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Abstract

We are proposing for the first time the successful immobilization of DNA at glassy carbon electrodes (GCE) modi-
fied with carbon nanotubes (CNT) dispersed in glucose oxidase (GOx) (GCE/CNT-GOx) either by direct adsorp-
tion or by layer-by-layer self-assembling using polydiallyldimethylamine (PDDA). The presence of GOx allows an
efficient dispersion of CNT and gives a most favorable environment that promotes the adsorption and makes possi-
ble a more sensitive electrooxidation of DNA. The PDDA incorporated in the self-assembled architecture largely
facilitates the adsorption and electrooxidation of dsDNA and the adsorbed layer can be successfully used for evalu-

ating the interaction of DNA with methylene blue.
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1 Introduction

Carbon nanomaterials have revolutionized not only the
field of material sciences but also the area of biosensors
due to their unique physical and chemical properties,
their biocompatibility and robustness [1-3]. Particularly,
since 1996, the use of carbon nanotubes (CNT) have al-
lowed the development of electrochemical genosensors,
immunosensors and enzymatic sensors with excellent ana-
lytical performance associated with high sensitivities, low
detection limits, and fast responses [4-7].

It is important to remark that CNT tend to aggregate
in aqueous solutions due to the strong interactions be-
tween their aromatic rings, making difficult their solubili-
zation in usual solvents [8,9]. To overcome their aggrega-
tion and take profit of their full capabilities, CNT have
been generally dispersed by non-covalent functionaliza-
tion, since it makes possible a successful derivatization
without disturbing their electronic characteristics [10-12].
In general, the functionalization involves the use of sur-
factants [13,14], biomolecules [15,16] and polymers [17-
19], which not only disperse the CNT but also gives to
the nanostructures particular characteristics depending on
their inherent properties. Recently [20], we have reported
the successful use of GOx as an excellent dispersing
agent of CNT. The GCE modified with the resulting dis-
persion (GCE/CNT-GOx) have made possible a very effi-
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cient glucose biosensing, demonstrating that despite the
drastic treatment during the preparation of the disper-
sion, GOx maintains their biorecognition properties [20].

In this work we evaluate the use of GCE modified with
CNT-GOx as platform for DNA immobilization either by
direct adsorption or by self-assembling of multilayers
using the polycation polydiallyldimethylamine (PDDA)
to connect the different layers.

The detection of DNA is an area of enormous interest
in clinical, forensic, pharmaceutical and environmental
sciences. Since early ‘90s, the design of DNA-based bio-
sensors has been one of the important challenges in the
field of biosensors due to the excellent recognition prop-
erties of DNA [21-23]. In fact, the recognition properties
of DNA-modified electrodes has been explored in recent
years using DNA fragments immobilized on surfaces
modified with nanostructured thin films [24-26]. He and
Bayachou [27] have proposed the immobilization of
DNA on single-walled CNT (SWCNT) by layer-by-layer
(L-B-L) deposition using PDDA as polycation. The re-
sulting electrode has been used to evaluate the DNA
damage in the presence of nitric oxide. Jin et al. [28] have
reported the fabrication of multilayers films based on
DNA/myoglobin on cysteamine-modified gold electrodes.

In the following sections we discuss the direct adsorp-
tion of double stranded calf-thymus DNA (dsDNA) and
short oligonucleotides at GCE/CNT-GOx as well as the
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influence of the experimental conditions on the adsorp-
tion of dsDNA and PDDA, the electrochemical charac-
terization of the supramolecular architecture, and the in-
teraction of the adsorbed DNA layer with methylene
blue (MB).

2 Experimental

2.1 Apparatus

The measurements were performed with EPSILON
(BAS) and TEQ_04 potentiostats. The electrodes were in-
serted into the cell (BAS, Model MF-1084) through holes
in its Teflon cover. A platinum wire and Ag/AgCl, 3 M
NaCl (BAS, Model RE-5B) were used as counter and ref-
erence electrodes, respectively. All potentials are referred
to the latter. A magnetic stirrer provided the convective
transport during the amperometric measurements. Elec-
trochemical Impedance Spectroscopy (EIS) measure-
ments were performed with a Solartron 1287 FRA 1260.

