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Abstract

We developed an electrochemical DNA sensor based
on gold electrode arrays modified with a thiol linker
synthesized by novel solid-phase strategy, and could
effectively detect the aging-dependant T414G muta-
tion of mitochondrial DNA. To electrochemically de-
tect the single nucleotide polymorphism (SNP), the
gold electrode arrays were patterned on glass wafers,
and the thiol linker facilely synthesized on the solid
support was assembled on the gold electrode surface.
On the SAM electrode surface, three kinds of DNA
probes, T414G-T probe, T414G-G probe and control
R probe, were covalently immobilized. Using the cyc-
lic voltametry (CV), we could not only discriminate
between full-matched DNA and single-mismatched
DNA successfully, but also confirm the effectiveness
of the synthesized thiol linkers for reducing the non-
specific DNA binding.

Keywords: Electrochemical DNA sensor, Gold electrode
arrays, Mitochondrial DNA, Single nucleotide polymorphism,
Solid-phase synthesis

Introduction

Genetic factors contribute to virtually every human

disease, conferring susceptibility or resistance, or influ-
encing interactions with environmental factors. Single
nucleotide polymorphism (SNP) which is the main
cause of genetic variations is the point mutation that is
found at arate of 0.5-10 per 1000 base pairs within the
human genome®. Since the early 1990's, DNA chips
have been used to discover SNPs and a variety of dif-
ferent sensing methods have been devel oped?2.

Among the different DNA chips, fluorescence-based
DNA chips are of particular interest, because they are
sensitive and suitable for the array-based format. How-
ever, these chips require expensive and sophisticated
instrumentation™. In addition, the post-synthetic label-
ing of the target DNA is also required, which substan-
tially limits their application to real systems. The detec-
tion method such as a quartz crystal microbalance
(QCM) involves the monitoring of mass changes on
the surface of the chip®’. The largest advantage of this
method is the real-time detection of the surface chang-
es. However, ensuring the reliable operation of the
QCM still remains a serious technical challenge. Re-
cently, several electrochemical-based methods, which
are simple and sensitive, have been developed®®. These
methods do not require expensive instrumentation or
post-synthetic |abeling (Iabel-free detection).

Electrochemical sensors have novel metal-plated
electrodes, especialy gold surface. The conductivity
changes between the working electrode and the buffer
medium induced by the differences of the electrode
surface make the meaningful electrical signas. There-
fore, it is essential to make the electrode surface stable
and unblemished in order to obtain reliable and repro-
ducible signals. The akane thiol-based self-assembled
monolayer (SAM) could afford one to achieve the
goals'®t, Severa research groups have developed aka-
ne thiol-based SAM compounds with various molecu-
lar structures. In general, the alkane thiol molecules
were synthesized using a solution-phase strategy, and
they were used to immobilize various biomolecules
such as proteins and carbohydrates on the sensor sur-
face. There have been a wide range of applications
including DNA chips'?'3, peptide/protein chips'“¢ and
carbohydrate chips'”8,

In this study, we facilely synthesized a thiol linker
using a novel solid-phase strategy, which was applied
to agold electrode array based electrochemical DNA
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Scheme 1. (a) Synthesis of carboxylic acid-terminated thiol linker: & H,SO,4, MeOH; b) 4,7,10-trioxa-1,13-tridecanediamine,
TEA, DCM; ¢) Fmoc-Cl, TEA; d) TFA, TES, DCM; €) compound 1, DIPEA, DCM,; f) NaOH, TFA; g) compound 2, DIC, HOBT,
DIPEA, DCM; h) 20% (v/v) piperidine in DMF,; i) succinic anhydride, DIPEA, DMF, and (b) synthesis of methoxy-terminated
thiol linker: a) 1,, DM SO, THF; b) tri(ethylene glycol) monomethy! ether, DIC, DMAP, DCM; c) DTT, EtOH.

chip. And we efficiently detected the aging-dependant
T414G mutation of mitochondrial DNA, a single nu-
cleotide polymorphism (SNP). The thiol linker was
designed to have the triethylene glycol part and hydro-
carbon part as the molecular backbone, and the thiol
group at one terminus and a carboxylic group at the
opposite terminus. The solid phase-synthesis offered
us many advantages in the purification and characteri-
zation of the linker molecules, compared wiht the solu-
tion-phase synthesis method'*?* or the on-chip synthe-
sis method.?>?*, For the SNP assay, three kinds of DNA
probes (T414G-T probe, T414G-G probe and control
probe) were covaently immobilized on the SAM-treat-
ed electrode surface. The target DNA which is fully
complementary to T414G-T probe was hybridized
with the DNA probes on the gold electrode surfaces,
and the signals were detected by the cyclic voltametry
(CV) system.

