Fresenius J Anal Chem (2001) 369:428—-432

© Springer-Verlag 2001

ORIGINAL PAPER

Chun Xu - Hong Cai - Qun Xu - Pingang He
Yuzhi Fang

Characterization of single-stranded DNA
on chitosan-modified electrode and its application
to the sequence-specific DNA detection

Received: 11 October 2000 / Revised: 13 November 2000 / Accepted: 14 November 2000

Abstract Single-strand DNA could bind with chitosan on
a platinum electrode via forming a tight DNA-chitosan
complex. The salt concentration of the ssDNA solution had
an obvious effect on the surface coverage, the immobiliza-
tion was remarkably reduced at high salt concentration.
The sample ssDNA immobilized on the chitosan-modified
electrode can hybridize efficiently with the complementary
sequences and be successfully used for the sequence-spe-
cific DNA detection. The same results could be obtained
using a gold or graphite electrode modified with chitosan.
The stability of this electrode has been also discussed.

1 Introduction

There has been considerable interest in developing reliable
methods for detecting and quantifying specific DNA se-
guences. The traditional method always uses an enzymatic
label with radioisotopes, i.e. 3P or 125]. Various techniques,
such as those based on biotin [1], digoxigenin [2], fluo-
rescent dye [3], chemiluminophore [4] and electrochemi-
cal DNA biosensor [5-21], have been proposed to over-
come the main disadvantages of the traditional method, e.g.
long assay time and the use of hazardous radioisotopes.
Electrochemical techniques have been applied widely to
sequence-specific DNA diagnosis and detection [5-15]
with the advantages of being cheap, sensitive and rapid.
Our group has also reported on severa electrochemical
DNA biosensors for specific DNA sequence detection [ 16—
19] and the damage and protection of DNA [20, 21].
With the development of an electrochemica DNA
biosensor, surface-immobilization of DNA becomes more
important. There are many reported methods for surface
immobilizing DNA on electrodes, such as chemical adsorp-
tion [5-6], covalent-binding [7, 8, 16, 17], antigen-antibody
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method [9] and electrostatic attraction [10-15, 18-20].
Here, we report on anovel method of single-stranded DNA
(ssDNA) immohilization at a chitosan modified platinum
electrode for the detection of the sequence-specific DNA
with high sensitivity and selectivity. An electrochemical
characterization of the electrode surface and the mecha-
nism of immobilization were investigated.

2 Experimental

2.1 Chemicals and solutions. The pNC; plasmid DNA (about
4000 bp, containing a sequence complementary to the PCR prod-
ucts, Aygo/Asgo = 1.73, no further purification) and the PCR products
(about 200 bp, Asy/Asgy = 1.96) were obtained from the molecular
Biology Laboratory, Department of Biology, East China Normal
University (Shanghai, China). ADNA and pBR322 DNA were pur-
chased from Huamei Biotechnology Company (Shanghai, China).
The DNA concentration was determined spectrophotometrically us-
ing the known molar absorption coefficient 6600 (mol/L)* cm at
260 nm (per P or nucleotide unit) [22]. Denatured single-stranded
DNA (ssDNA) was produced by heating native double-stranded
DNA (dsDNA) in a boiling water bath about 10 min followed by
rapid cooling in an ice bath. Chitosan oligomer (1.0% solution in
1.0% acetic acid, v/v) was purchased from Aldrich company (US).
Ferrocenecarboxal dehyde (FCA) was obtained from Tohoku Uni-
versity (Japan). 1-Ethyl-3-(3-dimethyl-aminopropyl) carbodiimide
(EDC) and hydroxymethyl-aminomethane (tris) were purchased
from Sigma (US). N-Methylimidazole and sodium dodecylsul-
fate (SDS) were purchased from Guangyao Chemicals Company
(Jiangsu, China). The following buffers were used: 2 x SSC buffer,
0.3mol/L NaCl + 0.03 mol/L sodium citrate (pH 7.0); TE buffer,
10 mmol/L Tris-HCI +1.0 mmol/L EDTA (pH 8.0). Other reagents
were commercially available and were all of analytical reagent
grade. Solutions were prepared with double-distilled water.