2.2 Reagents

Glucose oxidase (GOx) (Type X-S, Aspergillus niger, (EC
1.1.3.4), 50000 Units per gram of solid, Catalog number
G-7141), double stranded calf-thymus DNA (dsDNA)
(activated and lyophilized, catalog number D8899), single
stranded calf-thymus DNA (ssDNA) and poly-diallyldi-
methylammonium chloride (PDDA) (MW =100000-
200000) were purchased from Sigma. The oligo(dG), and
oligo(dG);; and a random sequence of an oligodeoxynu-
cleotide of 21 bases (oligo(dY), 3' TAC ACC TTT TAG
AGA TCG TCA 5'), were obtained from Life Technolo-
gies.

Methylene blue (MB) was purchased from Mallinck-
rodt. Potassium ferrocyanide and potassium ferricyanide
were obtained from Merck. Multiwalled carbon nano-
tubes powder (CNT), (30+15) nm diameter and 1-5p
length, was obtained from NanoLab (USA). Other chem-
icals were reagent grade and used without further purifi-
cation. Ultrapure water (0=18 MQ cm) from a Milli-
pore-MilliQ system was used for preparing all the solu-
tions.

2.3 Preparation of Glassy Carbon Electrodes Modified
with CNTs

2.3.1 Preparation of the Dispersions

a) CNT-GOx: the dispersion was obtained by mixing
1.0 mg of CNT with 1.0 mL of 1.0 mg/mL GOx solu-
tion (prepared in 50:50 v/v ethanol/water) followed
by sonication for 15 min.

b) CNT-Ethanol/water (CNT-Et): the dispersion was ob-
tained by mixing 1.0 mg of CNTs with 1.0 mL of
50:50 v/v ethanol/water followed by sonication for
15 min.
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2.3.2 Modification of Glassy Carbon Electrodes (GCE)
with CNT-GOx (GCE/CNT-GOx) or CNT-Et/H,0
(GCE/CNT)

Previous to the modification, the GCEs were polished
with alumina slurries of 1.0, 0.30, and 0.05 pm for 2 min
each. The electrodes were then cycled between —0.300 V
and 0.800 V at 0.050 V/s in a 0.100 M phosphate buffer so-
lution pH 7.40 (10 cycles). After that, they were modified
by dropping 20 pL of the CNT-GOx (or CNT-Et/H,0)
dispersion on the top of the surface followed by the evap-
oration of the solvent by exposure to air for 90 min.

2.4 Procedure

Cyclic voltammetry (CV) experiments were performed
using 0.100 M phosphate buffer solution pH 7.40 or
0.020 M acetate buffer solution pH 5.00, while Linear
Sweep Voltammetry (LSV) and Differential Pulse Vol-
tammetry (DPV) experiments were performed in
a 0.020 M acetate buffer solution pH 5.00. The analytical
signals were obtained after subtracting the background
currents.

EIS experiments were performed between 10 kHz and
10 MHz, with a potential perturbation of 0.010 V and
a working potential of 0.200 V using 2.0x 10°M potassi-
um ferrocyanide and potassium ferricyanide as redox
probe. The impedance spectra were analyzed by using the
Z-view program.

2.5 Direct Adsorption and Adsorptive Voltammetric
Stripping of DNA at GCE/CNT-GOx:

(I)  Pretreatment of the electrode: the GCE, GCE/CNT-
GOx and GCE/CNT were pretreated by cycling the
potential (10 cycles) between —0.300 V and 0.800 V
at 0.050 V/s in a 0.100 M phosphate buffer solution
pH 7.40.

(II) Adsorption of DNA: pretreated GCE, GCE/CNT-
GOx or GCE/CNT were immersed in a stirred
0.020 M acetate buffer solution pH 5.00 containing
DNA for a given time at open circuit potential
under stiring conditions.

(11I) Washing: the electrodes were washed with
a 0.020 M acetate buffer solution pH 5.00 for 10s
and then transferred to the stripping solution.

(IV) Stripping: it was performed by Linear Sweep Vol-
tammetry (LSV) in a 0.020 M acetate buffer solu-
tion pHS5.00 between 0.500V and 1.100V at
0.050 V/s. The analytical signals were obtained after
subtracting the background currents.

2.6 Layer-by-Layer Self-Assembly of DNA at GCE/
CNT-GOx

(I)  Pretreatment of the electrode: as indicated above.
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(II) Adsorption of PDDA': it was performed at open cir-
cuit potential from a 3.0 mg/mL solution of PDDA
(in a 0.050 M phosphate buffer solution pH 7.40) for
30.0 min.

