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ABSTRACT: Ferrocenylnaphthalene diimide derivatives (FND-1–FND-3) can intercalate into double stranded

DNA (dsDNA) by a threading mode every two base pairs, resulting in the arrangement of many ferrocene molecules

in the major and minor grooves of dsDNA. The pseudo-polyferrocene array templated to dsDNA thus obtained is ex-

pected to serve as a new material for nanotechnology including electrochemical gene detection. Since the pseudo-poly-

ferrocene array formed on the electrode is analyzed electrochemically, the target gene can be detected by hybridization

with a DNA probe-immobilized electrode and by the ferrocenylnaphthalene diimide binding. Ferrocenylnaphthalene

diimide-based electrochemical hybridization assay established in the author’s group enabled rapid and highly sensitive

detection of target DNA or RNA. This system can be further extended to a field where the single nucleotide poly-

morphism (SNP) analysis is feasible not only for polymerase chain reaction (PCR) products but also for genomic

DNA taken from human white blood cells. This system could also be used for the detection of dsDNA on the DNA

chip electrochemically, especially for visualization of the DNA chips by scanning electrochemical microscopy

(SECM). Electrochemical DNA chips harboring multiple electrodes on a small substrate are becoming important for

gene diagnosis and related purposes because of its simplicity, high sensitivity and low cost.
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Double stranded DNA (dsDNA) is a string-like
polymer consisting of one-dimensionally stacked aro-
matic rings of nucleic acid bases, called as the �-
way. This �-way of DNA aromatic rings is expected
to act as a DNA wire for an electron transfer. The pos-
sibility of the DNA wire of a nanometer size has been
discussed by many researchers.1 Another approach to a
DNA nanowire was reported using the coating of
dsDNA by the metals or electrochemically active
polymers. For example, the coating of dsDNA with
metallic silver by the reaction of silver ion with p-ben-
zoquinone on the dsDNA2 or the coating of dsDNA
with an electric conducting polymer was reported.3

We have successfully synthesized naphthalene diimide
derivatives (FND-1–FND-3) carrying two ferrocene
moieties as the electrochemically active functionalities
(Scheme 1).4–8 All of these ferrocenylnaphthalene di-
imide derivatives bind to dsDNA by a threading inter-
calation mode, where their substituents are projecting
out in the major and minor grooves of dsDNA.
Figure 1 shows the computer modeling of a complex
of FND-2 and dsDNA with the two ferrocene moieties
locating in the DNA grooves. It is known that naphtha-
lene diimide derivatives can bind to dsDNA every two

base pairs by threading intercalation, the binding mode
of which is in agreement with the nearest exclusion
model.9 Therefore, many ferrocene moieties cover
dsDNA upon binding of ferrocenyl naphthalene di-
imide to constitute a ferrocene-coated dsDNA. Since
dsDNA was covered by redox active molecules
through the threading intercalation, this will provide
a new method to arrange redox molecules on the sur-
face of dsDNA. Here, we summarize the ferrocene
coating of dsDNA based on ferrocenylnaphthalene di-
imide derivatives and their applications for electro-
chemical gene detection.

INTERACTION OF FND WITH DOUBLE
STRANDED DNA

Two substituents of naphthalene diimide of the
ferrocenyl derivatives are located over the major and
minor grooves of dsDNA, when the intercalator binds
to dsDNA.10 One of the substituents needs to go
through the space of the base pairs of dsDNA to form
its complex with dsDNA and therefore such a kind of
intercalators is called as a threading intercalator. A
characteristic feature of threading intercalators is that
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two substituents projecting over the major and minor
grooves of dsDNA act as an anchor to prevent the in-
tercalator from dissociation from dsDNA and stabilize
the complex with dsDNA. Nogalamycin is an anti-
biotic which is demonstrated to behave as a threading
intercalator: its dissociation from dsDNA is very slow
(dissociation rate constant is 0.001 s�1 at 0.5M Naþ)
and this high stability of the complex with dsDNA is
believed to be associated with its biological activity.11

The author’s group synthesized several naphthalene
diimide derivatives carrying ferrocene moieties,

