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Salmon milt DNA as a template for the mass
production of Ag nanoparticles

Tomomi Takeshima1, Ling Sun1, Yanqing Wang1, Yoshihisa Yamada2, Norio Nishi2, Tetsu Yonezawa3

and Bunshi Fugetsu1

A wet-chemical approach using DNA extracted from salmon milt as a template to mass produce Ag nanoparticles was

developed. Spherical Ag nanoparticles with a main diameter of less than 10nm were obtained. The concentration of Ag

nanoparticles in the as-produced colloidal suspension was as high as 5.3�10�2mol l�1. This simple and effective

procedure should offer an alternative route to the mass production of Ag nanoparticles for practical applications.
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INTRODUCTION

Many potential applications for the remarkable electrical and chemical
properties of silver (Ag) nanoparticles have been proposed.1–11 The so-
called wet-chemical reduction method has been the standard technique
for the production of Ag nanoparticles because of its simplicity and
high production efficiency. In most wet-chemical reduction methods,
biopolymers such as polysaccharides,11–13 proteins14 and nucleic
acids7,15–19 have been used. These biopolymers function as templates
for the desired nano-sized structures of Ag nanoparticles. DNA, the
most important biopolymer, is also capable of forming Ag
nanoparticles through the formation of DNA–Ag(I) complexes. DNAs
with a uniform molecular weight and a specific sequence (artificial
oligonucleotides,7,15–17 plasmid DNA18 and bacteriophage T4 DNA19)
have been commonly used. However, there are difficulties in the mass
production of these types of DNA.

In our previous studies, we demonstrated that DNA could be
obtained on an industrial scale by using salmon milt as the DNA
source.20–23 In this study, we have evaluated the possibility of using
the salmon milt-based DNA as a template for the mass production of
Ag nanoparticles. Three types of salmon milt-based DNA were used,
each differing in molecular weight. DNA with an average molecular
weight of B20 000 Da (single stranded) proved to be optimal for the
reproducible production of Ag nanoparticles.

EXPERMENTAL PROCEDURE

Materials
Three types of salmon milt-based DNA were used throughout this study:

(i) low-molecular weight DNA (LMw-DNA; molecular weight B20 000 Da,

single-stranded), (ii) intermediate-molecular weight DNA (IMw-DNA; mole-

cular weight B50 000–100 000 Da, mostly single-stranded) and (iii) high-

molecular weight DNA (HMw-DNA; molecular weight over B10 000 000 Da,

double-stranded). These DNAs were obtained from Nissei Bio Co., Ltd.,

Eniwa, Japan. The molecular weights of the DNAs were estimated by HPLC gel

filtration for the LMw-DNA and gel electrophoresis for the IMw-DNA and

HMw-DNA. The determination of double-stranded or single-stranded DNA

was made by measuring the increase in absorbance at 260 nm upon heating the

DNA solutions. Silver nitrate (AgNO3, special grade) was purchased from

Kishida Chemical Co., Ltd. (Osaka, Japan). Aqueous ammonia (10%), sodium

borohydride (NaBH4, chemical grade) and nitric acid (HNO3, for analysis of

poisonous metal grade) were obtained from Wako Pure Chemicals Industries

Ltd. (Osaka, Japan). Potassium peroxydisulfate (for N and P analysis grade)

was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Ultra-pure

water (supplied from Milli-Q water purification systems, Merck Millipore,

Billerica, MA, USA, 418 MO) was used in all experiments.

Preparation of the Ag nanoparticles
The reactions of DNA (5� 10�5 mol l�1 nucleotide) with Ag(I) at a molar

ratio of [nucleotide]:[Ag(I)] of 1:1-1:30 were monitored by ultraviolet-visible

(UV–vis) spectroscopy (V-560, Jasco, Tokyo, Japan). DNA solutions

(0.33–33 g l�1, that is, 10�3–10�1 mol l�1 nucleotide) were prepared by adding

DNA to aqueous ammonia (1.0%). For the Ag nanoparticles preparation, the

DNA solution (10�3 or 10�2 mol l�1) and aqueous AgNO3 (10�2 or

10�1 mol l�1) were mixed at a volume ratio of 1:2 (molar ratio of 1:20), and

magnetically stirred in an ice bath. Under continuous mixing, 10�1 or 1 mol l�1

of NaBH4 in aqueous ammonia (10%) was added to the solution; the molar ratio

of NaBH4 to Ag(I) was 1:1. After standing overnight, the supernatant, which

included the Ag nanoparticles, was dialyzed using a dialysis membrane (molecular

weight cutoff: 14 000, Viskase Companies Inc., Darien, IL, USA) for B24 h.

