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ABSTRACT

For the first time, the study of the effect of length and degree of oxidation of multi-walled carbon nanotubes (CNTs) on the electroanalytical DNA sensing
properties of modified glassy carbon electrodes (GCEs) is reported. GCE/CNT electrodes were prepared using chitosan (CHI) as a dispersing agent. Short (S-NCs)
and long (L-NCs) carbon nanotubes, as well as unoxidized and 3 or 6 hour oxidized samples were used. Cyclic voltammetry indicated that S-NCs exhibited larger
capacitance values than L-NCs, and that these values increased when the CNTs were oxidized. Using Scanning Electrochemical Microscopy (SECM), an increase
in the surface homogeneity was determined when oxidized CNTs were used as electrode modifiers. dSDNA electrooxidation showed the highest response using
GCEs/CHI-L-NCs, and a clear decrease in the current intensity was observed when the oxidation time was increased. This result correlates with the higher BET
surface area of L-NCs. In conclusion, the electrochemical performance of GCE/CNT electrodes against DNA increase when the length of CNTs is higher and

decrease at higher oxidation state.
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1. INTRODUCTION

Multi-walled carbon nanotubes (CNTs) have been used extensively in
electrochemical studies due to their electrocatalytic effects on redox processes
of different analytes 2. These effects have mainly been attributed to their great
surfaces for adsorption, an improvement in electron transfer and the presence
of impurities such as Fe, among others. In this context, many works related to
CNT-based electrochemical sensors for bioanalytical applications have been
published, finding use in clinical chemistry, food quality and control, drug
analysis, waste water treatment and bioprocessing *.

Despite all of the electroanalytical advantages from CNTs, a major
experimental drawback is their insolubility in all solvents, which makes their
use as surface electrode modifiers difficult. Different approaches have been
proposed to solve this problem, such as the use of surfactants, polymers and
biomolecules *, functionalizing the sidewalls or covalent binding '*'>. However,
many works have stated the necessity of oxidizing CNTs prior to electrode
modification. Studies have shown that, in general, oxidation was performed to
eliminate metallic impurities 4, improve their solubility in different media '° or
facilitate further chemical modifications '® 7. Despite all of this, there are few
studies devoted to a systematic evaluation of the effects of oxidation treatments
with regard to the electroanalytical properties of CNT-modified electrodes and
how this treatment can affect the response of the electrode to the adsorption
process of a particular analyte. In 2002, Li et al. '® reported an electrochemical
study of carbon nanotube ensemble electrodes and obtained information
about the capacitive background and electron transfer rate from the faradaic
reaction of ferricyanide. They concluded that the apparent electron transfer rate
correlated to both the area of the exposed side-walls and the density of graphite
edge plane-like defects. Later, Lawrence et al. ' performed a comparison
of the electrochemical reactivity of electrodes modified with CNTs from
different sources. They showed a dependence between the electrocatalytic
activity, background current and electroanalytical performance with the CNT
preparation and the dispersing agent used. Two analytes were tested, showing
that a favorable amperometric detection of NADH and hydrogen peroxide was
observed using one kind of CNT in connection to DMF-surface dispersion. Li
and Ye % reported a systematic study of the electrochemical performance of
electrodes prepared with CNTs with different diameters, lengths and functional
groups. They demonstrated that the resulting electrodes exhibited remarkably
different electrochemical reactivities towards redox molecules such as NADH
and ferricyanide, and concluded that CNTs with carboxylate groups showed
better electron transfer rates due to the hydrophilic carboxylate groups. They
also showed that the length of CNTs affected the electrochemical reactivity,
and the long ones had better electrochemical catalysis. Finally in 2012 we
evaluate the influence of chemical oxidation on the electrochemical behavior
against hydrogen peroxide of long and short multi-walled carbon nanotubes
(MWCNT). The results revealed that electrodes modified with pristine short
CNT (S-NC) present higher amperometric response against hydrogen peroxide
than that obtained using long CNT (L-NC), which correlates with the greater
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degree of packing observed for L-NC by SEM and the long and thin structures
observed in S-NC. On the other hand, the chemical oxidation process increases
slightly the sensitivity of resulting electrodes *'.

