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BIO-NANOWIRE DEVICE AND METHOD OF
FABRICATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority of Taiwanese Appli-
cation No. 101134278, filed on Sep. 19, 2012.

BACKGROUND OF THE INVENTION

[0002] 1.Field of the Invention

[0003] This invention relates to a nanowire device, more
particularly to a bio-nanowire device having the characteris-
tics of non-linear conductors.

[0004] 2. Description of the Related Art

[0005] An ordinary material at a nanoscale exhibits differ-
ent properties compared to the same material at a macro-
scopic scale. Currently, numerous semiconductor devices
employ nanostructures, such as nanodots, nanowires, nano-
tubes, etc., so as to improve the properties thereof. For
example, Taiwan Patent Publication No. 201218421 proposes
a light emitting diode (LED) that uses GaN nanowires, each
of which includes a P-type GaN segment and an N-type GaN
segment that is connected to the P-type GaN segment. A PN
junction is formed at the interface between the aforesaid
P-type and N-type GaN segments so that each of the GaN
nanowires exhibits the characteristics of diodes. However,
nanostructured semiconductor devices fabricated using the
aforementioned solid inorganic material, e.g., GaN, have
fixed properties and limited applications (for instance, the
semiconductor device disclosed in the aforesaid Taiwan
Patent Publication No. 201218421 can only serve as a LED)
such that they are unlikely to be utilized to serve different
functions via adjustment of operating conditions thereof.

SUMMARY OF THE INVENTION

[0006] Therefore, the object of the present invention is to
provide a nanowire device that can perform different func-
tions the adjustment of operating conditions, and a method of
fabricating the same.

[0007] According to one aspect of this invention, a bio-
nanowire device comprises:

[0008] a substrate having a first surface;

[0009] a first conductor disposed on the first surface of
the substrate;

[0010] a second conductor disposed on the first surface
of the substrate and spaced apart from the first conduc-
tor; and

[0011] a bio-nanowire that has two ends respectively
connected to the first and second conductors and that
includes a nucleic acid molecule having two nucleotide
segments, and a plurality of metal ions bonded between
the two nucleotide segments of the nucleic acid mol-
ecule, said two nucleotide segments form a double helix
structure via base pairs,

[0012] wherein when a voltage or a current is applied to the
bio-nanowire, the oxidation state of the metal ions can be
changed such that the non-linear electroconductive charac-
teristic of the bio-nanowire can be controlled.

[0013] According to another aspect of this invention, a
bio-nanowire device comprises:

[0014] a substrate having a first surface;

[0015] a first conductor disposed on the first surface of the
substrate;
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[0016] a second conductor disposed apart from the sub-
strate and the first conductor; and

[0017] a plurality of electrically isolated bio-nanowires
each of which has two ends respectively connected to the first
and second conductors and each of which includes a nucleic
acid molecule having two nucleotide segments, and a plural-
ity of metal ions bonded to the two nucleotide segments so as
to form an electron transport path, said two nucleotide seg-
ments form a double helix structure via base pairs,

[0018] wherein when a voltage or a current is applied to the
bio-nanowires, the oxidation state of the metal ions can be
changed such that the non-linear electroconductive charac-
teristic of the bio-nanowires can be controlled.

[0019] According to yet another aspect of this invention, a
method of fabricating a nanowire device comprises the steps
of:

[0020] (a) forming separated first and second conductors
on a surface of a substrate;

[0021] (b) providing first and second linkers each of
which is composed of nucleic acids and at least one
metal ion that is bonded between the nucleic acids, and
connecting the first and second linkers to the first and
second conductors, respectively; and

[0022] (c) connecting a bio-nanowire to the first and
second linkers such that the bio-nanowire interconnects
the first and second conductors, the bio-nanowire
including a nucleic acid molecule, and a plurality of
metal ions bonded to the nucleic acid molecule.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Other features and advantages of the present inven-
tion will become apparent in the following detailed descrip-
tion of the preferred embodiments of this invention, with
reference to the accompanying drawings, in which:

[0024] FIG. 1 is a schematic view to illustrate the first
preferred embodiment of a bio-nanowire device according to
this invention;

[0025] FIGS. 2 to 4 are schematic diagrams to respectively
illustrate three examples of a bio-nanowire used in the first
preferred embodiment;

[0026] FIG. 51is a schematic diagram illustrating how the
bio-nanowire is connected to first and second conductors;
[0027] FIG. 6 is a flow chart to illustrate a method of fab-
ricating the first preferred embodiment of the bio-nanowire
device;

[0028] FIG. 7 is a current-voltage graph to illustrate an
operating characteristic of the bio-nanowire device of the first
preferred embodiment serving as a diode;

[0029] FIGS. 8 to 10 are current versus time graphs of the
bio-nanowire device of the first preferred embodiment;
[0030] FIG. 11 is a current versus time graph to illustrate a
characteristic of the bio-nanowire device of the first preferred
embodiment serving as a memristor;

[0031] FIGS. 12 to 14 are schematic views to illustrate a
characteristic of the bio-nanowire device of the first preferred
embodiment serving as a spintronic device;

[0032] FIG. 15 is a schematic view to illustrate an example
of the bio-nanowire device of the first preferred embodiment
serving as a biosensor;

[0033] FIG. 16 is a schematic view to illustrate the second
preferred embodiment of the bio-nanowire device according
to this invention;
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[0034] FIGS. 17 to 22 are schematic diagrams to respec-
tively illustrate six examples of the bio-nanowire used in the
second preferred embodiment;

[0035] FIG. 23 is a schematic view illustrating how the
second preferred embodiment of the bio-nanowire device is
fabricated;

[0036] FIG. 24 is a flow chart to illustrate a method of
fabricating the second preferred embodiment;

[0037] FIG. 25 is a schematic view to illustrate the third
preferred embodiment of the bio-nanowire device according
to this invention;

[0038] FIG. 26 is a flow chart to illustrate a method of
fabricating the third preferred embodiment; and

[0039] FIGS. 27 and 28 are schematic views illustrating
how the third preferred embodiment of the bio-nanowire
device is fabricated.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0040] Before the present invention is described in greater
detail, it should be noted that the same reference numerals
have been used to denote like elements throughout the speci-
fication.

[0041] Referring to FIGS. 1 to 4, the first preferred embodi-
ment of a bio-nanowire device 1 according to the present
invention is shown. In the first preferred embodiment, by
virtue of specific operating conditions (e.g., electric current,
voltage, or magnetic field), the bio-nanowire device 1 can be
controlled to perform different functions at different operat-
ing conditions. For example, under a corresponding operating
condition, the bio-nanowire device 1 can perform a respective
function so as to serve as a diode, a memristor, a spintronic
device, or a bio-sensor.

[0042] The bio-nanowire device 1 includes an insulating
substrate 2, a first conductor 3, a second conductor 4, and a
bio-nanowire 5.

[0043] The substrate 2 has a first surface 21. In this embodi-
ment, the substrate 2 is a silicon substrate that has an insulat-
ing silicon dioxide layer formed thereon. It should be noted
that the substrate 2 is not limited to the aforesaid silicon
substrate.

[0044] The first conductor 3 and the second conductor 4 are
disposed on the first surface 21 of the substrate 2 and are
spaced apart from each other. A distance between the first and
second conductors 3, 4 ranges from 5 nanometers to 1
micrometer, preferably, from 20 nm to 300 nm. The first and
second conductors 3, 4 may be made from metal, graphite,
metal oxides, or conductive polymeric materials via common
semiconductor technology.

[0045] The bio-nanowire 5 is substantially made of a
nucleic acid molecule having two nucleotide segments, and a
plurality of metal ions 53 that are bonded between the two
nucleotide segments of the nucleic acid molecule by virtue of
chelation. In this embodiment, the two nucleotide segments
of the nucleic acid molecule respectively form first and sec-
ond nucleotide strands 51, 52 that are helically intertwined
via base pairs so as to form a double helix structure. The
bio-nanowire 5 has two ends that are respectively connected
to the first and second conductors 3, 4 through electrostatic
force. A length of the bio-nanowire 5 (i.e. an amount of
nucleotides) can be flexibly adjusted based on requirements,
as long as the length thereof can be suited for the distance
between the first and second conductors 3, 4.
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[0046] Inthis embodiment, the interaction of the metal ions
with the base pairs of the first and second nucleotide strands
51, 52 is shown in Formula (I). The first and second nucle-
otide strands 51, 52 form the double helix structure of DNA,
and are bonded with each other via hydrogen bonding and
chelation of the metal ions 53.

N Formula (I)
H
TN
HsC o.._ N N
J/ u” 1 X
/ N_\\ ’N\/N
N Y A
/ <\O -
(6]
il
TH H
Ne==
\ =\
N—H-mrme._ o Ny

N, ..-H H ¢
(6]
o
C H &

In contrast, ordinary DNA molecules only have first and
second nucleotide strands, thereby exhibiting electrically
insulating characteristics. The metal ions 53 in the bio-
nanowire 5 are arranged to facilitate charge transport through
acorridor of the pi-pi interactions of base-pair stacking of the
first and second nucleotide strands 51, 52. The bio-nanowire
5 exhibits the electrically conducting characteristics of non-
linear conductors.

