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Abstract

DNA, and thus the DNA-templated nanowires.

nanowires.

We developed a method to use NH,-functionalized polymer films to align and immobilize DNA molecules on a Si
substrate. The plasma-polymerized cyclohexane film was deposited on the Si substrate according to the radio
frequency plasma-enhanced chemical vapor deposition method using a single molecular precursor, and it was
then treated by the dielectric barrier discharge method in a nitrogen environment under atmospheric pressure.
Changes in the chemistry of the surface functional groups were studied using X-ray photoelectron spectroscopy
and Fourier transformed infrared spectroscopy. The wettability of the surfaces was examined using dynamic
contact angle measurements, and the surface morphology was evaluated using atomic force microscopy.

We utilized a tilting method to align A-DNA molecules that were immobilized by the electrostatic interaction
between the amine groups in NH,-functionalized polymer films and the phosphate groups in the DNA. The DNA
was treated with positively charged gold nanoparticles to make a conductive nanowire that uses the DNA as a
template. We observed that the NH,-functionalized polymer film was useful for aligning and immobilizing the
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Introduction

In the field of nanotechnology, DNA molecules are con-
sidered attractive building blocks for generating super-
structures because the DNA itself is a nanowire with a
nanoscale diameter of approximately 2 nm, and it has a
very long linear structure with a well-defined polymeric
sequence and many functional groups [1,2]. Therefore, the
metal nanowires that are fabricated by the conjugation of
DNA molecules and nanosize metal nanoparticles have
been extensively investigated for their application to the
highly ordered electronic components of nanocircuitry
and/or nanodevices [3-7]. The technique of aligning and
immobilizing the DNA molecules on various substrates is
an important technique; however, this technique is very
difficult to control. The technique of controlling and
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manipulating DNA molecules with nanometer resolution
is a subject of priority in the field of DNA-based nanotech-
nology; many research groups have studied the application
of the latter technique in nanotechnology [8]. Recently, it
became possible to align and immobilize DNAs by various
physical methods such as electric or dielectric force [9],
microcontact printing (uCP) [10,11], fluid flow [12], and
molecular combing/surface tension [13,14]. Surface modi-
fication, such as silanization, has also been used to assist
the immobilization and the alignment of DNA molecules
[14-17]. However, self-assembled monolayers that are
formed by the silanization method have unstable physical
and chemical conditions because they depend on condi-
tions such as temperature and humidity during coating.

In this paper, we present a new procedure to reproduci-
bly align and immobilize DNAs using NH,-functionalized
polymer films that are deposited on a Si substrate accord-
ing to the radio frequency [RF] plasma-enhanced chemical
vapor deposition [PECVD] method using cyclohexane,
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and it is then treated by the dielectric barrier discharge
[DBD] method in a nitrogen [N,] environment. The key
point of this technique is the alignment of the DNA
through the interactions between the phosphate groups in
the DNA and the amine groups on the surface of the
NH,-functionalized polymer film. It is observed on how
well the DNA is arranged on the polymer film'’s surface by
atomic force microscopy [AFM] examination; moreover,
we discuss the feasibility of this technique for nanowire
synthesis for its application to nanodevices.

Experimental details

A solution of DNA (16 pm long - 48,502 bp; Bio Basic
Inc., Markham, Ontario, Canada) was prepared in a con-
centration of 10 ng/uL with TE buffer (10 mM tris-HCI
and 1 mM EDTA, pH 8.0). Aniline (Sigma-Aldrich Cor-
poration, St. Louis, MO, USA)-capped Au nanoparticles
[AN-AuNPs] were prepared based on the conventional
reduction of HAuCly (Sigma-Aldrich Corporation, St.
Louis, MO, USA) using aniline as a reducer [14,17,18].
The plasma-polymerized cyclohexane films, with an aver-
age thickness of 200 nm, were deposited on the Si sub-
strate at a RF power of 20 to approximately 50 W
according to the PECVD method using cyclohexane, and
these films were then treated by the DBD method in a N,
environment under atmospheric pressure at a RF power of
150 W for 60 s to form the amine groups on the polymer
film surface. The NH,-functionalized polymer surface
plays an important role in attaching the DNA onto the
substrate through a strong electrostatic interaction
between the amine groups of the sample surface and the
negatively charged phosphate backbone of the DNA [18].
Changes in the chemistry of the surface functional groups
were studied using X-ray photoelectron spectroscopy
[XPS] and Fourier transform infrared spectroscopy [FT-
IR] spectroscopy. The wettability of the surfaces was
examined using dynamic contact angle measurements,
and the surface morphology was evaluated using AFM
(SPA 400, SII Nanotechnology Inc., Sunto-gun, Shizuoka,
Japan).

