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DNA biosensor based on chitosan film doped with carbon nanotubes
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Abstract

A biosensor based on chitosan doped with carbon nanotube (CNT) was fabricated to detect salmon sperm DNA. Methylene blue
(MB) was employed as a DNA indicator. It was found that CNTs can enhance the electroactive surface area threefold (0.28 ± 0.03
and 0.093 ± 0.06 cm2 for chitosan–CNT- and chitosan-modified electrodes, respectively) and can accelerate the rate of electron
transfer between the redox-active MB and the electrode. A low detection limit of 0.252 nM fish sperm DNA was achieved, and
no interference was found in the presence of 5 lg/ml human serum albumin. The differential pulse voltammetry signal of MB
was linear over the fish sperm DNA concentration range of 0.5–20 nM.
� 2005 Elsevier Inc. All rights reserved.
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Carbon nanotubes (CNTs)1 consisting of cylindrical
graphite sheets with nanometer diameter are relatively
novel materials showing many attractive properties,
including improved electrochemical behavior [1,2].
There are two kinds of CNTs with different structures:
single-wall carbon nanotubes (SWNTs) and multiwall
carbon nanotubes (MWNTs). SWNTs have diameters
of 1–2 nm and are made from a single graphite sheet
rolled flawlessly, whereas MWNTs are composed of
homocentric and closed graphite tubules with diame-
ters varying from 2 to 50 nm and an interlay distance
of approximately 0.34 nm. Since the discovery of CNTs
in 1991 [3], considerable efforts have been made to
study the application of this new material. Because of
their special structural feature and its unique electronic
0003-2697/$ - see front matter � 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.ab.2005.07.037

* Corresponding author.
E-mail address: szyao@hnu.net.cn (S. Yao).

1 Abbreviations used: CNT, carbon nanotube; SWNT, single-wall
carbon nanotube; MWNT, multiwall carbon nanotube; MB, methy-
lene blue; EDTA, ethylenediamine tetraacetic acid; CV, cyclic
voltammetry; DPV, differential pulse voltammetry; UV–vis, UV–
visible; HSA, human serum albumin.
and mechanical properties, CNTs are widely used in
electrochemical investigations, for example, in direct
electrochemistry of proteins [4], construction of electro-
chemical sensors and biosensors [5,6], electrocatalysis
[7,8], and electrode materials in batteries [9].

DNA correlated with the genic diseases is highly
important for human life. Various techniques, including
quartz crystal microbalance [10], electrochemical [11],
fluorescent [12], electrophoretic [13], electrochemilumi-
nescence [14], enzymatic [15], surface plasmon resonance
[16], and atomic force microscopy [17], have been devel-
oped to detect DNA hybridization. However, the elec-
trochemical method has attracted more attention than
other methods because it is simple, rapid, highly sensi-
tive, and cheap. Thus, the immobilization of DNA to
the surface of the working electrode is a significant step
in the fabrication of the DNA biosensor. CNTs can be
employed to bind with DNA through covalent bond
or electrostatic attraction [18,19]. However, lack of sta-
bility and uniformity of CNTs directly immobilized onto
the electrode surface without other reagents can be a
problem. Chitosan, electrodeposited zirconia thin film,
and cetyltrimethyl ammonium bromide have also been
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applied to immobilize DNA [20–22], although the con-
ductivity of these films has been less than ideal, leading
to the conclusion that the electron transfer may be
retarded to some extent. To solve this problem, func-
tionalized conductive polymers were electropolymerized
on the electrode surface to detect DNA hybridization
directly [23–25]. Nevertheless, the synthesis of the func-
tionalized monomers has always been complicated, lim-
iting its application. Therefore, films were doped with
CNTs to improve conductivity. The sol-gel-derived
ceramic CNT-modified electrode exhibits a tunable elec-
trode dimension, depending on the amount of CNTs,
and can catalyze the oxidation of ascorbic acid or gluta-
thione in both reduced and oxidized forms [26]. Chito-
san films mixed with CNTs have been used to develop
a biosensor based on dehydrogenase enzyme [27]. How-
ever, whether chitosan–CNT film can be used to enlarge
the electrochemical signal of the DNA indicator and in-
crease sensitivity for DNA detection has not been inves-
tigated previously.

