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Abstract 
A novel fabrication process was developed for a single silver nanowire using DNA metallization in a nanochannel, and the 
electrical properties of this nanowire were evaluated using electrochemical impedance spectroscopy. After being isolated 
using a nanochannel measuring 500 nm in depth and 500 nm in width, a single λDNA molecule was electrostatically 
stretched and immobilized between two electrodes separated by a gap of 15 μm by applying an AC voltage of 1 MHz and 
20 Vp-p. Then, naphthalene diimide molecules terminally-labeled with galactose moieties were intercalated into the λDNA, 
and the reduction of silver ions along the λDNA led to its metallization with silver. Scanning electron microscopy 
observations revealed that two nanowires having different average widths of 154 nm and 250 nm were formed in two 
individual nanochannels. The nanowires showed the linear current-voltage characteristics, and their combined resistance 
was estimated to be 45.5 Ω. The complex impedance of the nanowires was measured, and an equivalent circuit was 
obtained as a series connection of a resistance and a parallel resistance-constant phase element circuit. Impedance analysis 
revealed that the nanowire included silver grain boundaries, and the bulk resistivity of silver grain was estimated to be 
8.35×10-8 Ωm. 
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1. Introduction

DNA-based nanotechnology has advanced to the point 
where various nanostructures can be built by self-
assembly of designed DNA molecules. This technology 
is expected to find application in a variety of fields, such 
as electronics and medicine [1-2]. Also, the DNA 
molecule is one of the strongest candidates for nanoscale 
electronic components [3-7]. However, the use of DNA 
as a conductive nanowire is difficult because the DNA 
molecule has a high electrical resistance that varies 
unstably depending on the DNA base sequence and 
ambient conditions [6]. One solution to this problem is to 
metallize DNA molecules through the deposition of metal 
atoms. Numerous research groups have already reported 
metallized DNA nanowires [8-30]. The most common 
method for DNA metallization is electroless plating 
through the reduction of metal ions that are 
electrostatically bound to negatively-charged DNA 
strands [9-20]. Also, Fischler et al. preliminarily 
modified DNA with reducing sugar and metallized the 

DNA by the reduction of metal ions [25]. Then, Al-Said 
et al. formed uniform conductive nanowires by 
metallizing DNA/conducting polymer hybrid nanowires 
[29]. Moreover, we intercalated galactose-modified 
naphthalene diimides into a double-stranded DNA and 
reduced metal ions on the DNA surfaces [30]. 

In order to apply a metallized DNA nanowire to an 
electronic component, it is very important to 
immobilize a single nanowire between two electrodes 
and determine the details of its electrical properties. 
Several research groups have already carried out an 
electrical assessment of metallized DNA nanowires. 
Pearson et al. placed a nanowire-containing droplet 
over electrodes and measured the electrical resistance 
of nanowires that bridged an electrode gap by chance 
[28]. In this method, it is difficult to control the 
number of nanowires immobilized between the 
electrodes. Moreover, the high contact resistance 
between the nanowires and electrodes decreases the 
measurement precision. Ijiro et al. stretched and 
immobilized DNA molecules on a glass substrate 
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using the Langmuir-Blodgett (LB) method before 
metallization and measured the conductivity of the 
nanowire by placing the probe of a conductive atomic 
force microscope (AFM) into contact with one end of 
the nanowire, with the other end immobilized on an 
electrode [24]. The problem with this method is that 
the contact resistance changes unpredictably 
depending on the contact force between the nanowire 
and AFM probe tip. Braun et al. stretched DNA 
molecules by fluid flow or electrophoresis, hybridized 
them with oligonucleotides preliminarily bound to two 
electrodes, and then performed DNA metallization 
[10]. This method permits a low stable contact 
resistance at the electrode-nanowire interface, but 
requires complicated pretreatments, such as 
functionalization of DNA molecules and modification 
of electrode surfaces. Moreover, it does not guarantee 
the electrical measurement of a single nanowire 
because it involves no isolation of a single DNA 
molecule. 

