Paper

Electrochemical array (ECA) as an integrated multi-electrode DNA sensor
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An electrochemical array, ECA, for DNA analysis was designed and constructed as a microarray for the next generation by
integrating DNA sensing multiple electrodes. Probe DNAs were immobilized on 25 electrodes of an ECA chip and allowed to
detect the target DNA with ferrocenylnaphthalene diimide (FND) as an indicator. As an application example of this system for
single nucleotide polymorphisms (SNPs) analysis, a DNA mismatch on the cancer repression gene p53 was successfully analyzed

with 88% precision.
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1. Introduction

The DNA microarray technology is attracting attention as a
valuable means of high-throughput analysis of genes in a
sample DNA and it may be one of the most useful tools in the
post-genome project. This technique consists of the following
procedures.?Many different probe DNAs are immobilized on the
surface of a glass plate (preparation of a DNA microarray). A
labeled DNA sample is allowed to hybridize on the microarray
plate. After washing the plate, the sample DNA bound on the
plate is detected by the label's signal. However, the following
problems remain to be solved in the current DNA microarray
technology: () supplementary labeling of sample DNA with a
fluorescent reagent is necessary and tedious, (i) quantitative
immobilization of probe DNA on different spots of DNA
microarray is difficult, and (iif) the efficiency of hybridization on
the DNA microarray is variable among different array
spots. The DNA chips of Affymetrix Inc., where probe DNAs
synthesized on the silicon chip
microlithographic technique, have solved problems (i) and (i),
but () still remains.

Electrochemical DNA sensors based on a combination of a
probe DNA immobilized on the gold electrode and an
electrochemically active ligand specific for double stranded DNA
are a promising alternative, as a probe DNA can be
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homogeneously immobilized on the electrode in a controlled
fashion and sample DNA needs not to be labeled at all2? In
addition, they are sensitive enough, quick to run and
inexpensive. We designed and synthesized a threading type
intercalator FND, highly specific for double stranded DNA to
realize a novel DNA sensing system.4? FND binds to the DNA
duplex every other base pairs in such a way that the ferrocene
moieties are arranged along the DNA groove, assuming a
pseudo-polyferrocene array. This architecture gives rise to a
catalytic through  the  electron-conducting
pseudo-polyferrocene coating the DNA duplex. When this type
of DNA sensors is extended to a multi DNA sensor electrode
system, ie., an electrochemical array, ECA, it will be a
promising candidate for a practical DNA sensor. In this paper,
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we constructed an ECA chip composed of 25 electrodes and its
basic characteristics were studied concerning the probe DNA
_ immobilization, hybridization, electrochemical detection in the
ECA chip coupled with ligand FND.

2. Experimental

2.1 Chemicals Ferrocnecarboxylic acid was purchased
from Tokyo Kasei Kogyo Co, Ltd. Ferrocenylnaphthalene
diimide (FND) is the same as that used previously4+?
5-Mercaptohexyloligonucleotides, HS-GCTTTGAGGTGCGTG-
TTTGT (HS-273C), HS-AGGCTGCTCCCCCCGTGGCC (HS-
P72), and HS-AGGCTGCTCCCCGCGTGGCC (HSR72) and
oligonucleotides, ACAAACACGCA- CCTCAAAGC (273C-) and
GGCCACGGGGGGAGCAGCCT  (P72)
synthesized by Hokkaido System Science Co., Ltd. These
oligonucleotide

were custom
sequences represent part of the cancer
The of these
oligonucleotides were estimated from the molar absorptivities.9

2.2 ECA chip ECA chip consists of 25 electrodes with a
diameter of each spot of 1.0 mm and average distance between

répression gene pbh39 concentrations

spots of 4.5 mm as shown in Fig. 1. Each electrode is covered
with a gold galvanizing of a thickness of 2pum (area: 0.79 mm?).
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Fig.l. Arrangement and numbering of ECA chip;
numerals and alphabets refer to the row and column,
respectively.

2.3 Immobilization of probe DNA on the ECA chip
Gold electrode parts of ECA chip were soaked in boiling 2 M
KOH for 1 h and washed with deionized water. These parts

’ were next soaked in concentrated nitric acid, and washed with
deionized water and dried by blowing a stream of nitrogen. For
chemisorption of a thiolated probe DNA on the gold electrode,
one microliter solution of 5-mercaptohexyloligonucleotide (2.5
pmol) was placed on each gold electrode of an ECA chip and kept
in a closed container under high humidity overnight at room
temperature.