In this study, CNTs wrapped by chitosan film were
immobilized on the surface of graphite electrodes. Be-
cause chitosan–CNTs can form a stable complex
through noncovalent binding, the stability of CNTs in
aqueous chitosan solution was greatly improved. Thus,
CNTs could be uniformly distributed in the chitosan
film. Using fish sperm DNA as the model and methylene
blue (MB) as the indicator, the properties of the chito-
san–CNT system were characterized by electrochemical
methods. The interference of human serum albumin was
also investigated.
Materials and methods

Chemicals and solutions

MWNTs were purchased from Tsinghua University.
Chitosan was obtained from Shanghai Yuanju Biocom-
pany (China). MB was purchased from Beijing Chemical
Reagent (China). Fish sperm DNA was obtained from
AMRESCO (Solon, OH, USA), and human serum albu-
min was purchased from Shanghai Biological (China).
In the experiment, 40 mM Tris–HCl buffer (pH 8.0)
and 10 mM Tris–HCl + 1.0 mM ethylenediamine tetra-
acetic acid (EDTA, TE buffer, pH 8.0) were used. Other
chemicals were commercially available, and all were of
analytical reagent grade. Double distilled water was
used.

Instrumentation

A CHI 660B electrochemical analyzer (Chenhua,
China) was employed to perform cyclic voltammetry
(CV) and differential pulse voltammetry (DPV). A
DU-800 spectrophotometer (Beckman, USA) was used
to determine the DNA concentration. The three-elec-
trode system, containing a working electrode made of
graphite, an Ag/AgCl reference electrode, and a plati-
num foil as a counterelectrode, was employed.

Preparation of chitosan–CNT film on graphite electrode

A 2% chitosan solution was prepared in 1% acetic
acid. MWNTs were refluxed in concentrated nitric acid
for 5 h, were filtered and washed with double distilled
water until the filtrate was neutral, and finally were dried
under vacuum. Then, a different amount of CNTs (0.1–
1.5 mg/ml) was dissolved in chitosan solution under
30 min sonication. Chitosan–CNT solution (10 ll) was
spread uniformly to the freshly smoothed graphite elec-
trode surface. After the solution was dried in air, the
graphite electrode was immersed in 0.1 M NaOH for
30 min to make the film more stable. Then, the electrode
was rinsed with double distilled water three times and
air-dried. In this way, a robust chitosan film doped with
CNTs was formed.

Fish sperm DNA immobilization

All fish sperm DNA solutions were prepared in TE
buffer. The modified graphite electrode was immersed
in the DNA solution under stirring for 2 h at room tem-
perature (�20 �C). Then, the electrode was washed with
TE buffer three times and immersed in 2.0 · 10�5 M MB
solution containing 20 mM NaCl. After the accumula-
tion of MB for 60 min, the electrode was rinsed with
40 mM Tris–HCl buffer three times to remove the non-
specifically adsorbed MB.

Electrochemical detection

CV experiments were carried out in 5 mM
K3Fe(CN)6 + 5 mM K4Fe(CN)6 with 0.1 M KCl as sup-
porting electrolyte or 40 mM Tris–HCl buffer. The effec-
tive area of the electrode was determined by CV in
20 mM K4Fe(CN)6 + 0.2 M KCl. DPV was performed
in MB-free 40 mM Tris–HCl buffer between �0.6 and
0.2 V with the amplitude of 50 mV.

UV–visible spectrophotometric detection

UV–visible (UV–vis) spectrophotometric detection
was carried out using a DU-800 spectrophotometer.
To evaluate the stability of the film, the modified graph-
ite electrodes were immersed in 2 ml of 0.1 M NaOH or
0.1 M HCl aqueous solution and incubated at room
temperature for 60 min under shaking, and then the
UV–vis spectra of the solutions were recorded. After
the adsorption of DNA to the modified electrode, the
graphite electrode was put in 2 ml of 0.1 M NaOH or
1% acetic acid aqueous solution. Then, the absorbance
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between 220 and 400 nm was recorded. The double-
stranded fish sperm DNA concentration was determined
spectrophotometrically using the known molar absorp-
tion coefficient 6600 (mol/ml)�1 cm�1 at 260 nm (per P
or nucleotide unit) [28].
Results and discussion

Characterization of the chitosan–CNT film

MWNTs are not soluble in water and acid solution
due to the aggregation caused by hydrophobic interac-
tions and van der Waals attractive force between the
nanotubes. However, CNTs would be hydrophilic after
treatment with concentrated nitric acid because the
–COOH and –OH groups are generated on the surface
of CNTs. In these experiments, it was found that the
aqueous chitosan–CNT solution was black and that the
color remained for a long time. As a cationic biopolymer,
chitosan can absorb anionic chemicals such as CNTs
containing –COOH groups. Hence, CNTs could be dis-
persed uniformly in aqueous solution of chitosan and
the stability of CNT solution was greatly improved.