Taking into account all the above described points, the main goal of
this work was to perform a systematic study on the effects of the nature of
nanotubes with regard to the electroanalytical biosensing properties of modified
glassy carbon electrodes. To this end, CNTs of two different lengths were used
that were subjected to a standard chemical oxidation process for 3 and 6 h.
Chitosan (CHI) was selected as a dispersing agent because it possesses a high
permeability and is a good matrix for biomacromolecule immobilization, which
has facilitated its wide use in electroanalysis ***. Pauliukaite et al. conducted a
study on the immobilization effectiveness of functionalized carbon nanotubes
into CHI using different cross-linking agents and tested the modified electrodes
for the determination of hydrogen peroxide. Additionally, in 2007 we reported
% on the analytical performance of glassy carbon electrodes (GCEs) modified
with a dispersion of CNTs in CHI for the quantification of DNA.

In this context, dSDNA was selected as analytical probe, since CNT-
modified electrodes have been widely used to quantify DNA, to evaluate DNA
damage and for hybridization studies >*?*. We conclude that the GCE/CNT
response strongly depends on the length of CNTs, their degree of oxidation.

2. MATERIAL AND METHODS

2.1. Reagents

CNTs of two lengths were used: Short CNTs (1-5 um long and 30 + 15
nm diameter), termed S-NCs, and long CNTs (5-20 um long and 30+15 nm
diameter), termed L-NCs. Both types of CNTs were provided by NanoLab
(USA).

To compare the effects of chemical treatment, a small fraction of the CNTs
were oxidized by 3 M H,SO,/HNO, (3:1) solutions by refluxing. A fraction of
the CNTs were oxidized for 3 h (i.e., S-NCO3 and L-NCO3), while another
fraction was oxidized for 6 h (i.e., S-NCO6 and L-NCO6). Finally, oxidized
CNTs were filtered and washed thoroughly with deionized water until a neutral
pH was reached, and then the CNTs were dried at 50°C for 24 h. The physical
and chemical characterization of the samples was previously informed by us
29

CHI of medium molecular weight (Cat. N° 44887-7) was obtained from
Aldrich, glutaraldehyde (GTA) (25% V/V aqueous solution) was purchased
from Baker and hydrogen peroxide (30% V/V aqueous solution) was purchased
from Merck.

Calf thymus dsDNA (activated and lyophilized, Cat. N° 4522) was from
Sigma. Stock solutions of dsDNA (1000 mg/L) were prepared with Tris-EDTA
buffer (20 mM Tris-HCI, 1 mM EDTA, pH 8.0).

All solutions were prepared with ultrapure water (p = 18 MQ) from
a Millipore-MilliQ system (MQ water). A buffer solution containing 0.2 M
formate, pH 5.00 (FBS), was employed as a supporting electrolyte for DNA
studies. All chemicals were used as received.
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2.2. Apparatus

Differential pulse voltammetric (DPV), and amperometric measurements
were performed with a CHI 440 setup (CH Instruments Inc., USA). A GCE of
3 mm diameter (Model CHI104, CH Instruments) was used as a bare working
electrode. A platinum wire and Ag/AgCl, 3 M NaCl (BAS, Model RE-5B) were
used as the counter and reference electrodes, respectively. All potentials are
given relative to the reference electrode. A magnetic stirrer provided convective
transport when necessary.