FND-1–FND-3, shown in Scheme 1.4–8 They have
various linker chains connecting the naphthalene di-
imide skeleton with ferrocene. There are different
connecting patterns toward the end of the ferrocene
with different redox potentials and different binding
affinity for dsDNA depending upon the linker chain.
FND-1 shows an absorption maximum at 383 nm in
aqueous solution and undergoes a large hypochromic
and small red shifts upon addition of dsDNA. Since
a tight isosbestic point is observed during this change,
it is certain that FND-1 binds to dsDNA with a single
mode. If DNA is regarded as a one-dimensional lattice
and FND-1 can bind to it, Scatchard isotherm can be
used for analysis of FND-1 binding to DNA. Sonicat-
ed calf thymus DNA was used as dsDNA to which
FND-1 binds and the data obtained were analyzed
by the theoretical equation derived by McGhee and
von Hippel.12 The results of this analysis reveal that
FND-1 binds to DNA with every two base pairs at sat-
uration. This binding behavior is in agreement with
that of the nearest exclusion model of the classical in-
tercalator binding.13 This complex is regarded as one-
dimensional polyferrocene matrixed by dsDNA where
the ferrocene moieties are arranged in the major and
minor grooves of dsDNA. Stopped-flow kinetic analy-
sis yielded a dissociation rate constant, kd ¼ 0:01 s�1,
for FND-1 from calf thymus DNA at 0.1M Naþ.5

Since classical intercalators show a dissociation rate
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Scheme 1. Synthesized ferrocenylnaphthalene diimide derivatives, FND-1–FND-3.

Figure 1. An Insight II molecular modeling of a complex of

FND-2 with d(AAATTT)2 as dsDNA.
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constant with an order of several ten s�1, FND-1 has a
characteristic of a threading intercalator, i.e., slow dis-
sociation from the dsDNA complex.
To analyze the conformational change of dsDNA

by FND-1 binding, a viscometric change of dsDNA
was determined in the presence of various amounts
of FND-1. The viscosity of the sonicated calf thymus
DNA increased upon addition of FND-1. The increase
of the viscosity is a typical behavior of intercalation,
where intercalation causes unwinding and extension
of linear dsDNA.15 Thus, FND-1 as a threading inter-
calator caused a similar conformational change of
dsDNA. Other ferrocenylnaphthalene diimides of
FND-2 and FND-3 also showed a similar binding
manner for dsDNA. This morphological change of
dsDNA was observed by atomic force microscopy
(AFM). First, a linear dsDNA fragment was prepared
by the digestion of cyclic plasmid DNA pBR322 with
restriction enzyme EcoRI. After mixing FND-2 with
this DNA fragment, the mixture was placed on mica
for measurement by AFM. In the AFM image in
Figure 2 shows, winding strings of dsDNA were ob-
served in the absence of FND, whereas many stick-
like strings were observed in the presence of FND-2.
A twining structure of two stick-like DNA strings
was also observed in AFM.16

The binding behaviors of FND-1–FND-3 with sin-
gle stranded DNA (ssDNA) were also analyzed anal-
ogously. In this case, a small hypochromic effect was
observed in the absorption spectra of FND-1–FND-3
due to the same interactions of the intercalators with
ssDNA as with dsDNA, i.e., the electrostatic inter-
action between the cationic sites of FND-1–FND-3
and phosphate anions of ssDNA and the stacking
interaction between nucleic acid bases of ssDNA with
the aromatic rings of the intercalators. These results
show that all of the ferrocenylnaphthalene diimide de-
rivatives can bind to dsDNA strongly by threading in-
tercalation to form pseudo-polyferrocene on dsDNA.

The electrochemical behavior of the pseudo-polyfer-
rocene-coated dsDNA was evaluated by the DNA-im-
mobilized electrode.

ELECTRON TRANSFER THROUGH
PSEUDO-POLYFERROCENE

Ferrocenylnaphthalene diimide bound to dsDNA is
expected to act as a DNA wire and ferrocene can me-
diate electron transfer to the electrode from reduced
glucose oxidase. Therefore, ferrocenylnaphthalene
diimide bound to dsDNA on the electrode should me-
diate this electron transfer reaction. The reduced glu-

Figure 2. AFM image of a dsDNA fragment in the absence

(A) and presence of FND-2 (B).