Fig. 1 demonstrates the steady-state CVs for the bare,
chitosan-modified, and chitosan–CNT-modified (con-
centration of CNTs in chitosan solution was 1.2
mg/ml) graphite electrodes in 20 mM [Fe(CN)6]

4� con-
taining 0.2 M KCl at a scan rate of 20 mVs�1 versus
Ag/AgCl (saturated KCl) reference electrode. Well-de-
fined reduction and oxidation peaks were found for
the [Fe(CN)6]

3�/[Fe(CN)6]
4� redox couples. However,

the reversibility of the redox probes was not good at
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Fig. 1. Estimation of electroactive surface area by CV in 20 mM
K4Fe(CN)6 and 0.2 M KCl at 20 mV s�1 versus Ag/AgCl reference
electrode: (a) chitosan–CNT-modified graphite electrode, (b) chitosan-
modified graphite electrode, and (c) bare graphite electrode.
the freshly smoothed graphite electrode. Because chito-
san can adsorb negatively charged [Fe(CN)6]

3�/
[Fe(CN)6]

4� through electrostatic adsorption, the peak
current of the chitosan-modified graphite electrode was
greater than that of the bare graphite electrode.
Although the positive charge of chitosan can be com-
pensated to some extent in the presence of –COOH
groups on the surface of CNTs, the peak current of
[Fe(CN)6]

3�/[Fe(CN)6]
4� did not decrease, indicating

that CNTs can accelerate the electron transfer between
redox probes and the electrode. At the same time, the
background current was also enlarged, showing that
the electroactive surface can be enhanced by CNTs.
According to the Randles–Sevcik equation [29], the
electroactive surface area of the chitosan- and chito-
san–CNT-modified graphite electrodes could be calcu-
lated as

Ip ¼ 2.69� 105AD1=2n3=2c1=2C; ð1Þ
where Ip is the cationic peak current (A), A is the elect-
roactive area (cm2), D is the diffusion coefficient of the
molecule in solution (cm2 s�1), n is the number of elec-
trons transferred in the redox course, c is the potential
scan rate (V s�1), and C is the concentration of the
probe chemical in the bulk solution (mol cm�3). For
20 mM [Fe(CN)6]

4�, the diffusion coefficient (D) is
(6.70 ± 0.02) · 10�6 cm2 s�1. Consequently, the average
electroactive areas of chitosan–CNT- and chitosan-
modified graphite electrodes were estimated as
(0.28 ± 0.03) and (0.093 ± 0.06) cm2, respectively, indi-
cating that a close electrical contact existed between
chitosan–CNTs and the graphite electrode. In contrast,
bare graphite electrodes give less active surface area
than do modified electrodes. After modification with
CNTs, the property of the electrodes was greatly im-
proved because CNTs were of large surface area and
could also accelerate the electron transfer between the
redox couple in bulk solution and the electrodes.

Adsorption time for fish sperm DNA

When DNA was adsorbed on the chitosan–CNT film,
the cathodic peak current of the [Fe(CN)6]

3�/
[Fe(CN)6]

4� redox probe decreased because DNA with
a negative charge could retard the redox probes to the
surface of graphite electrode. Thus, the decrease of the
peak current of ferricyanide indicated the formation
of the DNA/chitosan–CNT film modified at the
graphite electrode surface. Fig. 2 shows the relationship
between the adsorption time for DNA and the decrease
of the anodic and cathodic peak currents of
[Fe(CN)6]

3� + [Fe(CN)6 ]4�. It is clear that the anodic
and cathodic peak currents decreased drastically for
immersion times in 20 nM DNA solution that were less
than 2 h. When the adsorption times were more than
2 h, no further decrease of peak currents was observed,
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Fig. 3. Effect of MB concentration on DPV signal of MB. s,
experimental data; —, fitting curve. DNA concentration: 20 nM;
incubation time for DNA/chitosan binding: 2 h; adsorption time of
MB on DNA: 40 min.
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Fig. 4. Effect of adsorption time of MB to DNA/chitosan–CNT film.
MB concentration: 20 lM.
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Fig. 2. Relationship between DNA adsorption time and peak current
of CV in 5 mM K3Fe(CN)6 + 5 mM K4Fe(CN)6. j, anodic peak
current decrease; d, cathodic peak current decrease. Supporting
electrolyte: 0.1 M KCl; DNA concentration: 20 nM; scan rate:
50 mV s�1 versus Ag/AgCl reference electrode.