2.3. Preparation of CNI-modified glassy carbon electrode (GCE/CHI-
CNT)

CNTs were dispersed in a 1.0% W/V CHI solution prepared in 1.0% V/V
acetic acid solution by sonicating for 30 min with a final concentration of 1
mg mL". Prior to surface modification, the GCE was cleaned by polishing
with 0.3 and 0.05 pm alumina slurries for 1 min. The immobilization of CNTs
was performed by casting the GCE with 8 pL of the CHI-CNT dispersion.
Optimum conditions included drying the dispersion that was dropped onto the
GCE for 15 min at 50 °C, followed by reaction with 3.0% V/V GTA for 2 s.
The electrode was then washed by immersion in buffer solution (0.20 M PBS
pH 7.40) for 10 s.

2.4. SECM Experiments

The experiments were carried out in 0.20 M PBS pH 7.40, using
ferrocenemethanol (FcOH) as the redox mediator. The tip potential was held at
0.500 V to produce oxidation of FcOH, while the substrate potential was held
at 0.000 V to permit feedback between the electrodes. FcOH__generated at the
tip was reduced at this potential, thus regenerating the parent FcOH.

Part of the CHI-CNT film (no more than 1/3 of the electrodic surface)
was removed and an approach curve was conducted on the exposed glassy
carbon surface. The tip scan rate was 0.5 um s'. The tip was stopped when
the experimental feedback current (i;) reached 1.25 times the value of i,
(iry = 4nFDCa, where F is the Faraday constant, n is the number of clectrons
transferred in the tip reaction, D is the diffusion coefficient of the electroactive
species, C is the bulk concentration of the species and a is the tip radius).
According to the theoretical curve that describes the dependence of i, on the
distance between the tip and the substrate d, 1.25 times i corresponds to a d
=~ 10 pum when a 5 um tip radius is used *.

After the approach curve, the tip was moved in the x-direction to confirm
that the tip was over the film, and a series of constant height 100 pm x 100 pm
arca SECM images were recorded at a tip scan rate of 1 pm s™'. The results are
presented in the dimensionless form of I by normalizing the i, by the steady-
state current obtained when the tip was far from the substrate (i.,), i.e., L. =i/
ipye

2.5. Cyclic voltammetry

The cyclic voltammetric experiments were performed using 0.10 M
Britton-Robinson buffer solution, pH 7.40, as the supporting electrolyte. All
experiments were conducted at room temperature by varying the sweep rate
between 0.010 and 0.300 V s™'. The experiments were conducted in triplicate.

2.6. Electrochemical detection of DNA

DNA adsorption: The given electrode was immersed in a stirred supporting
electrolyte solution containing 45 mg/L of DNA, and accumulation was
allowed at open circuit potential for a given time. The electrode containing the
adsorbed DNA layer was washed for 10 s with buffer solution and transferred
into a buffer solution in which a DPV run was performed. The experiments
were conducted in quadruplicate.

DPV operating conditions: potential increment 0.004 V, pulse amplitude
0.05 V, and pulse period 0.2 s. The anodic current was around 1.0 V, which
corresponded to the guanine oxidation that was used as an analytical signal.

3. RESULTS AND DISCUSSION

3.1. Electrochemical characterization of GCE/CHI-CNT electrodes

3.1.1. Cyclic voltammetry

The modified electrodes using short (S-NC, S-NCO3 and S-NCO6) and
long (L-NC, L-NCO3 and L-NCO6) CNTs were first characterized by cyclic
voltammetry in 0.10 M Britton-Robinson buffer, pH 7.40. The experiments
showed that capacitive currents recorded between -0.6 and 0.8 V increased
with the sweep rate, and no faradic currents were observed (data not shown).
Therefore, the capacitance, as reflect of the electroactive areas of the resulting
electrodes, was calculated from plots of the current recorded at 0.2 V against
the scan rate (0.010 —0.300 Vs™) '8. The resulting capacitance values of the GC/
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CHI-CNT electrodes are: 74.8, 82.1 and 110.0 (nA's V') for S-NC, S-NCO3 and
S-NCO6, and 52.9, 60.3 and 68.3 (nA s V') for L-NC, L-NCO3 and L-NCO6,
respectively . The resulting capacitances are several times higher than those
determined for bare GCE (10.3 pA s V') and CHI modified GCE (8.4 pA s
V). Additionally, S-NC-modified electrodes exhibited larger capacitances than
L-NC-modified ones, indicating that S-NC-modified electrodes have higher
electroactive surfaces which suggests that they will have better performance
as electrochemical sensors than L-NC. On the other hand, at longer oxidation
times, higher capacitance values were obtained for both short and long CNTs.
This result is concordant with the fact that the oxidation process increases
oxygen functional groups (i.e., polar groups) and then improves the wettability
of the CNT surface in the electrolyte, resulting in a corresponding increase of
the real area of the built-up double layer 2.

