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a b s t r a c t

A novel multiwall carbon nanotube (MWCNT) electrode functionalized with oxygen plasma treatment
was prepared and characterized, and its DNA sensing ability for Legionella pneumophila (L. pneumophila)
detection was examined using electrochemical measurement. A well-patterned MWCNT working elec-
trode (WE) on a Pt track was fabricated using photolithography, transfer methods and an etching
technique. The MWCNT WE was functionalized by oxygen plasma treatment prior to applying for DNA
sensor. The surface morphology of the plasma-functionalized MWCNT (pf-MWCNT) WEs were observed
by scanning electron microscope (SEM) and the change of chemical composition was characterized by
xygen plasma treatment
lectrochemical analysis
NA detection
egionella pneumophila

X-ray photoelectron spectroscopy (XPS), and electrochemical measurements were performed using CV
with ferricyanide/ferrocyanide redox couple. Effective areas of working electrodes were calculated to
be 0.00453 cm2 for pristine MWCNT electrode and 0.00747–0.00874 cm2 for pf-MWCNT electrodes with
different plasma treatment times. Differential pulse voltammetry (DPV) was carried out in methylene
blue solution for DNA sensing. The pf-MWCNT based DNA sensor was successfully operated in a target
concentration range of 10 pM to 100 nM and had a lower detection limit than a pristine MWCNT based

DNA sensor.

. Introduction

Carbon nanotubes (CNTs) have been widely studied, especially
n biosensor applications, since Iijima first reported his findings of
hem in 1991 [1]. In recent years, there have been numerous studies
f CNT as an electrode material in electrochemical biosensors due
o their large surface area and excellent electrical property [2,3].

any experimental results have shown that defects or structural
hanges in the CNT surface affect the electrocatalytic activity of the
NT [4,5]. These unique properties can be used to develop electro-
hemical sensors and biosensors with a lower analytical voltage
nd a higher response current [2,6].
Most studies of CNT electrodes have been limited to composite
lectrodes with various polymers [3,7–10], metallic nanoparticles
10–14], or to CNT modified on universal electrodes such as indium
in oxide (ITO) [11], glassy carbon electrode (GCE) [4,15] and gold
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electrode [16]. These composite electrodes or CNT modified elec-
trodes could have many fabrication steps and a lack of uniformity
in electrochemical properties. Therefore, it is almost impossible
to mass-produce CNT electrodes due to complicated prepara-
tion requirements. In this study, MWCNT WEs were fabricated
using photolithography, lift-off and plasma etching techniques,
and all fabrication procedures were performed on a wafer scale to
make uniform electrodes. We were able to obtain MWCNT WEs
successfully without any other additives such as polymers and
nanoparticles. They have high uniformity and good potential for
various commercial applications for chemical and biosensors.

Since CNTs are insoluble and difficult to handle, some treat-
ments such as acid treatment, electrochemical treatment, and
plasma treatment have been frequently used for many pur-
poses [17] including removal of impurities, improving electrical
properties and various functionalizations. Among the surface func-
tionalization techniques of CNT, oxidation is probably the most
widely studied [13] and plasma functionalization, i.e. generation

of surface-bound functional groups without deposition of a coat-
ing, is considered a promising solution to enhance the reactivity
of CNTs [18]. There have been many studies of plasma treatments
on CNTs with several variables such as bias power, flow rate, and
different gases. In our previous work [19], a sensitive biosensor
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as fabricated using oxygen plasma-treated MWCNT film in a sim-
le custom-made plasma chamber, which was just able to control
he bias power, flow rate, and treatment time. As described in the
revious work, oxygen plasma treatment on MWCNT WEs pro-
uced two effects at the same time: the strong energy of plasma
roduces numerous defects in the MWCNTs, and the dissociated
xygen molecules by plasma are able to react with the MWCNT
efects that are functionalized with oxygen-containing chemical
roups [17–19]. Therefore, oxygen plasma treatment could give
he MWCNT a high electrocatalytic property, and introduce many
unctional groups to attach amine-moieties of various biomolecules
ovalently.

Legionella pneumophila (L. pneumophila) is a contaminant of
an-made water systems including cooling towers of large build-

ngs and waterworks, and is a major cause of legionellosis, a
espiratory infection that may give rise to restricted outbreaks
20,21]. The macrophage infectivity potentiator (mip) is a conserved
egion in L. pneumophila, and is divergent in other legionellae
21–27]. Therefore, the mip gene was selected as the detection
arget sequence in this work.