Results and Discussion

Synthesis of the Carboxylic Acid-terminated
Thiol Linker, 5 and Methoxy-terminated Thiol
Spacer, 7

To modify the surface of the gold electrodes, we
synthesized a novel linker molecule with the thiol
group at one end and the carboxylic acid group at the
other end. The synthesized linkers contained triethyl-
ene glycol (TEG), which are known to reduce the non-
specific binding of biomolecules® and to increase the
water solubility of the linker compounds.

The synthetic strategy was described in Scheme 1.
The methyl ester of 11-mercaptoundecanoic acid
(MUA), 1 was prepared in 97% yield by the esterifica
tion of MUA with methanol. Compound 1 was loaded
onto 2-cholrotrityl chloride (CTC) resin, with this step
being monitored by elemental analysis of theresin. The
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Figure 1. The FT-IR spectra of (a) resin 3 before saponifica-
tion, (b) resin 3 after saponification, and (c) resin 4.

loading level of compound 1 was determined to be
0.25mmol/g. After the saponification of methyl ester
1, the carboxyl end group of the MUA on the resin
was coupled with Fmoc-NH,-TEG-NH,, 2 to introduce
the TEG group onto the linker (by DIC coupling). The
progress of the hydrolysis and the coupling reaction
was monitored by FT-IR. The FT-IR spectra are shown
in Figure 1.

As shown from Figure 1a, the thiol linker 1 loaded
on CTC resin showed atypical ester bond adsorption
at 1,736 cm L. After saponification, a new peak appear-
ed at 1,567 cm™* (Figure 1b), which confirmed that the
saponification reaction proceeded quantitatively. After
Fmoc-NH»-TEG-NH, coupling, a new peak appeared
at 1,652cm* (Figure 1c). The result of the elemental
analysis of the resin demonstrated that the TEG cou-
pling reaction proceeded quantitatively. The N-content
was determined to be 0.5 mmol/g and the S-content
was 0.25 mmol/g, as determined by elemental anaysis.
The loading level of the TEG molecules was found to
be 0.25 mmol/g by Fmoc group titration. These results
were consistent with each other. After the removal of
the Fmoc-group, the resulting amino group was suc-
cinylated by succinic anhydride to introduce the car-

boxylic acid end group for the purpose of facilitating
the coupling with the NH,-modified DNA. The com-
pletion of the succinylation reaction was monitored
by the Kaiser test. After removing the find linker com-
pound from the resin by means of trifluoroacetic acid/
triethylsilane (TFA/TES) treatment, the by-products
were separated by flash chromatography to give the
pure compound 5 in 75% yield, which is based on the
initial loading of thiol compound 1. In terms of the
linker synthesis, our solid-phase based synthetic me-
thod proved to be simple and efficient compared to
other solution-phase synthesis methods.

Moreover, we chose a methoxy-terminated thiol spa-
cer to control the density of the carboxylic acid-ter-
minated thiol linker, 5. As described in Scheme 1b, the
compounds 7 was simply synthesized in the solution
phase. After the purification, the fina yield was 72%.

Preparation and Characterization of Spacer
Immobilized Gold Electrodes

The self-assembled monolayer (SAM) was achieved
on the surface of gold electrodes with a 1: 1 mixture
of thiol linker compounds 5 and 7, as depicted in Sche-
me 2. The resulting surface was characterized by the
contact angle measurement. The water contact angle
data provided direct evidence of any change in the
surface hydrophilicity when the linkers were immobi-
lized on the gold surface. The bare gold surface was
hydrophobic and the contact angle was as high as 72°,
whereas, after the immobilization of the linkers, the
gold surface became more hydrophilic, and the contact
angle decreased to 58°. These results prove that the
surface became hydrophilic, due to the terminal car-
boxyl group and the TEG moiety of linkers5 and 7.

Immobilization of Probe DNA on Gold
Electrodes

Before the immobilization of the probe DNA on the
gold electrodes, the carboxylic acid group was activat-
ed with N-hydroxysuccinimide (Scheme 2), in order
to facilitate the conjugation of the NH,-modified DNA.
The immobilization of the DNA on the gold electrodes
was confirmed by X-ray photoelectron spectroscopy
(XPS). As shown in Figure 2, the S and P contents
were increased in the probe DNA immobilized gold
electrode.