24 Hybridization on an ECA

chip After

188

immobilization of probe DNA on the ECA chip, the electrodes
were washed with deionized water and allowed to hybridize
with 50 pmol of a DNA sample in 2xSSC buffer (33.3 mM
sodium citrate buffer containing 33.3 mM NaCl at pH 7.0) for 1
h at room temperature and then washed with the same buffer.

2.5 Electrochemical measurement Electrochemical
measurements were performed with ALS Model 610
electrochemical through  the automated
multi-converting system (TUM Inc). Differential pulse
voltammetric (DPV) measurement of each electrode of an ECA
chip was carried out at room temperature with a normal three
electrode configuration consisting of an Ag/AgCl reference
electrode, a Pt counter electrode, and an indicator electrode on
an ECA chip. The data acquisition time in this system was 3.4
min 8 s x 25), The condition of DPV measurement is the
following' initial potential=0 V, final potential=0.6 V, scan
rate=100m V/s, pulse amplitude=0.05 V, sample width=16.7 ms,
pulse period=0.2 s, pulse width=0.05 s, quiet time=2 s,
sensitivity=10% A/V. The electrolytes were 0.2 M phosphate
buffer (pH 7.0) containing 0.5 mM ferrocenecarboxylic acid to
estimate the surface area of the individual electrode of an ECA
chip or 0.1 M AcOH-AcOK buffer (pH 5.6) and 0.1 M KCI
carrying 50nM FND in the case of DNA analysis.

3. Results and Discussion

3.1 Homogeneity of the surface area on the electrode
of an ECA chip The DPV of the electrode on the ECA chip

" analyzer

. was measured in the electrolyte containing 0.5 mM

ferrocenecarboxylic acid to evaluate the homogeneity of the
surface area on individual electrodes of the ECA chip. Fig. 2A
shows an example of the DPV response for electrode E5. The
current peak was observed at 300 mV and the shape of the peak
and the background current were adequate for DPV
measurements. The péak current (ipa) for the various electrodes
of an ECA chip is shown in Fig. 2B. Statistical treatment of the
data gave a mean current of 1064.1 nA with a standard
deviation of 73.6 nA or a fluctuation coefficient of 6.9%, showing
that the electrodes on the ECA chip are homogeneous enough to
be feasible for electrochemical DNA sensing.

3.2 Homogeneity of the amount of the probe DNA
immobilized on the individual electrode Thiolated
oligonucleotide HS-273C (2.5 pmol) was placed on individual
electrodes of an ECA chip to construct a probe DNA-immobilized
ECA chip. DPV of the chip was measured in the electrolyte
containing 0.05 mM FND. The current peak around 420-460
mV was observed for all of the electrodes (Fig. 34), suggesting
concentration of FND to the oligoﬁucleotide region on each
electrode. Although FND was developed as an electrochemical
indicator of double stranded DNA, the current of FND was
observed even with the single stranded DNA-immobilized
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Fig.2. DPV responses of individual electrodes of an
ECA chip in the electrolyte containing 0.5 mM
ferrocenecarboxylic acid. (A) Example of a DPV curve for
electrode E5. (B) The ipa values for all of the electrodes
on the ECA chip with a mean of 1064.1 nA and a
standard deviation of 73.6 nA or a fluctuation coefficient
of 6.9%. ‘

electrodes. This is because an electrostatic interaction occurs
between cationic FND and polyanionic single stranded DNA
and this property is utilized to evaluate the amount of the single
stranded DNA immobilized on the individual electrodes of an
ECA chip.

The current ip in the single stranded DNA-immobilized
electrode increased in proportion to the scan rate, suggesting
that it arose from FND bound on the electrode, whereas the ip in
the presence of ferrocenecarboxylic acid was proportional to the
root of the scan rate, suggesting that the diffusion of the Ligand
limits the current, In addition, as the amount of the thiolated
oligonucleotide to be immobilized is reduced, the ip value
. decreased accordingly. As the oligonucleotide length is
increased from 20 up to 50, the io value increased. The iy value

was independent of the oligonucleotide sequence and the base
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composition as long as the oligonucleotide length is kept
constant. These results prove that the ip value is a useful
measure to evaluate the amount of the single stranded DNA
immobilized on the individual electrodes of an ECA chip.