Figure 3. Cartoon of the expected electron transfer between reduced glucose oxidase (GOx) and the electrode through a pseudo-poly-

ferrocene wire with ferrocenylnaphthalene diimide bound to the DNA duplex.
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cose oxidase was generated by its treatment with glu-
cose. Figure 3 shows a cartoon of the expected elec-
tron transfer between reduced glucose oxidase and
the electrode through the pseudo-polyferrocene wire
with ferrocenylnaphthalene diimide bound to the
DNA duplex.
To prove the occurrence of electron transfer, FND-

1 bound to dsDNA on the electrode was dipped in a
solution containing reduced glucose oxidase and its
cyclic voltammogram (CV) was measured.17 Control
experiments were performed with ferrocenecarboxylic
acid and dimethylaminomethylferrocene instead of
FND-1: In the case of ferrocenecarboxylic acid, no
mediated current was observed presumably due to
the electrostatic repulsion between ferrocenecarboxyl-
ic acid and DNA polyanions on the electrode. On the
other hand, a mediated current was observed in the
cases of FND-1 and dimethylaminomethylferocene
and the mediated current of FND-1 was nearly two
times larger than that of dimethylaminomethylferro-
cene. Since cyclic voltammographic peak areas for
FND-1 and dimethylaminomethylferrocene were
identical to each other, their amounts concentrated
on the electrode were the same. It is conceivable that
larger mediated current observed for FND-1 drives
from the pseudo-polyferrocene-coated DNA, as the
amount of ferrocene concentrated on both electrodes
is identical. However, the effect of polyferrocene
was much smaller than expected, presumably because
FND-1 and reduced glucose oxidase were segregated:
the former as a mediator was concentrated on the
dsDNA-immobilized electrode and the latter existed
in the bulk solution. Therefore, the mediate reaction
could occur only when the reduced glucose oxidase
was diffused to the electrode. By contrast, since some
fraction of dimethylaminomethylferrocene could be
concentrated on the dsDNA-immobilized electrode
by the electrostatic interaction and also could partici-
pate in the mediate reaction occurring in the solution,
the effective mediation reaction could occur with this
ferrocene. In spite of this disadvantage, the dsDNA
with FND-1 bound can be expected as a DNA wire
because of some trick is devised to enhance effective
mediation ability of FND-1.

APPLICATION FOR ELECTROCHEMICAL
GENE DETECTION

Electrochemically active ligands showing high
preference for dsDNA can be used as an electro-
chemical hybridization indicator.18 The principle un-
derlying this idea is shown in Figure 4. Firstly, a
DNA probe (ssDNA fragment with a sequence com-
plementary to that of the target gene) is immobilized
on the electrode. This electrode is dipped in a sample
DNA solution to allow hybridization to proceed.
When a target DNA fragment is contained in it,
dsDNA is formed with the DNA probe on the elec-
trode. The electrochemical measurement of the elec-
trode is made in an electrolyte containing the electro-
chemical hybridization indicator. The amount of the
indicator concentrated on the electrode increases with
an increase in the amount of dsDNA formed on the
electrode and therefore the amount of target DNA
can be quantitated from this electrochemical response.
As shown in Figure 4, the indicator should have the

characteristics of high affinity for dsDNA without se-
quence specificity. So far some intercalators and
groove binders are known as such an indicator.19,20

However, many intercalators or groove binders show
preference for GC or AT of dsDNA, respectively.13

FND showing preference for dsDNA was expected
not to show sequence preference, as FND has similar
binding constants for [poly(dG–dC)]2 and [poly(dA–
dT)]2.

5 In fact, the current observed in the application
for DNA sensing was not dependent on the DNA se-
quence, suggesting that the main factor for the stabili-
zation of dsDNA complex with FND-1 may be the an-
choring of the substituents of FND-1 to dsDNA.
DNA detection by using FND-2 based on the prin-

ciple described in Figure 4 was tested with a combina-
tion of dA20 (sample DNA) and dT20 (probe DNA).21

Thus, thiolated oligonucleotide dT20 was immobilized
on a gold electrode through a thiol–gold linkage as a
DNA probe and the resulting electrode was allowed to
hybridize with complementary dA20 or non-comple-
mentary dT20. After dipping in an FND-2 solution,
the electrode was transferred to an electrolyte without
FND-2 and CV were measured. Figure 5 shows the