3.1.2. Scanning Electrochemical Microscopy

Using SECM feedback mode * and FcOH as a redox mediator we evaluate
simultaneously the topography and the electroactivity of the modified surfaces
on the mm scale. As was reported previously by us 7, bare GCE showed a
homogeneous surface with a normalized current (1) of 1.25 and the GCE/CHI
surface was homogeneous but less electroactive because a decrease in the I
value was observed (0.75). A completely different behavior was observed when
CNTs were incorporated onto the electrode. Figure 1 shows SECM images
obtained for GCE/CHI-CNTs prepared using short (S-NCO3 and S-NCO6)
and long (L-NCO3 and L-NCO6) CNTs. As can be seen, there is a significant
difference between the images obtained when short (images A, C) and long
(images B, D) CNTs were used. The surfaces obtained with S-NCs were more
homogeneous than those obtained using L-NCs. These results indicate that CHI
is more efficient as a dispersing agent for shorter CNTs.

However, as the oxidation time increased, surfaces that are more
homogeneous were produced. This suggests that the incorporation of oxygen
functionalities on the CNT surface 2* 3! allowed for more disaggregation of
CNTs, which was probably due to electrostatic interactions with the positively
charged CHI.
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Figure 1. SECM images of GCEs modified with oxidized CNTs dispersed
in CHI: (A) S-NCO3 (B) L-NCO3 (C) S-NCO6 and (D) L-NCO6. The redox
mediator was ferrocenemethanol. E; = 0.500 V, E; = 0.000 V.

3.2. Electrochemical behavior of dsDNA on GCEs/CHI-CNTs

3.2.1. Effect of carbon nanotube length.

Following the protocol described previously by Bollo et al. >* for GCEs/
CHI-S-NCs, start evaluating the electrochemical response of dsDNA using
pristine CNT modified electrodes (GCEs/CHI-sNCs and GCEs/CHI-L-NCs
electrodes). Figure 2a shows a DP voltammograms for 45 mg/L dsDNA
obtained after 4 min of accumulation time at open circuit potential using S-NCs
(solid lines) and L-NCs (dotted lines). In both cases, a signal corresponding
to guanine oxidation was observed. The highest peak current was obtained
using GCEs/CHI-L-NCs; however, the peak potential was also higher than
that observed using GCEs/CHI-S-NCs (1.000 V vs. 0.940 V, respectively),
indicating that the guanine oxidation was slightly less favorable to occur on
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L-NC-modified electrodes. Clearly, the appearance of an oxidation signal
around 1.0 V allowed us to conclude that it is plausible to build modified
electrodes using long CNTs to adsorb dsDNA and to detect it through guanine
oxidation.

Independent of the size of CNTs used, higher accumulation times produced
an increase in the current intensity of the dsDNA signal, with maximum
intensities at 4 min (Fig. 3a). This effect could be attributed to a favored
adsorption process provided by the interaction between the negatively charged
dsDNA and the amine groups of CHI that are positively charged at the working
pH (5.00). However, at all accumulation times tested, the dsDNA oxidation
signal was always higher with GCEs/CHI-L-NCs than with GCEs/CHI-S-NCs,
by approximately 45%.
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Figure 2. DP voltammograms of 45 mg/L dsDNA at modified electrodes
with different CNTs and 4 min accumulation time: (a) GCE/CHI-S-NC (dotted
line) and GCE/CHI-L-NC (solid line), (b) GCE/CHI-S-NCO3 (dotted line)
and GCE/CHI-L-NCO3 (solid line) and (¢) GCE/CHI-S-NCO6 (dotted line)
and GCE/CHI-L-NCO6 (solid line). The experiments were conducted in
quadruplicate.