110 DNA biosensor based on chitosan film / J. Li et al. / Anal. Biochem. 346 (2005) 107–114
indicating that no more adsorption occurred. In this
work, 2 h was selected to immobilize DNA to the chito-
san–CNT film.

Effect of MB concentration

The concentration of MB used to label the immobi-
lized DNA affected the quantity of MB accumulated
on DNA. Therefore, the sensitivity of the sensor can
be influenced by MB concentration. After the adsorp-
tion of DNA to the chitosan–CNT-modified graphite
electrode, the electrodes were immersed in MB solutions
with different MB concentrations. Fig. 3 demonstrates
the DPV signals of MB with different MB concentra-
tions for labeling fish sperm DNA. It is clear that the
DPV signals do not increase significantly when the con-
centration of MB is greater than 20 lM. The accumula-
tion of MB with diverse concentrations to DNA had an
isotherm-like shape. From a fit of these data to the
Langmuir model, a surface-binding constant of
3.50 · 105 M�1 was obtained:

h ¼ ap=ð1þ apÞ; ð2Þ
where h is the surface coverage, a is the surface-binding
constant, and p is the MB concentration. The fit curve is
also presented in Fig. 3. It can be seen that the fit data
are very similar to the experimental data, indicating that
the Langmuir model is suited for describing the adsorp-
tive behavior of MB to DNA.

Effect of accumulation time for MB binding to DNA

Accumulation time was another factor influencing
the sensitivity of the sensor. The chitosan–CNT-modi-
fied graphite electrodes were dipped in 10 nM DNA
solution for 2 h and then in 20 lMMB aqueous solution
containing 20 mM NaCl for different time periods. The
DPV signals of MB at approximately �0.2 V (vs. Ag/
AgCl) in MB-free Tris–HCl buffer were recorded corre-
spondingly. Fig. 4 shows the relation between the
cathodic peak current of MB by DPV and the accumu-
lation time. It can be seen that the signals did not in-
crease when the accumulation time was longer than
60 min. At shorter times, the cathodic peak currents
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Fig. 5. UV absorption spectra recorded in 1% acetic acid solution
incubated with DNA/chitosan–CNT-modified graphite electrode for
1 h (a), 1% acetic acid solution of CNTs (b), and 1% acetic acid
solution of chitosan (c). Inset: UV absorption spectra of trace (a)
between 250 and 270 nm.
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changed dramatically because the adsorption of MB to
the DNA was uncompleted and many adsorption sites
for MB existed in double-stranded DNA. However,
MB molecules intercalated to DNA cannot increase infi-
nitely because binding sites in DNA are limited by DNA
structure. Therefore, 60 min was selected as the optimal
accumulation time.

Stability of chitosan–CNT film

The chitosan–CNT-modified graphite electrodes were
immersed in 0.1 M NaOH and 0.1 M HCl under stirring
for 60 min each. After the treatment, no visible changes
were found in the solution or on the surface of graphite
electrodes; in particular, no black precipitates were gen-
erated in aqueous solution, indicating that the CNTs
were well immobilized in the chitosan film and could
not flake off from the surface of modified graphite elec-
trodes. It can also be concluded that the chitosan film
was very stable in 0.1 M NaOH or HCl aqueous solu-
tion. However, the chitosan film can be destroyed by
1% acetic acid solution. If the chitosan–CNT-modified
graphite electrode was incubated in 1% acetic acid solu-
tion for 60 min, the film was dissolved and black parti-
cles were suspended in the solution because chitosan is
soluble in 1% acetic acid aqueous solution. These facts
were verified by UV–vis spectrophotometry using CNT
absorption at 230 nm as a criterion [30]. No CNT
absorption at approximately 230 nm was observed in
0.1 M NaOH or HCl incubated with the chitosan–
CNT-modified electrodes. However, a UV absorption
peak at 230 nm appeared in 1% acetic acid (data not
shown) treated with chitosan–CNT film, demonstrating
that CNT flaked off from the electrode surface.