Many researchers have studied L. pneumophila detection with
he mip gene over the past two decades [22]. Most studies were
ased on PCR [24], and more recently real-time PCR [21,25–27]
nd other optical detection methods [28]. These methods are
ime-consuming, labor-intensive, and require expensive instru-

entation [29]; therefore, simplified methods suitable for rapid
nalysis are needed. We proposed electrochemical analysis for L.
neumophila detection with the pf-MWCNT electrode. As many
tudies have shown, the electrochemical methods have many
dvantages compared to optical methods including simple sam-
le preparation procedures, rapid measurement time, low cost and
ase of miniaturization for portable devices [2,30].

Methylene blue (MB), an organic dye that belongs to the phe-
othiazine family, is a well-known hybridization indicator of DNA
ue to its association with the free guanine bases of single-stranded
NA (ssDNA) [29]. The affinity interaction between MB and ssDNA
ccurs quickly and generates a marked electrochemical signal [31].
hus, MB was used as the hybridization indicator in this work.

This study proposes a method for the preparation and the char-
cterization of well-patterned MWCNT as a sensing electrode and
he application of an electrochemical DNA sensor for L. pneumophila
etection.

. Materials and methods

.1. Materials

MWCNTs were synthesized using the catalytic chemical vapor
eposition method. The details of the synthesis process and the
elevant conditions were described in our previous paper [32]. As
escribed previously, the MWCNT synthesis procedure included
cid treatment, and the surface of the MWCNT was slightly oxi-
ized. Therefore, the pristine MWCNT in this work has a small
mount of oxidative surface.

The sequences for L. pneumophila detection were selected from
he mip gene, which is a well-known L. pneumophila-specific
equence. The 5-end of the DNA probe was modified with amine
–NH2) moiety to make the probe attach onto the oxidative surface
f MWCNT WEs. All oligonucleotides employed in this study were
ynthesized by Bioneer® (Daejeon, Korea) and their base sequences

re as follows:

Probe sequence: 5′-NH2–TAG CTA CAG ACA AGG ATA AGT-3′

Complementary sequence (target): 5′-ACT TAT CCT TGT CTG TAG
CTA-3′
2 (2010) 904–911 905

Non-complementary sequence: 5′-ATG CGA GTG CAG TTG CAG TAG-
3′

Methylene blue (MB) was obtained from Junsei Chemi-
cal (Japan). 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC); N-hydroxy-sulfo-succinimide-ester (NHSS);
3-mercaptopropionic acid (MPA); potassium chloride (KCl);
potassium ferricyanide (K3[Fe(CN)6]); dimethylformamide (DMF);
aluminum oxide membrane (Whatman); Tris–EDTA buffer (TE
buffer, pH 8.0); and all organic solvents were purchased from
Sigma–Aldrich (St. Louis, MO) and were used without further
purification.

All oligonucleotide stock solutions were prepared and diluted
using TE buffer.

2.2. Apparatus

Oxygen plasma treatment of the MWCNTs was performed
in a custom-made chamber. To observe the surface of MWCNT
electrodes, images were taken with a scanning electron micro-
scope (S-4300, Hitachi) and an atomic force microscope (XE-100,
PSIA). The chemical composition of the MWCNT surface was
characterized by X-ray photoelectron spectroscopy (K-Alpha,
Thermo Electron). Electrochemical analyses were performed with
a potentiostat (263A, Perkin Elmer) at room temperature with a
conventional three-electrode system: working electrode (WE), the
MWCNT film; counter electrode (CE), patterned Pt; reference elec-
trode (RE), screen printed Ag/AgCl.