DNA alignment was carried out according to the tilting
method, and this resulted in highly aligned DNA patterns
on the substrate [16,18]. A A-DNA solution of 10 pL was
dropped on the surface-treated polymer film, and the sam-
ple was then tilted to almost 90°. DNA molecules were
stretched and aligned along the direction of the sample’s
tilting. For the synthesis of the conductive nanowire, DNA
molecules were treated with AN-AuNPs of 60 pL for 30
min; AN-AuNPs of 60 pL were prepared based on the
conventional reduction of HAuCl, using aniline as a redu-
cer [14,17,19]. Next, the sample is rinsed with double dis-
tilled water. During this treatment, the DNA-templated
gold nanowires [AuNW:s] are fabricated through the elec-
trostatic interaction between the positively charged amine
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groups of the AuNPs and the negatively charged phos-
phate groups in the DNA. The observation by AFM
showed that the DNAs stretched on the NH,-functiona-
lized polymer films and that the AuNPs were assembled
along DNA molecules.

Results and discussions

The purpose of this work was to confirm the possibility of
aligning and immobilizing DNA molecules on the NH,-
functionalized polymer thin films formed by the conven-
tional PECVD and DBD methods; this was motivated by
the possibility that the negatively charged phosphate back-
bone of the DNA would electostatically interact with the
positively charged polymer film with an amine group.

XPS spectra in wide scan and high resolution were
recorded for the plasma-untreated and plasma-treated
polymer thin films, which were deposited on the Si sub-
strate at a RF power of 30 W by the PECVD method using
cyclohexane, and then, they were treated by DBD method
in N, at a RF power of 150 W for 60 s to form the func-
tional groups on the surface region and to show the subse-
quent changes of the chemistry on the surface that were
introduced by the N, plasma treatment. Figure 1a mainly
shows the signals in XPS that correspond to O1s (532 eV),
Cls (285 eV), and N1s (400 eV). The inset in Figure la
shows enlarged N1s XPS spectra for the plasma-treated
and untreated polymer films. As seen in Figure 1a, there
were no N1s signals on the plasma-untreated polymer
films. However, N, plasma-treated polymer films showed
N1s signals and strong reduction of the Cls signal. The
N1s peak for the N, plasma-treated polymer film was
resolved into three peaks at 399.2, 400.4, and 401.7 eV
(Figure 1b). These peaks correspond to N-C, N = C, and
N-C = O with relative compositions of 10.5%, 44.6%, and
44.9%, respectively [18,20]. This indicates the presence of
nitrogen atoms with at least three different binding
energies.

Details of different carbon functionalities at the surface
were also determined from the Cls high-resolution XPS
spectrum in Figure 1c, d. The Cls spectra for the
untreated and treated polymer films were deconvoluted
into five component peaks, which were C = C at 284.6 eV,
C-C at 285 eV, C-O at 286.2 eV (includes a small C-N
bond contribution at 285.9 eV), C = O at 287.7 eV
(includes a small C = N bond contribution at 288.0 eV),
and O-C = O at 289.4 eV [18-21].

Due to the N, plasma treatment, there was a significant
incorporation of nitrogen-containing groups. The O1s sig-
nal was unaffected; however, it was likely that the incor-
poration of oxygen moieties occurred upon exposure to
air before the plasma treatment, but at the expense of oxy-
genated molecules at the surface lost during plasma expo-
sure. Consequently, the intensity of the Cls spectrum was
affected such that the intensities of C = O and O-C = O
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Figure 1 XPS spectra. (a) A wide scan XPS spectra of the N, the plasma-untreated and treated polymer films. The inset shows enlarged N1s
XPS spectra in Figure 1. (b) High-resolution XPS spectra of N1s peaks for the plasma-treated polymer film. (c) High-resolution XPS spectra of Cls
peaks for the plasma-untreated polymer film. (d) High-resolution XPS spectra of Cls peaks for the N, plasma-treated polymer film.
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bonds decreased. This was a concomitant increase of the
peak intensity at 288.6 eV corresponding to the O = C-N
bond. It indicates significant incorporation of nitrogen-
containing groups, but the exact identification of function-
alities that are bound to the surface is difficult. In addition
to C-O type moieties, the component at 286.6 eV may
include C-NH,, C-NH, or C-N = C groups. The N-C = O
peak located at 288.6 eV could imply N-C-O and CONH,
type functionalities. The results were likely that nitrogen-
containing species have been formed in the N, plasma-
treated polymer film (Figure 1).