Characterization of the Ag nanoparticles
UV–vis spectroscopy was used to monitor the reactions between Ag(I), DNA

and NaBH4. The sample solutions for the UV–vis measurements were diluted
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500-fold with water. The morphologies of the Ag nanoparticles were evaluated

by visual observation, UV–vis spectroscopy, transmission electron microscopy

(TEM, JEM-2000ES, JEOL, Akishima, Japan) and scanning transmission

electron microscopy (STEM, HD-2000, Hitachi, Tokyo, Japan). The samples

for the TEM/STEM observations were prepared by spotting the diluted

dispersion on a lacey carbon film supported by a 400-mesh copper grid

(Cu-400CN, Pacific Grid-Tech, San Francisco, CA, USA) and drying at room

temperature.

The concentrations of Ag, P and Na in the dispersion were measured with

inductively coupled plasma atomic emission spectrometry (ICP-AES, ICPE-

9000, Shimadzu, Kyoto, Japan). The samples were hydrolyzed in the presence

of aqueous potassium peroxydisulfate (4.0%) at 120 1C and then diluted to an

adequate concentration with HNO3 (10�1 mol l�1). The amount of Ag and

DNA in the Ag nanoparticles was calculated from the concentrations measured

by ICP-AES and from the solid weight after drying by heating.

The particle size and shape were observed with TEM and atomic force

microscopy (AFM, picoscan2500, SII, Chiba, Japan). AFM samples were

prepared by spotting the diluted dispersion on exfoliated mica and drying at

room temperature.

The zeta-potential of the Ag nanoparticles in water was measured with a

particle analyzer (Delsa Nano HC, Beckman Coulter, Brea, CA, USA). After

confirming the dispersion of the samples by dynamic light scattering, the zeta-

potential was determined by electrophoretic light scattering and automatically

calculated using the Smoluchowski equation. The sample solution was diluted

10-fold with water, and a flow cell was used for the measurement.

The thermal behavior of the Ag nanoparticles was investigated by thermo-

gravimetry (TG, TG-DTA6200, SII) from 25 to 1000 1C at a heating rate of

5 1C min�1 under an air atmosphere. In addition, the decomposition behavior

of the DNA in the Ag nanoparticles was examined by a stepwise heating,

maintaining each step for 4 h at 200, 300, 400, 500 and 600 1C.

Long-term stability of the Ag nanoparticles in water
An aqueous dispersion of Ag nanoparticles was stored without dilution in a

plastic tube wrapped with aluminum foil to protect from light for 6 months at

room temperature. The sample was then evaluated visually and by UV–vis

spectroscopy.

RESULTS AND DISCUSSION

Ag nanoparticles with salmon milt-based DNA as the template
DNA is capable of selectively binding Ag(I) with their nucleotide
bases; this binding changes the wavelength of the maximum absorp-
tion of DNA.15,24,25 In this study, the change in the absorption at
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Figure 1 Evolution of the maximum absorption of DNA in the presence of

different concentrations of Ag(I): (a) low-molecular weight DNA (LMw-DNA)

and (b) high-molecular weight DNA (HMw-DNA). (c) Plot of the absorbance

and wavelength of the maximum absorption vs the molar ratio

[Ag]:[nucleotide] from 1:1 to 1:30. Absorbance vs wavelength data for IMw

are not shown.
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Figure 2 Ultraviolet-visible (UV–vis) absorption spectra of the DNA and the

DNA–Ag mixed solutions (before and after adding NaBH4).

Table 1 DNA and AgNO3 solutions employed for the preparation of

Ag nanoparticles and states of the resultant solution after reduction

DNA AgNO3

No Type

Concentration

(mol l�1)

Concentration

(mol l�1)

State of resultant

solution

1 LMw 10�3 10�2 Homogenous dark brown

solution

2 LMw 10�2 10�1 Homogenous dark brown

solution, slight precipitation

3 IMw 10�3 10�2 Homogenous dark brown

solution

4 IMw 10�2 10�1 Homogenous dark brown

solution, slight turbidity,

precipitation

5 HMw 10�3 10�2 Homogenous dark brown

solution, slight turbidity

Abbreviations: HMw, high molecular weight; IMw, intermediate molecular weight; LMw, low
molecular weight.
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260 nm upon addition of Ag(I) (Figure 1) reveals the formation of the
DNA–Ag(I) complex. The increase in absorbance observed only for
the HMw-DNA (Figures 1b and c) was assumed to be induced by the
denaturation of the double-stranded DNA.24 The absorption peak of
the DNA shifted with increasing concentration of Ag(I), and then
remained unchanged (Figure 1c). These results suggest that the
binding of Ag(I) to DNA did not increase as the [Ag(I)]/[nucleotide]
ratio rose from 10-fold to 20- or 30-fold, that is, only the amount of
unbound Ag(I) increased.