Nanochannels have recently received extensive 
attention in nanobiotechnology because they are 
powerful tools for manipulating and analyzing 
biomolecules such as DNA at the single-molecule 
level [31-34]. In the present study, in order to isolate a 
single DNA molecule, we used a nanochannel that is 
shallower and narrower than the radius of gyration of a 
DNA molecule. Also, we electrostatically stretched 
and immobilized a DNA molecule between two 
electrodes in a nanochannel by applying an alternating 
electric field [35-36]. This permitted simple, highly 
reproducible stretching and immobilization of a single 
DNA molecule without any DNA pretreatment or 
electrode surface modification. Then, by using 
intercalator molecules (naphthalene diimides) 
terminally-labeled with reducing groups (galactoses), 
we metallized a DNA molecule and formed a single 
nanowire in a nanochannel. Moreover, for the first 
time, we determined the impedance frequency 
characteristics of a nanowire and derived its equivalent 
circuit. 

2. Materials and methods

2.1. Nanowire formation 

A device for nanowire formation consists of a 
microchannel, a nanochannel, and two gold electrodes 
(Fig. 1). The nanochannel branches orthogonally from the 
microchannel, and the electrode surfaces are partially 
exposed inside the nanochannel. When a 100 μl of 

solution containing λDNA (Takara Bio Inc.) was injected 
into the microchannel using a syringe pump (Fig. 1(a)), a 
single λDNA molecule was introduced into a 
nanochannel by capillary force (Fig. 1(b)). To prevent 
two or more λDNA molecules from invading a 
nanochannel, the λDNA solution was preliminarily 
diluted to a low concentration of 1 nM with ultrapure 
water (Milli-Q water, Merck Millipore Corp.). Then, the 
application of an AC voltage of 1 MHz and 20 Vp-p 
stretched and immobilized the λDNA molecule between 
the electrodes (Fig. 1(c)). The amplitude and frequency of 
the applied voltage were controlled using a function 
generator (FGX-295, TEXIO Technology Corp.) and a 
high-speed bipolar amplifier (HSA4101, NF Corp.). The 
voltage waveforms were monitored by an oscilloscope 
(TDS 3014, Tektronix, Inc.). Also, λDNA molecules 
preliminarily labeled with the fluorescence dye Hoechst 
33258 (Takara Bio Inc.) were observed with an upright 
fluorescence microscope (MZ16 F-FluoCombi III, Leica 
Microsystems K.K.). The molecular behavior was 
monitored using a CMOS camera (ORCA-Flash 4.0, 
Hamamatsu Photonics K.K.), and analyzed by the 
HCImage Live Software (Hamamatsu Photonics K.K.). 
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DNA
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Fig. 1. Procedure for isolation of a single DNA molecule in a 
nanochannel and stretch/immobilization of the DNA between 
two electrodes. (a) Injection of a DNA solution into a 
microchannel. (b) Transport of a single DNA molecule into a 
nanochannel by capillary force. (c) Electrostatic stretch and 
immobilization of the DNA by an applied AC voltage of 1 
MHz and 20 Vp-p between two electrodes placed 15 μm apart in 
the nanochannel. 