2.3. Fabrication of MWCNT working electrodes

To construct the three-electrode system, a Pt track was pat-
terned on a Pyrex® glass wafer using photolithography, sputtering
(DC magnetrom sputter, INOSTECK Inc., Korea, 150 W, 30 sccm of
Ar gas, 5 mPa) and lift-off techniques. Patterned Pt was used as the
CE and the Ag/AgCl RE was fabricated on the Pt track using the
screen printing method. MWCNT WEs were prepared with the fol-
lowing procedures [32]: a homogeneous MWCNT suspension was
obtained by tip-sonication in DMF for 30 min. The MWCNT/DMF
mixture was centrifuged for 30 min, the bottom solution was sepa-
rated from the top solution. The bottom solution was filtered with
an aluminum oxide membrane (the pore size was 0.45 �m) under
a vacuum condition. Then, the filtered MWCNTs were transferred
onto the previously patterned Pt track. Finally, photolithography
and plasma etching technique were performed to produce a well-
confined MWCNT WE of 1.4 mm diameter.

2.4. MWCNT functionalization by O2 plasma

In order to introduce oxygen-containing functional groups such
as –C–O, –C O and –COO, MWCNT WEs were treated with O2
plasma. The treatment was carried out in a custom-made chamber
with the following parameters: power 20 W; flow rate 10 sccm; and
exposure times of 10, 15, 30, and 60 s. In our previous work [19],
we showed that CVs of MWCNT electrodes revealed that the peak
currents increased in accordance with increases in plasma power
from 0 to 60 W. The MWCNT films in this study were thinner and
the films were etched over 30 W; therefore, a power of 20 W was
chosen for this work.

2.5. Probe DNA immobilization and hybridization
The pf-MWCNT WEs were chemically activated with an aque-
ous solution containing 75 mM EDC and 15 mM NHSS for 2 h. For
probe DNA immobilization, the pf-MWCNTs were immersed into
200 �L of TE buffer solution containing 1 �M probe oligonucleotide
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Fig. 1. MWCNT electrode. (a) AFM image of MWCNT WE and line profile of WE and glass substrate (10 �m × 10 �m scale). (b) Configuration of three-electrode system (SEM,
30×).

Fig. 2. SEM images of MWCNT working electrodes with different plasma exposure times. (a) Pristine, (b)10 s, (c)15 s, (d)30 s and (e)60 s.
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or 2 h. Then, the electrodes were washed with TE buffer to remove
nbound oligonucleotides. DNA hybridization was performed by
ropping 4 �l of target DNA solution onto a probe DNA modified
f-MWCNT electrode. To maximize hybridization efficiency and
ensor response, the hybridization proceeded for 30 min, followed
y thoroughly washing the unhybridized target DNA away from
he MWCNT WE surfaces. The concentration range of target DNA
as 10 pM to 100 nM. All experiments were performed at room

emperature (25 ± 1 ◦C).

.6. Electrochemical investigation of pf-MWCNT electrodes and
NA sensors for L. pneumophila detection

In electrochemical experiments, CVs were carried out in 3 M
otassium chloride (KCl) aqueous solution containing 10 mM
otassium ferricyanide (K3[Fe(CN)6]) with scan rates of 10, 20, 50,
00, 200, and 300 mV/s. Differential pulse voltammetry (DPV) was

erformed in 75 mM phosphate buffer including 20 �M MB with
otential from 0 to −0.5 V, a pulse amplitude of 50 mV, a pulse
idth of 50 ms, a pulse period of 200 ms and a scan rate of 10 mV/s.

or effective intercalation of MB, all electrodes used for DPV were
mmersed in MB solution for 10 min before measurement. The

Fig. 3. C1s XPS spectra of (a) pristine, (
2 (2010) 904–911 907

bare WE, single-stranded DNA (ssDNA), and double-stranded DNA
(dsDNA) used for the DPV measurement were examined under the
same conditions.

3. Results and discussion

3.1. Characterization of the MWCNT electrode

3.1.1. Surface morphologies of MWCNT electrodes
Fig. 1 shows the well-confined MWCNT film on the substrate

and three-electrode system including the MWCNT WE, Pt CE and
Ag/AgCl RE (not shown in this picture). The line profile (AA′) of
the AFM image reveals that the thickness of the MWCNT film is
about 100 nm, and the MWCNTs on the glass wafer were clearly
etched except for the WE area. The MWCNT WEs were also mea-
sured with different plasma treatment times as shown in Fig. 2. The
simple tubular-shape of the pristine MWCNTs gradually lost their

own structures with increased treatment time, and they aggre-
gated themselves. As the treatment time increased, the degree of
deformation progressed due to the existence of defect sites on the
MWCNT surface and bonding with oxygen molecules on the sur-
face.

b)10 s, (c)15 s, (d)30 s and (e)60 s.
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Table 1
Peak assignments of XPS C1s spectra.