[0047] Indetail, the first and second nucleotide strands 51,
52 of the bio-nanowire 5 respectively have a plurality of
nucleotides 511, 521. The nucleotides 511, 521 may be deox-
yribonucleotides containing bases such as adenine, guanine,
thymine, or cytosine, i.e., adenine nucleotides, guanine
nucleotides, thymine nucleotides, or cytosine nucleotides. In
the figures, A, G, T, and C respectively symbolize the deox-
yribonucleotides containing adenine, guanine, thymine, and
cytosine bases. It should be noted that the nucleotides 511,
521 may also be ribonucleotides and hence are not limited to
the aforesaid deoxyribonucleotides. Furthermore, the metal
ions 53 of the bio-nanowire 5 in this embodiment are nickel
ions. However, it should be noted that the metal ions 53 may
be copper ions, zinc ions, cobalt ions, or iron ions, and hence
are not limited to nickel ions.

[0048] Referring to FIGS. 2 to 4, the first and second nucle-
otide strands 51, 52 of the bio-nanowire 5 according to the
present invention have arbitrary nucleotide sequences, and
are not limited to certain constituents, sequences, amounts, or
lengths. Nevertheless, the nucleotides 511, 521 must main-
tain a certain degree of matching therebetween.

[0049] For instance, the nucleotides 511 of the first nucle-
otide strand 51 are alternate thymine and guanine nucleotides
(T and G), the nucleotide 511 at the 5' end is a thymine
nucleotide (T), and the nucleotide 511 at the 3' end is a
guanine nucleotide (G). The nucleotides 521 of the second
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nucleotide strand 52 are alternate adenine and cytosine nucle-
otides (A and C), the nucleotide 521 at the 3' end is an adenine
nucleotide (A), and the nucleotide 521 at the 5' end is a
cytosine nucleotide (C). It should be noted that the aforesaid
instances are solely intended for the purpose of illustration
and should not be construed as limiting the invention in prac-
tice.

[0050] FIGS. 2, 3, and 4 respectively show that the nucle-
otides 511, 521 of the first and second nucleotide strands 51,
52 match each other completely, have one mismatch, and
have a plurality of mismatches.

[0051] Referring to FIG. 2, there is a perfect match between
the nucleotides 511 of the first nucleotide strand 51 and the
nucleotides 521 of the second nucleotide strand 52 (T-A and
G-C). There is always a respective one of the metal ions 53
bonded between the matched nucleotides 511, 521.

[0052] Referring to FIG. 3, a cytosine nucleotide (C) in the
second nucleotide strand 52 of the bio-nanowire 5 is replaced
with a thymine nucleotide (the replaced thymine nucleotide is
denoted by T) compared to the bio-nanowire 5 shown in FIG.
2. Consequently, the guanine nucleotide of the first nucleotide
strand 51 (denoted by G) at the corresponding position does
not match the replaced thymine nucleatide (T) of the second
nucleotide strand 52, and no metal ion 53 is bonded therebe-
tween.

[0053] Referring to FIG. 4, the nucleotides 511, 521 in the
first and second nucleotide strands 51, 52 of the bio-nanowire
5 have three G-T mismatches compared to the bio-nanowire 5
shown in FIG. 2, and no metal ion 53 is bonded between each
of the three mismatched pairs.

[0054] Inview ofthe foregoing, the nucleotides 511,521 of
the bio-nanowire 5 may have various degrees of matching.
The lack of metal ion 53 at a mismatch position gives rise to
an energy barrier in the electron transport path, thereby caus-
ing hindrance to electron transfer. The larger the amount of
the mismatches of the nucleotides 511, 521 in the bio-nanow-
ire 5, the higher the resistance of the bio-nanowire 5 will be.
Nonetheless, to perform electrically conducting characteris-
tics of the bio-nanowire 5, the nucleotides 511, 521 thereof
preferably have at least 70% complementary base pairing,
more preferably, at least 80% complementary base pairing,
and most preferably, 100% complementary base pairing such
that the object of the present invention can be achieved.
[0055] Referring to FIGS. 5 and 6, a method of fabricating
the first preferred embodiment of the bio-nanowire device 1
of this invention will now be described.

Step S1: Formation of First and Second Conductors 3, 4

[0056] Inthis embodiment, the first and second conductors
3, 4 are formed using a lift-off process. It should be noted that
the first and second conductors 3, 4 may also be formed by
virtue of an etching process, and the method of forming the
first and second conductors 3, 4 is not limited to the aforesaid
processes.

[0057] In detail, a photoresist pattern for the first and sec-
ond conductors 3, 4 is defined on the first surface 21 of the
substrate 2 through a photolithography or electron-beam
lithography or other lithography process. A titanium coating
of 5 nm and a gold coating of 50 nm are sequentially formed
on the photoresist layer and the portion of the first surface 21
of the substrate 2, which is not covered by the photoresist
layer, via E-gun evaporation, thermal evaporation, or other
thin-film coating techniques. Subsequently, the photoresist
layer and the portions of the titanium and gold coatings on the
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photoresist layer are removed such that the first and second
conductors 3, 4 are formed. It should be noted that the mate-
rials used to form the first and second conductors 3, 4 are not
limited to the aforesaid materials.

Step S2: Preparation of Reaction Solution 54

[0058] A preparation method of reaction solution 54 con-
taining the bio-nanowires 5 is as follows.

[0059] DNA molecules (each including first and second
nucleotide strands 51, 52, as shown in FIG. 2, FIG. 3, or FIG.
4 but containing no chelated metal ions 53) areadded intoa 10
mM Tris-HCI buffer solution (pH 9.0). The concentration of
the resultant solution is adjusted to 12.5 ng/uL. while the pH is
maintained at 9.0. Namely, 1 L of the DNA solution thus
formed contains 12.5 mg of the aforesaid DNA molecules.
[0060] A 10 mM Tris-HCI buffer solution and a 2.5 mM
NiCl, solution are added into the DNA solution while the pH
is maintained at 9.0. The reaction is allowed to proceed for at
least 8 hours so that the aforesaid DNA molecules and nickel
ions undergo chelation. Therefore, reaction solution 54 con-
taining the bio-nanowires 5 as shown in FIG. 2, FIG. 3, or
FIG. 4 is prepared.

Step S3: Connection of Bio-Nanowire 5 to First and Second
Conductors 3, 4

[0061] The bio-nanowire 5 includes a plurality of the posi-
tively charged metal ions 53 (which are nickel ions in this
embodiment). Since the first and nucleotide strands 51, 52
include phosphate groups which are negatively charged, the
bio-nanowire 5 overall is negatively charged. This step
employs an electrophoresis technique. In general, a positive
voltage is applied to the first and second conductors 3, 4.
Consequently, by virtue of electrostatic force, the bio-nanow-
ire 5 1s adsorbed to the first and second conductors 3, 4, more
precisely, is stretched so that the two ends thereof are respec-
tively connected to the first and second conductors 3, 4.
[0062] Referring to FIG. 5, the method of connecting the
bio-nanowire 5 to the first and second conductors 3, 4 will
now be described. Reaction solution 54 containing the bio-
nanowires 5 is dialyzed against double-distilled water at 4° C.
for 8 hours so as to remove excess salts and the nickel ions 53.
Thereafter, about 5 pL, of the reaction solution 54 is added
dropwise onto and between the first and second conductors 3,
4.

[0063] A positive voltage of +1V is applied to the first and
second conductors 3, 4 for 20 minutes so that the bio-nanow-
ires 5 in the reaction solution 54 are adsorbed and hence
connected to the first and second conductors 3, 4 via electro-
phoresis. During this procedure, the reaction solution 54 may
be hermetically sealed with a cover so as to maintain the
concentration thereof.

[0064] The excess reaction solution 54 remaining on the
first and second conductors 3, 4 is slowly blown off using
nitrogen gas, thereby completing the fabrication of the bio-
nanowire device 1.

[0065] It should be noted that the materials and thicknesses
of the first and second conductors 3, 4, the solution concen-
tration, the pH value, the voltage, the time required for con-
necting the bio-nanowire 5 to the first and second conductors
3, 4, etc. described above are solely provided for the purpose
ofillustration. Furthermore, the amount of the bio-nanowire 5
connected to the first and second conductors 3, 4 may also be
more than one, and can be adjusted as needed.
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[0066] The bio-nanowire 5 in this embodiment is com-
posed of a double-stranded structure consisting of the first
and second nucleotide strands 51, 52. However, the bio-
nanowire 5 may also be composed of a single-stranded struc-
ture.

[0067] Indetail, when the bio-nanowire 5 is composed of a
single-stranded structure, the single-stranded structure
includes the two nucleotide segments. One of the segments is
similar to the first nucleotide strand 51 as shown in FIGS. 2 to
4, and has a nucleotide sequence consisting of thymine (T)
and guanine (G). The other of the segments is similar to the
second nucleotide strand 52 as shown in FIGS. 2 to 4, and has
anucleotide sequence consisting of adenine (A) and cytosine
(C). The two nucleotide segments may be directly connected
10 each other.

[0068] The aforesaid single-stranded structure is bent at a
middle position between the two nucleotide segments, and a
double helix structure is thus formed by the two nucleotide
segments via hydrogen bonding. Metal ions 53 are bonded
between the two nucleotide segments via chelation. The bio-
nanowire 5 composed of the aforesaid single-stranded struc-
ture hence is quite similar to the bio-nanowire 5 composed of
the double-stranded structure as shown in FIGS. 2 to 4,
thereby also being able to perform the same function. Accord-
ingly, it should be noted that the structure of the bio-nanowire
5 can be flexibly adjusted depending on requirements, and is
not limited to the aforesaid structure.