(I1I) Washing: the electrodes were washed with
a 0.020 M acetate buffer solution pH 5.00 for 10s.

(1V) Adsorption of DNA: it was performed at open cir-
cuit potential from a 50.0 mg/mL solution of
dsDNA in a 0.020 M acetate buffer solution pH 5.00
for 5.0 min.

(V) Washing: the electrodes were washed with
a 0.020 M acetate buffer solution pH 5.00 for 10s.

(VI) Stripping: it was performed by LSV in a 0.020 M
acetate buffer solution pH 5.00 between 0.500 V and
1.100 V at 0.050 V/s. The analytical signals were ob-
tained after subtracting the background currents.

2.7 DNA-MB Interaction at GCE/CNT-GOx/PDDA/
dsDNA:

The protocol consisted of the following steps:

(I) to (V): as indicated above.

(VI) MB preconcentration: performed by immersion of
GCE/CNT-GOx/PDDA/dsDNA in a 0.020 M ace-
tate buffer solution pH 5.00 containing MB for
a given time at open circuit potential under stirring
conditions. Similar experiments were performed by
using GCE/CNT-GOx and GCE/CNT-GOx/PDDA/
ssDNA.

(VII) DPV-stripping: performed in a 0.020 M acetate
buffer solution pH 5.00 by DPV between 0.300 and
—0.500 V. DPV parameters: pulse height: 4 mV,
scan rate: 20mVs™', width: 50 ms and period:
200 ms, without stirring. The analytical signals were
obtained after subtracting the background currents.

All the experiments were conducted at room tempera-

ture.

3 Results and Discussion

3.1 Direct Adsorption of dsDNA

Figure 1 shows voltammetric profiles obtained in
a 0.020 M acetate buffer solution pH 5.00 at GCE (a),
GCE/CNT (b) and GCE modified with CNT-GOx (c)
after 20 min adsorption from 50.0 mg/L dsDNA. At GCE,
under these experimental conditions, there is just
a shoulder at around 0.800 V. At GCE/CNT (b) there is
a peak at (0.603+0.07) V due to guanine electrooxidation
with an associated current that is 17 times larger than the
one observed at bare GCE. At GCE/CNT-GOx (c) there
is a well-defined peak at potentials more positive than at
GCE/CNT (Peak potential, £,=0.8814+0.007) V with an
associated current (Peak current i,=0.9340.06 nA) that
is 31 and 1.8 times higher compared to bare GCE and
GCE/CNT. Therefore, is clear that the presence of CNTs
at GCE facilitates the adsorption of dSDNA and the elec-
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Fig. 1. Linear sweep voltammograms obtained in a 0.020 M ace-
tate buffer solution pH 5.00 at (a) GCE, (b) GC/CNT and (c)
GC/CNT-GOx after adsorption of 50.0 mg/LL dsDNA. Experi-
mental conditions: adsorption time: 20.0 min, adsorption poten-
tial: open circuit potential; scan rate: 0.050 V/s.

0.450 0.600

trooxidation of guanine residues due to their inherent cat-
alytic activity. When GCE is modified with CNT-GOx,
the negatively charged protein produces a shifting in the
guanine electrooxidation signal to more positive poten-
tials, although the oxidation current increases, probably
due to a more efficient adsorption of the nucleic acid at
a more biocompatible environment making possible a sen-
sitive detection of dsDNA under conditions that at bare
GCE it would be extremely difficult.

Figure 2 A shows the effect of the accumulation time of
100.0 mg/L dsDNA at GCE/CNT-GOx on the guanine
oxidation currents obtained from cyclic voltammograms
performed in a 0.020 M acetate buffer solution pH 5.00 at
0.050 Vs~! after medium exchange. The currents increase
almost linearly with time up to 20 min, to level off there-
after. Therefore, 20 min was selected as the adsorption
time. Figure 2B shows the voltammetric profiles obtained
in the acetate buffer solution after 20 min accumulation
of different dsDNA solutions from 5.0 to 100.0 mg/L. A
well-defined response is observed in all cases. The calibra-
tion plot (not shown) presents a linear range from 5.0 to
70.0 mg/L, a sensitivity of (0.016+0.001) pAmg 'L, a de-
tection limit of 1.7 mg/L (obtained as 3.30/S, where o is
the standard deviation of the blank signal and S the slope
of the calibration plot), and a quantification limit of
5.6 mg/L (taken as 100/S). The RSD obtained for the de-
termination of 50.0 mg/L. dsDNA with 12 electrodes and 4
different CNT-GOx dispersions was 6.0 %, indicating that
the overall protocol from the preparation of the disper-
sion to the development of the sensor is highly reproduci-
ble.