Stability of DNA/chitosan–CNT/graphite electrodes

DNA and other polyanions can be effectively immo-
bilized on the surface of the polycationic polymer film
of chitosan through electrostatic attraction [20]. The sta-
bility of the DNA/chitosan–CNT complex was also
investigated by UV absorption of DNA after the elec-
trodes were treated with 0.1 M NaOH, 0.1 M HCl,
40 mM Tris–HCl buffer (pH 8.0), and 1% acetic acid
for 60 min each. Hardly any DNA absorption at
260 nm was observed using 0.1 M HCl solution or
40 mM Tris–HCl buffer as baseline correction, showing
that the DNA/chitosan complex was stable in 0.1 M
HCl or 40 mM Tris–HCl buffer and that CNTs could
not affect the stability of the DNA/chitosan complex.
However, the DNA/chitosan system was unstable in
0.1 M NaOH, demonstrating that electrostatic attrac-
tion between DNA and chitosan could be destroyed
by a high pH. This phenomenon may suggest that the
electrode can be refreshed by rinsing with alkali solu-
tion. Fig. 5 shows the UV spectra of CNTs and chitosan
in 1% acetic acid and the aqueous acetic acid after incu-
bation with DNA/chitosan–CNT electrodes. A new
absorption at approximately 270 nm was found if the
DNA/chitosan–CNT-modified electrodes were incubat-
ed in 1% acetic acid for 60 min, whereas a peak at
approximately 260 nm remained. This may be explained
as follows. Most of the DNA can form a complex with
chitosan in aqueous acetic acid solution, resulting in the
DNA absorption shift from 260 to 270 nm. However,
this DNA/chitosan complex can be dissociated partly
in the presence of acetic acid; hence, the DNA absorp-
tion at approximately 260 nm remained. Because the
absorbance at 260 nm was much lower than that at
270 nm, it can be concluded that the DNA/chitosan
complex was rather stable. Nevertheless, no absorption
at 250–280 nm was observed when the chitosan–CNT-
modified electrodes were treated with 1% acetic acid
for 60 min.

Electrocatalysis of CNT doped into chitosan film

MB can intercalate into double-stranded DNA as an
indicator. To improve the DNA detection sensitivity,
CNTs were mixed in the chitosan film. Fig. 6 illustrates
the cyclic voltammograms of MB accumulated on chito-
san, DNA/chitosan, and DNA/chitosan–CNT-modified
graphite electrodes in 40 mM Tris–HCl buffer each. No
redox peaks were observed when chitosan-modified
electrodes were treated with MB, indicating that nonspe-
cific adsorption of MB can be avoided using the given
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112 DNA biosensor based on chitosan film / J. Li et al. / Anal. Biochem. 346 (2005) 107–114
procedure. In contrast, MB can give redox peaks on the
DNA/chitosan-modified electrodes as a result of the
binding of MB with DNA. However, the chitosan–
CNT-modified graphite electrodes can give more dis-
tinct signals than can the DNA/chitosan-modified
graphite electrodes. Furthermore, the background cur-
rent is also enlarged, showing that CNTs mingled with
chitosan can increase the electroactive area of the mod-
ified electrodes. Because the CNTs contacted to graphite
electrodes closely, the new channels for electron transfer
between the electroactive substances and the electrodes
can be formed; therefore, the rate of heterogeneous elec-
tron transfer can be increased. However, as can be seen
in Fig. 6, the amount of CNTs can greatly affect the sen-
sitivity of the sensors (the relative standard deviations
were <8%, n = 4). The maximum anodic peak current
(Ip) was found when the concentration of CNTs in
chitosan solution was 1.2 mg/ml, whereas Ip began to
drop at the CNT concentration of 1.5 mg/ml. Although
CNTs can enlarge the signal of MB, positive charges of
chitosan can also be compensated by –COOH groups on
the surface of CNTs. Therefore, the amount of DNA
immobilized to the film will be affected by the presence
of CNTs, causing changes of electrochemical signals of
MB. However, if the amount of CNTs immobilized on
the film was too small, such as 0.1 mg/ml in chitosan
solution, the electrocatalytical function of CNT was
not obvious; the anodic peak current of MB was
0.0152 and 0.0137 mA for CNT–chitosan-modified
graphite electrode and chitosan graphite electrode,
respectively. It is reasonable that a small quantity of
CNTs cannot offer enough electron transfer channels
between MB and the graphite electrode. Therefore, it
can be inferred that CNTs not only increase the electro-
active surface area of the graphite electrode but also
shorten the distance between the DNA and the graphite
electrode.