[0069] In this invention, when a voltage or a current is
applied to the bio-nanowire 5, the oxidation state of the metal
ions 53 can be changed such that the non-linear electrocon-
ductive characteristic of the bio-nanowire 5 can be controlled.

Use of Bio-Nanowire Device 1 as Diode

[0070] Use of the bio-nanowire device 1 as a diode is illus-
trated with reference to FIGS. 7 to 10.

[0071] FIG. 7 shows acurrent-voltage (I-V) curve obtained
by applying a DC voltage to the first and second conductors 3,
4 of the bio-nanowire device 1. The DC voltage is gradually
increased from —10V to +10'V, and is then gradually reduced
from +10V to -10V. The current values corresponding to the
different voltage values are shown in FIG. 7.

[0072] First,avoltageof ~10V is applied to the bio-nanow-
ire device 1 so that all of the metal ions 53 in the bio-nanowire
5 areinduced to have a relatively lower oxidation state, i.e., all
of the nickel ions are induced to have an oxidation state of +2
(Ni**). When the voltage is gradually increased from -10V to
0V, the bio-nanowire device 1 carries a first negative bias
current with a very small magnitude (very close to 0 nA).
Subsequently, when the voltage is gradually increased from 0
V to +10V, the bio-nanowire device 1 exhibits a first positive
bias current that is greater in magnitude than the first negative
bias current. The first positive bias current is rapidly increased
in magnitude when the voltage is increased from 0 Vto +3V,
and reaches a peak value (about 7.5 nA) at +3 V. The first
positive bias current is reduced to about 2.6 nA when the
voltage is increased from +3 V to +5 V, and is slowly increased
in magnitude when the voltage is increased from +5V to +10
V.

[0073] Inother words, the metal ions 53 in the bio-nanowire
5 can be induced to have a relatively lower oxidation state by
virtue of a negative setting voltage (which is =10 V in this
example but is not limited thereto). In this relatively lower
oxidation state, the first positive bias current of the bio-
nanowire device 1 is greater in magnitude than the first nega-
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tive bias current thereof such that the bio-nanowire device 1
exhibits electrically conducting characteristics similar to
those of ordinary diodes. Since the bio-nanowire device 1
exhibits a current-voltage characteristic that is non-linear and
that is not always gradually increased in magnitude when the
applied voltage is positive, the electrically conducting char-
acteristics thereof are not identical to those of ordinary
diodes.

[0074] In addition, the metal ions 53 in the bio-nanowire §
can be induced to have a relatively higher oxidation state
(Ni** in this example) by virtue of a positive setting voltage
(which is +10 V in this example). In this relatively higher
oxidation state, the bio-nanowire device 1 exhibits a second
positive bias current with a small magnitude when the voltage
is gradually reduced from +10V to 0 V. When the voltage is
gradually reduced from 0V to —10'V, the bio-nanowire device
1 exhibits a second negative bias current that is generally
greater in magnitude than the second positive bias current
thereof. Furthermore, since the second negative bias current
exhibits a current-voltage characteristic that is non-linear and
that is not always gradually increased in magnitude, the same
is similar to the first positive bias current.

[0075] Therefore, in the relatively higher oxidation state,
the bio-nanowire device 1 exhibits an electrically conducting
property that is opposite to that of the bio-nanowire device 1
in the relatively lower oxidation state, and has a current-
voltage characteristic that is generally opposite to that of
ordinary diodes. Accordingly, by virtue of a positive sefting
voltage or a negative setting voltage, the bio-nanowire device
1 can be induced to have a relatively higher oxidation state or
a relatively lower oxidation state such that the bio-nanowire
device 1 can have opposite electrically conducting properties
to perform different functions.

[0076] FIG. 8 shows the current values at different time
points as obtained by first applying a positive setting voltage
of +6 V to the bio-nanowire device 1 so as to induce the same
to have a relatively higher oxidation state, and then by input-
ting a sine wave voltage having positive and negative peaks of
£1.5 V. When the sine wave voltage ranges from 0 V to +1.5
V (i.e., positive voltage), the peak positive current is O~1 nA.
When the sine wave voltage ranges from -1.5Vt0 0V (i.e.,
negative voltage), the peak negative current is close to -5 nA.
Under the aforesaid operating conditions, the bio-nanowire
device 1 has a greater current in magnitude at a negative
voltage compared to a current thereof at a positive voltage,
thereby exhibiting an electrically conducting property oppo-
site to that of ordinary diodes.

[0077] FIG. 9 shows the current values at different time
points as obtained by first applying a negative setting voltage
of -6V to the bio-nanowire device 1 so as to induce the same
to have a relatively lower oxidation state, and then by input-
ting a sine wave voltage having positive and negative peaks of
+1.5 V. When the sine wave voltage ranges from 0V to +1.5
V (i.e., positive voltage), the peak positive current is slightly
larger than 4 nA. When the sine wave voltage ranges from
-1.5V10 0V (i.e., negative voltage), the peak negative current
is =1~-2 nA. Thus, the bio-nanowire device 1 has a greater
current in magnitude at a positive voltage compared to a
current thereof at a negative voltage, thereby exhibiting an
electrically conducting property similar to that of ordinary
diodes.

[0078] As shown in FIGS. 8 and 9, since the bio-nanowire
5 can be induced to have a relatively higher oxidation state or
a relatively lower oxidation state, the bio-nanowire device 1
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can exhibit opposite electrically conducting properties even
when the same sine wave voltage is applied thereto. There-
fore, via application of a positive setting voltage or a negative
setting voltage, the bio-nanowire device 1 can be used to
perform a desired function for serving as a desired element.

[0079] Referring to FIG. 10, similarly, when a triangular
wave voltage is applied to the bio-nanowire device 1 in a
relatively higher oxidation state or a relatively lower oxida-
tion state, the bio-nanowire device 1 also has a respective
current. As shown in FIG. 10, the dashed line represents the
inputted triangular wave voltage (ranging from 0 Vto +3 V),
the bold line represents the current of the bio-nanowire device
1 in a relatively lower oxidation state (the peaks thereof range
from 5 nA to 6 nA), and the fine line represents the current of
the bio-nanowire device 1 in a relatively higher oxidation
state (the peaks thereof range from 1 nA to 2 nA). Since the
bio-nanowire device 1 can be induced to have a relatively
higher oxidation state or arelatively lower oxidation state, the
bio-nanowire device 1 can have different currents even when
the same triangular wave voltage is applied. The aforesaid
characteristic is also a diode characteristic of the bio-nanow-
ire device 1.

[0080] It should be noted that input voltages used for illus-
trating the operating characteristics of the bio-nanowire
device 1 serving as a diode are not limited to the DC voltage,
sine wave voltage, and triangular wave voltage as disclosed
above, and may also be other types of input voltages (e.g.,
square wave voltage).

Use of Bio-Nanowire Device 1 as Memristor

[0081] Use of the bio-nanowire device 1 as a memristor is
illustrated with reference to FIG. 11.

[0082] A random access memory (RAM) is an electronic
component commonly used in various electronic devices, and
is able to store data via a plurality of capacitors therein. The
capacitor which is saturated with electrical energy exhibits a
binary state of “1”, and the capacitor which does not store
electrical energy exhibits a binary state of “0”. When an
electronic device is shut down or suffers from loss of power,
aRAM may lose the data stored therein, thereby being in need
of improvement.

[0083] A memristor may be used to replace the conven-
tional RAM. A memristor is a memory component that is
capable of maintaining the resistance thereof'so as to preserve
the data stored therein even after an electronic device is shut
down or suffers from loss of power. To be specific, a mem-
ristor is characterized by the following formula:

V(=M(q@)xK2) @

where V(1) is the voltage as a function of time, q(t) is the
electric charge as a function of time, I(t) is the current as a
function of time, and M(q(1)) is the resistance of the memris-
tor (i.e., memristance) as a function of the electric charge.
[0084] As evident from the above-mentioned formula, the
resistance of a memristor is controlled by the amount of the
electric charge at a certain time point. When a voltage or a
current is applied to a memristor, the resistance thereof is
changed. After the voltage or the current is removed, the
resistance of the memristor can be hence maintained at the
level before removal of the voltage or the current. Conse-
quently, a memristor exhibits characteristics of resistive
memories.

[0085] When a respective one of voltages corresponding to
the binary data “1” and “0” (e.g. +5V and +1 V) is applied to
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a memristor, the resultant resistance of the memristor, which
corresponds to the respective binary datum, is used as an
index. Thus, once the resistance of the memristor is deter-
mined, the datum stored in the memristor, i.e., “1”* or “0”, can
be inferred immediately. Since the resistance of a memristor
remains unchanged after removal of power, the data stored in
the memristor can be prevented from being lost.

[0086] Inthis embodiment, when a positive setting voltage
or a negative setting voltage is applied to the bio-nanowire
device 1, the metal ions 53 are induced to have a relatively
higher oxidation state or a relatively lower oxidation state.
The resultant relatively higher oxidation state and the result-
ant relatively lower oxidation state can only be changed
respectively by subsequent application of a new negative
setting voltage or a new positive setting voltage. In other
words, removal of power is unable to change an oxidation
state of the metal ions 53. Accordingly, the bio-nanowire
device 1 of this invention is able to maintain the same resis-
tance after removal of power, thereby having operating char-
acteristics of memristors.

[0087] Furthermore, the relatively higher and lower oxida-
tion states may be designated to data “+1” and “-~1”. The
initiation state at which no external bias voltage is provided
may be designated to datum “0”. The stored data can be
inferred by determining a current-voltage characteristic of the
bio-nanowire device 1 so as to deduce whether the bio-
nanowire device 1 has a relatively higher oxidation state or a
relatively lower oxidation state.

