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Abstract

Assembly of metal oxide nanoparticles with the aid of DNA was investigated. One-dimensional arrangement of
ZrO, nanoparticles using DNA as a template was shown by TEM observation. It is considered that the DNA
assembly of ZrO, nanoparticles is due to the Coulomb interactions between the negatively charged DNA and

positively charged ZrO, nanoparticles.
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1. Introduction

When used as building blocks for nanostructures,
nanoparticles make further miniaturization of structures
and  devices possible?.  Recently, assembling
nanoparticles on the nanoscale has received considerable
attention®™, and one tool for creating these assemblies is
biomaterials. Deoxyribonucleic acid (DNA) is an
appropriate biopolymer template for constructing defined
inorganic materials, and highly selective base-pairing
interactions between complementary single-strand DNA
chains have been used in nanoassemblies. Additionally,
native double-helical DNA can directly interact with
metal ions and their complexes. Although the role of
DNA in assembling metal nanoparticles has been
reported>?”, assembling metal oxide nanoparticles
remains a challenge.

Metal oxide ceramic nanoparticles have been
extensively investigated due to their successful
applications and potential in various fields such as
electronics, catalysis, pharmaceutics, energy storage, and
medical applications, and using DNA to assemble metal
oxide nanoparticles may allow novel hybrid
nano-biomaterials with  synergetic properties and
functions to be realized. Zirconia (ZrO,) is an attractive
ceramic material due to its excellent mechanical,
tribological, thermal properties, and good oxygen ionic
conductivity. Its nanoparticles have a broad range of
applications, including thermal barrier coatings,
solid-state electrolytes, solid oxide fuel cells, oxygen
sensors, and heterogeneous catalysts etc®?’. The aim of
this study is to investigate the assembly of ZrO, ceramic
nanoparticles with the aid of DNA. Herein, we show the
first example of a one-dimensional arrangement of metal

oxide nanoparticles using DNA as a template.

2. Experimental

The ZrO, ceramic nanoparticles, which were
synthesized by a hydrothermal reaction, were in colloidal
solution. An aqueous solution of ZrOCl,-8H,O was
neutralized by K,CO; solution. Then the solution was
hydrothermally treated at 150 °C for 1 hour in the Teflon
lined stainless steel vessel. After the reaction, undesirable
K* and CI" were removed by an ultrafiltration and 5 M
HCI was added to the product for the dispersion of the
nanoparticles in water.

Two types of DNA solutions were used in this
study: A-DNA and a short DNA fragment. The ZrO,
nanoparticles were assembled by A-DNA as follows.
A-DNA, which was 48502 base-pairs (bp) long, was
purchased from TaKaRa Biotechnology (Dalian) Co., Ltd.
The original concentration was 0.3 ug/uL, and the
equivalent base pair concentration was 450 umol/L. The
buffer was 10 mmol Tris-HCI-1mmol EDTA, pH=8.0,
A260/A280=1.8-2.0. The A-DNA solution (450 umol/L
bp concentration) was diluted to a 1 umol/L bp
concentration by adding a 0.0025 mol/L HCI solution to
maintain the pH of A-DNA near 3.0. A 900 uL ZrO,
solution (concentration 50 pumol/L) with a HCI solution
was prepared to maintain a constant pH value of 3.0.
Then 900 pL ZrO, solution (concentration 50 pmol/L)
was added to the 900 pL solution of 0.5 pmol/L bp
A-DNA to make a 1800 puL compound solution of 0.25
umol/L bp A-DNA.

The short DNA fragment contains nine, discretely
sized bands of 50, 100, 200, 300, 400, 500/525, 700, and
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Fig. 1 (a) Photograph and (b) particle size distribution of the synthesized transparent zirconia nanoparticles in water. (c) TEM image

of the synthesized zirconia nanoparticles.

