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ABSTRACT: DNA cross-linked hydrogel was used as a matrix
for synthesis of gold nanoparticles. DNA possesses a strong
affinity to transition metals such as gold, which allows for the
concentration of Au precursor inside a hydrogel. Further
reduction of HAuCl4 inside DNA hydrogel yields well dispersed,
non-aggregated spherical Au nanoparticles of 2−3 nm size. The
average size of these Au nanoparticles synthesized in DNA
hydrogel is the smallest reported so far for in-gel metal
nanoparticles synthesis. DNA hybrid hydrogel containing gold
nanoparticles showed high catalytic activity in the hydro-
genation reaction of nitrophenol to aminophenol. The proposed
soft hybrid material is promising as environmentally friendly and
sustainable material for catalytic applications.

KEYWORDS: DNA hydrogel, gold nanoparticles, catalysis, nitrophenol reduction

■ INTRODUCTION

The affinity of nucleic acids to transition metals, in particular to
gold, is well known from earlier biochemical studies originated
in the 1970s.1,2 Au(III) coordinates with DNA bases and forms
stable complexes of the compositions [Au]/[nucleotide] = 0.5
and higher.3,4 The strong DNA affinity to transition metals
favored its choice as a template for synthesis of inorganic
nanowires,5−9 metallization of surface-absorbed10,11 and folded
DNA condensates,12−14 metallization of self-assembled “DNA
origami”,15,16 and other DNA molecular architectures.17,18

However, currently available DNA metallization protocols are
limited by those based on one-dimensional (DNA macro-
molecule) or two-dimensional (DNA adsorbed on surfaces)
templates. It is promising to further extend the dimensionality
of the DNA templates to three-dimensional molecular
architectures in order to construct a bulk material containing
nanosized metal structures distributed within its volume that
can find potential applications in catalysts, sensors, etc.
One suitable example of the three-dimensional matrix

composed of the DNA is a hydrogel, which can be employed
as a platform for templating of a material formed in various
chemical reactions. DNA hydrogel was first prepared by DNA
crosslinking with epoxide by Tanaka et al.,19 who studied DNA
hydrogels in relation to phase transition in low-polar solvents.
The understanding of physico-chemical properties of DNA
hydrogel was significantly deepened in recent works of Costa et
al.20−22 and Okay et al.23−25 Another robust biological method

based on the ligase-mediated construction of a DNA hydrogel
from branched DNA was also reported.26−28

DNA is a particularly suitable natural polymer for
concentrating transition metal ions because purine and
pyrimidine bases and, to some extent, phosphate groups of
DNA act as efficient chelation sites. Very recently, we reported
the utilization of DNA hydrogel as an absorbent for extraction
of transition and rare-earth metals from aqueous solutions.29

Therefore, DNA hydrogel containing transition metal ions is
promising as a “reactor” for controllable synthesis of metal
nanoparticles, where strong interaction of DNA with transition
metals must play an important role to control the growth of
inorganic nanoparticles. It is worth noting that the industrial
scale of low-cost DNA extracted from fish milt, the waste
product of the marine industry, is considered for use in various
material applications.30−33

In the present study, we focused on gold nanoparticles
synthesis inside DNA hydrogel by performing a reduction of
hydrogel-absorbed Au(III) directly inside the hydrogel matrix.
We report the formation of ultrasmall, non-aggregated, and
kinetically stable gold nanoparticles of 2−3 nm size inside DNA
hydrogel and demonstrate the application of the resulted soft
hybrid material in a catalytic hydrogenation of nitrophenol.
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■ EXPERIMENTAL SECTION
Materials. DNA sodium salt (ca. 10−20 kbp, ca. 90% purity)

extracted from salmon milt was a gift from Maruha Nichiro Holdings,
Inc. (Japan). Hydrogen tetrachloroaurate HAuCl4 (30 wt % solution in
dilute hydrochloric acid, 99.99%) and N,N,N,N-tetramethyl-ethyl-
enediamine (TEMED) were from Sigma (USA); ethylene glycol
diglycidyl ether (EGDE) was from TCI (Japan). Sodium borohydride
(NaBH4) was from Aldrich (USA); p-nitrophenol, sodium hydroxide
(NaOH), and sodium chloride (NaCl) from Wako (Japan) were used
as received. Milli-Q water purified by Simplicity UV apparatus
(Millipore, Japan) was used in all experiments.
Preparation of DNA cross-linked hydrogel film. 1% solution of