Figure 2 shows the attenuated total reflection method
of the FT-IR absorption spectra over the range of 600 to
approximately 4,000 cm™ on the plasma-untreated and
plasma-treated polymer films according to the DBD
plasma treatment method. The spectra exhibit an

absorption peak for increasing the N-H stretching vibra-
tion at 3,400 cm™! and the N-H bending vibration at
1,650 cm™, and the spectra exhibit an absorption peak
for decreasing the C-H stretching vibration at 2,900 cm™
and the C-H bending vibration at 1,400 cm™" in the case
of the N, plasma-treated polymer film, as shown in Fig-
ure 2a. The results further prove that the nitrogen atoms
were covalently grafted to the polymer main chains to
form new amine groups (NH,), which correspond to the
XPS results, because N ions are chemically grafted onto
the polymeric structure and are highly reactive with H
ions.

The average surface roughness of the NH,-functiona-
lized polymer films, which were deposited on the Si sub-
strate at a RF power of 30 W by PECVD method using
cyclohexane and then treated by the DBD method in N,
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Figure 2 FT-IR spectra. (a) FT-IR spectra of the N, plasma-untreated and treated polymer films at a RF power of 150 W for 60 s. (b) FT-IR
spectra for N, plasma-treated polymer films that were synthesized with the varied RF power (20 to approximately 50 W).

at a RF power of 150 W for 60 s, was 0.45 + 0.03 nm
according to the AFM measurements. This smooth sur-
face simplified the AFM measurements of the well-
aligned DNA on the Si wafer. Tilting the sample induced

an air-water interface motion, and thus, the DNA mole-
cules were aligned along the motion direction of the dro-
plet. The average height of the aligned DNA molecules
was 0.41 + 0.17 nm (Figure 3b), and this value was

Figure 3 AFM images. (a) AFM images of the DNA molecules that were stretched and immobilized on the N, plasma-treated polymer film
synthesized with 30 W of RF power. (b) The scan profile along the white line of the image (a). (c) AFM image of AuNWs formed along the
stretched DNA molecules on the N, plasma-treated polymer film that was synthesized with 30 W of RF power. (d) The scan profile along the
white line of image (). (e, f) AFM images showing the dependence of DNA stretch and alignment on NH,-functionalized polymer films that
were synthesized (e) at 20 W power and (f) at 40 W power, respectively, and then treated with DBD at a RF power of 150 W for €0 s.
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consistent with the height of a double-stranded DNA
from the AFM measurements that were reported by
other groups [10,11]. A-DNAs were confirmed to be
aligned on the NH,-functionalized polymer films as
expected, and they were, more or less, evenly distributed.

In addition to the alignment and immobilization of
DNA molecules on the NH,-functionalized polymer film,
another notable point proposed in this work is that the
conductive AuNWSs can be formed by the treatment of
DNAs with the aniline [AN]-capped AuNPs. DNAs
aligned on the NH,-functionalized polymer film were trea-
ted by a solution of AuNPs (5 nm) whose surface was
positively charged after they were treated with AN solu-
tion, and thus, AuNPs were strongly attached to the nega-
tively charged DNAs. However, they were weakly bound
on the NH,-functionalized polymer film and easily washed
away by rinsing. Figure 3¢, d shows AFM images of
AuNWs aligned along the well-stretched DNAs on the
NH,-functionalized polymer film. The average height of
the DNA-templated AuNWs was 5.3 + 0.5 nm. This
height was similar to the average diameter of aniline-
capped AuNPs, which were observed with the TEM, used
in this experiment.