Figure 4. Principle of the electrochemical gene detection based on an electrochemical hybridization indicator.
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CV of the electrode before and after hybridization
with dA20. A peak current was obtained only for the
complementary oligonucleotide dA20 with this elec-
trode, whereas the signal intensity for the non-comple-
mentary DNA, dT20, was barely high above the back-
ground count. This discrimination of dsDNA from
ssDNA could be attributed to the formation of a stable
complex of FND-2 with dsDNA through threading in-
tercalation.
Several kinds of DNA probe immobilization meth-

od on the electrode have been reported by many re-
searchers.22 For example, the following procedures
were reported as an effective DNA probe immobiliza-
tion method: the reaction of the amino moieties of nu-
cleic bases of a DNA probe with the activated ester of
the carboxy moieties which is generated by the oxida-
tion of a glassy carbon electrode23 or the Au–S bond
formation by the reaction of thiolated DNA with the
gold surface of an electrode.24 We prepared a dT20-
immobilized electrode by the reaction of a thiolated
dT20 oligonucleotide with the pretreated gold elec-
trode described above. Subpico mole of oligonucleo-
tides were immobilized on average on the gold elec-
trode with an area of 2.0mm2. Although this method
yielded a relatively constant amount of DNA probe
immobilized on the gold electrode, the magnitude of
the current was found variable to some extent from
lot to lot in the electrochemical measurement for un-
known reasons. Therefore, an index, the current shift,
�i ¼ ði� i0Þ=i0 � 100%, was introduced where i0 and
i refer to the current measured in an electrolyte con-
taining FND before and after hybridization with sam-
ple DNA, respectively. Since FND binds to ssDNA
mainly by electrostatic interaction between the cation-
ic sites of FND and DNA phosphate anions, the i0 val-
ue represents a current of the amount of DNA probe
immobilized on the electrode, while the �i value rep-
resents a net increase of the current of the amount of
dsDNA with target DNA per ssDNA of DNA probe

immobilized on the electrode. In practice, the current
obtained contains not only the current from FND ab-
sorbed on the electrode but also that from some diffu-
sion of FND from the bulk solution. Hence, the �i

value does not present rigorously the real amount of
target DNA. Nevertheless, mRNA was detected suc-
cessfully with a DNA probe-immobilized electrode
as shown in Figure 6; a good correlation between
the �i value and the amount of target mRNA was ob-
served down to the atto mole level of target mRNA.25

In the detection of mRNA, it was allowed to hybridize
with a DNA probe to form a DNA–RNA hetero-
duplex. The affinity of classical intercalators for the
heteroduplex is lower than that for the DNA–DNA
homoduplex. By contract, the threading intercalator
has higher binding affinity for the heteroduplex, also
suggesting that threading intercalators help to stabilize
their complex with dsDNA through anchoring of their
substituents.

20 µAcm-2

0.1 0.7

E/V vs. Ag/AgCl

0.3 0.5

b

a

Figure 5. Cyclic voltammograms of a dT20-immobilized gold electrode in an electrolyte after hybridization with complementary dA20

(a) or non-complementary dT20, (b) followed by immersion in FND-2 solution.
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APPLICATION FOR SNP ANALYSIS

SNP stands for single nucleotide polymorphism
which exists every 500–1,000 base pairs (bp) in three
billion bp of human chromosomal DNA. SNP is com-
mon DNA sequence variations and strongly correlated
with the individuals and hence can be used as a high
density marker of the gene.26 Many SNP data are al-
ready collected and some of the SNPs are correlated
with some disease or the side effect of a given drug.
Therefore, the development of rapid and highly accu-
rate SNP detection becomes a foothold of tailor-made
medications. SNP detection is achieved by the DNA
hybridization method whose principle is shown in
Figure 7.
Let us consider here two SNP types of allele 1 and

allele 2, for example, that differ in one base as shown
in Figure 7. A DNA fragment representing a sequence
complementary to that of allele 1 is immobilized on
the electrode as a DNA probe. A DNA sample con-
taining allele 1 or allele 2 is allowed to hybridize with
the DNA probe immobilized on the electrode. A fully
matched or one base mismatched DNA duplex is
formed from allele 1 or allele 2, respectively. In the
case of Figure 7, A/C mismatched DNA duplexes
were formed from allele 2 that differ from A/T fully
matched DNA duplexes in their thermal stability. In
other words, the DNA duplex containing mismatched