The adsorption of short oligonucleotides at GCE/CNT-
GOx was also evaluated. Figure 2C displays the voltam-
metric behavior of GCE/CNT-GOX in acetate buffer solu-
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Fig.2. A) Effect of the accumulation time in a 100.0 mg/L dsDNA on the guanine oxidation currents obtained after medium ex-
change from Linear sweep voltammograms in 0.020 M acetate buffer solution pH 5.00 at GCE/CNT-GOx at 0.050 Vs~'. B) Linear
sweep voltammograms obtained at GC/CNT-GOx after adsorption of different concentrations of dsDNA for 5.0 min: a) 5.0 b) 20.0 ¢)
40.0, d) 60.0, e) 80.0, f) 100.0 mg/L. C) Linear sweep voltammograms obtained at GC/CNT-GOx after adsorption of 20.0 mg/L oli-
20(dG); (a), oligo(dG),;(b) (for 7 min) and 20.0 mg/L (oligo(dY) (c) (for 15 min). D) Calibrations plots obtained from Linear sweep
voltammograms experiments at GC/CNT-GOx after adsorption of differents concentrations of oligo(dG); (a), oligo(dG),(b) (for
7 min) and (oligo(dY) (c) (for 15 min). Other conditions as in Figure 1.

tion pH 5.00 after adsorption at open circuit potential of
20.0 mg/L oligo(dG), (Figure 2C, a) and oligo(dG),,(Fig-
ure 2Cb) for 7.0 min and 20.0 mg/L (oligo(dY) (Fig-
ure 2C,c) for 15.0 min. The oxidation currents for oli-
go(dG), and oligo(dG),, are similar and considerably
higher than that for oligo(dY). In fact, the sensitivities,
obtained from the corresponding calibration plots showed
in Figure 2D are (0.48+0.03), (0.52+0.03), and (0.13+
0.04) ykAmg 'L for oligo(dG),, oligo(dG);; and oligo(-
dY), respectively. These results suggest that the electroox-
idation signal of the oligonucleotides depends on both,
the trend to increase with the increment in the number of
guanine residues and the trend to decrease with the in-
crease in the length of the oligonucleotide. Similar behav-
ior was reported for other carbonaceous surfaces
[21,29,30]. It is important to mention that the overvoltag-
es for the oxidation of guanine residues slightly increase
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as the size of the oligonucleotide increases. The oxidation
peak potential for oligo(dG), is 0.79 V, and it increases
up to 0.85V for oligo(dY), potential that is similar to the
one obtained for the oxidation of dsDNA (0.88 V).

Regarding the stability of the platform GCE/CNT-
GOx/dsDNA, it is important to remark that after immers-
ing for 30 and 60 min in a 0.020 M acetate buffer solution
pH 5.00 under stirring conditions and voltammetric strip-
ping after medium exchange, the guanine oxidation sig-
nals remains statistically constant, decreasing just 1.5 and
3.7% of the original values, respectively.

3.2 Layer-by-Layer Self-Assembling of dsDNA at GCE/
CNT-GOx

Considering the excellent results obtained by L-b-L self-
assembling of polyelectrolytes in the construction of

Electroanalysis 2013, 25, No. W, 1-8
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(bio)sensors [31-35] and taking into account that GOx
presents a negative charge under the working conditions,
we evaluate the effect of the incorporation of a polycat-
ionic layer on GCE/CNT-GOx, previous to the adsorp-
tion of dsDNA, on the adsorption and electro-oxidation
of dsDNA. The building of the multilayers system started
with the adsorption of PDDA, followed by the adsorption
of dsDNA. The additional layers were obtained by alter-
nate adsorption of PDDA and dsDNA. After a careful
evaluation of the adsorption conditions for PDDA and
dsDNA, we selected 30 min adsorption of 3.0 mg/mL
PDDA and 5.0 min adsorption for 50.0 mg/L dsDNA as
optima conditions.