Electrochemical Measurements

Three different types of probe DNA were immobi-
lized on the surface of the gold electrodes of the DNA
chip. The probe DNA-T differs from the probe DNA-
G at one base, and this generates a single base mis-
matched dsDNA after hybridization with the target
DNA-A, as summarized in Table 1. The probe DNA-
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Scheme 2. Preparation of the electrochemical DNA chip based on gold electrode arrays modified with a thiol linker synthesized
by novel solid-phase strategy: @) EDC, NHS; b) aminated probe DNAS.

Table 1. Sequences and mismatch locations of probe DNAS.

Probe and
Target DNAs

NH,-probe DNA-T
NH,-probe DNA-G?

Sequences

5-NH,-TCTTTTGGCGGTATGCACTT-3
5-NH,-TCTTTTGGCGGGATGCACTT-3
NH,-probe DNA-R®  5-NH,-AAACCCCCTCCCCATGCTTA-3'
Target DNA-A® 5-AAGTGCATACCGCCAAAAGA-3

aUnderline represent the mismatched bases of the probe or target
DNA

bNon-complementary DNA as a control
‘Target A is complementary to the probe T

R contains random sequences that are not hybridized
with the target DNA and, consequently, it remains as
a single strand oligonuclectide, even after the hybridi-
zation process. Figure 3 shows the cyclic voltammo-
grams (CVs) obtained in the presence of [Fe(CN)g]**
and methylene blue (MB). We chose MB as an interca-
lator, since it binds readily to the dsDNA and its asso-
ciation constant is 3.8 x 106 M~* 25, As expected, the
probe DNA-T-coupled electrode demonstrated the
highest current peak after hybridization, and its CV

was clearly distinguished from those of the probe
DNA-A and the probe DNA-R (Figure 3). This result
demonstrated that the DNA sensors prepared with the
new synthetic linkers successfully generated CVs in
the presence of MB and [Fe(CN)g]** and were able to
discriminate the single G mutation from the wild type
(T) of the target DNA.

To demonstrate the TEG effect of the linker system,
we prepared another system without the TEG group.
MUA and thiol linker 1 were used for the construction
of the SAM on the gold electrodes. The conditions
used for the probe DNA immobilization and hybridi-
zation were the same as those used for the synthetic
linker system. With this linker system which did not
contain the TEG group, we could not discriminate the
dsDNA from either the sSDNA or the single-base mis-
matched DNA. Moreover, the peak currents generated
by the ssDNA and single-base mismatched DNA had
low reproducibility (Figure 4). This result indicates
that a significant amount of non-specific binding oc-
curred on the surface of the gold electrode when the
linker did not contain the TEG group.
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Figure 2. Characterization of the oligonucleotide immobilized gold surface by X-ray photoelectron spectroscopy (XPS) for sulfur
and phosphorus; (a) bare gold surface, and (b) DNA immobilized gold surface.
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Conclusions

In conclusion, we developed an electrochemical
DNA sensor based on the gold electrode arrays modi-
fied with athiol linker, which could effectively detect
the aging-dependant T414G mutation, single nucleo-
tide polymorphism (SNP). To detect SNP electroche-
mically, the gold electrode arrays were fabricated on
the glass wafers, and the thiol linker which was facile-
ly synthesized on the solid support was assembled on
the gold dectrode surface. On the SAM € ectrode sur-
face, three kinds of DNA probes, T414G-T probe,
T414G-G probe and control probe, were covalently
immobilized. Using the cyclic voltametry (CV) system,
we could not only discriminate between fully-matched
DNA and single-mismatched DNA successfully, but
also confirm the effectiveness of the synthesized thiol
linkers on reducing the non-specific DNA binding.
Moreover, we believe that the thiol linker, synthesized
by solid-phase strategy, for gold surface will have
broad applicationsin the field of diagnostic biosensors.

Materials and Methods

Chemicals

2-Chlorotrityl chloride (CTC) resin was purchased
from BeadTech Inc. (Korea). N-hydroxysuccinimide
(NHS) was purchased from Fluka (Japan). Methylene
blue, 2-[N-morpholino] ethane sulfonic acid (MES), and
sodium nitrate, were purchased from Sigma-Aldrich
(USA). The photosensitive polyimide (PI2771) was
purchased from HD Microsystems (USA). All other
reagents were purchased from Sigma-Aldrich (USA).