base(s) is thermally less stable because of the presence
of the mismatch and tends to dissociate from the DNA
probe more easily. Experimentally the discrimination
of these two duplexes can be achieved by adjusting
the hybridization temperature and the washing condi-
tions such as different buffer and salt concentration af-
ter hybridization. This method is called as allele spe-
cific hybridization (ASH) and has been used for the
detection of other types of gene mutation.27 As the
size of probe DNA carrying a mismatch increases,
the discrimination becomes more difficult. Therefore,
20-meric synthetic oligonucleotides are generally
used as a DNA probe. However, the types of mis-
matched base pairs and neighboring base sequences
also affect the magnitude of the difference and the
ease of discrimination between the fully matched
and mismatched DNA duplexes. From this viewpoint,
SNP analysis coupled with enzymatic reaction such as
Invader assay has been developed.28

Another difficulty of SNP detection arises from the
existence of the same two genes in the human chro-
mosome. As a gene type, there are a homozygote
which has a mutated base on both of the two chromo-
somes and a heterozygote which has a matched base
on one of the two chromosomes. Thus, detection of
a 1:1 mixture of matched and mismatched DNA du-
plexes is necessary to analyze the heterozygous SNP
sample.

Figure 7. Principle of SNP analysis by DNA hybridization method.
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Firstly, we tried electrochemical SNP detection for
a homozygote by using FND-1.29,30 A twenty-meric
oligonucleotide was immobilized on the gold elec-
trode as a DNA probe and 20-meric complementary
oligonucleotides carrying partially different base(s)
were allowed to hybridize separately under the condi-
tions where a DNA duplex can be formed with all of
the combinations. This procedure gave mismatched
DNA duplexes carrying mismatched base(s) at differ-
ent sites on the duplex. The electrode in the case of
fully matched or mismatched DNA duplex was used
in the differential pulse voltametric (DPV) measure-
ment in an electrolyte containing FND-1 to show that
the �i value for the mismatched DNA duplex was
smaller than that for fully matched one. This differ-
ence of �i values was derived from the difference
in the amount of bound FND-1 per DNA duplex mole-
cule. The amount of FND-1 bound to the DNA duplex
was evaluated by quartz crystal microbalance (QCM)
experiments. A twenty-meric oligonucleotide was im-
mobilized on the gold-covered QCM plate and dipped
to buffer solution. A matched or mismatched 20-meric
oligonucleotide was added in this solution and a de-
crease of the frequency for the QCM plate was ob-
served in both cases. An example for a complementa-
ry oligonucleotide combination is shown in Figure 8.
The amount of DNA duplex formed was estimated

from the frequency decrease. When FND-1 was added
to this system, the frequency of QCM decreased in
proportion to FND-1 bound to the DNA duplex and
the amount of FND-1 bound to DNA duplex formed
on the QCM plate was calculated from the frequency
decrease in each case. It was found that 9 molecules of
FND-1 could bind to the 20-meric oligonucleotide du-
plex on average. This is reasonable in light of the
nearest exclusion model and the terminal effect of
the intercalation into a short DNA fragment. On the
other hand, the existence of one base mismatch on

the 20-meric oligonucleotide duplex gave 7 molecules
of bound FND-1 on average, demonstrating that FND-
1 could not bind to mismatched base pairs nor the base
pairs neighboring mismatched one. This would result
in a decrease in the �i values. Therefore, the exis-
tence of SNP in sample DNA can be detected from
a decrease in �i value compared with that of the fully
matched DNA duplex. This discrimination is not de-
pendent on the thermal stability between matched
and mismatched DNA duplexes, and, therefore, this
discrimination method is especially effective for use
as a DNA chip where many DNA probes carrying dif-
ferent sequences with different duplex stability are in-
tegrated in a small area of the substrate surface. How-
ever, this method is limited to the case of the DNA
fragment with the same size of the DNA probe. Fur-
thermore, the discrimination ability would decrease
with an increase in their length.
To circumvent these disadvantages, temperature ef-