Table 1 shows the peak currents and peak potentials
for the electrooxidation of guanine obtained from LSV
profiles for electrodes containing one, two and tree bilay-
ers of PDDA/dsDNA  (GCE/CNT-GOx/(PDDA/
dsDNA),, where n=number of PDDA/dsDNA bilayers).
The guanine oxidation current for the electrode with one
PDDA/dsDNA bilayer was significantly higher (7.6 times)
than the one obtained at GCE/CNT-GOx while the peak
potential was 181 mV smaller. These results demonstrate
that the presence of the polycation clearly facilitates the
adsorption of dsDNA, (promoted by electrostatic interac-
tion) and the charge transfer. When a new bilayer of
PDDA/dsDNA is incorporated, (GCE/MWNT-GOx/
(PDDA/dsADN),) the signal for DNA oxidation ap-
peared at a potential almost the same as the one for GC/
MWNT-GOx/PDDA/dsADN, while the current increased
3.4 times ((24+5) pA vs. (7+2) pA for n=2 and n=1, re-
spectively). Therefore, is clear that the incorporation of
a second layer of PDDA facilitates the adsorption of
a new layer of DNA. Further adsorption of PDDA and
dsDNA (GC/CNT-GOx/[PDDA/dsADN];), does not pro-
duce significant changes in current (i,=28=+5) uA. This
effect was attributed to a less effective charge reversion
when building the supramolecular architectures.

The calibration plot obtained for dsDNA at GCE/
CNT-GOx/PDDA after 5.0min adsorption showed
a linear range between 5.0 and 60.0 mg/L with a sensitivity
of (0.154+0.02) pAmg/L, a detection limit of 600 pg/L and
a quantification limit of 2.0 mg/L (calculated as it was
previously indicated). The response was highly reproduci-
ble since the RSD obtained for the determination of
20.0 mg/L dsDNA with 9 electrodes and 3 dispersions was
3.0%.

The supramolecular architecture was also characterized
by EIS using 2.0x107° M Fe(CN), ™ as redox markers

Table 1. Peak currents for the electrooxidation of guanine ob-
tained from LSV profiles for electrodes containing 1, 2 and 3 bi-
layers of PDDA/dsDNA.

Current (LA)  Potential (V)

GC/CNT-GOx/PDDA/dsADN 742 0.700.01
GC/CNT-GOX[PDDA/dsADN], 245 0.69-0.01
GC/CNT-GOX[PDDA/dsADN]; 285 0.66:0.01
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(in a 0.10 M phosphate buffer solution pH 7.40). The
evaluation of the system was performed using a Randles
circuit. Figure 3 depicts the normalized charge transfer re-
sistance (Ry) obtained at GCE/CNT-GOx after the ad-
sorption of alternate layers of PDDA and dsDNA. Ry is
the ratio between the R, of each layer and the R, for
GCE/CNT-GOx (Ry=R./Ryccrientcoy) Obtained from
Nyquist plots. The inset displays the Nyquist plots ob-
tained for the redox probe at GCE/CNT-GOx (a), GCE/
CNT-GOx/PDDA (b) and GCE/CNT-GOx/PDDA/
dsDNA (c). In all cases, there is a typical resistive compo-
nent at high frequencies and a diffusional one at lower
frequencies. When PDDA is adsorbed for 30 min at
GCE/CNT-GOx, the Ry decreases around 40% ((1.0+
0.08) vs. (0.6+0.1)), demonstrating that the presence of
the positively charged layer facilitates the charge transfer
of the probe due to the screening of the negative charges
of CNT-GOx. When 50.0 mg/LL dsDNA is adsorbed for
5.0 min at GCE/CNT-GOx/PDDA the Ry slightly increas-
es due to the electrostatic repulsion between the nega-
tively charged marker and the negatively charged phos-
phate backbone. The incorporation of a second layer of
PDDA produces a new decrease in Ry indicating the suc-
cessful adsorption of the polycation and the facilitated
charge transfer of the redox probe. The adsorption of
a second layer of dsDNA produces a new increase in the
Ry. Further adsorption of PDDA and dsDNA, does not
produce significant changes in Ry, in agreement with the
voltammetric results previously discussed.

The platform GCE/CNT-GOx/PDDA/dsDNA demon-
strated to be highly stable since after 60 min immersion
in a 0.020 M acetate buffer solution pH 5.00 under stirring
conditions and voltammetric stripping after medium ex-
change, the guanine oxidation signals remains in a 100 %
of the original value.