DNA was prepared in Milli-Q water by stirring at room temperature
over 2 days. To 5 mL of a 1% solution of DNA were added 50 μL of
0.5 M NaOH, 15 μL of cross-linking agent, EGDE, and 5 μL of
initiator TEMED. The components were thoroughly mixed by vortex,
and the resulted viscous liquid was transferred onto a 42 mm diameter
Petri dish, which was heated at 90 °C for 20 min, covered with the lid
to minimize evaporation of water, and then at 50 °C for 2 h in the
open air. DNA hydrogel film was repeatedly washed by 100 mL of 1
mM NaCl solution to remove non-cross-linked DNA and other
unreacted chemicals.
Synthesis of Gold Nanoparticles Inside Hydrogel. Synthesis of

gold nanoparticles inside DNA hydrogel is schematically illustrated on
Scheme 1. DNA hydrogel film (0.1 g) was placed into a 5 mL solution
of 4 mM HAuCl4 and incubated overnight. The decrease of HAuCl4
contents in the solution above DNA hydrogel was monitored by UV-
vis spectroscopy at λ = 300 nm. The resulted hydrogel film was quickly
rinsed by Milli-Q water within several seconds and placed into the
Petri dish, and 5 mL of freshly prepared solution of 10 mM NaBH4
was added to the hydrogel to induce Au(III) reduction.
Catalytic Reduction of p-Nitrophenol. To 1 mL of a 0.2 mM

solution of p-nitrophenol in distilled water containing NaBH4 (1 mM)
0.1 g of hybrid hydrogel was added directly into the spectroscopic cell,
and time-resolved spectra of the solution above the hydrogel were
recorded.
UV-Vis Spectroscopy. UV-vis spectra of hydrogels homogenized

by sonication (VP-5S, TAIREC (Japan), 20 kHz, <50 W) were
recorded on a Jasco V-630 (Japan) spectrophotometer in 1 mL (1.0 ×
0.2 × 0.5 cm) quartz cells at room temperature. Spectra of Au(III)
were recorded between 200 and 400 nm; spectra of Au nanoparticles
were recorded between 300 and 900 nm. Direct UV-vis spectroscopy
measurements of hydrogel film were performed by placing the
hydrogel between two glass plates (0.3 × 40 × 15 mm, Matsunami,
(Japan)) set up perpendicularly to the direction of light beam direction
in the spectrometer.
Fluorescence Absorption Spectroscopy. Fluorescence spectra

of PicoGreen in solutions of homogenized DNA hydrogel were

recorded on a FP-6600 spectrofluorimeter (Jasco, (Japan)) in 1.0 ×
1.0 × 5.0 cm quartz cells at room temperature according to the
protocol (http://probes.invitrogen.com/media/pis/mp07581.pdf)
provided by Invitrogen (Japan).

Transmission Electron Microscopy (TEM). TEM observations
were performed at room temperature on a HITACHI H-800
microscope (Japan) at 200 kV acceleration voltage. Hybrid hydrogel
was homogenized by sonication; 20 μL of the resulted solution was
placed onto a 3 mm copper grid covered with a collodion film. After 3
minutes, the solution was removed with a filter paper, and the sample
was dried under ambient conditions overnight prior to observations.

■ RESULTS AND DISCUSSION
DNA hydrogel was prepared on the basis of the original
procedure of Tanaka et al.19 but modified to obtain a hydrogel
f ilm with enhanced mechanical characteristics. DNA in 1%
aqueous solution was cross-linked by a reaction with ethylene
glycol diglycidyl ether (EGDE). Epoxy groups of EGDE
interact with amino groups of DNA bases under alkaline
conditions and elevated temperatures favoring DNA denatura-
tion and thereby exposure of reacting amino groups into
solution. The hydrogel film was allowed to swell and washed by
1 mM NaCl solution to completely remove non-crosslinked
DNA and unreacted chemicals. By comparison between the
DNA amount in hydrogel and the DNA amount in collected
solutions after DNA washing using UV-vis spectroscopy, the
ratio of non-crosslinked DNA was found to be less than 1%.
The concentration of DNA in swollen hydrogel (1 mM
aqueous NaCl) was calculated from spectroscopic data of
homogenized (20 kHz, 10 min) hydrogel and was found to be
ca. 30 mM (in DNA phosphates per hydrogel volume), which
roughly corresponds to about 1% (w/w). DNA double-helix
content in the hydrogel was analyzed using PicoGreen
fluorescence assay (Supporting information, Figure S1), and
the ratio of double-helical DNA in hydrogel was found to be
less than 5%; i.e., the matrix of DNA hydrogel is predominately
composed of crosslinked single-stranded DNA chains. The
overwhelming single-stranded DNA composition of the
hydrogel results from the crosslinking scenario, where after
the crosslinking of denaturated DNA chains by EGDE and the
formation of hydrogel’s 3-dimensional matrix, the reverse
process (renaturation of single- to double-stranded DNA) is
forbidden due to a dense crosslinking.
DNA is well known as a good biomolecular template in