1000 bp where each band is linear and double-stranded.
Each 5 uL provided 50 ng of DNA per band, indicating
each band had a short DNA fragment concentration of 10
ng/uL. This translated into a basepair concentration for
each band of 15.38 umol/L; thus, the total bp
concentration for the nine bands should be 138.5 umol/L.
To realize a pH of 3.0, the 100 uL short DNA fragment
of 138.5 pumol/L was diluted ten-fold to a 1000 pL
solution of 13.85 pumol/L with HCI solution (0.0025
mol/L). In the same manner, the zirconia solution (11.3
mmol/L) was diluted two thousand times with a HCI
solution (0.0025 mol/L) to make a 1000 uL solution with
a zirconia concentration of 5.65 umol/L. Then 1000 puL
zirconia solution (5.65 pumol/L) was added to the 1000
uL short DNA fragment solution (13.85 umol/L) to yield
a mixed solution with a pH of 2.8. The particle size
distribution of the obtained ZrO, nanoparticle colloidal
solution was measured by the dynamic light scattering
(DLS) method, whereas transmission  electron
microscopy (TEM) was used to observe the ZrO,
nanoparticles and their assembled nanostructures.

3. Results

Figure 1(a) and (b) shows a photograph and particle
size distribution of the obtained transparent ZrO,
colloidal solution. The ZrO, nanoparticle surface contains
numerous positive charges at a pH value of 3 because the
isoelectric point of ZrO, ceramic is around 5-6, and due
to the electric repulsion force in water, each ZrO,
nanoparticle is assumed to be dispersed separately. The
average diameter of the ZrO, nanoparticle is about 3 nm,
and has a very narrow particle distribution (Fig. 1(b)).
Figure 1(c) shows a TEM npicture of the ZrO,
nanoparticles. Although the primary ZrO, nanoparticles
on the TEM grid aggregate after drying the colloidal
solution, the primary nanoparticles are about 3 nm, which
is consistent with that measured by DLS. Hence, it is
concluded that the ZrO, nanoparticles can be dispersed
perfectly in water under this low pH condition.

Figure 2 shows the TEM picture of the mixed
solution of ZrO, nanoparticles and A-DNA, and indicates
that a network is formed as the ZrO, nanoparticles are
assembled on the DNA strands. In contrast, without DNA,
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the ZrO, nanoparticles are aggregated randomly on the
TEM grid (Fig. 1(c)). However, the ZrO, nanoparticles
are arranged in the presence of A-DNA. The ZrO,
nanoparticles are completely aligned along the DNA
template, as seen in Fig. 2(b), which reflects the linear
morphology of the DNA. This TEM observation suggests
that DNA plays an active role in the assembly process of
ZrO, nanoparticles. The 1D arrangement is likely due to
the Coulomb interactions between the negatively charged
DNA and positively charged ZrO, nanoparticles.

Fig. 2 TEM images of a zirconia nanoparticle assembly by
A-DNA. (a) Low and (b) high magnification images.



Fig. 3 TEM images of the zirconia nanoparticle assembly
by a short DNA fragment. Concentration of the short DNA
fragment is (a) low (13.85 pumol/L) and (b) high (138.5
umol/L). Concentration of the zirconia nanoparticles is
5.65 umol/L.

The A-DNA molecule is very long compared to the
size of ZrO, ceramic nanoparticles. Thus, to confirm that
the ZrO, nanoparticles are arranged on DNA, a short
DNA fragment with a short length was used. 50, 100, 200,
300, 400, 500/525, 700, and 1000 bp of the short DNA
fragment correspond to 17, 34, 68, 102, 136, 170/178.5,
238, and 340 nm, respectively, because the length of one
bp is 0.34 nm. Figure 3(a) shows the TEM picture of
ZrO, nanoparticles assembled on the short DNA fragment,
and illustrates that several ZrO, nanoparticles form an
array on the short DNA. The number of nanoparticles on
the short DNA varies with the length of DNA fragment
band. Futhermore, when the concentartion of the short
DNA fragment increases, each ZrO, nanoparticle is
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individually observed on the TEM grid (Fig. 3(b)).
Therefore, DNA may play an important role in
controlling the dispersion of ceramic nanoparticles in
water.

4. Conclusions

In conclusion, the role of DNA in assembling metal
oxide nanoparticles was investigated. ZrO, nanoparticles
are assembled on DNA by Coulomb interactions between
the negatively charged DNA and positively charged ZrO,
nanoparticles. We believe that this assembly of metal
oxide nanoparticles by DNA will yield novel hybrid
nano-biomaterials with  synergetic properties and
functions.
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