3.3 Interaction of GCE/CNT-GOx/PDDA/dsDNA with
Methylene Blue

The capability of the adsorbed dsDNA layer to interact
with intercalators was evaluated by studying the interac-
tion of dsDNA immobilized at GCE/CNT-GOx/PDDA
with methylene blue (MB). MB is an organic dye that be-
longs to the phenothiazine family and it is a well-known
hybridization indicator of DNA. MB interacts with gua-
nine residues of DNA [36-40], and by intercalation
[41,42].

Figure 4 shows the CVs obtained at GCE/CNT-GOx/
PDDA/dsDNA in a 0.020 M acetate buffer solution
pH 5.00 after interaction for 5.0 min at open circuit po-
tential in acetate buffer solution (dotted line) and in
a 2.0x10° M MB solution (solid line) previous medium
exchange. The voltammogram obtained after 5.0 min in
buffer solution, shows only the peaks system at around
—0.40 V due to the reduction/oxidation of FAD/FADH,
present at the electrode surface [20]. In the voltammo-
gram obtained after MB accumulation, in addition to
those peaks, there is another peaks system due to the re-
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Fig.3. Normalized charge transfer resistance (Ry) (Ry=R./RuGcrentcox) obtained from Nyquist plots for GCE/CNT-GOx after
the adsorption of alternate layers of PDDA and dsDNA. Experimental conditions: concentration of dsDNA: 50.0 mg/L, adsorption

time: 5.0 min; concentration of PDDA: 3.0 mg/mL, accumulation time: 30.0 min. Redox marker: Fe(CN)y~

34 supporting electrolyte:

0.100 M phosphate buffer pH 7.40. Inset: Nyquist plots obtained for GCE/CNT-GOx (a), GCE/CNT-GOx/PDDA (b) and GCE/CNT-

GOx/PDDA/dsDNA (c).

duction of MB (at —0.23V) and its reoxidation (at
—0.13 V). Similar experiments without previous accumu-
lation show almost no peak currents associated with the
redox behavior of MB (see Inset).

Cyclic voltammograms obtained at bare GCE in
a 0.020 M acetate buffer solution pH 5.00 after accumula-
tion in a 2.0x107> M MB and medium exchange present-
ed just a broad peak at around —0.35 V due to the reduc-
tion of the oxidized product of MB, although it is over-
lapped with the oxygen reduction (not shown). At GCE/
CNT, there is a clear definition of the processes associat-
ed with the oxidation and reduction of MB. MB is oxi-
dized at —0.16 V and the reduction occurs at —0.17 V.
Cyclic voltammograms obtained at GCE/CNT-GOx/
PDDA under identical experimental conditions, presented
the two peaks previously discussed, associated with the
couple FAD/FADH,, and two additional ones at more
positive values due to the oxidation (E,=-0.14V) and
reduction (E,=-0.22V) of MB. The MB signals were
around 30% higher than those obtained at GCE/CNT-
GOx/PDDA/dsDNA due to the absence of the intercala-
tion process.

The interaction of MB with GCE/CNT-GOx/PDDA
modified with ssDNA instead of dsDNA was also evaluat-
ed. Figure 5 A displays DPV profiles obtained in acetate
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buffer solution after adsorption of 2.0x10° M MB for
5.0 min at GCE/CNT-GOx (a), GCE/CNT-GOx/PDDA/
ssDNA (b) and GCE/CNT-GOx/PDDA/dsDNA (c). The
presence of DNA, either ss or dsDNA produces a de-
crease in the MB reduction signal due to the interaction
with DNA, although this decrease is most important in
the case of the double helix as a consequence of the inter-
calation of MB [35]. This system was also interrogated by
EIS. Figure 5B shows the Nyquist plots using Fe(CN),
~* as redox marker in a 0.10 M phosphate buffer solution
pH 7.40 at GCE/CNT-GOx/PDDA/ssADN (a) and GCE/
CNT-GOx/PDDA/dsADN (b) after interaction with 2.0 x
10 M MB for 5.0 min. The system was evaluated using
the Randles circuit. The charge transfer resistances ob-
tained from the Nyquist plots before and after adsorption
indicate that the R, decreases when MB is adsorbed. This
facilitated charge transfer of the redox probe, confirms
the immobilization of MB and the screening of the nega-
tive charges of dsDNA. When MB was accumulated on
GCE/CNT-GOx/PDDA/dsDNA the R, was smaller than
on GCE/CNT-GOx/PDDA/ssDNA  ((29.6+£0.5) Qvs.
(46.03+£0.09) Q), in agreement with the voltammetric re-
sults, since at dsSDNA MB interacts not only by electro-
static forces, but also by intercalation within he double
helix [42].
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Fig. 4. Cyclic voltammograms obtained at GCE/CNT-GOx/
PDDA/dsDNA in a 0.020 M acetate buffer solution pH 5.00 after
5.0 min accumulation in a 0.020 M acetate buffer solution
pH 5.00 (a, dotted line), and after 5.0 min accumulation in a 2.0 x
10> M MB (b, solid line). Accumulation potential: open circuit.
The inset shows cyclic voltammograms obtained without accumu-
lation at GCE/CNT-GOx/PDDA/dsDNA in a 0.020 M acetate
buffer solution pH 5.00 (a, dotted line) and in a 2.0x10~>M MB
solution (b, solid line). Scan rate: 0.010 V/s.