preparation of various metal nanostructures,18 and utilization of

Scheme 1. Protocol for Preparation of Hybrid Hydrogela

a(A) Absorption of HAuCl4 by DNA hydrogel; (B) rinsing of DNA hydrogel by distilled water; (C) addition of the reduction agent (NaBH4) into
solution with DNA hydrogel; (D) reduction of Au(III) inside hydrogel.
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DNA hydrogel represents an almost unexplored yet attractive
strategy for the construction of three-dimensional architectures
of inorganic nanomaterials. DNA hydrogel metallization was
done following the two-step process illustrated by Scheme 1,
i.e., (i) absorption of HAuCl4 by DNA hydrogel (Scheme 1 A→
B) and (ii) successive reduction of Au(III) inside the hydrogel
matrix by adding NaBH4 solution (Scheme 1 C→D).
The first step on Scheme 1 A→B, Au(III) absorption by

DNA hydrogel, was carried out in a similar way as we reported
previously for concentration of noble and rare-earth metals
inside the DNA hydrogel.29 When DNA hydrogel film was
placed into a yellow solution of 4 mM HAuCl4, the color of the
film changed gradually from transparent to yellow−brown
(Figure 1A) and the hydrogel contracted by ca. 30−40%.

Different colors of Au(III) in the hydrogel than in solution and
the contraction of the hydrogel caused by the diminishing of
electrostatic repulsion between DNA chins in the polyelec-
trolyte network indicated the formation of Au(III)−DNA
complex inside the hydrogel. Time-dependent Au(III) uptake
from the solution above the hydrogel is shown in Figure 1B as a
change in a molar ratio between Au(III) and DNA monomers
in the hydrogel. Au(III) absorption is characterized by a rapid
uptake of Au(III) during the first several minutes and relatively
slow absorption during the next several hours. The existence of
these two regions of Au(III) uptake might point to the
formation of different DNA−Au(III) complexes suggested
earlier where Au(III) binding site and properties of the resulted
complexes differed depending on DNA to Au(III) ratios.3 The
saturation of the hydrogel by Au(III) was reached after ca. 3 h,
and the final average amount of absorbed Au(III) by hydrogel
was calculated to be 0.86 ± 0.03 Au(III) ions per DNA
phosphate group. Therefore, taking into account the con-
traction of DNA in the hydrogel, the concentration of Au(III)
inside the hydrogel is approximately 10 times higher than the
Au(III) concentration in the outer solution as a result of strong
chemical bonding of Au(III) to DNA.
Next, DNA hydrogel containing Au(III) was quickly rinsed

by distilled water (Scheme 1 B→C) and placed into a Petri
dish, and 5 mL of 10 mM NaBH4 solution was added. Figure 2
shows photographic snapshots of the hydrogel film after

addition of reduction agent taken at an interval of 1.5 s (movie
clip file showing hydrogel metallization is available as
Supporting Information). Within several seconds after addition
of NaBH4 solution, the color of the hydrogel film changed to
brown and then to dark-purple indicating the formation of gold
nanoparticles inside the hydrogel. The color change was
accompanied by the hydrogel swelling apparently due to the
dissociation of DNA−Au(III) complex caused by Au(III)
reduction to Au(0) and recovery of electrostatic repulsion
between DNA phosphates in the hybrid hydrogel. Neither
outer solution color change nor the other visible evidences of
hydrogel contents release into the outer solution was observed
during reduction; thus, it was concluded that the reaction took
place exclusively inside the DNA hydrogel. The hybrid
hydrogel films are stable in water solutions for at least 6
months from the moment of metallization showing no breakage
of hydrogel film or release of DNA or the colored contents.
Absorbance spectroscopy is a useful tool for studying metal

