop of water was used.

DNA detection

DNA adsorption was obtained by first immersing the modi-
fied electrode in a glutaraldehyde solution for 2 s and then
washing with 0.2 M formate buffer solutions with a pH of
5.0; the electrode was then immersed in a stirred supporting
electrolyte solution containing the DNA, and the accumula-
tion was performed at open circuit potential for a given time.
Prior to transduction experiments, the electrode containing the
adsorbed DNA layer was washed for 10 s with the buffer
solution.

Voltammetric transduction was performed by DPV under
the following conditions: potential increment of 0.04 V, pulse
amplitude of 0.05 V, pulse width of 0.017 s, and pulse period
of 0.2 s. The anodic current at approximately 1.0 V, corre-
sponding to the oxidation of guanine, was used as the analyte
signal.

Results and discussion

Electrochemical characterization

figure 1 shows the cyclic voltammetric profiles of electrodes
modified with 1 mg/mL of dispersion for the −0.4–0.6 V (vs
Ag/AgCl) range obtained using 0.1 M phosphate buffer solu-
tion with a pH of 7.0 as the supporting electrolyte. The re-
sponse obtained for bare glassy carbon electrode is also

included for comparison (black line). Completely different
profiles were observed for each CNM. While GCE/MWNT
(Fig. 1a) exhibits a double-layer behavior with a typical rect-
angular curve, GCE/RGO (Fig. 1c) shows a slightly distorted
quasi-rectangular shape that is a signature of resistive elec-
trode behavior. In contrast, a redox couple was observed for
GCE/MWNT-OX; according to previous reports, this corre-
sponds to a redox process of carboxylic acid groups and other
oxygenated functions introduced as defects on the MWNT
structure [13, 15]. Finally, the GCE/OG voltammetric profile
(Fig. 1d) was similar to those obtained for bare glassy carbon
electrode, with a capacitive current that was ten times lower
than those observed for the other CNM.

No redox signals appear for voltammetry performed using
a wider potential range except for the case of GCE/GO (inset
Fig. 1d), where a signal was present at 0.75 V.

Capacitances were determined from VC experiments per-
formed at different scan rates and calculated at the 0.3 V. The
capacitance values for GCE/MWNT, GCE/MWNT-OX,
GCE/RGO, and GCE/GO are 37.10±0.06, 46.30±0.35,
30.50±1.28, and 0.53±0.10 F/g, respectively. The values for
MWNT and RGO are ten times higher than that reported by
Pumera who disperse MWNT and RGO with DMF [16] but
are in concordance with our previous results for MWNT and
MWNT-OX using the same experimental conditions [13]. The
values of capacitances are similar for the CNMs excepting that
obtained for GO. The capacitance gives insight of the electro-
chemical area of the electrode, but its determination also can
be affected by faradaic reactions of surface-bonded oxides or
Bpseudocapacitance.^ Thus, we decided to obtain the surface
areas using Brauner, Emmet and Teller (BET) method to de-
termine if there is a relationship between capacitance values
and geometric areas. The values for MWNT, MWNT-OX,
RGO, and GO are 333.1±1.1, 261.8±0.4, 462.9±0.8, and
289.1±0.1 m2/g, respectively. Thus, we can conclude that

Fig. 1 Cyclic voltammograms obtained at 0.100 V/s of GCE (black
lines) and GCE modified with 1 mg/mL of CHIT-W dispersed carbon
nanomaterials. a GCE/MWNT, b GCE/MWNT-OX, c GCE/RGO, and d
GCE/GO. 0.1 M phosphate buffer solution with a pH of 7.0 was used as
the supporting electrolyte
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the very low capacitance determined for GCE/GO is not due
to a surface area factor, and then probably the explanation
would be related to greater compaction or densely packed
GO electrodes which result in a electrochemical response sim-
ilar to a solid planar macroelectrode decreasing the active
coverage [17, 18].