fect was considered combining with the mismatch dis-
crimination. When FND bound to a DNA duplex, the
resulting complex is stabilized as a result of the
threading intercalation. Since the amount of bound
FND is different between the fully matched and mis-
matched DNA duplexes, the stabilization state of the
two DNA duplexes combined with FND would be dif-
ferent. Therefore, the difference in the thermal stabil-
ity between the fully matched and mismatched DNA
duplexes in the presence of FND should be larger than
that in the absence of one. Proper temperature setting
based on the above notion could enable the effective
mismatch discrimination.
Finally, the effective one base mismatch discrimi-

nation was realized for SNP in the cancer suppression
gene p53 by the electrochemical method based on
FND-1 by optimizing the measurement tempera-
ture.31,32 It is known that there are sites called hot
spots on this gene that are prone to undergo mutation
and the mutation results in impairment of the malig-
nancy-suppressing ability of the p53 gene product.
Electrochemical SNP analysis with a 20-meric oligo-
nucleotide carrying the SNP site coupled with FND-
1 was performed for the transition to A from G in
the codon for the amino acid at position 175, 248 or
273 and the transversion to C from G in the codon
for the amino acid at position 72. Firstly, the measur-
ing temperature, which can discriminate between fully
matched and mismatched 20-meric target oligonu-
cleotides, was searched. Then the significantly differ-
ent �i values were obtained at 35 �C between fully
matched and mismatched oligonucleotides. Moreover,
SNP analysis for the PCR product (275 bp) of exon 4
of p53 with chromosomal DNA could be tested by this
method. In this case, the detection of a heterozygote
was achieved with two DNA probes corresponding

a

b

4003002001000

Time/s

10 Hz

Figure 8. Frequency change for 50-HS-ATT GAC CGT AAT

GGG ATA GG-30 immobilized QCM plate upon successive addi-

tion of the complementary 20-meric oligonucleotide (addition

point a) to form dsDNA and then FND-1 (addition point b).
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to two alleles (G or C type) in the codon for the amino
acid at position 72. Since the heterozygote has two
types of alleles, the distinguished increase of the �i

value should be observed. Individual PCR products
from 22 unknown samples were tested and 68% were
judged correctly or consistent with the sequencing re-
sult. This rate of hit is obviously lower than that for
model oligonucleotides. Possible reasons for this are
as follows. The �i value is not enough to correct
the variability of individual electrodes. The size of
the sample DNA is much larger than that in the oligo-
nucleotide system (278 bp vs. 20-mer) and the hybrid-
ization efficiency of PCR product was lower than with
that of the probe DNA.
A detection system with higher reproducibility was

also developed by improving the immobilization
method of DNA probe on the electrode. The PCR
products (350 bp) containing a mutated G818!A
transition and G916 deletion of human lipoprotein li-
pase (LPL) gene were tested by this improved electro-
chemical DNA detection based on FND-1.33 After op-
timization of the detection conditions, this system was
assessed on 10 unknown samples (0.2 pmol each of a
PCR product) of two types of LPL mutation, and the
genotype was correctly identified in every case.
Figure 9 shows an example of the detection of a het-
erozygote of the LPL gene.
In the method described above, two different DNA

probe-immobilized electrodes were necessary to de-
tect the heterozygote. As a next step, we developed
the detection of heterozygous SNP with one elec-
trode.34 Since the rate of DNA duplex formation is
the same with the fully matched and mismatched
DNA duplexes, two allele samples containing a
heterozygote was allowed to hybridize at a 1:1 ratio
with a DNA probe representing one allele. When only
a mismatched DNA duplex on the electrode leads to
dissociation from the electrode in the measurement

step, half of hybrid DNA of heterozygote dissociated
comparing with the case of homozygote carrying the
same SNP type of DNA probe. In the case of the ho-
mozygote carrying different SNP type of DNA probes,
all hybrids dissociated from the electrode. Here, C- or
G-type SNP is called W (wild) or M (mutant), respec-
tively. The electrochemical measurement after this
treatment should give the ratio of 2:1:0 of WT/WT,
WT/MT and MT/MT for homozygote carrying same
SNP type of DNA probe and heterozygote carrying
different SNP type of DNA probe. A mutated C !
G transition in a codon for Ser-447 of the human
LPL gene was tested in the above method. Only
DNA sample of M-type could dissociate from the
electrode with the conditions using 13-meric DNA
probe in 0.1M AcOH–AcOK (pH 5.6) and 0.1M
KCl, and 0.05mM FND at 45 �C. Under these condi-
tions, the PCR products (231 bp) of W/W, W/M, and
M/M gave a 2:1:0 ratio of �i values by using W-type
DNA probe-immobilized electrode, whereas the 0:1:2
ratio was obtained in the case of M-type DNA probe-
immobilized electrode. This SNP detection for homo-
zygote and hetrozygote was achieved directly by us-
ing chromosomal DNA digested with RNase A. Thus,
ferrocenylnaphthalene diimide-based electrochemical
DNA detection was successfully achieved not with
PCR products, but also with genomic samples.