The solvents used for the substrate synthesis were of
analytical grade and were used without purification.

Design of Oligonucleotides

The probe DNAS, used for the immobilization on the
gold electrode, were designed to have 20 nucleotides.
The probe DNAs contained either T 414 (probe DNA-
T) or G414 (probe DNA-G) in a 20 nucleotide stretch
of the mtDNA D-loop region. The control probe DNA
(probe DNA-R), which had arandom DNA sequence,
and other probe DNASs, which were modified with the
amino group at the 5’-end, were purchased from Bio-
neer (Korea); the probe sequences are summarized in
Table 1. The target DNA oligonuclectide is comple-
mentary to the probe DNA-T.

Instrumentation

For the resin characterization and analysis, FT-IR
(Bomem, FTLA2000) and elemental analysis(Leco,
CHNS-932) were used. For the fabrication of the gold
electrode, an e-beam evaporator (Anelva, VN-43) was
used. In order to analyze the compound's structure,
NMR (Japan Electronic Optics Laboratory, INM-
LA300) was used. For the surface characterization and
analysis, atomic force microscopy (AFM) (Digital I1n-
strument, NanoScope 111a), X-ray photoel ectron spec-
troscopy (XPS) (SIGMA PROBE, ThermoVG) and
static water contact angle measurement (SEO, Phoenix
300) were used. For the electrochemical analysis, the
electrochemical analyzer (Bioanalytical Systems, CV-
50W) was used.

Synthesis of Thiol Linkers

Synthesis of Methyl 11-mercaptoundecanoate, 1
11-Mercaptoundecanoic acid (MUA, 1.0 g, 4.58
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mmol) was dissolved in dried MeOH (15 mL) under
nitrogen. Sulfuric acid (44.9 mg, 0.458 mmol) was add-
ed to the mixture, which was stirred for 4 h. Then, the
solvent was evaporated, replaced by dichloromethane
(DCM, 50 mL), and the solution was washed with
water. The organic phase was neutralized with 5%
NaHCO; in water, and dried over MgSO,. The solution
was filtered and concentrated. The residue was purified
by flash-chromatography (silica gel; CHCls/MeOH,
20:1). The yield of the isolated products was 97%
(1.06g), and was in the form of awhite solid. *H NMR
(300MHz, CDClg, 25°C, TMS): 6=1.3 (broads, 12H),
1.6(m, 4H), 2.3(t, 2H), 2.6(q, 2H), 3.6 (s, 3H).

Preparation of Fmoc-NH-TEG-NH,, 2

A 4,7, 10-trioxa-1, 13-tridecanediamine (NH,-TEG-
NH,, 2.9g, 13mmol) and 667 mg triethylamine (667
mg, 6.5 mmol) were added to 2-chlorotrityl chloride
(CTC) resin(1.0g, 1.3mmol) in 10mL of DCM. After
18h, the resin wasfiltered and washed with MeOH and
DCM (3x10mL, each). Then, the resin was treated
with Fmoc-chloride (672 mg, 2.6 mmol) and triethyla-
mine (263 mg, 2.6 mmol) in 10 mL of DCM. The
termination of the coupling reaction was monitored
by the Kaiser’s ninhydrin test?® After 24 h, the beads
were washed with MeOH and DCM (3 x 10mL, each).
After drying in vacuo, the product, Fmoc-NH-TEG-
NH,, 2 was cleaved from the resin by treating it with
5% trifluoroacetic acid (TFA)/triethylsilane(TES) (2: 1)
in DCM (10mL) 3 times for 10min each. The cleavage
solvents were collected and evaporated, yielding a
single product. The final product 2 was purified by
flash-chromatography (silica gel; CHClz/MeOH, 5: 1),
yielding 490 mg of yellow oil (85% yield). *H NMR
(300 MHz, CDCl3, 25°C, TMS): 6=1.63(t, 2H), 1.91
(t, 2H), 3.15-3.25(broads, 4H), 3.36-3.67 (m, 14H),
4.19 (t, 2H), 4.36 (d, 2H), 7.30(d, 2H), 7.41 (t, 2H),
7.65(d, 2H), 7.73(d, 2H).