nanoparticles because the position and shape of surface
plasmon absorbance are sensitive to the particle size. The
hybrid hydrogel film was homogenized by means of sonication,
and the resulted stable violet colloidal dispersion was measured
by UV-vis spectroscopy. The spectrum of the homogenized
hydrogel in Figure 3A has a weak absorbance band at λ = 550
nm, which is a typical plasmon absorbance signal for gold
nanostructures larger than 2 nm. A similar spectrum was
obtained measuring intact (as-prepared) hydrogel film
(Supporting information, Figure S3), which means that the
sonication of the DNA hydrogel had no influence on the
properties of Au nanoparticles. It was reported earlier that Au
nanoparticles larger than 2 nm typically have a plasmon band in
the range of 500−550 nm,34 and when the particle size is less
than 2 nm, the distinctive plasmon band is replaced by a
featureless absorbance, which increases monotonically toward
higher energies.35−37 Because the absorbance band of hybrid
hydrogel is weak despite a high absorbance between 400 and
600 nm (Figure 3A), it can be concluded that the size of the
nanoparticles is only a few nanometers.38,39 Indeed, the

Figure 1. Absorption of Au(III) by DNA hydrogel. (A) Photographic
image of DNA hydrogel film (1 g) after extraction of Au(III) from 5
mL of 4 mM HAuCl4 solution. (B) Time-dependent HAuCl4 uptake
by DNA hydrogel film from a 5 mL solution containing 4 mM HAuCl4
shown as a molar ratio of absorbed Au(III) to DNA monomers
(nucleotides). Au(III) uptake was measured by UV-vis spectroscopy as
a decrease of HAuCl4 solution absorbance at λ = 300 nm at room
temperature.

Figure 2. Reduction of Au(III) in the DNA hydrogel. Photographic
images of the DNA hydrogel film containing Au(III) after addition of
5 mL of a solution of 10 mM NaBH4. The time interval between
snapshots is 1.5 s (movie clip file of hydrogel metallization is available
as Supporting Information).
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spectrum in Figure 3A is very similar to the spectrum of 3 nm
particles reported earlier.40

For direct visualization of gold nanostructures formed in
DNA hydrogel, transmission electron microscopy (TEM) was
used. Because the direct observation of DNA hydrogel film by
TEM is not possible, samples for TEM were prepared by 10
min sonication of the hybrid DNA hydrogel before observation.
Figure 3 shows a TEM image (B) and the size-distribution
histograms of Au nanoparticles synthesized inside the hydrogel

(C). The images show well separated Au nanoparticles with the
average size of 2.8 ± 1.0 nm.
The possibility to obtain and stabilize such small Au clusters

can be party ascribed to the high affinity of the DNA bases to
gold demonstrated earlier,3,4 yet the role of hydrogel matrix
environment in stabilization of Au nanoparticles required
further clarification. In order to compare the formation of gold
nanoparticles in the hydrogel and in a similar non-crosslinked
environment, we performed the reduction of HAuCl4 in
solution of the same DNA and at the same concentration (30
mM) as DNA in hydrogel. Addition of HAuCl4 at 4 mM
concentration into a solution of 30 mM DNA, incubation for 6
h, and final reduction by NaBH4 at 10 mM concentration
caused immediate color change of the solution from yellow−
brown to gray−violet, similar to the changes observed in the
hydrogel film. The sample taken immediately after reaction was
subjected to TEM analysis. It was found that the predominant
structures were gold nanoparticles, their average size was only
slightly larger than those in the hydrogel, and the size
distribution was comparable (3.2 ± 1.3 nm), but many
aggregates were also observed (Supporting information, Figure
S4). Furthermore, when the same experiment was performed at
a 100 times lower DNA concentration (0.3 mM), addition of
NaBH4 first caused a similar color change of the solution from
yellow−brown to dark-violet, but then, the fast precipitation of
the entire amount of Au nanoparticles occurred and a colorless
transparent liquid remained. Therefore, it becomes clear that
for stabilization of small gold nanoparticles a high concen-
tration of DNA is crucial, while the size of the nanoparticles is
rather a function of DNA concentration and not significantly
influenced by the crosslinking of DNA to the hydrogel
structure.
The schematic formation of small Au nanoparticles in DNA