Figure 2b shows FT-IR spectra of the N, plasma-treated
polymer films that were synthesized by varying the RF
power (20 to approximately 50 W) using the PECVD
method and were treated in N, plasma using the DBD
method at a RF power of 150 W for 60 s. The spectra
exhibit that the absorption peaks of N-H (at 3,400 cm™
and 1,650 cm™) depended on plasma power, which was a
parameter for polymer film synthesis, and those absorp-
tion peaks increased with an increase in the plasma power.
It was reported that using high plasma power in polymer
film synthesis has caused higher degrees of C = C bond
contents due to high cross-linking between radicals of
monomer molecule compared to using low plasma power
[22]. Hence, it was expected that C = C bond, which has a
ni-bonding, can easily be broken by N, plasma. This pro-
cess can generate the cation radical at the surface and
then more amine groups on surface of the plasma-poly-
merized film during plasma treatment using DBD process
in N, environment than the low plasma power.

Several types of experiments were carried out to prove
that plasma power affects the alignment and immobiliza-
tion of the DNA and the surface energy for the NH,-func-
tionalized polymer films. First, the average coverage of the
aligned DNA on the surface depends on the RF power. In
a low power range (<20 W), the negatively charged DNA
molecules were weakly bound to the NH,-functionalized
polymer thin film, and they were easily swept off from the
surface during the alignment process (Figure 3e). How-
ever, a high power (240 W) caused the DNA molecules to
be formed in bundles and random networks, and thus,
they were not well stretched (Figure 3f). It was reported
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that the surface tension and the density of amine groups
on the surface determined the degree of straightness and
density of the aligned DNA molecules [10,12,23]. There-
fore, it was considered that the proper surface treatment
of the polymer film determined this aspect, and thus, the
appropriate interaction between the surface of the NH,-
functionalized polymer thin film and the DNA molecules
would give excellent alignment of DNA molecules.

In addition, the surface energy was able to be controlled
by RF power. The contact angle is one of the surface’s sen-
sitive properties that detects any changes at the modified
surface. It is well known that the water contact angle
increases as the surface energy is reduced. From the con-
tact angle and AFM results, it was observed that the con-
tact angle for the treated films decreased from 64° to 41°,
but the root mean square [rms] roughness increased from
0.38 nm to 0.54 nm as the deposition power increased
(Figure 4). This indicates that the N, plasma-treated poly-
mer films had higher surface energy with an increase in
the deposition power. It was also demonstrated that such
treatment and high plasma power were able to improve
the ability of polymer films to be bound with other materi-
als. Our results prove that RF power affects the density of
the amine groups that are formed on the polymer thin
films, and they play an important role in aligning and
immobilizing the DNA on the NH,-functionalized poly-
mer films.

Conclusions
For the first time, we have proposed to use the NH,-func-
tionalized polymer film for the alignment and the immobi-
lization of DNA molecules for the purpose of applying
them to nanodevices. The polymer film was deposited on a
Si substrate by the PECVD method using a single molecu-
lar precursor, and the film was then treated using the DBD
plasma surface treatment (or modification) method in N,
plasma under atmospheric pressure to form the amine
groups on the surface. XPS and FT-IR spectra showed that
the technique has been successful in forming nitrogen-con-
taining groups by the N, plasma, and this wasn’t seen in
the untreated material. The treated polymer surface was
smooth enough (roughness was 0.45 + 0.17 nm) to allow
proper AFM measurements of the well-aligned DNA on
the sample wafer. The DNA was well aligned and immobi-
lized on the surface of the NH,-functionalized polymer
films according to the tilting method. It was demonstrated
that the N, plasma treatment has been successful in form-
ing the NH,-functionalized polymer films. In addition, the
plasma power that was used to synthesize the polymer film
played an important role in immobilizing the DNA on the
NH,-functionalized polymer films as intended.

Therefore, we believe that the NH,-functionalized poly-
mer film could be a promising material for organizing the
DNA-based building blocks into structures that are
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Figure 4 Variation of rms roughness and contact angle for NH,-functionalized polymer film with plasma RF power.

needed for wiring and interconnecting functional nanode-
vices and/or biosensors. In addition, the fabrication tech-
nology could be easily adapted for arraying nanowires into
more complex crossed structures and for making nano-
wires of other materials ordered.
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