Electrochemical detection of fish sperm DNA using

chitosan–CNT film

To electrochemically detect DNA based on the chito-
san–CNT film, fish sperm double-stranded DNA was
used. Chitosan can effectively immobilize single- or dou-
ble-stranded DNA through attachment of the phos-
phate group at the 5 0 end of DNA with the –NH2

group of chitosan. In this study, chitosan film similarly
showed good affinity for double-stranded DNA as well
as single-stranded DNA [20]. The voltammetric signal
of MB at the electrode surface can indirectly reflect
the quantity of DNA immobilized onto chitosan film,
which was closely correlated with the DNA concentra-
tion. Fig. 7 shows the results of DNA detection. The
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logarithmic value of DNA concentration between 0.5
and 20 nM is linear with the DPV signal of MB. The
regression equation was

�y ¼ 27.976 log xþ 268.43; ð3Þ
where y is the DPV peak current of MB (lA) and x is
the concentration of fish sperm double-stranded DNA
(M). The regression coefficient (r) of the linear part
was 0.9953. The detection limit is estimated as
0.252 nM for fish sperm DNA using 3 SD, where SD
is the standard deviation of the blank solution (n = 4).

Recovery and interference of the sensor for fish sperm
DNA

The recovery of this DNA sensor was also investigat-
ed. The chitosan–CNT-modified graphite electrodes
were immersed in various standard DNA solutions un-
der the above experimental conditions. After labeling
with MB, voltammetric signals of MB were recorded
and the concentration of DNA was calculated by Eq.
(3). The results are listed in Table 1. The recovery was
between 89 and 106% at different DNA concentrations
examined, indicating that the chitosan–CNT film was
suitable for the detection of DNA. We also studied the
interference of human serum albumin (HSA) on this
DNA sensor. To the fish sperm DNA solutions of differ-
ent concentrations, 5 lg/ml HSA was added. Table 2
gives the results. The recovery was between 90 and
104%, showing that HSA cannot be specifically ad-
sorbed onto the chitosan–CNT film and does not affect
Table 1
Recovery of DNA determination with biosensor based on chitosan–
CNT system

CDNA added
(nM)

CDNA found
(nM)

Recovery
(%)

Mean recovery
(%)

0.60 0.6333 105.60 98.43
1.25 1.2625 101.00
5.75 5.6417 98.11
8.00 7.1200 89.00
12.50 13.1970 105.58

Note. MB concentration: 20 lM; accumulation time for MB: 60 min;
DNA incubation time: 2 h.

Table 2
Study on interference of HSA on DNA sensor

CDNA added
(nM)

CDNA found
(nM)

Recovery
(%)

Mean recovery
(%)

0.60 0.5881 98.02 96.40
1.25 1.2415 99.32
3.25 2.9268 90.06
5.75 5.9360 103.23
12.50 11.4230 91.38

Note. HSA concentration: 5 lg/ml; MB concentration: 20 lM; accu-
mulation time for MB: 60 min; DNA incubation time: 2 h.
the performance of the sensor for DNA detection.
Therefore, this sensor may be used to detect the trace
DNA in serum.
Conclusion

In this study, chitosan–CNT film employed for
DNA detection was prepared on the surface of graph-
ite electrodes. The solubility of MWNTs was enhanced
in the presence of chitosan, and the stability of CNTs
was also improved. Under high ionic strength, black
sediment was found in the chitosan–CNT solution,
identifying the chitosan–CNT system as a colloidal
suspension of charged particles. CNTs can be fixed
tightly to the surface of the graphite electrode through
chitosan. The chitosan–CNT film was nondestructive
in 0.1 M HCl or NaOH. CNTs doped into the chito-
san film not only can increase the electroactive surface
of the electrode but also act as a bridge to accelerate
the rate of heterogeneous electron transfer between the
electrode and the redox-active MB. In this way, the
sensitivity of this electrode was greatly increased with
the detection limit of 0.252 nM for fish sperm dou-
ble-stranded DNA, and the cathodic current of MB
was linear with the logarithmic value of the DNA con-
centration between 0.5 and 20 nM. The recovery of
DNA was between 89 and 110%. Compared with
other DNA detection techniques, this study provides
a simple and practical method that displays a satisfac-
tory detection limit and a linear dynamic range, indi-
cating that the chitosan–CNT system can be used as
a stable and sensitive platform for DNA detection.
The detection signals were enlarged immediately by
the introduction of CNTs, indicating that CNTs have
great potential to be used to improve sensor perfor-
mance. At the same time, some disadvantages in the
assay were observed, such as a relatively long manip-
ulation time, and these may be overcome in future
work.
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