hydrogel is illustrated by Figure 4. First, Au(III) ions bind to
DNA macromolecules (A). The following reduction of Au(III)
results in the formation of Au(0) atoms, in which lateral
mobility along DNA chains facilitates formation of metal
clusters growing into small Au nanoparticles on the DNA chain
(Figure 5C). Time-resolved spectra of the sonicated hydrogel at
different times of reduction (Supporting information, Figure
S2) indicate that the band corresponding to larger than 2 nm

Figure 3. Gold nanoparticles formation inside the hydrogel matrix.
(A) UV-vis spectra of hybrid DNA hydrogel film shown in Figure 2
obtained by a reduction of Au(III) inside the DNA hydrogel matrix
using NaBH4 and after sonication at 20 kHz for 1 min. (B) Typical
TEM images of sonicated hybrid hydrogel sample prepared as
described for A. (C) Statistical distributions of gold nanoparticles’ size
based on the TEM micrograph. The distribution was obtained by
measuring around 500 nanoparticles in two independently prepared
hybrid hydrogel.

Figure 4. Schematic illustration of Au(III) reduction in DNA hydrogel matrix and formation of nanoparticles locally bound to DNA. (A) DNA
hydrogel; (B and B′) DNA complex with Au(III) complex; (C and C′) gold nanoparticles bound to the DNA scaffold of hydrogel.
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nanoparticles appears only at the later stages of Au(III)
reduction and corresponds to brown−violet or violet−blue
color hydrogels.
It should be noted that synthesis of gold nanoparticles inside

polymeric hydrogels attracted increasing attention (Table 1)
due to potential application of such systems in catalysis.
Importantly, the diameter of nanoparticles obtained in these
studies largely varied but, to the best of our knowledge, using
DNA hydrogel, we succeeded to obtain the soft hybrid material
containing the smallest gold nanoparticles (2−3 nm) reported
so far.
Having discussed the synthesis and the structure of the

hybrid DNA hydrogel, we now turn to its catalytic properties.
The catalysis on gold nanoparticles has been intensively studied
during the past decade and applied to many organic
reactions.46,47

It was also demonstrated that certain organic reactions can
be catalyzed by gold nanoparticles dispersed inside the matrix
of a synthetic hydrogel. Table 1 shows several studies of a
successful catalysis by gold nanoparticles in hydrogel. Taking
into account the small size of gold nanoparticles prepared in
DNA hydrogel in this study, the high catalytic activity due to
their large surface area was expected. As a model reaction, we
used catalytic reduction of p-nitrophenol by NaBH4. Nitro-
phenols, known for their toxicity and possible accumulation in
the environment, represent a pollutant of industrial waste-
waters, and this reaction was rigorously investigated in the field
of environmental chemistry.48,49 Conversion of p-nitrophenol
to aminophenol was monitored spectroscopically. Figure 5A,B
shows time-dependent changes of the 0.2 mM nitrophenol
solution spectrum after addition of 1 mM NaBH4 into a
solution containing hybrid hydrogel (0.1 g) (A) and into
solution without hydrogel (B). In the solution with added

Figure 5. (A and B) Time dependent changes in UV-vis absorbance spectra of p-nitrophenol solution (0.2 mM) with (A) and without (B) added
hybrid hydrogel (0.1 g) after addition of NaBH4 (1 mM) in 1 mL of water solution. (C) Time dependence of nitrophenol absorbance at λ = 400 nm
in solution with (filled circles) and without (open circles) hybrid hydrogel. (D) Time dependence of the normalized nitrophenol absorbance at λ =
400 nm built in logarithmic coordinates.