[0088] FIG. 11 shows the current values for accessing the
datum stored in the bio-nanowire device 1 (represented by the
solid line) as obtained by first applying a negative setting
voltage of -6V to the bio-nanowire device 1 so as to induce
the same to have a relatively lower oxidation state (corre-
sponding to the datum “~17), and then by applying a respec-
tive one of square wave voltages having a peak negative
voltage of -1 V and a peak positive voltage of +1 V (repre-
sented by the dashed line) to the bio-nanowire device 1. When
the square wave voltage having the peak negative voltage of
-1V is applied, the current thus measured (approximately
ranging from 0 nA to -25 nA) is relatively small in magni-
tude. When the square wave voltage having the peak positive
voltage of +1'V is applied, the current thus measured (gener-
ally ranging from 80 nA to 150 nA) is relatively large. Based
on the result of the previous example, the aforesaid current-
voltage relationship indicates that the bio-nanowire device 1
has arelatively lower oxidation state, thereby confirming that
the datum stored in the bio-nanowire device 1 is “~1”. Simi-
larly, via a positive setting voltage of +6'V, the bio-nanowire
device 1 can be induced to have a relatively higher oxidation
state which corresponds to the datum “1”, and the datum
stored in the bio-nanowire device 1 can be inferred by virtue
of a current-voltage relationship.

[0089] It should be noted that the aforesaid setting voltages
of +6 V and -6 V for inducing the bio-nanowire device 1 to
have a specific oxidation state, and the aforesaid square wave
voltages having the peak positive and negative voltages of +1
Vand -1V for determining a current-voltage relationship are
solely intended for the purpose of illustration. Any setting
voltage capable of inducing the bio-nanowire device 1 to have
arelatively higher oxidation state or a relative lower oxidation
state, and any applied voltage suitable for determining a cur-
rent-voltage relationship of the bio-nanowire device 1 may be
utilized.
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[0090] Data storage can be achieved not only through the
binary numeral system, but also through the following sys-
tem. As shown in the formula (T) mentioned above, the resis-
tance of the bio-nanowire device 1, M(q(t)), is a function of
time. Namely, when the input voltage V varies with time, the
corresponding resistance and the corresponding electric
charge regarding the bio-nanowire device 1 also change with
time. The resultant changes can be found by a detection
device. The change of the electric charge with time ranges
from 0 to 2N. N represents the amount of base pairs in a
nucleic acid molecule. Thus, the bio-nanowire device 1is able
10 store data not only via the binary numeral system, but also
via an 2N-nary numeral system (i.e., a multinary numeral
system) based on the amount of the base pairs in the bio-
nanowire 5. In this embodiment, N may range from 60 to
2000, but is not limited to the aforesaid range.

Use of Bio-Nanowire Device 1 as Spintronic Device

[0091] Use of the bio-nanowire device 1 as a spintronic
device is illustrated with reference to FIGS. 12 to 14.

[0092] An electron is a subatomic particle with a negative
charge, and the spin thereof is “+12” or “~1A”. A spintronic
device is a device that is able to determine electron spin by
detecting the change in resistance.

[0093] Ingeneral, a spintronic device normally includes an
electron transport channel and two electrodes that are respec-
tively connected to two ends of the electron transport channel.
After amagnetic field is applied to the electrodes, electrons in
the electrodes can be induced to have the same spin, i.e. +/2 or
-1%. Once the electrons of the two electrodes have the same
spin, a voltage can be applied to the electrodes so that the
electrons in one of the electrodes are transported to the other
one of the electrodes through the electron transport channel.
Since the electrons of the electrodes have the same spin, the
electrons do not undergo spin-flip scattering when being
transported such that resistance is smaller. On the other hand,
when the electrons of the two electrodes have the opposite
spins, the electrons undergo spin-flip scattering when being
transported such that resistance is larger. Accordingly, by
measuring the resistance of a spintronic device, the spin of
electrons in the spintronic device can be determined. In addi-
tion, the change in resistance can be detected by determining
the value or the phase regarding a current and a voltage.
[0094] In this embodiment, when the bio-nanowire device
1 is used as a spintronic device, the bio-nanowire 5 serves as
an electron transport channel, and the first and second con-
ductors 3, 4 are required to be made of a magnetic metal (such
asiron, cobalt, and nickel) so as to induce the electron spin via
a magnetic field.

[0095] Referring to FIGS. 12 to 14, a voltage is applied to
the bio-nanowire device 1, and the first and second conduc-
tors 3, 4 are respectively induced to have lower and higher
electric potentials so that electrons in the first conductor 3 are
transported to the second conductor 4 through the bio-nanow-
ire 5. In FIGS. 12 to 14, black circles represent electrons,
arrows pointing up (1) represent the electron spin of +%5,
arrows pointing down (| ) represent the electron spin of -4,
and horizontal arrows (—) represent the direction of electron
transport.

[0096] Referring to F1G. 12, after the first conductor 3, the
bio-nanowire 5, and the second conductor 4 are subjected to
a magnetization process, the electrons in the aforesaid three
components have the same spin, i.e., +4, such that the resis-
tance measured after a voltage is applied (referred to as R1) is
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the lowest. Referring to FIG. 13, the electrons in the first
conductor 3 have the spin different from that of the electrons
in the bio-nanowire 5 and the second conductor 4, such that
the resistance thus measured (referred to as R2) is higher than
R1. Further referring to FIG. 14, the electrons in the bio-
nanowire 5 have the spin different from that of the electronsin
the first and second conductors 3, 4, such that the resistance
thus measured (referred to as R3) is the highest. Conse-
quently, the aforesaid three resistances can be ranked in
decreasing order as follows: R3>R2>R1. Accordingly, by
measuring the resistance of the bio-nanowire device 1, the
spin of electrons can be determined, and the relative magne-
tization state among the first conductor 3, the second conduc-
tor 4, and the bio-nanowire 5 can also be further determined.
[0097] Furthermore, in this embodiment, the bio-nanowire
5 canbe magnetized by virtue of a voltage. For instance, when
the metal ions 53 of the bio-nanowire 5 are non-magnetized,
and when the electrons in the first and second conductors 3,4
have the same spin, a voltage can be applied to transport the
electrons in the first conductor 3 to the second conductor 4
through the bio-nanowire 5 so that the electrons in the metal
ions 53 of the bio-nanowire 5 are induced to have same spin
as that of the electrons in the first and second conductors 3, 4
(i.e., the electrons in the metal ions 53 of the bio-nanowire 5
exhibit the magnetization state similar to that shown in FIG.
12).

Use of Bio-Nanowire Device 1 as Biosensor

[0098] Use of the bio-nanowire device 1 as a biosensor is
illustrated with reference to FIG. 15.

[0099] As shown in FIG. 15, in an example of this embodi-
ment, the phosphate groups (not shown) in the first and sec-
ond nucleotide strands 51, 52 of the bio-nanowire 5 are
respectively bonded to protein G B1 domains (PGB1s) 55 by
virtue of 1-ethyl-3-[3-dimethylaminopropyl]|carbodiimide
hydrochloride (EDC), and each of the PGBI1s 55 is also
bonded to an immunoglobulin G (IgG) 56. Therefore, a bio-
analyte 571 capable of binding to the matching IgG 56 could
be detected.

[0100] In operation, a sample solution 572 can be added
dropwise to the bio-nanowire 5, or the bio-nanowire device 1
can be soaked in the sample solution 572, so that examination
of the bioanalytes 571 in the sample solution 572 could be
conducted. It should be noted that the bio-nanowire device 1
may further include a fluidic channel (not shown) allowing
the sample solution 572 to flow therethrough to the bio-
nanowire 5 for examination. In detail, the examination of the
bioanalytes 571 is conducted by first applying a voltage or an
electric power to the bio-nanowire device 1, and by subse-
quently determining the change in the current or the voltage
regarding the bio-nanowire device 1. The bioanalytes 571 in
the sample solution 572 capable of binding to the IgGs 56
could be detected via the resultant change in the current or the
voltage regarding the bio-nanowire device 1. It should also be
noted that the aforesaid PGB1s 55 and IgGs 56 are solely
intended for the purpose of illustration, and other suitable
binding proteins and immunoglobulins can be used to exam-
ine a bioanalyte.

Use of Bio-Nanowire Device 1 as Anisotropic Conductive
Structure

[0101] The second preferred embodiment of the bio-
nanowire device 1 according to the present invention and use
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of the same as an anisotropic conductive structure are illus-
trated with reference to FIGS. 16 to 22.

[0102] As shown in FIG. 16, the bio-nanowire device 1
includes a substrate 2, a first conductor 3, a second conductor
4, and a plurality of bio-nanowires 5", The substrate 2 has a
first surface 21. The first conductor 3 is disposed on the first
surface 21 of the substrate 2, and is made of gold, silver or
copper. The second conductor 4 is disposed apart from the
substrate 2 and the first conductor 3. One end of each of the
bio-nanowires 5" is vertically connected to the first conductor
3 via a self-assembly monolayer (SAM) technique (the pro-
cess of connecting the bio-nanowires 5" to the first conductor
3 will be described in detail in the following paragraphs). The
other end of each of the bio-nanowires 5" is connected to the
second conductor 4. Thus, the second conductor 4 is electri-
cally connected to the first conductor 3 by virtue of the bio-
nanowires 5".