2.2 Instrumentation. A CHI 630 Electrochemical Anayzer (CHI
Instruments Inc., US), aJB-1 stirring machine (Branson, Shanghai,
China), aVarian Cary 50 UV spectrophotometer (Varian Com. US)
and a TDL-16B centrifuge (Anting Science Instrument Inc., Shang-
hai, China) were used. The three-electrode system consisted of a
working electrode made of gold with diameter of 2.5 mm, an Ag/
AqgCI reference electrode and a counter electrode made of platinum.
All electrochemical measurements were carried out in a10 mL cell.

2.3 Immobilization of DNA on platinum electrode. The chitosan-
maodified platinum electrode (chitosan/PE) was prepared by applying
a2.0 uL 1.0% chitosan solution uniformly on a freshly smoothed
platinum electrode, then it was dried and subsequently the elec-



trode was immersed in 0.1 mol/L NaOH solution for 30 min to make
the film more stable. The electrode was dried againin air. Thereby,
a chitosan oligomer film was formed on the platinum electrode.
The chitosan-modified electrode was immersedinal.0 mL TE
solution containing 6.06 pmol/L denatured plasmid DNA solution
(ssSDNA). The solution was stirred at room temperature (25 + 0.5°C)
for 120 min. Thus, the sSDNA was immobilized on the chitosan-
modified platinum electrode (ssDNA/chitosan/PE). Subsequently,
the electrode was washed with 0.1% SDS phosphate buffer (pH 7.0)
three times and immersed in a 0.01 mol/L TE buffer (pH 8.0).

2.4 Measurement of apparent capacitance. The capacitance was
measured by cyclic voltammetry (CV) in 1.0 mol/L KNO; between
+0.40 and +0.60 V (vs. Ag/AgCI). The charging current at +0.50 V
was recorded in the third cycle of cyclic voltammetry and was
plotted versus scan rates (< 100 mV/s). The slope of the plot rep-
resents the apparent capacitance.

2.5 Hybridization. Hybridization reaction was done by immersing
the immobilized ssDNA electrodein a5.0 mL 2 x SSC buffer con-
taining the 5.0 umol/L FCA labeled PCR product, marked as FCA-
ssDNA (its synthesis was carried out according to [18]). After in-
cubating at 42°C for 1 h with shaking, the electrode was washed
three times with a 0.1% SDS phosphate buffer (pH 7.0) to remove
the unhybridized DNA.

2.6 Ultraviolet-visible spectrophotometric detection. UV-vis spec-
trophotometric detection was carried out using a Varian Cary 50 UV
spectrophotometer. The ssDNA immobilized electrode was im-
mersed in a2.0 mL 0.1 mol/L HCI solution and incubated at 37°C
by shaking, the solution was cooled gradually to room tempera-
ture. Then the absorbance at 260 nm was recorded.

2.7 Electrochemical detection. CV and differential pulse voltam-
metry (DPV) were carried out at 25°C in a 10 mL electrochemical
cell with a normal three-electrode configuration consisting of a
Ag/AgCI reference electrode, a gold wire counter electrode and a
working electrode. Both modes of voltammetry were performed at
100 mV/sin a TE buffer (pH 8.0).