Plasma treatment time on MWCNTs (s) sp2 sp3 –C–O >C O –COO [COx]/[C]

BE (eV) % BE (eV) % BE (eV) % BE (eV) % BE (eV) % %

0 284.25 88.0 285.54 6.0 286.33 4.3 287.36 1.7 – – 6.4
8.5
8.6
1.3
1.0

3

t
X
a
F
fi
o
a
b
r
o
2
b
g
c
a
t
2
p
a
d
r
t
p
g
i

3

W
s
w
a
t
t
p
3
t
C
s
T
p
t
p
t
t
i
v
a
d
t
p

t

where ipc represents the peak current (A), n is the charge transfer
number (n = 1), A is the surface area of working electrode (cm2), D0
is the diffusion coefficient (7.6 × 10−6 cm2/s), C0 is the bulk con-
centration of redox species (mol/L), and v is the scan rate (V/s).
10 284.54 75.3 285.86
15 284.27 72.7 285.45
30 283.84 66.9 285.1 1
60 284.29 69.8 285.52 1

.1.2. XPS spectra of MWCNT electrodes
Fig. 3 shows the C1s core level photoemission spectra of plasma-

reated MWCNTs with different plasma treatment times and the
PS peak assignments including peak positions (binding energy)
nd their percentages are summarized in Table 1. As shown in
ig. 3(a)–(e), the asymmetric peak was observed for all MWCNT
lms, centered at 284.24 ± 0.4 eV. The main peak at 284.24 ± 0.4 eV
riginates in both sp2-hybridized graphite-like carbon atoms
nd hydrogen-bound carbon atoms [13,17]. 285.5 ± 0.4 eV could
e assigned to sp3-hybridized carbon atoms. These two peaks
eveal carbon atoms without the presence of oxygen atoms. The
ther three peaks with higher BEs at 286.4 ± 0.4, 287.5 ± 0.3, and
88.6 ± 0.3 are considered to have originated in carbon atoms
ound to one or more oxygen atom because electronegative oxy-
en atoms induce a positive charge on carbon atoms [17]. They
an be assigned as –C–O (alcohol, ether), >C O (ketone, aldehyde),
nd –COO (carboxylic acid, ester) species, respectively. The pris-
ine MWCNT shows a dominant peak structure for C1s level at
84.25 eV, which corresponds to the untreated CNT surface. The
ristine MWCNT also reveals other peaks assigned to –C–O, >C O,
nd COO due to its partial oxidation by acid purification proce-
ure [12,32]. However, the oxidative species were relatively small,
epresenting a [COx]/[C] ratio of 6.4%. As summarized in Table 1,
he oxidative species on MWCNTs were increased up to 30 s with
lasma treatment time increases, and slightly decreased at 60 s sug-
esting that the surface of MWCNTs lost their intrinsic properties
n chemical composition.

.1.3. Cyclic voltammograms of MWCNT electrodes
To confirm electrocatalytic activity changes in the pf-MWCNT

Es, CV was performed in 3 M potassium chloride (KCl) aqueous
olution containing 10 mM potassium ferricyanide (K3[Fe(CN)6])
ith a scan rate of 100 mV/s. The CV results are shown in Fig. 4(a)

nd their peak currents (using baseline) are plotted versus plasma
reatment times in Fig. 4(b). All CVs, even in pristine MWCNT elec-
rode, revealed typical current–voltage curves at all electrodes. The
eak potential value of the pristine MWCNT electrode reached
20.2 mV and the values of 10, 15, 30, and 60 s pf-MWCNT elec-
rodes were less at 316.9, 311.7, 312.9, and 312.9 mV, respectively.
Vs of the Pt track itself of WE were also measured for compari-
on, and its peak potential was 324.7 mV at a scan rate of 100 mV/s.
he peak-to-peak separation (anodic peak potential–cathodic peak
otential) values were 73, 72, 74 and 73 mV at pf-MWCNTs, while
he value was 86 mV at the pristine MWCNT electrode (the peak-to-
eak separation of Pt track was 84 mV). These results indicate that
he electrochemical reaction happened in a more reversible mat-
er at pf-MWCNT electrodes [30]. The peak currents of pf-MWCNTs
ncreased in response to treatment times up to 30 s, and then, the
alues were saturated. CV data indicates that the electrocatalytic
ctivity of plasma-functionalized MWCNTs significantly increased

epending on the increase in O2 plasma treatment time due to
he presence of some oxygen-containing functional groups on the
f-MWCNT surface, in good agreement with the XPS results.