Naphthalene diimide (NDI) terminally-labeled with 
two galactose moieties (abbreviated as NDI-DS2) (Fig. 
2(a)) was used for DNA metallization [30]. NDI 
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molecules act as threading intercalators, forming a 
stable complex with a double-stranded DNA. Then, the 
galactose moieties act as reducing agents. NDI-DS2 
was synthesized by the click reaction of the acetylene 
derivative of NDI with galactose azide. When a 100 μl 
of 20 nM NDI-DS2 solution was introduced into the 
microchannel using a syringe pump, the NDI-DS2 
molecules diffused into the nanochannel and were 
intercalated into the double strand of λDNA so that the 
galactoses were arranged along the λDNA. In order to 
allow sufficient time for the diffusion and intercalation 
of NDI-DS2, we let the solution stand still in the 
microchannel for 30 min. After that, the channels were 
rinsed for 30 min by replacing the solution with 
ultrapure water in order to remove unbound NDI-DS2 
molecules. Then, when a 100 μl of 0.1 M Tollens’ 
reagent containing silver ions was injected into the 
microchannel, silver ions diffused into the 
nanochannel, and the λDNA was metallized with silver 
because the galactose moieties reduced silver ions 
along the λDNA (Fig. 2(b)). After the Tollens’ reagent 
was held in the microchannel for 5 h, the channels 
were rinsed four times by replacing the solution with 
ultrapure water and holding it in the microchannel for 
15 min during each rinse. 
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Fig. 2. Materials and methods used for λDNA metallization. (a) 
Structural formula of naphthalene diimide (NDI) terminally-
labeled with two galactose moieties (referred to as NDI-DS2). 
NDI molecules act as threading intercalators that form a stable 
complex with a double-stranded DNA. The galactose moieties 
act as reducing agents. (b) Procedure for metallization of a 
single DNA molecule. NDI-DS2 molecules are intercalated into 
the double strand of λDNA so that the galactoses are arranged 
along the λDNA. When a Tollens’ reagent containing silver 
ions is injected, the λDNA is metallized with silver because the 
galactose moieties reduce silver ions along the λDNA. 

2.2. Device design and fabrication 

The schematics and photographs of a micro/nano-fluidic 
device for nanowire formation are shown in Figs. S1 and 
S2, respectively. Because the concentration of the λDNA 
solution was low enough for the isolation of a single 
λDNA in a nanochannel, the probability of the invasion 
of the nanochannel by a single λDNA was lower than 
about 10%. Therefore, in order to increase the success 
rate of capturing a single λDNA in a nanochannel, we 
arranged 15 parallel nanochannels connected to a 
microchannel on a device. As described below in detail, 
the nanochannels and two electrodes were fabricated on a 
Si wafer. Then, a microchannel measuring 50 μm in 
depth, 500 μm in width, and 10 mm in length was 
fabricated by polydimethylsiloxane (PDMS) molding and 
mounted on the nanochannels and electrodes. The 
nanochannel was designed to be 500 nm deep, 500 nm 
wide, and 100 μm long because the radius of gyration of 
the λDNA was estimated to be about 520 nm [37]. Also, 
the nanochannel fabricated by focused ion beam (FIB) 
etching had a cross-section shaped like an inverted 
triangle, probably because the ion beam had a Gaussian 
distribution [38]. The two gold electrodes were patterned 
after the wafer surface was insulated by thermal oxidation. 
In order to immobilize both ends of the λDNA between 
the electrodes, we set the electrode gap to be 15 μm, 
which is slightly shorter than the λDNA length of 16 μm. 

The nanochannels and electrodes were fabricated on 
a silicon wafer as follows (Fig. S3). First, 500w×500d 
nm nanochannels were fabricated by etching the wafer 
using an FIB system (JFIB-2300, JEOL Ltd.). Then, 
the wafer surface was thermally oxidized, resulting in 
the formation of a 200-nm-thick SiO2 layer. After that, 
the wafer was spin-coated with a ZPN-1150 
photoresist (ZEON Corp.), and the photoresist was 
patterned using UV lithography. Next, a roughly 100-
nm-thick Au layer with an approximately 30-nm-thick 
adhesive Cr layer was deposited by vacuum 
evaporation (VPC-260, ULVAC Kiko, Inc.), and the 
electrodes were patterned by a lift-off process. On the 
other hand, the microchannel was made of PDMS 
(KE106, Shin-Etsu Chemical Co., Ltd.). A 50-μm-
thick layer of SU-8 3050 photoresist (Nippon Kayaku 
Co., Ltd) was patterned on another Si wafer to serve as 
a mold for the microchannel. Then, a mixture of liquid 
PDMS and cross-linking agent (CAT-RG, Nippon 
Kayaku Co., Ltd) was cast over the SU-8 mold, which 
had two rivets inserted into inlet/outlet tubes. After the 
PDMS was cured in a furnace, the PDMS plate with 
the microchannel was peeled from the mold. Finally, 
the PDMS plate was bonded to the Si wafer over the 
nanochannels and electrodes after their surfaces were 
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hydrophilized with O2 plasma treatment in order to 
improve their wettability. 