[0103] As shown in FIGS. 17 to 22, the structure of the
bio-nanowire 5" according to the second preferred embodi-
ment and that of the bio-nanowire 5 according to the first
preferred embodiment (see FIGS. 2 to 4) are similar, e.g., the
first and second nucleotide strands 51, 52 of each of the
bio-nanowire 5" match each other completely in nucleotide
sequence, have one mismatch, or have a plurality of mis-
matches in nucleotide sequence. The nucleotide segments
may respectively form first and second nucleotide strands 51,
52 or may be included in a single-stranded structure. The
difference between the first and second preferred embodi-
ment resides in that at least one of the first and second nucle-
otide strands 51, 52 of the bio-nanowire 5" according to the
second preferred embodiment further has a thiol group 58
(—SH group) bonded to the 3' end or the 5' end thereof. Since
the thiol group 58 of the bio-nanowire 5" and the first con-
ductor 3 can form a gold-sulfur bond, a silver-sulfur bond or
a copper-sulfur bond, the bio-nanowire 5" is capable of being
connected to the first conductor 3.

[0104] Furthermore, since the first and second nucleotide
strands 51, 52 of the bio-nanowire 5" exhibit insulating prop-
erties, and since the metal ions 53 bonded between the first
and second nucleotide strands 51, 52 together serve as an
electron transport path, the bio-nanowire 5" can be consid-
ered as a micro-cable that is enclosed by an insulating layer.
The plurality of the bio-nanowires 5' cooperate to form a
structure similar to that of coaxial cables. When the first and
second conductors 3, 4 transmit electrical signals via the
bio-nanowires 5", the electrical signals respectively transmit-
ted by the bio-nanowires 5" are independent of each other and
do not interfere with each other such that the bio-nanowire
device 1 has an anisotropic conductive effect.

[0105] A method of fabricating the second preferred
embodiment of the bio-nanowire device 1 will now be illus-
trated with reference to FIGS. 23 and 24.

Step F1: Formation of First Conductor 3

[0106] Thefirstconductor3 is formed on the first surface 21
of the substrate 2 via semiconductor technology. The process
of forming the first conductor 3 according to the second
preferred embodiment is similar to that of forming the first
conductor 3 according to the first preferred embodiment as
described in step S1, and the detailed description thereof is
omitted herein for the sake of brevity. Furthermore, the first
conductor 3 may be subjected to surface grinding using alu-
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mina powder, and may be subjected to electrolytic polishing
in a 0.5 M sulfuric acid solution, so as to improve surface
smoothness.

Step F2: Preparation of Reaction Solution 59

[0107] Reaction solution 59 containing the bio-nanowires
5", each of which has the thiol group 58, is prepared in this
step.

[0108] First, step S2 as described in the method of fabricat-
ing the first preferred embodiment of the bio-nanowire device
11s conducted so as to prepare the above-mentioned reaction
solution 54. Afterward, reaction solution 54 is subjected to
thiolation using 6-mercapto-1-hexanol (HO(CH,),SH) so
that the 3' end or the 5' end of each of the bio-nanowires 5" has
the thiol group 58 transferred from 6-mercapto-1-hexanol.
Consequently, preparation of reaction solution 59 is com-
pleted.

Step F3: Connection of Bio-Nanowires 5" to First Conductor
3 by Virtue of SAM Technique

[0109] This step is conducted so that the bio-nanowires 5"
in reaction solution 59 are vertically bonded to the surface of
the first conductor 3 (made of a gold material, a silver mate-
rial, or a copper material) via the thiol groups 58 thereof and
therefore form a SAM (self-assembly monolayer) structure.
[0110] In detail, 2 M reaction solution 59 is added drop-
wise to the first conductor 3, followed by being left standing
still for 8 hours. The bio-nanowires 5" in reaction solution 59
automatically bind to the surface of the first conductor 3 via
the thiol groups 58 thereof, and are perpendicular to the
surface of the first conductor 3. During this procedure, reac-
tion solution 59 may be hermetically sealed with a cover so as
to maintain the concentration and stability thereof. Thereaf-
ter, the first conductor 3 and the bio-nanowires 5" connected
thereto are soaked in 2 0.1 M PBS (phosphate buffered saline)
solution for 10 minutes, followed by washing with distilled
water so as to remove the excess reaction solution 59 remain-
ing on the first conductor 3.

Step F4: Connection of Second Conductor 4 to
Bio-Nanowires 5"

[0111] This step is conducted so that the second conductor
4 made of gold colloidal particles or micro- to sub-micro scale
metal coated polystyrene beads is connected to the other end
of each of the bio-nanowires 5", which is opposite to the end
connected to the first conductor 3. Accordingly, the fabrica-
tion of the bio-nanowire device 1 having anisotropic conduc-
tivity is completed.

[0112] Since the second conductor 4 is not disposed on the
first surface 21 of the substrate 2, the first and second con-
ductors 3, 4 according to the second preferred embodiment
can be respectively deemed to be electrodes of two electronic
components. Since the surface of the first conductor 3 is
connected to one end of each of the bio-nanowires 5" via the
respective thiol group 58, and since the second conductor 4 is
connected to the other end of each of the bio-nanowires 5",
these two electronic components can transmit electrical sig-
nals by virtue of the bio-nanowires 5", such as co-axial cables,
so as to achieve anisotropic conductivity.

[0113] FIGS. 25 and 28 show the third preferred embodi-
ment of the bio-nanowire device 1 according to the present
invention. The third preferred embodiment and the first pre-
ferred embodiment are similar, except that: the third preferred
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embodiment of the bio-nanowire device 1 further includes a
firstlinker 6 and a second linker 7. Each of the first and second
linkers 6, 7 is substantially composed of nucleic acids, and
has at least one metal ion (not shown) that is bonded between
the nucleic acids via chelation. The first and second linkers 6,
7 are respectively connected to the first and second conduc-
tors 3, 4 by virtue of a SAM technique. The process of pre-
paring the first and second linkers 6, 7 will be described in
detail in the following paragraphs. In the third preferred
embodiment, the two ends of the bio-nanowire 5™ are con-
nected to the first and second conductors 3, 4 respectively via
the first and second linkers 6, 7. Accordingly, connection of
the bio-nanowire 5" to the first and second conductors 3, 4
according to the third preferred embodiment differs from that
of the first preferred embodiment.

[0114] Inthe third preferred embodiment, the first and sec-
ond conductors 3, 4 are made of gold, silver, or copper. The
structure of the bio-nanowire 5" according to the third pre-
ferred embodiment is similar to that of the bio-nanowire 5
according to the first preferred embodiment, and also contains
aplurality of metal ions (not shown), each of which is bonded
between the respective base pair via chelation. However, the
nucleic acid molecules of the bio-nanowire 5" are respec-
tively subjected to two different restriction enzyme treat-
ments (e.g., treatments using Bam HI and EcoRI) so that a
first sticky end 501 and a second sticky end 502 are formed at
the two ends of the bio-nanowire 5™

[0115] The first linker 6 includes a first nucleic acid primer
61, a second nucleic acid primer 62, and at least one metal ion
(not shown) bonded between the first and second nucleic acid
primers 61, 62 via chelation. The lengths of the first and
second nucleic acid primers 61,62 range from 20 to 30 nucle-
otides, and are different from each other. The shorter one of
the first and second nucleic acid primers 61, 62 is comple-
mentary in nucleotide sequence to a portion of the longer one
of the first and second nucleic acid primers 61, 62. Thus, the
first and second nucleic acid primers 61, 62 form a sticky end
that can be ligated to the first sticky end 501 of the bio-
nanowire 5™ by virtue of hybridization. At least one of the
first and second nucleic acid primers 61, 62 has a thiol group
at one end thereof, which is opposite to the other end to be
ligated to the first sticky end 501 of the bio-nanowire 5™, and
is hence capable of forming a gold-sulfur bond, a silver-sulfur
bond, or a copper-sulfur bond with the first conductor 3.
Accordingly, the first sticky end 501 of the bio-nanowire 5™
can be connected to the first conductor 3 via the first linker 6.
It should be noted that: the first and second nucleic acid
primers 61, 62 may be designed so that only one or each of the
first and second nucleic acid primers 61, 62 has a thiol group.

[0116] Similarly, the second sticky end 502 of the bio-
nanowire 5™ is connected to the second conductor 4 by virtue
of the second linker 7. The second linker 7 includes a third
nucleic acid primer 71, a fourth nucleic acid primer 72, and at
least one metal ion (not shown) bonded between the third and
fourth nucleic acid primers 71, 72 via chelation. The lengths
of the third and fourth nucleic acid primers 71, 72 are different
from each other. The shorter one of the third and fourth
nucleic acid primers 71, 72 is complementary in nucleotide
sequence to a portion of the longer one of the third and fourth
nucleic acid primers 71, 72. Thus, the third and fourth nucleic
acid primers 71, 72 form a sticky end that can be ligated to the
second sticky end 502 of the bio-nanowire 5" by virtue of
hybridization. Atleast one of the third and fourth nucleic acid
primers 71,72 has a thiol group at one end thereof, which is
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opposite to the other end to be ligated to the second sticky end
502 of the bio-nanowire 5™, and is hence capable of forming
a gold-sulfur bond, a silver-sulfur bond, or a copper-sulfur
bond with the second conductor 4.