Anchoring of MUA to 2-chlorotrityl Chloride (CTC) Resin

Compound 1 (906 mg, 3.9 mmol) and N,N-diisopo-
pylethylamine (DIPEA, 505mg, 3.9 mmol) were added
tothe CTC resin(1.0g, 1.3mmoal) in 10mL of DCM;
the mixture was shaken at 25°C. After 24 h, DIPEA/
MeOH (10% v/v) was added to quench the residual
chloride groups on the CTC resin. After shaking the
mixture for 1 h, the resin was filtered and washed with
MeOH and DCM (3 x 10mL, each). The methoxy
groups were removed from the protected MUA on the
CTC resin by hydrolysis in 1 M NaOH/THF, (50%,
v/v) at 55°C for 24 h?". The resulting resin 3 was filter-
ed and washed with water, MeOH and DCM (3x 10
mL, each).

Coupling of TEG Group to MUA Coupled Resin 3
The carboxylic group of the MUA on resin 3 was

activated with N,N’-diisopropylcarbodiimide (DIC,
5eq), 1-hydroxybenzotriazole hydrate (HOBT, 5eq) and
DIPEA (5eq) in DCM (15mL) for 3 h. Then, Fmoc-
NH-TEG-NH,, 2 (3eq) was added, and the resin mix-
ture was shaken for 18 h. The resin was filtered and
washed with MeOH and DCM (3 x 10mL, each). The
resulting Fmoc group of the resin was removed by
treating it with 20% (v/v) piperidine in DMF (twice,
for 3min and 17 min). Then, the resin was filtered and
washed with DMF, MeOH and DCM. The TEG group
coupling and the Fmoc deprotection step were moni-
tored by elemental analysis of the resin and the Fmoc
group titration method respectively.

Introduction of Carboxylic Acid Group to Resin 4 by
Succinylation

Succinic anhydride (3 eq) and DIPEA (3eq) in DMF
were added to the amino group of the TEG on resin 4,
then the resin mixture was shaken at room temperature.
After 3 h, the resin beads were filtered and washed
with DMF, MeOH and DCM (3x 10 mL, each). The
termination of the succinylation reaction was monitor-
ed by the Kaiser test. After drying in vacuo, the load-
ing of the linker was found to be 0.25mmol/g resin by
elemental analysis of the resin.

Recovery of Thiol Linker 5 from the Resin

The thiol linker 5 was cleaved from the resin by
treating it with 3% TFA in DCM containing 1% TES
(10mL) 3times for 10 min each. The solvent was con-
centrated and then the product was purified by flash-
chromatography, yielding 98 mg (75%) of a white
solid (silica gel; CHCIs/MeOH, 7:1). 'H NMR (300
MHz, CDCl3, 25°C, TMS): 8=1.31(m, 12H), 1.60(q,
4H), 1.77 (g, 4H), 2.18 (t, 2H), 2.53 (m, 4H), 2.65(m,
2H), 3.37(q, 4H), 3.56-3.67 (m, 12H).

Synthesis of 2-(2-(2-methoxyethoxy)ethoxy)ethyl
11-mercaptoundecanoate, 7

11-Mercaptoundecanoic acid (MUA) (218 mg,
1 mmol) was dissolved in THF (5mL), and iodine (5
mg, 0.04 mmol) was dissolved in dimethyl sulfoxide
(DM SO, 1 mL). The resulting iodine solution was add-
ed to the MUA solution and the mixture was stirred
until the color of the solution turned red. After evapo-
rating the solvent, the residue was dissolved in ether
and washed with water 3 times. After evaporating the
solvent in vacuo, the disulfide compound 6 was obtain-
ed as a white solid in 94% (204 mg) yield. *H NMR
(300 MHz, DMSO, 25°C, TMS): 6=1.25 (b, 24H),
1.48(q, 4H), 1.61(q, 4H), 2.18(t, 4H), 2.68(t, 2H).

The disulfide compound 6 (200 mg, 0.460 mmol)
was dissolved in DCM (20 mL ). To this solution, DIC
(138 mg, 1.10 mmol) and 4-dimethylaminopyridine
(DMAP, 134 mg, 1.10mmol) were added. After 30min,
triethyleneglycol monomethyl ether (HO-TEG-OCHs,)



(181 mg, 1.10mmol) was added to the solution. After
stirring for 2 h, the solvent was evaporated. Then, the
residue was purified by flash-chromatography (silica
gel; CHCIs/MeOH 30:1). The yield of the product
was 86% (287 mg). The resulting disulfide was dis-
solved in EtOH (20 mL), and then dithiothreitol (DTT)
(67 mg, 436 mmol) was added. After 3 h, the solvent
was evaporated and the thiol linker diluent 7 was puri-
fied by flash-chromatography (CHCl;: MeOH=30: 1),
giving a white solid in 72% (196 mg) yield. 'H NMR
(300 MHz, DM SO, 25°C, TMS): 6=1.28 (broads,
14H), 1.64 (q, 4H), 2.33(t, 2H), 2.68(t, 2H), 3.39(s,
3H), 3.54(t, 2H), 3.64 (m, 8H), 4.23(t, 2H).