Next, to optimize the volume ratio, 10�2 mol l�1 LMw-DNA
solution and 10�1 mol l�1 AgNO3 solution were mixed at volume
ratios of 1:1, 1:2 and 1:3, and then 1 mol l�1 NaBH4 solution was
added in a molar equivalence to Ag(I). The solution with a volume
ratio of 1:2 changed from clear to dark brown in color with very small
precipitates. UV–vis absorption spectra of the DNA solution, the
solution of DNA and AgNO3, and the solution after the reduction are
shown in Figure 2. The maximum absorption at B260 nm is shifted
after the addition of Ag(I), and the peak at 408 nm, the typical
plasmon resonance band of Ag nanoparticles, appeared after the
reduction. In the case of the volume ratio of 1:3, a large amount of

precipitation was observed, and a very small amount of Ag
nanoparticles was produced.

Ag nanoparticles were also prepared using solutions of IMw-DNA
(10�2 mol l�1) and AgNO3 (10�1 mol l�1) and HMw-DNA
(10�3 mol l�1) and AgNO3 (10�2 mol l�1). The molar ratio of
[nucleotide]:[Ag(I)]:[BH4] was chosen to be 1:20:20. Ag concentra-
tions in the mixed solutions were calculated to be 6.25� 10�3 mol l�1

when using the 10�2 mol l�1 AgNO3 solution and 6.25� 10�2

mol l�1 when using the 10�1 mol l�1 AgNO3 solution. As denoted
in Table 1, homogenous dark brown solutions were obtained under all
conditions. Moreover, a slight turbidity was observed without clear
phase separation in the solutions with 10�2 mol l�1 IMw-DNA
(Table 1, no. 4) and 10�3 mol l�1 HMw-DNA (Table 1, no. 5).
Precipitation also occurred in the 10�2 mol l�1 IMw-DNA solution
(Table 1, no. 4), and the Ag concentration in the supernatant was
above 46% (confirmed by ICP-AES). There was little precipitation in
the 10�2 mol l�1 LMw-DNA solution (Table 1, no. 2), and the Ag
concentration was only B3%.

The dark brown supernatants were purified by membrane dialysis,
a simple method amenable to mass production. After purification, all
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Figure 3 (a) Ultraviolet-visible (UV–vis) absorption spectra of the Ag nanoparticle dispersions, in terms of the same concentration of Ag. (b) transmission

electron microscopy (TEM) and scanning transmission electron microscopy (STEM) images of the samples. (c) Corresponding scanning electron microscopy

(SEM) images of Ag–DNA complexes after dialysis. The specified DNA solutions were: (1) low-molecular weight DNA (LMw-DNA) (10�3 mol l�1), (2) LMw-

DNA (10�2 mol l�1), (3) intermediate-molecular weight DNA (IMw-DNA) (10�3 mol l�1), (4) IMw-DNA (10�2 mol l�1) and (5) high-molecular weight DNA

(HMw-DNA) (10�3 mol l�1).
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the obtained solutions were dark brown and homogeneous in
appearance. The Ag concentrations as estimated by ICP-AES were
3.9� 10�3, 4.0� 10�3, 4.3� 10�3, 5.3� 10�2 and 3.6� 10�2

mol l�1 for the 10�3 mol l�1 LMw-DNA, 10�3 mol l�1 IMw-DNA,
10�3 mol l�1 HMw-DNA, 10�2 mol l�1 LMw-DNA and 10�2

mol l�1 IMw-DNA solutions, respectively. The UV–vis absorption
spectra of Ag colloids have been reported to be influenced by the
particle size distribution; for example, the absorption peak shifts
toward longer wavelengths as the particles become larger,26 and small

aggregates cause a decrease in the peak along with the appearance of a
long tail on the high wavelength side.27 At the same Ag concentration,
the UV–vis absorption spectra showed a similar shape for 10�3 and
10�2 mol l�1 LMw-DNA solutions (Figure 3a, no. 1 and 2), and
10�3 mol l�1 IMw-DNA solution (Figure 3a, no. 3), suggesting that
these Ag particles possessed a similar size distribution.

Figures 3b and c show typical microscopic images. The LMw-DNA
at concentrations of 10�3 and 10�2 mol l�1 and the IMw-DNA at a
concentration of 10�3 mol l�1 produced fine Ag nanoparticles
(Figure 3a, no. 1, 2 and 3), while the IMw-DNA at a concentration
of 10�2 mol l�1 and the HMw-DNA gave large Ag particles
(Figure 3a, no. 4 and 5). The 10�2 mol l�1 LMw-DNA and the
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Figure 4 Particle images and size distribution of the Ag nanoparticles.