2.3. Electrical evaluation 

In order to obtain a value of DC resistance of the 
fabricated nanowire, a current-voltage characteristic was 
evaluated using an electrochemical analyzer (ALS802B, 
BAS Inc.). The working electrode of the analyzer was 
connected to one of the two electrodes on the device, and 
the counter and reference electrodes were connected to 
the other electrode. Then, a current between the two 
electrodes was measured while sweeping an applied DC 
voltage from 0 V to 0.1 V. 

Next, in order to reveal the detailed electrical 
properties such as bulk resistance, parasitic resistance, 
and parasitic capacitance which are attributed to silver 
grains and their boundaries composing the nanowire, 
we evaluated the impedance frequency characteristics 
of the nanowire using electrochemical impedance 
spectroscopy (EIS). While sweeping the voltage 
frequency from 4 Hz to 5 MHz, the complex 
impedance between the electrodes in ultrapure water 
was measured using an impedance analyzer (IM3570, 
Hioki E.E. Corp.). Then, the measured impedance 
spectrum was plotted on the complex plane, and an 
equivalent circuit of the nanowire was obtained by 
precisely fitting a complex impedance plot of the 
circuit model to that of the nanowire. This revealed the 
composition of electrical components of the nanowire. 

 

3. Results and discussion 

3.1. Nanowire formation 

In order to check the isolation of a single λDNA in the 
nanochannel and its stretch/immobilization between the 
electrodes, we observed a λDNA that was preliminarily 
labeled with Hoechst 33258. Thus, a fluorescence image 
of the λDNA stretched and immobilized between the 
electrodes in the nanochannel was obtained (see Fig. 3). 
Also, the λDNA was found to retain its stretched and 
immobilized state even after voltage application was 
terminated. In these observations, the roughly 5-mm-
thick PDMS microchannel plate was removed from the 
device because it strongly interfered with the 
fluorescence imaging. Moreover, the reflection of an 
excitation light on the electrodes generated intense 
background fluorescence, which made the imaging of 
λDNA motion more difficult. 
 

 

 

Fig. 3. Fluorescence image of the λDNA, stretched and 
immobilized between the two electrodes in the nanochannel. 
The λDNA was preliminarily labeled with the fluorescence dye 
Hoechst 33258. Here, the PDMS microchannel plate was 
removed from the device because it strongly interfered with the 
fluorescence imaging. 

After several experiments, we succeeded in forming 
a single silver nanowire in each of two nanochannels 
on a single device with 15 nanochannels in total. The 
scanning electron microscope (SEM) images of the 
nanowire are shown in Fig. 4. The nanowire width was 
measured for every 500 nm length from the SEM 
images. One of the nanowires had an average width of 
154 nm and a standard deviation of 62.2 nm (Fig. 4(a)). 
The other nanowire had an average width of 250 nm 
and a standard deviation of 21.1 nm (Fig. 4(b)). A 
large variety of width of the two nanowires was 
probably due to a difference between concentrations of 
silver ions in the two nanochannels. While the Tollens’ 
reagent was held in the microchannel for 5 h, the 
solutions in the nanochannels evaporated from their 
outlets because the outlets were open to the 
atmosphere. Different evaporation rates probably 
caused a large variety of concentrations of silver ions 
in the nanochannels. 

The energy dispersive X-ray (EDX) analysis 
spectrum, which was obtained by focusing an electron 
beam onto the nanowire surface, demonstrated that the 
nanowire was made of Ag. In addition, Si, O, and C 
peaks were observed. The Si and O peaks originated 
from the device materials, while the C peak was 
attributed to the λDNA component and surface-
adsorbed carbon (Fig. S4). 
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Fig. 4. SEM images of the single nanowires formed using 
λDNA metallization in the two nanochannels. (a) One of the 
nanowires had a width of 154 nm ± 62.2 nm. (b) The other 
nanowire had a width of 250 nm ± 21.1 nm. 