3 Results and discussion

3.1 Evidence for the immobilization of ssSDNA
at chitosan modified platinum

Chitosan oligomer is a kind of natural cationic polymer
[23]. The formation of a chitosan oligomer film at a plat-
inum electrode could greatly increase the electrochemical
response of the ferrocyanide/ferricyanide due to an accu-
mulation of the negatively charged ferricyanide ions. Curve
ain Fig. 1 shows the electrochemical response of bare plat-
inum electrode in a 0.1 mol/L phosphate buffer (pH 7.0)
containing 1.0 mmol/L K3Fe(CN)g, curve b shows that of
the chitosan/PE and curve ¢ shows that of the ssDNA/chi-
tosan/PE. The contact time of ssDNA/chitosan/PE with
K 3Fe(CN)g solution was 1.0 min. As can be seen, the peak
current of curve b increased obviously indicating the effect
mentioned above, hence the presence of a chitosan film at
the platinum electrode. However, compared with the peak
current of the electrode modified only with the chitosan
oligomer (curve b), the peak current of ssDNA/chitosan/
PE (curve c) decreased obviously. All the results were the
means of seven measurements, the RSD (relative standard
deviation) were 2.0%, 2.3% and 2.5% for curve a, curve b
and curve c, respectively. The reason was that the immo-
bilized sSDNA had partially neutralized the positive charge
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Fig.1 Cyclic voltammograms for K;Fe(CN)g on (a) bare platinum
electrode, (b) chitosan modified platinum electrode and (c) ssDNA-
chitosan modified platinum electrode. K;Fe(CN)g concentration,
1.0 mmol/L; contact time of ssDNA/chitosan/PE with K;Fe(CN)g
solution, 1.0 min; scan from —0.20 to +0.60 V (vs. Ag/AgCI); scan
rate, 100 mV/s

on the chitosan oligomer film. The decrease of the peak
current of ferricyanide at the ssDNA/chitosan/PE indi-
cated the formation of an ssDNA-chitosan film modified
at the platinum electrode surface.

Another experiment for the confirmation of the forma-
tion of an ssDNA-chitosan film immobilized at the plat-
inum electrode surface was done according to the proce-
dures described in experimental section 2.3 except the re-
placement of the unlabeled sample plasmid ssDNA with
the FCA-ssDNA. The modified electrode in this experiment
was marked as FCA-ssDNA/chitosan/PE. DPV was used in
0.1 mol/L acetate buffer solution (pH 4.2) with the FCA-
ssDNA/chitosan/PE as working electrode. An anodic peak
of FCA was observed at +0.25 V (vs. Ag/AgCI, curve b).
For comparison, the DPV curve of a bare PE was aso
shown in Fig.2 (curve a). The anodic peak of FCA in
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Fig.2 DPV response of FCA labeled ssDNA probe at chitosan/
PE. Pulse amplitude, 2.5 x 102 V; scan from 0.00 to +0.60 V (vs.
Ag/AgCl); scan rate, 100 mV/s
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Fig.3 Effect of salt concentration on the immobilization of FCA
labeled ssDNA at the chitosan modified electrode measured as the
DPV response of FCA. Conditions asin Fig. 2

curve a was much lower than that on the FCA-ssDNA/
chitosan/PE in curve b. That also confirmed the immobi-
lization of ssSDNA at chitosan modified electrode.

3.2 Mechanism of ssDNA immobilizing
on platinum electrode

The adsorption of ssDNA onto the electrode mostly takes
place at the bases of DNA, which influences the hybridiza-
tion and the bio-affinity of complementary DNA [16]. The
polycationic polymer of glucosamine, chitosan, could bind
to DNA and other polyanions [24]. DNA could form an
insoluble complex with chitosan in solution. The content
of DNA in the complex was about 50% and the DNA re-
mained insoluble in agueous media of pH 2—7 [25]. In this
approach, we changed the anion concentration (in this case,
NaCl was used as atypical substance) in the ssDNA solu-
tion used for immobilization and found that the anion con-
centration had an obvious effect on the DNA binding with
the chitosan film. Using FCA-ssDNA as an indicator, the
peak current of FCA decreased from 2.60 to 0.25 pA with
increasing anion concentration from 0.01 to 0.30 mol/L.
When the NaCl concentration was over 0.30 mol/L, the
observed FCA peak current was less than one tenth of the
peak current at the NaCl concentration of 0.01 mol/L
(shown in Fig.3). This result indicated that the immobi-
lization of ssSDNA was inhibited by the high salt concen-
tration. All the results suggested that DNA and chitosan
formed atight complex because of ionic interaction, which
were consistent with that described in literature [25] and
could be confirmed by the apparent capacitance test. The
schematic mechanism diagram is shown in Fig. 4.