To validate the electrochemical property of the MWCNT elec-
rode, the effective WE area was determined using CV at different
286.77 8.1 287.74 4.7 288.9 16.3 19.4
286.37 9.0 287.32 5.4 288.53 18.7 23.1
286.14 10.3 287.3 5.5 288.43 21.8 27.8
286.49 9.7 287.55 4.9 288.73 19.1 23.7

scan rates and employing a ferricyanide/ferrocyanide redox couple.
The relationship between the peak current and the square root of
the scan rate is shown in Fig. 5(a). The peak currents depend lin-
early on the corresponding square root of the scan rate with high
regression coefficients (R2 values are shown in Table 2). The depen-
dency indicates that a mass transport process has occurred in the
oxidation process by diffusion [15]. Effective area (Aeff) of MWCNT
electrode was calculated using the following equation [30]:

ipc = (2.69 × 105)n3/2AD1/2
0 C∗

0v1/2
Fig. 4. Cyclic voltammograms of MWCNT WEs and Pt track without MWCNTs. CVs of
0–60 s plasma-treated MWCNT WEs and Pt track, and (b) their anodic peak current.
CVs were carried out in 3 M KCl aqueous solution containing 10 mM K3[Fe(CN)6]
with a scan rate of 100 mV/s.
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ig. 5. Relationship between the square root of scan rates and (a) the anodic peak
urrents of MWCNT WEs and Pt track, and (b) the effective areas of them. CVs were
easured in 3 M KCl aqueous solution containing 10 mM K3[Fe(CN)6] with scan rates

f 10, 20, 50, 100, 200 and 300 mV/s.

he calculation results are shown in Table 2 and Fig. 5(b). After
0 s plasma treatment, the pf-MWCNT WEs were found to have a
uch higher peak current and a effective area about 1.9 larger than

hat of a corresponding pristine MWCNT. The surface properties
f pf-MWCNT WEs were affected significantly by oxygen plasma
reatment, due to the presence of oxygen-containing defects at the
urface of pf-MWCNTs. The Aeff of 1.0 mm diameter-Pt track was
.00714 cm2. Although the Aeff of Pt track was larger than that of
ristine SWCNT WE (0.00453 cm2), the pf-SWCNT WEs have larger

eff value than Pt track as well as pristine SWCNT WE. Moreover,
t electrode is not able to be a sensing electrode itself since Pt is a
oble metal and is hard to functionalize with other chemicals, while
NTs were easily functionalized with oxygen plasma treatment.

able 2
ffective areas of MWCNT electrodes and Pt track calculated from CV results.

Plasma treatment time (s) Slopea (ipc/v1/2) R2 b Aeff
c (cm2)

0 1.0641 0.9996 0.00453
10 1.7524 0.9997 0.00747
15 1.9692 0.9994 0.00839
30 2.0518 0.9994 0.00874
60 2.0178 0.9997 0.00860
Pt track (1.0 mm diameter) 1.6758 0.9999 0.00714

a Relationship between the square root of scan rates and peak current.
b Regression coefficient (degree of linear relationship).
c Effective area of working electrode area.
Fig. 6. AFM images of oligonucleotide immobilization on MWCNT WEs. Immobiliza-
tion on (a) pristine and (b) 30 s plasma-treated MWCNT WE. Both were measured
in 5 �m × 5 �m and inserted images were in 1 �m × 1 �m.

3.2. Electrochemical performance of a pf-MWCNT WE based DNA
sensor

According to XPS and CV results, the plasma treatment time
on MWCNTs was fixed at 30 s for DNA sensor application. Fig. 6
shows AFM images of probe DNAs on a pristine WE and pf-
MWCNT WE for a 30 s treatment time. The MWCNTs shown in
Fig. 6(b) were uniformly covered with small molecules; probe DNA
whereas Fig. 6(a) shows MWCNTs have their own structure. These
results indicate that many oxygen-containing functional groups
were effectively induced on the MWCNTs by oxygen plasma treat-
ment, and that amine modified probes were uniformly immobilized
on pf-MWCNTs.