SECM experiments allowed us to evaluate the topography
and electroactivity of the modified surfaces. Figure 2 displays
SECM images obtained at GCE modified with 1.0 mg/mL of
GCE/MWNT (A), GCE/MWNT-OX (B), GCE/RGO (C), and
GCE/GO (D) carbon nanomaterial dispersions. The observed
surfaces of graphene-based nanomaterials (Fig. 2c, d) are
clearly more homogenous than those obtained when MWNTs
were used for GCE modification. The latter show areas with
different electroactivities, revealing the existence of variation
in the MWNT amount on the surfaces. This result is in agree-
ment with our previously reported work where chitosan was
used as the MWNT dispersing agent [11, 19].

Although graphene derivative (GO and RGO)-modified
surfaces are homogeneous, they show a large difference be-
tween their normalized current intensities. The normalized
current for GCE/GO was 2.5 times lower than iT,∞, i.e., the
surface exhibits an almost nonconductive behavior. In the case
of GCE/RGO, the normalized current is almost five times
higher than iT,∞, clearly showing that the presence of RGO
significantly improves the electroactivity of the resulting elec-
trode. The SECM results are concordant with capacitance
values described earlier.

Contact angle

Static water contact angles (WCAs) weremeasuredwith water
drops under ambient conditions, thus characterizing the

wettability and hydrophilicity of the modified electrodes. We
first evaluated the WCA for the GCE modified with the dis-
persing agent, i.e., the CHIT-W 3:1 solution, obtaining a value
of 82.0±0.8° (GCE/CHIT-W) that is considerably lower than
the WCA of the bare GCE (96.4±2.1°). The result is in agree-
ment with the hydrophilic characteristics of the surface pro-
vided by the presence of chitosan. Even lower values were
found for GCE/GO (74.6±0.9°) and GCE/MWNT-OX (80.0
±0.1°), leading to the conclusion that the abundance of oxy-
genated functional groups introduced during the oxidation
process increases the surface hydrophilicity in spite of the
presence of chitosan.

On the contrary, for GCE/RGO and GCE/MWNT,
decreased WCA values were not observed; for GCE/
RGO, a small increase in the value from 82.0±0.8°
(GCE/CHIT-W) to 84.9±0.7° was obtained, indicating
that the RGO is more hydrophobic than the other
CNM. However, no modified surface exhibited high hy-
drophobicity (angle greater than 90°) because of the
presence of the CHIT-W functional groups.

Fig. 4 Dependence of guanine oxidation current with the accumulation
time from a 45 ppm dsDNA solution at open circuit potential on a GCE/
MWNT, bGCE/MWNT-OX, cGCE/RGO, and dGCE/GO; other exper-
imental conditions the same as those in Fig. 3

Fig. 3 Differential pulse voltammograms obtained at a GCE/MWNT, b
GCE/MWNT-OX, c GCE/RGO, and d GCE/GO. (1.0 mg/mL) after
5 min accumulation in 45.0 ppm dsDNA at open circuit potential with
transference to 0.20 M sodium formate solution with pH of 5.00.
Treatment with GTA: 3.0 % v/v GTA for 2 s

Fig. 2 SECM surface plot images of a GCE/MWNT, b GCE/MWNT-
OX, cGCE/RGO, and dGCE/GO. Experimental conditions 5.0×10−4 M
FcOH, supporting electrolyte 0.050 M phosphate buffer solution with a
pH of 7.00, ET=0.050 V, ES=0.000 V, UME scan rate 10 μm/s
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Electrochemical behavior of DNA on modified electrodes