The shape of the DPV peak and stable background of the
ECA chip are adequate for DNA sensing. The mean peak
current for all the electrodes of the ECA chip was 1114.0 nA with
a standard deviation of 208.0 nA (Fig. 3B). A larger error
observed for the probe DNA-immobilized electrodes is explained
by the fact that the efficiency of DNA immobilization varies
considerably from lot to lot. .
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Fig.3. DPV responses of single stranded DNA-
immobilized electrodes of an ECA chip. (A) Example of a
DPV curve on electrode Al. (B) Ipa values for all the
electrodes with a mean current of 1114.0 nA and a
standard deviation of 208.0 nA.

3.3 Current increase by duplex formation: evaluation
by Ai An oligonucleotide 273C immobilized ECA chip was
prepared analogously and then DPV was determined before and
after hybridization with 50 pmol of the complementary



oligonucleotide 273C- m the electrolyte containing 50 pM
FND. Fig. 4A shows an example of the DPV peak of one
electrode on an ECA chip before and after hybridization. The
current response corresponding to FND increased after
. hybridization with 273C-, proving that FND is concentrated on
the surface of double stranded DNA more than that of single
stranded DNA. This phenomenon can be used for the
monitoring of duplex formation on the ECA chip, but the
currents for the individual electrodes fluctuated as much as 40%
on the ECA chip (see above). Therefore, the Ai value was
introduced to correct for this variability. The Ai value, defined
as (ig-1) X 100 %, where ip and i refer to the current before and
after hybridization, respectively, represents a net increase in the
current of the DNA duplex formed per single stranded
DNA-immobilized electrode on the ECA chip. Fig. 4B depicts
the Al values for all of the electrodes on the ECA chip, giving a
mean Ai of 87.3% with a standard deviation of 29.6%.
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Fig.4. (A) DPV curves for 273C-carrying electrode D1 on
an ECA chip before (broken) and after (solid)
hybridization ~with complementary oligonucleotide
273C-. (B) Ai values for all the electrodes with a mean of
87.3% and a standard deviation of 29.6%.

Incidentally, the non-complementary oligonucleotide gave rise to
virtually no increase in the currents, demonstrating that the
ECA chip is free from non-specific absorption of nucleotides on
the electrode.
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Fig.5. Mismatch detection for the p53 gene. DPV curves
for the matched (P72/P72-, A) and mismatched (R72/P72-,
B) combinations before (broken) and after (solid)
hybridization. (C) Ai values for the matched (P72/P72-)
and mismatched (R72P72) combinations with a
respective mean and standard deviation of 49.3%, 18.4%,
21.7% and 8.4%.

3.4 Mismatch detection of p53 gene Oligonucleotides
P72 and R72 were immobilized on the electrode of an ECA chip
alternately. They were allowed to hybridize with
complementary P72- to form fully matched (P72/P72-, group A)
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complementary P72- to form fully matched (P72/P72-, group A)
or G-G mismatched (R72/P72-, group B) duplexes. Following
washing, DPV of the ECA chip was measured in an electrolyte
containing FND at 36 °C. This temperature was chosen after
testing various temperatures, ie., 28, 30, 32, 36 and 40 °C. It
turned out that the Ai value becomes larger at lower
temperatures, but the difference in the Al value between
P72/P72- and R72/P72- becomes smaller. The magnitude of Ai
values and the difference in Ai value between P72/P72- and
R72/P72- become smaller at higher temperatures, thus making
36 °C the optimal temperature to give the largest difference in Ai
between them. Fig. 5A and B depict DPV curves before and
after hybridization with P72- in each example of the P72 and
R72 immobilized electrodes, respectively.
increased markedly in the case of the fully matched combination
of P72/P72- with a mean Ai of 49.3% and a standard deviation of
18.4%, while the corresponding values for the mismatched were
21.7% and 8.4% (Figure 5C). These data were independent of
the order of measurement. If one assumes rather arbitrarily
that the Ai values greater than 30% (< 49.3 - 184, 21.7 + 8.4)
represent maiched, 22 of the 25 electrodes tested or 88% gave
the correct answer. Tb further assess the reliability of the data,
statistical analysis was carried out. First of all, an F test
revealed that the data were amenable to Student's t test
analysis. The result of such an analysis confirmed that p is
smaller than 0.0001, demonstrating that the difference between
the two groups is really significant.

The current
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