[0117] Inthis embodiment, the first and second sticky ends
501, 502 of the bio-nanowire 5™ are connected to the first and
second conductors 3, 4 respectively via the first and second
linkers 6, 7, and thus the third preferred embodiment of the
bio-nanowire device 1 can also be used to perform different
functions so as to serve as a diode, a memristor, a spintronic
device, or a biosensor. It should be noted that: the two ends of
the bio-nanowire 5™ may be directly connected to the firstand
second conductors 3,4 via electrostatic force; and the connec-
tion of the two ends of the bio-nanowire 5™ to the first and
second conductors 3,4 can be flexibly adjusted as required,
and therefore is not limited to the above description.

[0118] A method of fabricating the third preferred embodi-
ment of the bio-nanowire device 1 will now be illustrated with
reference to FIGS. 26 to 28.

Step M1: Formation of First and Second Conductors 3, 4

[0119] Inthis step, the first and second conductors 3, 4 are
formed on the substrate 2 using electrically conductive mate-
rials. The formation of the first and second conductors 3, 4
according to the third preferred embodiment is the same as
that according to the first preferred embodiment (see step S1),
and hence will not be described further for the sake of brevity.

Step M2: Connection of First and Second Linkers 6, 7 to
Surfaces of First and Second Conductors 3, 4 by Virtue of
SAM Technique

[0120] In this step, the first and second linkers 6, 7 are
connected to the surfaces of the first and second conductors 3,
4 via a SAM technique. Nucleotide sequences of DNA frag-
ments belonging to each ofthe first and second linkers 6, 7 are
shown in Table 1 below. The first sense fragment corresponds
to the first nucleic acid primer 61, and the first antisense
fragment corresponds to the second nucleic acid primer 62.
The second sense fragment corresponds to the fourth nucleic
acid primer 72, and the second antisense fragment corre-
sponds to the third nucleic acid primer 71. In this embodi-
ment, each of the first and third nucleic acid primers 61, 71
has a thiol group at 5' end thereof.

TABLE 1

Nucleotide sequences
of DNa fragments of each linker

Nucleotide sequence

Linker DNA fragment (5'—=3"
First First sense gttctgacccacaacyg
linker fragment (SEQ ID NO: 1)
First antisense aattcgttgtgggtcagaac
fragment (SEQ ID NO: 2)
Second Second sense cacegeagettteaty
linker fragment (SEQ ID NO: 3)
Second antisense gatccatgaaagctgeggtg
fragment (SEQ ID NO: 4)

[0121] Referring to FIG. 27, 1 uM (1 pmol/L) aqueous
solutions respectively containing the first and third nucleic
acid primers 61, 71 were mixed together, and 5 pL of the
resultant mixture solution was added dropwise to the first and
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second conductors 3, 4, followed by being left standing still
for 6 hours to 12 hours. Thus, each of the first and third nucleic
acid primers 61, 71 formed a gold-sulfur bond (or a silver-
sulfur bond or a copper-sulfur bond in other embodiments)
with a respective one of the first or second conductors 3, 4 via
the thiol group such that a self-assembly monolayer (SAM) is
formed. As shown in FIG. 27, the surfaces of the first con-
ductor 3 and second conductor 4 are connected to first nucleic
acid primer 61 SAM and/or third nucleic acid primers 71
SAM. It should be noted that the total amount of the first
nucleic acid primer 61 and the third nucleic acid primer 71
connected to the first conductor 3 and second conductor 4 are
not limited to the aforesaid. To be more precise, the total
amount of the first nucleic acid primer 61 and the total amount
ofthe third nucleic acid primer 71 may be more than one, i.e.,
the surfaces of the first and second conductors 3, 4 may be
respectively connected to a plurality of the first nucleic acid
primers 61 and a plurality of the third nucleic acid primers 71.
[0122] Referring to FIG. 28, 2 uLL of a 1 uM (1 umol/L)
solution (pH 9.0) containing the second nucleic acid primer
62 complementary to the first nucleic acid primer 61, the
fourth nucleic acid primer 72 complementary to the third
nucleic acid primer 71, and double-distilled water (ddH,O),
and 2 uL of a nickel-containing solution (the nickel ion con-
centration thereof is 100 uM) were added dropwise to the first
and second conductors 3.4, followed by being left standing
still for 12 hours. Consequently, the second and fourth prim-
ers 62, 72 were respectively formed into base pairs with the
first and third primers 61, 71. Thus, the first and second
linkers 6, 7 having the metal ions (not shown) bonded therein
via chelation were prepared.

[0123] The first and second conductors 3, 4 were rinsed
with double-distilled water (pH 9.0) thrice so as to remove
excess salts and nickel ions.

[0124] Tt should be noted that the surfaces of the first and
second conductors 3, 4 may be respectively connected to a
plurality of the first linkers 6 and a plurality of the second
linkers 7 via a SAM technique so that a plurality of the
bio-nanowires 5™ instead of one can be connected between
the first and second conductors 3,4. Preferably, the concen-
tration of each of the first, second, third, and fourth nucleic
acid primers 61, 62, 71, 72 in the aqueous solution ranges
from 0.01 to 10 umol/L; the concentration of the metal ions in
the metal-containing solution ranges from 10 pmol/L to 10
mmol/L; and the aqueous solution containing the second and
fourth nucleic acid primers 62 and 72 and the nickel-contain-
ing solution are in a volume ratio ranging from 0.1 to 10.

Step M3: Connection of Two Ends of Bio-Nanowire
Respectively to First and Second Linkers 6, 7

[0125] This step is conducted so that the bio-nanowire 5™ is
connected to the first and second conductors 3, 4 by virtue of
the first and second linkers 6, 7.

[0126] First, genomic DNA was extracted from Chinese
hamster ovary (CHO) cells (BCRC 60006) using Genomic
DNA Purification Kit (GeneMark, Cat. No. DP02-150). The
CHO cells can be purchased from Biosource Collection and
Research Center (BCRC) of Food Industry Research and
Development Institute (FIRDI) (331 Shih-Pin Road, Hsinchu
300, Taiwan).

[0127] Subsequently, the genomic DNA thus obtained
served as a template, and a primer pair designed based on the
nucleotide  sequence of NCBI  Accession No.
NM__001243976 (mRNA of Cricetulus griseus p53 tumor
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suppressor (P53)) and having the nucleotide sequences
shown below was used, so as to conduct a polymerase chain
reaction (PCR) under the reaction conditions shown in Table
2 below. Therefore, the amplified PCR products (1,193 bps)
containing a Cricetulus griseus p53 gene were obtained.

TABLE 2

PCR reaction conditions

Contents Volume (uL)
Genomic DNA of CHO cells (0.01 pg/uL) 2

p53 forward primer (2.5 uM) 1

p53 reverse primer (2.5 pM) 1
dNTPg (10 mM) 1

Taq DNA polymerase 0.2
Taq DNA polymerase buffer (10X) 2.5
MgCl, (25 mM) 5
ddH,0 12.3

Operating conditions: Denatura-ion at 95¢ C. for 5 minutes,
followed by 37 cycles of the following reactions: densturation
at 95° CZ. for 30 secorde, primer annea’ing at €0° C. for 30
seconds, and elongation at 72° C. for 2 minates; anc finally
extension at 72° C. for 4 minutes.

p53 forward primer:

5'-caccatggaggagccacagt-3' (SEQ ID NC: 5)

P53 raverse primer:

5'-aaggaagtcagtccgagtca-3' (SEQ ID NC: €)

[0128] After the polymerase chain reaction was completed,
the PCR products thus obtained were subjected to 1% agarose
gel electrophoresis so as to verify the molecular weight
thereof, followed by recovery and purification using
QIAquick PCR Purification Kit (QTAGEN, Cat. No. 28106).
Afterward, the purified PCR products were incorporated into
pET200/D-TOPO® plasmids (5,741 bps) using Champion™
pET200 Directional TOPO® Expression Kit (Life Technolo-
gies, USA, Cat. No. K200-01) according to the manufactur-
er’s instructions such that recombinant plasmids pET200-
153 (6,930 bps) were obtained.

[0129] Open reading frame of the recombinant plasmids
pET200-p53 was confirmed via nucleotide sequencing. After
the confirmation, the recombinant plasmids pET200-p53
served as a template, and a primer pair designed based on the
recombinant plasmids pET200-p53 and having the nucle-
otide sequences shown below was used, so as to conduct a
polymerase chain reaction under the reaction conditions
shown in Table 2 above. Thus, the PCR products (1,871 bps)
containing an EcoRI/BamHI restriction site were obtained.

PET200-p53 forward primer:

5’-gaattctacgactcactata-3’ (SEQ ID NO: 7)

EcoRI

PET200-p53 reverse primer:

5’ -ggatccatttagaaaaataa-3’ (SEQ ID NO: 8)

BamHI
[0130] The aforesaid two primers are respectively designed

to have restriction sites (underlined) for restriction enzymes
EcoRI and BamHIL.
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[0131] After the polymerase chain reaction was completed,
the PCR products thus obtained were subjected to 1% agarose
gel electrophoresis so as to verify the molecular weight
thereof, followed by recovery and purification using
QIAquick PCR Purification Kit. The purified PCR products
were used to prepare reaction solution 54 containing the
bio-nanowires 5 according to the method as described in step
S2 above. Subsequently, the bio-nanowires 5 were subjected
to cleavage using restriction enzymes EcoRI and BamHI so
that reaction solution 54' (not shown) containing the bio-
nanowires 5" (1,869 bps, SEQID NO: 9) was prepared. Each
of the bio-nanowires 5™ thus formed has the first sticky end
501 and the second sticky end 502.