Table 1. Earlier Reported Examples of Au Nanoparticles Synthesis in Macromolecular Hydrogels, the Diameter of Such
Nanoparticles, and Their Applications for the Catalysis of Certain Reactions (If Performed)

polymer matrix/precursors of NP
diameter of NP,

nm catalytic reaction (if performed) ref

poly-N-isopropylacrylamide (microgel)/
HAuCl4 + tetrakis(hydroxymethyl) phosphonium chloride

60−120 41

poly(vinyl alcohol)/HAuCl4 + ascorbic acid 20−80 42
polyethylene glycol-polyurethane/HAuCl4 + NaBH4 6−10 o-nitroaniline → 1,2-benzenediamine 43
poly-N-isopropylacrylamide/HAuCl4 + γ-irradiation 4−7 o-nitroaniline → 1,2-benzenediamine 44
chitosan/HAuCl4 + heating (40−80 °C) ∼5 nitrophenol → aminophenol 45
poly(vinyl alcohol)/HAuCl4 + NaBH4 ∼4 42
(this work) DNA/HAuCl4/NaBH4 ∼2.8 nitrophenol → aminophenol
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hybrid hydrogel, the intensity of the peak at 400 nm, the signal
of nitrophenol, gradually decreased, and after less than 1 h of
reduction, no peak of nitrophenol was detected. Simulta-
neously, an increase in the lower intensity absorbance peak at
ca. 300 nm, corresponding to the formation of aminophenol,
was observed. In contrast, the control experiment without
hydrogel in Figure 5B shows essentially no spectral changes
during 50 min from the moment of adding reduction agent.
Time-dependent absorbance changes are compared in Figure
5C. In the presence of the hybrid hydrogel, half-conversion
time was shorter than 20 min, and about 97% conversion of
nitrophenol to aminophenol after 50 min of reduction was
achieved.
When the data in Figure 5C were rebuilt in the coordinates

of the logarithm of the normalized nitrophenol absorbance
versus time (Figure 5D), the resulted dependence was linear
after ca. a 5 min induction period. The linear region is the first-
order reduction kinetics reported earlier for gold nanoparticles’
catalysis (see relevant references in Table 1). The rate constant
was calculated using the rate law for the first-order kinetics:
ln(c/c0) = ln(A/A0) = −kt, where c, A, and k are concentration
of p-nitrophenol, absorbance of p-nitrophenol, and apparent
rate constant, respectively. From the slope of linear part in
Figure 5D, k was found to be 1.5 × 10−3 s−1. Thus, DNA-based
hydrogel with ultrasmall gold nanoparticles showed faster
reduction kinetics in comparison to the analogous system with
larger 4−7 nm Au nanoparticles, for which k was found to be
2.8 × 10−4 s−1.44

■ CONCLUSIONS
By utilizing a strong DNA affinity to the transition metal ions,
we succeeded to synthesize ultrasmall 2−3 nm Au nano-
particles inside DNA crosslinked hydrogel and showed that
DNA hydrogel containing Au nanoparticles is a promising
catalytic material. This hybrid material has several important
advantages compared to solutions of nanosized catalysts. First,
the problem of small nanoparticles stabilization can be
overcome by incorporating them into the hydrogel matrix.
This is especially important in the case of the small
nanoparticles having a very high surface energy and easily
aggregating. The fixation of nanoparticles inside the hydrogel
matrix should also diminish a possible effect of reactants on the
nanoparticles stability such as, for example, dissolution of
nanoparticles’ stabilizing chemicals (capping agents) by an
organic reactant. Second, nanoparticles recovery after synthesis,
i.e., separation from reaction mixture, and re-dispersion into a
new reaction solution, can be avoided. Finally, the use of the
DNA from marine waste represents a novel, environmentally
friendly approach towards sustainable materials.

■ ASSOCIATED CONTENT
*S Supporting Information
PicoGreen protocol for determination of double-helix DNA
contents in DNA hydrogel; time-resolved UV-vis spectra of
DNA hydrogel metallization, UV-vis spectra of hybrid DNA
hydrogel film as-prepared; size distributions of gold nano-
particles obtained in concentrated DNA solutions; movie clip
showing reduction of Au(III) in DNA hydrogel. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: zinchenko@urban.env.nagoya-u.ac.jp.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by KAKENHI 24710106 (Grant-in-
Aid for Young Scientists), 25620183 (Grant-in-Aid for
Exploratory Research), and Grant No. 14-03-00696 from
Russian Foundation for Basic Research. Maruha Nichiro
Holdings, Inc. (Japan) is gratefully acknowledged for free
DNA samples extracted from salmon milt.