3.2. Electrical evaluation 

As shown in Fig. 5, the current-voltage characteristics of 
the two parallel nanowires which was obtained by 
applying a DC voltage between the two electrodes 
showed a linear ohmic behavior in the range of 0 to 0.1 V. 
The combined resistance of the nanowires was estimated 
to be 45.5 Ω. The nanowires had markedly higher 
conductivity than the previously-reported metallized 
DNA nanowires [28]. 
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Fig. 5. Current-voltage characteristics of the two parallel 
nanowires. The nanowires showed a typical ohmic behavior, 
and their combined resistance was 45.5 Ω. 

Figure 6 shows the impedance spectrum between the 
two electrodes that were connected with the two 
parallel nanowires. This spectrum clearly shows the 

frequency dependence of the nanowire impedance. The 
real part of the impedance at low frequencies (< 100 
kHz), which was almost independent of frequency, 
was attributed to the resistive components of the 
nanowire. On the other hand, in the frequency range 
between 100 kHz and 1 MHz, the real part of the 
impedance decreased dramatically with increasing 
frequency, while its imaginary part showed a 
maximum at about 500 kHz. These results indicated 
that the nanowire incorporated capacitive components. 
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Fig. 6. Impedance spectrum between the two electrodes 
connected by the two parallel nanowires. The constant real part 
of the impedance at low frequencies is attributed to the resistive 
components of the nanowire. The dramatic changes of the real 
part and imaginary part in high frequencies indicate that the 
nanowire incorporates capacitive components. 

The solid red line in Fig. 7(a) represents the complex 
impedance obtained from the above results over the 
frequency range of 4 Hz to 5 MHz. The semicircular 
shape of the plot suggests that the nanowire consisted 
of nearly homogeneous resistive and capacitive 
components, and that its equivalent circuit included a 
parallel resistance-capacitance (RC) circuit. Also, the 
smaller intercept where the semicircle crosses the real 
axis in the higher-frequency region has a positive 
value, which means that the equivalent circuit included 
a serial resistance component. Therefore, we assumed 
the equivalent circuit of the nanowire to be a series 
connection of a resistance, Rb, and a parallel RC circuit 
consisting of Rc and C (Fig. 7(b)). The complex 
impedance, Z, of the equivalent circuit is given by 

 
Cj

R

RZ
ω+

+=

c

b 1
1

  , (1) 

where j is the imaginary unit and ω is the angular 
frequency. We adjusted the values of three components, 
viz., Rb, Rc, and C, so that the complex impedance plot of 
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the equivalent circuit would fit that of the nanowire. As a 
result, the fitting curve represented by the dashed-dotted 
black line in Fig. 7(a), which has the same intercepts as 
the complex impedance plot of the nanowire, was 
obtained using the component values listed in Table 1. 

However, the above fitting analysis is inadequate 
because the two semicircles do not coincide perfectly. 
The center of the semicircle representing the parallel 
RC circuit is located on the real axis, but that of the 
semicircle for the nanowire shifted below the real axis. 
This is probably because the resistive and capacitive 
components of the nanowire were not entirely 
homogeneous, but rather, showed a slight variability. 
In order to obtain a better curve fit, we replaced the 
capacitance, C, with the constant phase element (CPE), 
ZCPE (Fig. 7(c)). The CPE is a circuit element used to 
represent non-ideal capacitive interfacial behaviors 
that cannot be adequately understood by a simple 
capacitance element [39-41]. The impedance of CPE is 
described by 
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where X is the CPE coefficient with units of Ω−1sp and p 
is the CPE exponent that takes values between 0 and 1. In 
the cases of p = 0 and p = 1, CPE is equivalent to an ideal 
resistance and ideal capacitance, respectively. Therefore, 
the complex impedance of the equivalent circuit is 
modified as follows: 
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The dashed blue line in Fig. 7(a) is the curve fit obtained 
by using the R-CPE circuit model and the parameter 
values listed in Table 1. Clearly, the R-CPE circuit model 
represents the electrical properties of the fabricated 
nanowire more precisely than the simple RC circuit 
model. 