[0132] 5 pL of 200 nM (nmol/L) reaction solution 54' was
added dropwise to the first and second conductors 3,4 formed
in step M2 above, followed by being left standing still for 20
minutes. Therefore, the first and second sticky ends 501, 502
of the bio-nanowire 5" are connected respectively to the first
and second linkers 6, 7. During this procedure, reaction solu-
tion 54' may be hermetically sealed with a cover so as to
maintain the concentration thereof. The excess reaction solu-
tion 54' remaining on the first and second conductors 3, 4 was
slowly blown off using nitrogen gas, thereby completing the
fabrication of the bio-nanowire device 1.

[0133] Itshould be noted that the concentration of reaction
solution 54' and the time required for connecting the bio-
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nanowire 5" to the first and second conductors 3, 4 can be
adjusted as desired, and are not limited to the above descrip-
tion.

[0134] Since the bio-nanowire 5" according to the third
preferred embodiment is connected to the first and second
conductors 3, 4 via the first and second linkers 6, 7, the
bio-nanowire 5" is different from the bio-nanowire 5 accord-
ing to the first preferred embodiment (which is connected to
the first and second conductors 3,4 via electrostatic force) and
1s different from the bio-nanowire 5" according to the second
preferred embodiment (which is connected to the first con-
ductor 3 directly via the thiol group) in terms of the connec-
tion method. Nevertheless, the aforesaid three bio-nanowires
5, 5", 5" are able to perform the same function. Even though
the bio-nanowire device 1 shown in FIG. 25 includes only one
bio-nanowire 5", the total amount of the bio-nanowire 5™
may be more than one.

[0135] Inview ofthe foregoing, the bio-nanowire device 1
of this invention is capable of performing different functions
so as to serve as a diode, a memristor, a spintronic device, or
a biosensor, under suitable operating conditions.

[0136] While the present invention has been described in
connection with what are considered the most practical and
preferred embodiments, it is understood that this invention is
not limited to the disclosed embodiments but is intended to
cover various arrangements included within the spirit and
scope of the broadest interpretation and equivalent arrange-
ments.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 9

<210> SEQ ID NO 1

<211> LENGTH: 16

«<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: First sense fragment

<400> SEQUENCE: 1

gttctgacee acaacy

<210> SEQ ID NO 2

«211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: First antisense fragment

<400> SEQUENCE: 2

aattcgttgt gggtcagaac

<210> SEQ ID NO 3

<211> LENGTH: 16

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Second sense fragment

<400> SEQUENCE: 3

caccgcaget tteatyg

<210> SEQ ID NO 4

16

20

16
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<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Second antisense fragment

<400> SEQUENCE: 4

gatccatgaa agctgcggtg 20

<210> SEQ ID NO 5

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

<223> OTHER INFORMATION: p53 forward primer

<400> SEQUENCE: 5

caccatggag gagccacagt 20

<210> SEQ ID NO €

<211> LENGTH: 20

«<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: p53 reverse primer

<400> SEQUENCE: ¢

aaggaagtca gtccgagtca 20

«210> SEQ ID NO 7

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: pET200-p53 forward primer
<220> FEATURE:

<221> NAME/KEY: restriction site

<222> LOCATION: (1)..(6)

<223> OTHER INFORMATION: recognized by EcoRI

<400> SEQUENCE: 7

gaattctacg actcactata 20

<210> SEQ ID NO 8

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

«220> FEATURE:

<223> OTHER INFORMATION: PET200-p53 reverse primer
<220> FEATURE:

<221> NAME/KEY: restriction_site

<222> LOCATION: (1)..(6)

<223> OTHER INFORMATION: recognized by BamHI

<400> SEQUENCE: 8

ggatccattt agazaaataa 20

<210> SEQ ID NO 9

<211> LENGTH: 1869

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: bio-nanowire
<220> FEATURE:

<221» NAME/KEY: first sticky end
<222> LOCATION: (1)..(5)

<220> FEATURE:
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<221> NAME/KEY: Cricetulus griseus p53 tumor suppressor gene
<222> LOCATION: (199)..(1387

<220> FEATURE:

<221> NAME/KEY: second sticky end

<222> LOCATION: (1865)..(1869)

<400> SEQUENCE: 9

aattctacga ctcactatag gggaattgtg agcggataac aattcccctce tagaaataat
tttgtttaac tttaagaagg agatatacat atgcggggtt ctcatcatca tcatcatcat
ggtatggeta geatgactgyg tggacagcaa atgggteggg atetgtacga cgatgacgat
aaggatcatc ccttcaccat ggaggagcca cagtcagacce tcagcatega getcectetg
agccaggaga cattttcaga cctgtggaaa ctacttecte caaacaatgt tetgtecace
ttgcecgtecat cegattceccat tgaagagetg ttectgtcag agaatgttac aggctggtta
gaagactcag gtggagcget ccaaggggtg gcagecagceag cagcettctac agcagaagac
cctgtaactyg agactectge accggtggece tcetgcaccag ccactcectg geccctetca
tettetgtee catcctataa aacctaccag ggtgactatg gettcecgtet gggettectg
cactcaggga cggccaaatce tgtcacgtge acgtacteee cttecctaaa taagctattt
tgccagetgyg caaaaacatyg ccectgtgeag ctgtgggtea actcecacccece tecacctgge
acccgtgtee gtgccatgge catctacaag aagctacaat acatgacaga agttgtaaga
cgctgeecte accacgagcyg ctectecgaa ggegatagtt tggetcctec tcagcatctt
atccgagtgg aaggaaattt gcatgecgag tacctggatg acaagcaaaa atttcggcac
agtgtggtgg taccatatga gccacctgag gttggectctg actgtaccac catccattac
aactacatgt gcaatagtte ctgcatgggg ggcatgaace ggeggeecat ccettaccate
atcacactgg aagaccccag tggtaacctg ctgggacgga acagctttga ggttcegtatt
tgtgcectgte ctgggagaga ccgtegtace gaggaaaaaa atttccagaa aaaaggagaa
ccttgeccag agctgeccce aaagagtgct aaacgagcat tgectaccaa cacaagetcec
tetecececege caaagaaaaa aacacttgat ggagaatatt tcacccttaa gatccgaggt
catgagegct tcaagatgtt tcaagagetg aatgaggoct tggaattgaa ggatgctcag
gcttcaaagg ggtcagagga caatggtget cactccaget acctgaagte caagaagggce
cagtctgect cecgtettaa aaaactaatg atcaagagag aggggcctga ctceggactga
cttceecttaag ggcgagetca acgatecgge tgctaacaaa gcccegaaagg aagcetgagtt
ggctgctgee accgetgage aataactage ataacccectt ggggcctcta aacgggtett
gaggagtttt ttgctgaaag gaggaactat atccggatat cccgcaagag geccggcagt
accggcataa ccaagcectat gectacagca tccagggtga cggtgccgag gatgacgatg
agcgcattgt tagatttcat acacggtgcc tgactgcgtt agcaatttaa ctgtgataaa
ctaccgcatt aaagcttatc gatgataagce tgtcaaacat gagaattaat tcttgaagac
gaaagggcct cgtgatacge ctatttttat aggttaatgt catgataata atggtttett
agacgtcagg tggcactttt cggggaaatg tgegeggaac ccctatttgt ttatttttet

aaatggatc

60

120

180

240

300

360

420

480

540

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1800

1860

1869
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What is claimed is:

1. A bio-nanowire device, comprising:

a substrate having a first surface;

a first conductor disposed on said first surface of said

substrate;

a second conductor disposed on said first surface of said

substrate and spaced apart from said first conductor; and

a bio-nanowire that has two ends respectively connected to

said first and second conductors and that includes a
nucleic acid molecule having two nucleotide segments,
and a plurality of metal ions bonded between said two
nucleotide segments of said nucleic acid molecule, said
two nucleotide segments forms a double helix structure
via base pairs,

wherein when a voltage or a current is applied to said

bio-nanowire, the oxidation state of said metal ions can
be changed such that the non-linear electroconductive
characteristic of said bio-nanowire can be controlled.

2. The bio-nanowire device of claim 1, wherein said two
nucleotide segments of said nucleic acid molecule respec-
tively form first and second nucleotide strands that are heli-
cally intertwined to form the double helix structure, nucle-
otides of said first nucleotide strand completely match
nucleotides of said second nucleotide strand and bond to said
nucleotides of said second nucleotide strand via hydrogen
bonding and chelation of said metal ions.

3. The bio-nanowire device of claim 1, wherein said two
nucleotide segments of said nucleic acid molecule respec-
tively form first and second nucleotide strands that are heli-
cally intertwined to form the double helix structure, at least
one of nucleotides of said first nucleotide strand mismatches
a respective at least one of nucleotides of said second nucle-
otide strand, others of said nucleotides of said first nucleotide
strand match others of said nucleotides of said second nucle-
otide strands and bond to said nucleotides of said second
nucleotide strand via hydrogen bond and chelation of said
metal ions.

4. The bio-nanowire device of claim 1, wherein said
nucleic acid molecule is composed of a single-stranded struc-
ture having said two nucleotide segments and is bent such that
said two nucleotide segments match each other and form the
double helix structure.

5. The bio-nanowire device of claim 1, wherein each of said
nucleotide segments is composed of ribonucleotides or deox-
yribonucleotides

6. The bio-nanowire device of claim 5, wherein each of said
nucleotide segments is composed of deoxyribonucleotides
selected from the group consisting of adenine nucleotides,
guanine nucleotides, thymine nucleotides, cytosine nucle-
otides, and combinations thereof.