(a) Transmission electron microscopy (TEM) and (b) atomic force
microscopy (AFM) images of the Ag nanoparticles. (c) Height profile along

the indicated line of the AFM image. (d) Histogram of the Ag nanoparticle

size distribution as evaluated by AFM. A full color version of this figure is

available at Polymer Journal online.
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Figure 5 Proposed structure of the Ag nanoparticles estimated by

calculation.
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Figure 6 Thermogravimetry (TG) curves of (a) DNA and the Ag nanoparticles
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stepwise temperatures at (b) 200 and 300 1C, (c) 400, 500 and 600 1C,

each for 4 h.
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10�1 mol l�1 aqueous AgNO3 solutions were selected for producing
Ag nanoparticles in a high concentration.

Characterization of the Ag nanoparticles
The concentrations of Ag, P and Na in the Ag nanoparticle
dispersions were measured by ICP-AES, and the DNA concentration
was calculated from the amount of P. The Ag content in the
nanoparticles was 85.2 wt%; the DNA content was calculated as
14.3 wt%. The ratio of Ag to DNA was approximately the same before
and after the reduction. That is, the Ag nanoparticles consisted largely
of Ag, with a low content of impurities such as Na. The TEM images
of the Ag nanoparticles showed them to be spherical in shape with an
average diameter of o10 nm (Figure 4a). The particle size distribu-
tion was determined with AFM (Figure 4b) by using the height profile
in the image (Figure 4c). The histogram of the size distribution is
shown in Figure 4d; B90% of the particles were o10 nm, with a
median particle size of 2.6 nm.

The zeta-potential is a measure of the degree of repulsion between
similarly charged particles in a dispersion. A higher zeta-potential
indicates a higher stability of the dispersion, which would be more
resistant to aggregation. The zeta-potential of the Ag nanoparticles in
water was �73.82 mV, which was negatively charged, similar to DNA.
The absolute value was higher than that of DNA, �42.17 mV.
This result suggested that the surfaces of the Ag nanoparticles were
thickly covered with DNA, which led to the high stabilization in
aqueous media.

From the ratio of Ag to DNA, a schematic was drawn of the size of
the Ag core and the thickness of the outer DNA layer wrapping the
core. We applied the literature density value of 1.05� 104 kg m�3 for
Ag,28 and the measured density value of 1.14� 103 kg m�3 for DNA.
For a particle of median size, 2.6 nm in diameter, the Ag core was
calculated to be 1.90 nm in diameter and the DNA layer 0.35 nm thick
(Figure 5). Adamcik et al.29 reported that the height of single-
stranded DNA, dried in air, was 0.35±0.05 nm, according to their
AFM observations. Therefore, our results could be explained by
supposing that the Ag nanoparticles were coated with a single layer of
single-stranded DNA.

In addition, the thermal behavior of the Ag nanoparticles was
analyzed by TG. The weight loss of the nanoparticles was low from
250–500 1C, followed by a remarkable change over 500 1C. In contrast,
the weight of DNA was continuously decreasing from 250–900 1C
(Figure 6a). In the stepwise heating from 200 to 6001C, the weight
changed little under 400 1C, and a 15% decrease occurred at 500 1C
(Figures 6b and c). This value was identical to the analysis by ICP-
AES. In other words, the Ag nanoparticles demonstrated good
thermostability up to 400 1C. Moreover, most DNA is expected to
decompose by heating over 500 1C, at which point the Ag nanopar-
ticles may show potential as a conductive material.

Long-term stability of the Ag nanoparticles in water
Long-term dispersion stability is necessary for Ag nanoparticle
applications. Upon standing for over 6 months, the as-prepared
dispersion did not change from a homogeneous dark brown based on
visual inspection. The UV–vis absorption spectrum indicated that the
particle size and shape were remarkably stable in water (Figure 7). The
change in the spectrum was the same or even smaller than that of
previously reported highly stable Ag nanoparticles stored at lower
concentrations.10,13,30 These results demonstrate that the DNA had an
important role as a protective agent in addition to serving as the
template. This stabilization enabled the DNA-templated Ag

nanoparticles to be stored on a large scale and used without re-
dispersion.

CONCLUSIONS

Widely available DNA from salmon milt was used as a bio-template
to prepare Ag nanoparticles. Among the three selected templates, the
DNA with the lowest molecular weight (B20 000 Da, single stranded)
was used to prepare the Ag nanoparticle dispersion with the highest
Ag concentration (5.3� 10�2 mol l�1) and without nanoparticle
aggregation. Ag accounted for over 85 wt% of these nanoparticles.
The nanoparticles were spherical in shape, and their mean diameter
was less than 10 nm. The templated DNA in the nanoparticles
decomposed at B500 1C in air and was mostly removed at higher
temperatures. The highly negatively charged Ag nanoparticles demon-
strated long-term stability as aqueous dispersions under ambient
conditions. Thus, DNA extracted from salmon milt is a viable
template for the preparation of stable Ag nanoparticle dispersions.
The method presented is inexpensive and simple, highly suitable for
mass production and thus would benefit the utility of Ag nanopar-
ticles in the fields of catalysis, optics, electronics and antimicrobial
materials.
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