DNA hybridization with a complementary target was detected
by differential pulse voltammetry (DPV) in 20 �M MB solution [31].
MB has a strong affinity for the free guanine base present in ssDNA
and it can act as a redox material in an electrochemical reaction.

Fig. 7(a) reveals the DPV curves of MB at the bare pf-MWCNT elec-
trode, probe DNA immobilization and non-complementary DNA on
the DNA sensor. The DPV signal of MB was decreased after probe
DNA immobilization, indicating that the free MB molecules in bulk
solution were dominant than MB attached in ssDNA. As expected,
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Fig. 7. Differential pulse voltammograms of pf-MWCNT based DNA sensor for L. pneumophila detection. (a) DPVs of pf-MWCNT, probe DNA immobilization on pf-MWCNT,
and after hybridization with non-complementary target. (b) DPVs from 10 pM to 100 nM of target DNA concentration. (c) Calibration curves of pf-MWCNT based DNA sensors.
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lack rectangles indicate a 30 s pf-MWCNT based DNA sensor, and red circles indic
f a 10 s pf-MWCNT based DNA sensor with 100 pM detection limit, while the dete
eferences to color in this figure caption, the reader is referred to the web version o

here was no signal change after the non-complementary DNA reac-
ion whereas the DPV signal of the MB decreased remarkably after
ybridization with the target DNA.

The sensitivity of the pf-MWCNT WE based DNA sensor was
nvestigated within 10 pM to 100 nM of the target concentration.
he pf-MWCNT WEs were prepared by 30 s plasma treatment.
ig. 7(b) shows different peak currents obtained by the DPV sig-
al of the MB after hybridization and Fig. 7(c) shows that the
eduction current of the MB was linear with respect to the comple-
entary DNA concentration over the whole range. The sensitivity

as −0.13688 �A/M with high regression coefficients (R2 = 0.9978).

or comparison, the 10 s plasma-treated MWCNT (10 s pf-MWCNT)
ased DNA sensor was also prepared and electrochemically mea-
ured in the same concentration range as the target DNA. We tried
o prepare the pristine MWCNT based DNA sensor; however, the
0 s pf-MWCNT based DNA sensor. The inserted graph shows the calibration curve
limit is 10 pM in the 30 s pf-MWCNT based DNA sensor. (For interpretation of the
rticle.)

probe DNAs were not effectively immobilized on the MWCNTs due
to the lack of oxidative surface. The 10 s pf-MWCNT based sen-
sor could detect the target in the concentration range of 100 pM
to 100 nM with a sensitivity of −0.05266 �A/M (R2 = 0.9472). The
sensitivity was lower, and the detection limit was worse than
the 30 s pf-MWCNT based sensor. We concluded that the elec-
trode with the larger effective area is directly related to the
enhanced sensing performance such as sensitivity and the detec-
tion limit.
4. Conclusions

We successfully fabricated well-patterned MWCNT electrodes
and a pf-MWCNT based electrochemical DNA sensor for L. pneu-
mophila detection. A homogeneous MWCNT suspension and
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ransfer method could make MWCNTs possible to prepare the well-
atterned MWCNT WEs, and from XPS and CV results we could
onclude that the MWCNTs were effectively functionalized by oxy-
en plasma treatment. The plasma treatment of MWCNT WEs
llowed higher electrocatalytic activity than pristine MWCNTs, and
ade the MWCNT surface induce oxygen-containing functional

roups for covalently attachment to amine terminated probe DNA.
ffective areas for MWCNT WEs were calculated from CV results,
nd their values of pf-MWCNT WEs were higher than pristine
WCNT WE. From a comparative study of 10 and 30 s (optimum

ondition) pf-MWCNT based DNA sensors, the higher effective area
f WE value influenced sensitivity and the detection limit. DPV with
f-MWCNT WEs was optimized and successfully applied to DNA
uantification of the mip sequence for L. pneumophila detection.
onsidering electrochemical results of electrodes themselves and
NA sensing performance, the pf-MWCNT WE presented here can
e applied to other electrochemical biosensors since they have high
lectrochemical properties and the capability for easy functional-
zation.
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