■ REFERENCES
(1) Sissoeff, I.; Grisvard, J.; Guille, E. Studies on metal ions-DNA
interactions: Specific behaviour of reiterative DNA sequences. Prog.
Biophys. Mol. Biol. 1976, 31 (2), 165−199.
(2) Anastassopoulou, J. Metal-DNA interactions. J. Mol. Struct. 2003,
651, 19−26.
(3) Pillai, C. K. S.; Nandi, U. S. Binding of gold(III) with DNA.
Biopolymers 1973, 12 (6), 1431−1435.
(4) Mandal, C.; Nandi, U. S. Kinetic studies on the interaction of
gold(III) with nucleic-acids .1. Native DNA-Au(III) system -
spectrophotometric studies. Proc. Ind. Acad. Sci. 1979, 88 (4), 263−
278.
(5) Braun, E.; Eichen, Y.; Sivan, U.; Ben-Yoseph, G. DNA-templated
assembly and electrode attachment of a conducting silver wire. Nature
1998, 391 (6669), 775−778.
(6) Richter, J.; Seidel, R.; Kirsch, R.; Mertig, M.; Pompe, W.;
Plaschke, J.; Schackert, H. K. Nanoscale palladium metallization of
DNA. Adv. Mater. 2000, 12 (7), 507−510.
(7) Seidel, R.; Ciacchi, L. C.; Weigel, M.; Pompe, W.; Mertig, M.
Synthesis of platinum cluster chains on DNA templates: Conditions
for a template-controlled cluster growth. J. Phys. Chem. B 2004, 108
(30), 10801−10811.
(8) Ongaro, A.; Griffin, F.; Beeeher, P.; Nagle, L.; Iacopino, D.;
Quinn, A.; Redmond, G.; Fitzmaurice, D. DNA-templated assembly of
conducting gold nanowires between gold electrodes on a silicon oxide
substrate. Chem. Mater. 2005, 17 (8), 1959−1964.
(9) Mohammadzadegan, R.; Mohabatkar, H.; Sheikhi, M. H.; Safavi,
A.; Khajouee, M. B. DNA-templated gold nanowires. Phys. E 2008, 41
(1), 142−145.
(10) Pu, S. Y.; Zinchenko, A. A.; Murata, S. DNA-assisted “double-
templating” approach for the construction of hollow meshed inorganic
nanoshells. Langmuir 2011, 27 (8), 5009−5013.
(11) Pu, S. Y.; Zinchenko, A.; Murata, S. Facile control of DNA-
templated inorganic nanoshell size. J. Nanosci. Nanotechnol. 2012, 12
(1), 635−641.
(12) Zinchenko, A. A.; Yoshikawa, K.; Baigl, D. DNA-templated
silver nanorings. Adv. Mater. 2005, 17 (23), 2820−2823.
(13) Chen, N.; Zinchenko, A. A.; Yoshikawa, K. Probing biopolymer
conformation by metallization with noble metals. Nanotechnology
2006, 17 (20), 5224−5232.
(14) Preston, T. C.; Signorell, R. Formation of gold particles on
nanoscale toroidal DNA assembled with bis(ethylenediamine)gold-
(III). Langmuir 2010, 26 (12), 10250−10253.
(15) Geng, Y. L.; Liu, J. F.; Pound, E.; Gyawali, S.; Harb, J. N.;
Woolley, A. T. Rapid metallization of lambda DNA and DNA origami
using a Pd seeding method. J. Mater. Chem. 2011, 21 (32), 12126−
12131.
(16) Liu, J. F.; Geng, Y. L.; Pound, E.; Gyawali, S.; Ashton, J. R.;
Hickey, J.; Woolley, A. T.; Harb, J. N. Metallization of branched DNA
origami for nanoelectronic circuit fabrication. ACS Nano 2011, 5 (3),
2240−2247.
(17) Kwon, Y. W.; Lee, C. H.; Choi, D. H.; Jin, J. I. Materials science
of DNA. J. Mater. Chem. 2009, 19 (10), 1353−1380.
(18) Zinchenko, A. A. Templating of inorganic nanomaterials by
biomacromolecules and their assemblies. Polym. Sci., Ser. C 2012, 54
(1), 80−87.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5008886 | ACS Appl. Mater. Interfaces 2014, 6, 3226−32323231