2496

3.2.2. Effect of the oxidation time of CNTs

CNTs were oxidized in order to incorporate functional groups such
as carboxylic acids on the graphitic surface. Figures 2b and ¢ show DP
voltammograms obtained for modified GCEs with CNTs oxidized for 3 and 6
h, respectively. As was previously observed for unoxidized CNTs, the resulting
current intensities were greater for longer CNTs when the samples were
oxidized 3 h. However when the CNTs were oxidized for 6 h no significant
differences were observed in both current intensity and peak potential.

Comparing all the electrodic surfaces (Fig. 2), a dramatic decrease in
dsDNA oxidation response was observed as the CNT oxidation time increased.
This decrease was observed using both S-NC and L-NC, and could be
explained by two effects: (a) First, the deprotonated —COO- introduced into
the structures of CNTs by the oxidation process interact with the amine groups
of CHI. This interaction decrease the electrostatic contribution of CHI for the
adsorption process of dsDNA because fewer amine groups are free to interact
with the dsDNA. (b) Second, a reduction of the surface area, determined by
BET analysis in a previous work 2, paper that indicates with more compact
surfaces when the CNT oxidation time increase leaving less surface area to
adsorb DNA.

The oxidation currents (Fig. 3) obtained at several accumulation
times using 3 h oxidized CNTs were higher for L-NCO3 than S-NCO3
by approximately 40% and when CNTs were oxidized for 6 h, the current
intensities were still higher for L-NCO®6, but only in about 25%. In addition,
in some cases, no significant differences in current values were observed (for
example, accumulation times of 4 and 5 min, Fig. 3c).

In conclusion, when the CNT oxidation time was increased, a large fraction
of functional groups (mainly COOH) was incorporated onto the CNT structure,
which improves both dispersion in CHI and electroactivity, as can be seen by
SECM and CV. However, at the same time, it produced a decrease in the sensor
response against dsSDNA because a decreased current was observed.

In all cases, the peak current values of the guanine oxidation signal did not
exceed 10% of RSD for the 4 different electrodes.
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Figure 3. Current values obtained by DPV at different accumulation times
for 45 mg/L dsDNA: (a) GCE/CHI-S-NC and GCE/CHI-L-NC, (b) GCE/CHI-
S-NCO3 and GCE/CHI-L-NCO3, (¢) GCE/CHI-S-NCO6 and GCE/CHI-L-
NCO6. [(***) p value < 0.001, (**) p value < 0.01] The experiments were
conducted in quadruplicate.

3. CONCLUSIONS

The electrochemical sensing properties of CNTs not only depend on the
structure of the CNTs, such as length and oxidation state, but also the chemical
nature of the analyte. Although the experiments here showed an increase in
the capacitance of oxidized CNTs independent of the length of each type of
CNT, a remarkable difference was obtained in the final sensing properties
of the resulting electrodes. Thus, short CNTs were more efficient in the
electrooxidation of hydrogen peroxide, which could be associated with better
diffusion of small analytes to the CNT surface and a more efficient electron
transfer process. A dramatic difference was observed when the analyte was
a biopolymer such as dsDNA, where the most efficient electrodic surface
was found with long CNTs. Moreover, the oxidation process had a negative
correlation with the detection of dsDNA. In this case, the total surface arca
seemed to be the most important parameter to be considered for developing
an efficient genosensor. Therefore it is not possible a priori to predict which
CNT will be the best for detecting or quantifying a particular chemical species.
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