On the other hand, the effect of high ionic strength can
be successfully utilized to avoid a non-specific DNA ad-
sorption. As the hybridization solution was 2 x SSC buffer
and the salt concentration of this buffer was about 0.3 mol/L,
the nonspecifically adsorbed DNA was inhibited by the
high anion concentration in the hybridization buffer. Thus,
the surface-bound ssDNA were accessible for specific
hybridization with the already labeled complementary

Fig.4 Schematic immobilization diagram of ssDNA on chitosan
modified platinum electrode

oligonucleotides and were able to discriminate between
complementary and noncomplementary DNA molecules.
That is the primary advantage of using this chitosan
oligomer film to immobilize ssDNA.

SsDNA was immobilized also at chitosan modified gold
electrode and graphite electrodes with the procedure de-
scribed. The immobilization mechanism was similar to
that at chitosan modified platinum electrode and the im-
mobilization relies on the salt concentration, too.

3.3 Apparent capacitance measurements

The cyclic voltammograms were recorded in a 1.0 mol/L
KNO; solution between +0.40 and +0.60 V (vs. Ag/AgCl)
at PE, chitosan/PE and ssDNA/chitosan/PE, respectively.
The capacitive current densities (j) a +0.50 V (vs. Ag/AgCl)
were measured with different scan rates (v < 100 mV/s). The
slope of j. versus v is called the apparent capacitance
[26-28], The capacitive currents are lower than predicated
values when v > 100 mV/s because of the limited ion
transfer rates in the solution [26, 28]. When the apparent
capacitance is measured in concentrated electrolytes at
low scan rate (< 100 mV/s), j. is proportional to v. The
values of the calculated apparent capacitance are shown in
Table 1 (the geometric area of the electrodes was calcu-
lated by measuring the peak current in K;Fe(CN)g solu-
tion).

It could be seen that the apparent capacitance of the
chitosan/PE was lower than that of the bare PE. Since the
capacitance per unit areais:

C=¢g¢g/d D

where ¢, is the relative permittivity of the layer coated on
the electrode, d isitsthickness and &, is the permittivity of
free space. The capacitance isinversely proportional to the
layer thickness (d) [26]. However, it increases if the elec-
tronic double layer isformed on the electrode surface. The
immobilization of chitosan increased the layer thickness
on the chitosan/PE surface, so the C values decreased. The
immobilization of chitosan/ssDNA also increased the layer



Tablel Apparent capacitance datafor current densities evaluated
at +0.50 V (vs. Ag/AgCl) from cyclic voltammograms in solution
of 1.0 mol/L KNOg

Electrodes Apparent capacitance RSD(%)
(MF cm)

Bare PE 43.12 20

Chitosan/PE 34.20 23

SsDNA/chitosan/PE 44.68 23

aThe number of independent measurements on different electrodes
was 7

thickness, but at the same time it formed an electric double
layer on the ssDNA/chitosan/PE surface, so the C valuesin-
creased dlightly (compared with the bare PE). The capac-
ity order of these electrodes was chitosan/PE < bare PE
< ssDNA/chitosan/PE due to the two influence factors.
This also proved that sSODNA could be immobilized on chi-
tosan/PE.