The presence of the capacitive component CPE, ZCPE, 
suggests that the nanowire contains silver grain 
boundaries [42]. Then, the resistive component, Rc, 
which corresponds to the diameter of the semicircle, 

presumably represents the contact resistance at the 
grain boundaries. On the other hand, the serial resistive 
component, Rb, which corresponds to the intercept of 
the semicircle at the higher frequency, represents the 
total bulk resistance of the silver grains. In this case, 
the total bulk resistance, Rb, of the two parallel 
nanowires is 18.5 Ω. When the two nanowires are 
assumed to be solid cylinders which were made of 
silver without grain boundaries and have the same 
length, L, and different diameters, W1 and W2, the 
resistivity of silver, ρ, is given by 

 
( )

L
WWR

4

2
2

2
1b += πρ   . (6) 

The substitutions Rb = 18.5 Ω, L = 15 μm (the electrode 
gap), W1 = 154 nm, and W2 = 250 nm give ρ = 8.35×10-8 
Ωm. This value is larger than the bulk resistivity of pure 
silver (1.59×10-8 Ωm), but is two orders of magnitude 
smaller than that of the previously-reported metallized 
DNA nanowires [28]. Also, the bulk resistances of the 
two nanowires were calculated to be 67.2 Ω and 25.5 Ω 
using the value of resistivity, ρ. 
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Fig. 7. Complex impedance plot and equivalent circuits. (a) 
Solid line: complex impedance plot obtained from the two 
parallel nanowires. Dashed-dotted line: curve fit obtained using 
the RC circuit model. Dashed line: curve fit obtained using the 
R-CPE circuit model. (b) Equivalent circuit, assumed to be a 
series connection of a resistance and a parallel RC circuit. (c) 
Equivalent circuit, assumed to be a series connection of a 
resistance and a parallel R-CPE circuit. 

 

 



Full Paper                                                            ELECTROANALYSIS 
 

Table 1. Parameter values of the RC circuit model and R-CPE 
circuit model that were used for the fitting curves. X is the CPE 
coefficient and p is the CPE exponent taking values between 0 
and 1. In the cases of p = 0 and p = 1, the CPE is equivalent to 
an ideal resistance and an ideal capacitance, respectively. 

 Rb [Ω] Rc [Ω] C [nF] X [Ω-1sp] p 

RC circuit 
model 18.5 28.0 200 - - 

R-CPE 
circuit 
model 

18.5 28.0 - 3.0×10-7 0.91 

 

4. Conclusions 

We isolated a single λDNA molecule using a 
nanochannel and formed a single silver nanowire using 
metallization of the λDNA after it was stretched into a 
straight strand and immobilized between two electrodes 
in a nanochannel. Also, we measured the complex 
impedance of the nanowire and found that a series 
connection of a resistance and a parallel R-CPE circuit 
accurately represents the electrical properties of the 
nanowire. Using this equivalent circuit, the nanowire was 
found to contain silver grain boundaries, and the total 
bulk resistance of the two parallel nanowires was 
estimated to be 18.5 Ω. In this study, we had to estimate 
the electrical properties of a single nanowire from those 
of two nanowires. In future work, one of the two 
electrodes will be divided into 15 portions each of which 
will be used for one nanochannel. This will allow true 
electrical evaluation of a single nanowire. 

The metallized DNA nanowires which were formed 
and evaluated in this paper can be applied to electrical 
detection of biomolecules as follows. The DNA 
metallization technique using reducing group-labeled 
intercalator molecules permits double-stranded DNA 
to be specifically metallized while not permitting 
metallization of single-stranded DNA. Therefore, 
partial metallization of DNA complexes consisting of 
single strands and double strands makes non-
metallized portion on metallized DNA nanowires, 
which gives molecular recognition property to the 
nanowires. For example, when partially-metallized 
DNA nanowires are immobilized between two 
electrodes, deoxyribonuclease (DNase) can be detected 
by measuring the increase in impedance between the 
electrodes after DNase cleaves the non-metallized 
portions of the nanowires. 
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