Fabrication of Gold Electrode Array

A 4x 4 gold electrode array was designed for the
purpose of detecting various DNA samples simultane-
ously, and was fabricated as described previously?,
Firstly, an approximately 500A thick Ti film (99.9%
in purity) was deposited on a 4-inch Pyrex glass wafer
by e-beam evaporation, and then a 2000A thick gold
thin film was deposited on top of the Ti layer. The
AUu/Ti layer was patterned by photolithography and
three dies, each consisting of sixteen gold working
electrodes with an area of 2mm?, were formed on the
Pyrex glass wafer. The three dies were diced using a
dicing saw, and each die had dimensions of 45 mm x
20mm. To insulate the multi array DNA sensor, a pho-
tosensitive polyimide(Pyralin®P12771) was spin coat-
ed on top of the sensor, baked for 30 min at 130°C, and
patterned so that the gold sensing areas and intercon-
nection pads were exposed for the purpose of immobi-
lizing the probe DNAs and electrical testing, respec-
tively.

Immobilization of Probe DNA on Gold
Electrode Surface

The gold electrodes fabricated in the multi-array
were electro-polished by cyclic voltammetry in the
potential range of 0.1V-1.5V versusAg/AgCl in0.1M
H,SO, solution at a scan rate of 100 mV/s using an
electrochemical analyzer. Once a stable cyclic voltam-
mogram was obtained, the multi-gold electrode array
was rinsed with water. The polished gold electrodes
were immersed in 1 mM thiol linker solution (1:1
mixture of thiol linker 5 and thial linker 7 in ethanal)
for 24 h at room temperature. Thereafter, they were
rinsed with ethanol 5 times and dried under N,. The
resulting gold surface was immersed in 50 mM of fre-
shly prepared EDC and 10 mM of N-hydroxysuccin-
imide (NHS) in pH 5.5MES buffer (4 mL) for 24 h,
rinsed with water 5 times and then dried under N,. The
amino-modified probe oligonucleotides (NH,-probe
DNA, 500 pmole/uL) in NaHCO; pH 8.0 buffer (1 L)
were spotted onto each of the linker-modified elec-
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trodes, and incubated for 3 h at 25°C in a humidity
chamber. The electrodes were then rinsed with buffer
solution and deionized water (5 times each). The target
DNA-A, which is complementary to the probe DNA-
T, was added to the probe DNA-modified electrodes
and incubated in a humidity chamber for 16 h at 40°C.
20uL of 1M NaCl/TE hybridization solution (10 mM
Tris, 1mM EDTA, pH 7.4) was applied to the probe
DNA-gold electrode surface, which was then covered
with a cover glass. Then the electrodes were washed
sequentially with the following washing solutions; 6 x
SSPE, 0.1% SDS, 39°C for 10 min; 3x SSPE, 0.05%
SDS, 39°C for 10 min; SSPE, 0.01% SDS, 50°C for 5
min; 1M NaNOs in PBS at room temperature for 10
min, and deionized water at room temperature for 10
min.

Cyclic Voltammetry Measurement

The hybridized DNA multi-array electrodes were
immersed in an electrolyte solution containing 5 mM
phosphate buffer (pH 7.0), 0.4 mM potassium ferri-
cyanide, 50 MM NaCl and 0.5 uM methylene blue
(MB) at room temperature under dark conditions for
10 min, prior to the cyclic voltammetry (CV) measure-
ment. CV measurement was performed using a
CV50W electrode chemical analyzer (BioAnalytical
System). The electrochemical detection system con-
sisted of a modified gold working electrode, an Ag/
AgCl reference electrode (BAS Model MW-4130) and
aplatinum wire as the auxiliary counter electrode(BAS
Model MF-2052). CV was carried out at room temper-
ature, at a sweep rate of 100 mV/sec between —600
mV and —100mV. The measured datawere stored in a
computer connected to the electrochemical analyzer.
The peak current of the CV was quantified by the sym-
metric curve technique, using the method provided by
the BAS CV manufacturer. The symmetric curve me-
thod calculated the peak height from the base line of
the peak, and was more reliable than the tailed curve
method.
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