Even when the main goal of this work was not the
quantification of MB at GCE/CNT-GOx/dsDNA, is also
important to mention that the platform is also useful for
the submicromolar quantification of MB. Figure 6 shows
the calibration plot for MB obtained after 5.0 min inter-
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Fig. 6. Calibration plot obtained from DPV experiments at
GCE/CNT-GOx/PDDA/dsDNA in a 0.020 M acetate buffer solu-
tion pH 5.00 after accumulation at open circuit potential in solu-
tions of MB of different concentration. Inset: DPVs obtained at
GCE/CNT-GOx/PDDA/dsDNA in a 0.020 M acetate buffer solu-
tion pH 5.00 after accumulation at open circuit potential in solu-
tions of MB of different concentrations: a) 1.0b) 3.0c) 5.0d)
10.0 e) 20.0 and f) 40.0 uM. Other conditions as in Figure S A.

action with GCE/CNT-GOx/PDDA/dsDNA. The linear
range goes from 1.0 to 10.0 uM, the sensitivity is (0.53+
0.07) p)ApM™!, the detection limit is 0.07 uM, and the
quantification limit is 0.23 uM (calculated as it was previ-
ously indicated). The RSD for 20 uM MB was 7.0% for 7
electrodes and 3 different dispersions. The inset in
Figure 6 shows the DPV profiles obtained after 5.0 min
accumulation for different concentrations of MB from 1.0
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Fig. 5.

7

A) Differential pulse voltammograms obtained at GCE/CNT-GOx (a) GCE/CNT-GOx/PDDA/ssDNA (b) and GCE/CNT-

GOx/PDDA/dsDNA (c) in a 0.020 M acetate buffer solution pH 5.00 after accumulation at open circuit potential in a 2.0x10~° M
MB. Experimental conditions of DPV: potential range between 0.300 and —0.500 V: pulse height of 4mV, scan rate of 20mVs~', width
of 50 ms and period of 200 ms, without stirring. The analytical signals were obtained after subtracting the background currents. B) Ny-
quist plots at GCE/CNT-GOx/PDDA/ssADN (a) and GCE/CNT-GOx/PDDA/dsADN (b) after the adsorption in MB. Experimental
conditions: concentration of MB: 2.0x 10~ M, adsorption time: 5.0 min. Redox marker: Fe(CN);~>~*, supporting electrolyte: 0.100 M
phosphate buffer pH 7.40.
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to 40.0 pm. These profiles demonstrate that in all cases
the response is clear and well-defined.

4 Conclusions

We are proposing for the first time the successful building
of platforms based on the use of GCE/CNT-GOx and the
immobilization of DNA as biorecognition element either
by direct adsorption or by L-b-L self-assembling using
PDDA as polycation. The presence of GOx allows the ef-
ficient dispersion of CNT and even most important, gives
to the platform a most favorable and biocompatible envi-
ronment that promotes the adsorption of DNA. The pres-
ence of PDDA in the self-assembled architecture largely
facilitates the adsorption of the nucleic acid and the ad-
sorbed layer can be successfully used for evaluating the
interaction of DNA with MB, opening the doors to many
important and new developments in the field of DNA-
drug interactions and DNA damage.
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