7. The bio-nanowire device of claim 1, wherein said metal
ions are selected from the group consisting of nickel ions,
copper ions, zinc ions, cobalt ions, iron ions and combina-
tions thereof.

8. The bio-nanowire device of claim 1, further comprising
first and second linkers, each of said first and second linkers
being composed of nucleic acids and at least one metal ion
that is bonded between said nucleic acids, said two ends of
said bio-nanowire being respectively connected to said first
and second conductors via said first and second linkers.

9. The bio-nanowire device of claim 8, wherein said bio-
nanowire has first and second sticky ends at said two ends
thereof, said first and second conductors being respectively
made of gold, silver or copper, said first linker including a first

13
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nucleic acid primer, a second nucleic acid primer matching
said first nucleic acid primer in nucleotide sequence, and at
least one metal ion bonded between said first and second
nucleic acid primers, said first and second nucleic acid prim-
ers having different lengths and forming a sticky end that is
ligated to said first sticky end of said bio-nanowire, each of
said first and second nucleic acid primers of said first linker
having a thiol group so as to form a gold-sulfur bond, a
silver-sulfur or a copper-sulfur bond with said first conductor,
said second linker including a third nucleic acid primer, a
fourth nucleic acid primer matching said third nucleic acid
primer in nucleotide sequence, and at least one metal ion
bonded between said third and fourth nucleic acid primers,
said third and fourth nucleic acid primers having different
lengths and forming a sticky end that is ligated to said second
sticky end of said bio-nanowire, each of said third and fourth
nucleic acid primers of said second linker having a thiol group
so as to form a gold-sulfur bond, a silver-sulfur bond or
copper-sulfur bond with said second conductor.

10. The bio-nanowire device of claim 1, wherein said metal
ions have a relatively lower oxidation state under a negative
setting voltage and have a relatively higher oxidation state
under a positive setting voltage, so that the non-linear elec-
troconductive characteristic of said bio-nanowire can be con-
trolled through the oxidation state of said metal ions.

11. The bio-nanowire device of claim 1, wherein said first
and second conductors are spaced apart from each other by a
distance ranging from 5 nanometers to 1 micrometer.

12. The bio-nanowire device of claim 11, wherein said first
and second conductors are spaced apart from each other by a
distance ranging from 20 nm to 300 nm.

13. The bio-nanowire device of claim 1, wherein each of
said first and second conductors is made from a material
selected from the group consisting of metal, graphite, metal
oxides, and conductive polymeric materials.

14. The bio-nanowire device of claim 1, wherein said bio-
nanowire device is used as a spintronic device, and each of
said first and second conductors is made from a magnetic
metal.

15. The bio-nanowire device of claim 14, wherein said
magnetic metal is iron, cobalt, or nickel.

16. The bio-nanowire device of claim 1, further comprising
a fluidic channel adapted to allow a sample solution to flow
therethrough to said bio-nanowire.

17. The bio-nanowire device of claim 1, wherein said two
ends of said bio-nanowire are connected to said first and
second conductors via electrostatic force.

18. A bio-nanowire device, comprising:

a substrate having a first surface;

a first conductor disposed on said first surface of said

substrate;

a second conductor disposed apart from said substrate and

said first conductor; and

a plurality of electrically isolated bio-nanowires each of

which has two ends respectively connected to said first
and second conductors and each of which includes a
nucleic acid molecule having two nucleotide segments,
and a plurality of metal ions bonded to said two nucle-
otide segments so as to form an electron transport path,
said two nucleotide segments form a double helix struc-
ture via base pairs,

wherein when a voltage or a current is applied to said

bio-nanowires, the oxidation state of said metal ions can
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be changed such that the non-linear electroconductive
characteristic of said bio-nanowires can be controlled.

19. The bio-nanowire device of claim 18, wherein said two
nucleotide segments of said nucleic acid molecule of each of
said bio-nanowires respectively form first and second nucle-
otide strands that are helically intertwined to form the double
helix structure, nucleotides of said first nucleotide strand
completely match nucleotides of said second nucleotide
strand and bond to said nucleotides of said second nucleotide
strand via hydrogen bonding and chelation of said metal ions.

20. The bio-nanowire device of claim 18, wherein said two
nucleotide segments of said nucleic acid molecule of each of
said bio-nanowires respectively form first and second nucle-
otide strands that are helically intertwined to form the double
helix structure, at least one of nucleotides of said first nucle-
otide strand mismatches a respective at least one of nucle-
otides of said second nucleotide strand, others of said nucle-
otides of said first nucleotide strand match others of said
nucleotides of said second nucleotide strands and bond to said
nucleotides of said second nucleotide strand via hydrogen
bond and chelation of said metal ions.

21. The bio-nanowire device of claim 18, wherein said
nucleic acid molecule of each of said bio-nanowires is com-
posed of a single-stranded structure having said two nucle-
otide segments and is bent such that said two nucleotide
segments match each other and form the double helix struc-
ture.

22. The bio-nanowire device of claim 18, wherein each of
said nucleotide segments is composed of ribonucleotides or
deoxyribonucleotides.

23. The bio-nanowire device of claim 18, wherein each of
said nucleotide segments is composed of deoxyribonucle-
otides selected from the group consisting of adenine nucle-
otides, guanine nucleotides, thymine nucleotides, cytosine
nucleotides, and combinations thereof.

24. The bio-nanowire device of claim 18, wherein said
metal ions are selected from the group consisting of nickel
ions, copper ions, zinc ions, cobalt ions, iron ions and com-
binations thereof.

25, The bio-nanowire device of ¢claim 18, wherein said first
conductor is made of gold, silver or copper, at least one of said
two nucleotide segment of each of said bio-nanowires has a
thiol group, each of said bio-nanowires being connected to
said first conductor via a gold-sulfur bond, a silver-sulfur
bond, or a copper-sulfur bond.

26. The bio-nanowire device of claim 18, which is an
anisotropic conductive structure.

27. A method of fabricating a bio-nanowire device, com-
prising the steps of:

(a) forming separated first and second conductors on a

surface of a substrate;

(b) providing first and second linkers each of which is
composed of nucleic acids and at least one metal ion that
is bonded between the nucleic acids, and connecting the
first and second linkers to the first and second conduc-
tors, respectively,

(c) connecting a bio-nanowire to the first and second link-
ers such that the bio-nanowire interconnects the first and
second conductors, the bio-nanowire including a nucleic
acid molecule, and a plurality of metal ions bonded to
the nucleic acid molecule.

28. The method of claim 27, wherein, in step (a), the first

and second conductors is made of gold, silver, or copper, and,
in step (b), each of the first and second linkers has a thiol
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group, the first and second linkers being respectively con-
nected to the first and second conductors by virtue of gold-
sulfur bond, silver-sulfur bond, or copper-sulfur bond.

29. The method of claim 28, wherein, in step (c), the
bio-nanowire has first and second sticky ends that are formed
by subjecting the nucleic acid molecule to two different
restriction enzyme treatments and that are respectively con-
nected to the first and second linkers.

30. The method of claim 29, wherein, in step (b), the first
linker includes a first nucleic acid primer, a second nucleic
acid primer matching the first nucleic acid primer in nucle-
otide sequence, and at least one metal ion bonded between the
first and second nucleic acid primers, the first and second
nucleic acid primers having different lengths and forming a
sticky end that is ligated to the first sticky end of the bio-
nanowire, at least one of the first and second nucleic acid
primers of the first linker having the thiol group so as to form
the gold-sulfur bond, the silver-sulfur bond or copper-sulfur
bond with the first conductor, the second linker including a
third nucleic acid primer, a fourth nucleic acid primer match-
ing the third nucleic acid primer in nucleotide sequence, and
at least one metal ion bonded between the third and fourth
nucleic acid primers, the third and fourth nucleic acid primers
having different lengths and forming a sticky end that is
ligated to the second sticky end of the bio-nanowire, at least
one of the third and fourth nucleic acid primers of the second
linker having the thiol group so as to form the gold-sulfur
bond, the silver-sulfur bond or the copper-sulfur bond with
the second conductor.

31. The method of claim 30, wherein step (b) further
includes the following substeps:

(b1) adding dropwise a solution containing the first and
third nucleic acid primers onto the first and second con-
ductors and allowing each of the first and third nucleic
acid primers to form the gold-sulfur bond, the silver-
sulfur bond or the copper-sulfur bond with a respective
one of the first and second conductors;

(b2) adding dropwise a solution containing the second
nucleic acid primer complementary to the first nucleic
acid primer, and fourth nucleic acid primer complemen-
tary to the third nucleic acid primer and a metal-contain-
ing solution containing metal ions onto the first and
second conductors and allowing the second and fourth
nucleic acid primers to be respectively bonded to the first
and second conductors and allowing the metal ions to be
chelated between the first and second nucleic acid prim-
ers and between the third and fourth nucleic acid prim-
ers.

32. The method of claim 31, wherein

in step (b1), the concentration of each of the first and third
nucleic acid primers in the solution ranges from 0.01
umol/L to 10 umol/L and the solution is left standing on
the first and second conductors for 6 hours to 12 hours;
and

in step (b2), the concentration of each of the second and
fourth nucleic acid primers in the solution ranges from
0.01 pmol/L to 10 umol/L, the concentration of the metal
ions in the metal-containing solution ranges from 10
umol/L, to 10 mmol/L, and the solution containing the
second and