APPLICATION FOR DNA CHIPS

A DNA chip is now an indispensable tool for gene
reseaerch where many different kinds of DNA probes
are integrated on a small area and generally fluores-
cently labeled DNA sample is allowed to hybridize
on it. After washing the DNA chip with buffer solu-
tion, many kinds of genes could be analyzed simulta-
neously by the fluorescence signal on the surface of
the DNA chip. While, electrodes carrying many dif-
ferent DNA probes are integrated to give a multi
DNA sensing system as an electrochemical DNA
chip. This electrochemical DNA chip system is ex-
pected to constitute a more compact instrument with
good cost performance. The author’s group developed
an electrochemical array (ECA) chip in collaboration
with TUM-gene Inc.35 Toshiba Corp. (Japan) and Mo-
tolora, Inc. (USA)36 also developed electrochemical
DNA chips and their readers. All of these devices
have a potential to offer a relatively cheap, easy-to
use and portable tool for DNA analysis and present
platforms for high-throughput gene diagnosis. Recent-
ly, TUM-gene Inc. developed a simultaneous multiple
mutation detection (SMMD) method coupled with en-
zymatic reaction. This method can detect not only a
single base mutation such as SNP, but also the move-
ment of chromosome and repeat mutation on a single
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Figure 9. Electrochemical detection of a heterozygous LPL
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chip that is expected as to be used a diagnostic chip.
For the first time we succeeded in electrochemical

visualization of DNA chips by scanning electro-
chemical microscopy (SECM).37 The DNA chip was
prepared by spotting a DNA solution on an aminopro-
pylsilane-coated glass substrate with DNA micro-
arrayer of 100 mm in diameter. Sample DNA was al-
lowed to hybridize on the DNA chip under proper
conditions and measured in an electrolyte containing
FND by SECM. FND is concentrated on dsDNA
formed between target DNA and probe DNA on the
DNA chip, enabling electrochemical visualization by
SECM. Detection of a one base mutation of p53 gene
was successfully achieved for the PCR product by this
method. This method is potentially applicable for a
conventional DNA microarray system without any
special chip such as multi-electrode array. However,
there are some difficulties to be overcome for keeping
the DNA chip horizontally to be scanned by the probe
electrode.

CONCLUDING REMARKS

The human genome project ended in April 14, 2003
with completion of the human genetic sequence. The
fruit of this feat accelerates the development of the
gene diagnosis including SNP analysis. The technolo-
gy of the electrochemical gene sensing is a good can-
didate to realize this purpose. This comes from the ex-
pectation for the down sizing of instruments, rapidity
of the measurement time, high sensitivity, and the ex-
tensive ability for multi-electrode system. FND bound
to dsDNA with threading intercalation every two base
pairs of dsDNA and formed a pseudo-polyferrocene
array surface on the dsDNA. This characteristic of
FND is exceedingly suitable for the electrochemical
hybridization indicator in the electrochemical DNA
detecting system.
As described in the review decreased here, FND-

based electrochemical DNA hybridization assay was
established. Further, the SNP detection system was
developed for PCR products and human genome sam-
ples. Electrochemical detection based on FND was ex-
tended to various SNP analyses and its effectiveness
was presented. Detection of DNA chips generated
from integrated electrodes was an example for the ef-
fective use of FND. The possibility of electrochemical
visualization of conventional DNA chips was shown
by using SECM. Reversible and electrochemically ac-
tive new ligands having a high preference for dsDNA
accelerated the research for an electroactive molecule-
covered DNA wire. Further development of the
electrochemical gene sensing system is highly desired
for more popular use.
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