3.4 The stability of ssDNA/chitosan/PE

To investigate the stability of ssSDNA/chitosan/PE, the elec-
trode was incubated in a 0.1 mol/L HCI solution at 37°C
by shaking for 4 h, then the solution was recorded by UV-
vis. Almost no DNA absorption at 260 nm was observed
using the 0.15 mol/L HCI solution as baseline correction,
even when the incubation time was over 4 h. Thisindicated
that the immobilized ssDNA was stable in the 0.1 mol/L
HCI solution. The UV-vis absorption of DNA was linearly
with the amount of ssDNA in solution ranging from 0.15
to 30.0 umol/L. A detection limit to the ssDNA was
50.0 nmol/L using 3s (where s is the standard deviation of
blank solution, n = 11). The same experiment was done
except using a 0.1 mol/L NaOH solution for incubation.
The DNA absorption at 260 nm (Azgp = 0.03, Ao/ Asgy =
1.72) was observed using the 0.1 mol/L NaOH as baseline
correction only when the incubation time was 1 h, which
indicated that the immobilized ssSDNA was unstable in the
0.1 mol/L NaOH solution. In addition, when the ssDNA/
chitosan/PE was incubated in a 0.02 mol/L phosphate-
buffered saline (pH 7.0) at 37°C for about 26 h, DNA ab-
sorption at 260 nm was hardly observed, which indicated
that the immobilized ssSDNA was stable in the phosphate-
buffered saline at pH 7.0.

Moreover, the temperature stability of the surface-
bound ssDNA was explored. The ssDNA/chitosan/PE was
incubated in @ 2.0 mL 2 x SSC buffer (pH 7.0) for 1 h at
different temperatures. The solution was cooled gradually
to room temperature before recording UV absorption. Al-
most no absorption at 260 nm was observed up to 100°C,
which indicated that the modified electrode was stable at
high temperatures.

3.5 Sequence-specific DNA detection

The sample DNA, namely plasmid DNA, ADNA and
pBR322 DNA (all at the concentration of 0.2 pmol/L), were
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Fig.5 Differential pulse voltammograms of FCA at (a) denatured
Plasmid DNA chitosan/modified platinum electrode, (b) denatured
ADNA modified chitosan/platinum electrode and (c) denatured
pBR322 DNA modified chitosan/platinum electrode after a hy-
bridization with FCA-PCR product; scan from 0.00 to +0.50 V (vs.
Ag/AgCl). Other conditions asin Fig.2

first denatured in a boiling water bath about 10 min fol-
lowed by rapid cooling in an ice bath. Then they were im-
mobilized at different chitosan/platinum electrodes ac-
cording to the procedure specified. After hybridization with
the denatured FCA-PCR product (its bases sequence al-
ready known), these platinum electrodes were subjected
to electrochemical measurement in a TE buffer. The dif-
ferential pulse voltammograms are shown in Fig.5. The
results showed that only the plasmid DNA has a comple-
mentary sequence to the PCR product, other samples did
not have a complementary sequence to the PCR product.
The anodic currents of FCA werein sections linearly with
the amount of immoabilized plasmid DNA ranging from
0.01 to 5.0 umol/L. The regressing equation ranging from
0.01t0 0.20 umol/L wasy = 2.073x + 0.238 (x is the con-
centration of denatured plasmid DNA, x 107) and the re-
gressing coefficient (r?) of the linear curve was 0.9972. A
detection limit to the plasmid DNA was 5.0 nmol/L using
3s (where s is the standard deviation of blank solution, n
= 11). The relative standard deviation based on 11 mea-
surements for plasmid DNA was 3.6%.

4 Conclusion

Single-strand DNA could bind with the chitosan at a plat-
inum electrode viaforming atight DNA-chitosan complex.
The ionic strength of the sSDNA solution had an obvious
effect on surface coverage, with immobilization remark-
ably reduced at high ionic strength. The main advantage
of using this chitosan oligomer film to immobilize sSSDNA
isthat the effect of high ionic strength can be successfully
utilized to avoid a non-specific DNA adsorption. The im-
mobilized ssDNA at the chitosan modified platinum elec-
trode was very stable in a phosphate-buffer saline (pH 7.0)



432

and a HCI solution (pH 1.0), and unstable in a NaOH so-
[ution (pH 13.0). The ssDNA/chitosan/PE can be satisfac-
torily used in DNA recognition and detection. Future works
include the further application of electrochemical DNA
probe on DNA recognition and detection, and the study
on DNA damage and protection.
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