The electrochemical behavior of dsDNA was evaluated
through the direct oxidation of guanine base. Figure 3 shows
DP Voltammograms obtained for 45 ppm dsDNA after 5 min
of accumulation at the GCE/MWNT (A), GCE/MWNT-OX
(B), GCE/RGO (C), and GCE/GO (D) carbon nanostructures.
It can be observed that electrodes modified with graphene-
based nanomaterials produce well-resolved and more intense
peaks than those observed when MWNT-modified electrodes
were used. The currents at graphene-based nanomaterials
were 4.4 and 2.5 μA for GCE/RGO and GCE/GO, while 2.0
and 1.5 μA were obtained for GCE/MWNT and GCE/
MWNT-OX, respectively. This indicates that graphene-based
nanomaterials facilitate the electron transfer process of gua-
nine oxidation, most likely due to the large graphitic surface
exposed for the dsDNA adsorption. Another interesting result
is that the DNA oxidation currents obtained for the electrodes
modified using oxygenated carbon nanomaterials (MWNT-
OX and GO) are lower than those obtained for the electrodes
modified with the reduced CNM (MWNT and RGO). Such
reduction of the electrochemical response to DNA has been
reported by us in a previous study using carbon nanotubes
with different degrees of oxidation [14]; now, we report this
effect for graphene derivatives. Thus, we can conclude that the
oxygenated functionalities present on MWNT-OX and GO
interact with the amine groups of CHI, decreasing the electro-
static contribution of CHI to dsDNA adsorption.

Finally, while no changes were observed for guanine oxi-
dation peak potential when MWNT, MWNT-OX and RGO
were used, the use of GO as the carbon nanomaterial a shift
in the potential from 0.920 V (vs. Ag/AgCl) to 0.964 V was
observed and probably is due to a more weak interaction be-
tween DNA and CHI described above.

Analytical applications

The time of accumulation was studied in order to identify the
optimum analysis conditions. Figure 4 shows the relationship
between the peak currents of guanine oxidation and the accu-
mulation time for a 45 ppm dsDNA solution obtained using
the four modified electrodes. It can be seen that for MWNTs,
the maximum accumulation peak time was achieved at 5 min,
while for GO, the maximum was at 10 min. For RGO, no
plateau was observed even after 15 min of accumulation time.

To compare the performance of the different electrodes, an
accumulation time of 7.5 min was chosen to perform the cal-
ibration plots. Figure 5 shows the DP voltammograms obtain-
ed at different dsDNA using the GCE/RGO. The linear con-
centration range, sensitivity, and detection limit based on a
signal to noise ratio of 3 are shown in Table 1. GCE/RGO
electrode showed a wide linear range among the electrodes
and the limit of detection was lower than others.

The reproducibility in the preparation of RGO-CHIT-W
dispersions was analyzed from the dsDNA signal obtained
using GCEmodified with three fresh dispersions after adsorp-
tion for 7.5 min at open circuit potential. The Ip reproducibility
for the electrodes prepared with the different dispersions was
close to 7 %, which is adequate for the employed
methodology.

Conclusions

Comparison of the electrochemical behavior of GCEmodified
with four CNM (MWNT, MWNT-OX, RGO, and GO) dis-
persed in identical 3:1 chitosan-water media reveals that CNM
type and degree of oxidation have a strong effect on the
electroactivity of the modified electrode. GCE/GRO clearly
exhibited the most electroactive surface among the CNMs,
demonstrating that the graphitic structure is highly important.
This modified GCE electrode (GCE/RGO) also obtains the

Table 1 Analytical parameters of
DNA detection Nanomaterial Linear range (ppm) Sensitivity (μA/ppm) LOQ (ppm) LOD (ppm) R

MWNT 4.5–50 0.050±0.002 4.5 0.75 0.998

MWNT-OX 13–75 0.060±0.005 13 2.6 0.989

GO 2.3–70 0.120±0.003 2.3 0.91 0.998

RGO 1.7–80 0.140±0.003 1.7 0.78 0.998

Fig. 5 Differential pulse voltammograms obtained at GCE/RGO
(1.0 mg/mL) after 7.5 min accumulation at different dsDNA concentra-
tion at open circuit potential with transference to 0.20 M sodium formate
solution with a pH of 5.00. Treatment with GTA: 3.0 % v/v GTA for 2 s
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highest analytical signals for dsDNA detection. Therefore,
RGO is the CNM recommended for further consideration in
the development of DNA biosensors.
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