http://pubs.acs.org
mailto:zinchenko@urban.env.nagoya-u.ac.jp


(19) Amiya, T.; Tanaka, T. Phase-transitions in cross-linked gels of
natural polymers. Macromolecules 1987, 20 (5), 1162−1164.
(20) Costa, D.; Hansson, P.; Schneider, S.; Miguel, M. G.; Lindman,
B. Interaction between covalent DNA gels and a cationic surfactant.
Biomacromolecules 2006, 7 (4), 1090−1095.
(21) Costa, D.; Miguel, M. G.; Lindman, B. Responsive polymer gels:
Double-stranded versus single-stranded DNA. J. Phys. Chem. B 2007,
111 (37), 10886−10896.
(22) Costa, D.; Queiroz, J.; Miguel, M. G.; Lindman, B. Swelling
behavior of a new biocompatible plasmid DNA hydrogel. Colloids Surf.,
B 2012, 92, 106−112.
(23) Topuz, F.; Okay, O. Formation of hydrogels by simultaneous
denaturation and cross-linking of DNA. Biomacromolecules 2009, 10
(9), 2652−2661.
(24) Orakdogen, N.; Erman, B.; Okay, O. Evidence of strain
hardening in DNA gels. Macromolecules 2010, 43 (3), 1530−1538.
(25) Okay, O. DNA hydrogels: New functional soft materials. J.
Polym. Sci., Part B: Polym. Phys. 2011, 49 (8), 551−556.
(26) Um, S. H.; Lee, J. B.; Park, N.; Kwon, S. Y.; Umbach, C. C.; Luo,
D. Enzyme-catalysed assembly of DNA hydrogel. Nat. Mater. 2006, 5
(10), 797−801.
(27) Lee, J.; Peng, S. M.; Yang, D. Y.; Roh, Y. H.; Funabashi, H.;
Park, N.; Rice, E. J.; Chen, L. W.; Long, R.; Wu, M. M.; Luo, D. A
mechanical metamaterial made from a DNA hydrogel. Nat. Nano-
technol. 2012, 7 (12), 816−820.
(28) Hur, J.; Im, K.; Hwang, S.; Choi, B.; Kim, S.; Hwang, S.; Park,
N.; Kim, K. DNA hydrogel-based supercapacitors operating in
physiological fluids. Sci. Rep. 2013, 3, 1282.
(29) Maeda, Y.; Zinchenko, A.; Lopatina, L. I.; Sergeyev, V. G.;
Murata, S. Extraction of noble and rare-earth metals from aqueous
solutions by DNA cross-linked hydrogels. ChemPlusChem 2013, 78
(7), 619−622.
(30) Iwata, K.; Sawadaishi, T.; Nishimura, S.; Tokura, S.; Nishi, N.
Utilization of DNA as functional materials: Preparation of filters
containing DNA insolubilized with alginic acid gel. Int. J. Biol.
Macromol. 1996, 18 (1-2), 149−150.
(31) Yamada, M.; Kato, K.; Nomizu, M.; Sakairi, N.; Ohkawa, K.;
Yamamoto, H.; Nishi, N. Preparation and characterization of DNA
films induced by UV irradiation. Chem.−Eur. J. 2002, 8 (6), 1407−
1412.
(32) Yamada, M.; Yokota, M.; Kaya, M.; Satoh, S.; Jonganurakkun,
B.; Nomizu, M.; Nishi, N. Preparation of novel bio-matrix by the
complexation of DNA and metal ions. Polymer 2005, 46 (23), 10102−
10112.
(33) Takeshima, T.; Sun, L.; Wang, Y.; Yamada, Y.; Nishi, N.;
Yonezawa, T.; Fugetsu, B. Salmon milt DNA as a template for the
mass production of Ag nanoparticles. Polym. J. 2014, 46 (1), 36−41.
(34) Alvarez, M. M.; Khoury, J. T.; Schaaff, T. G.; Shafigullin, M. N.;
Vezmar, I.; Whetten, R. L. Optical absorption spectra of nanocrystal
gold molecules. J. Phys. Chem. B 1997, 101 (19), 3706−3712.
(35) Roldugin, V. I. Quantum-size colloid metal systems. Usp. Khim.
2000, 69 (10), 899−923.
(36) Kim, Y. G.; Oh, S. K.; Crooks, R. M. Preparation and
characterization of 1-2 nm dendrimer-encapsulated gold nanoparticles
having very narrow size distributions. Chem. Mater. 2004, 16 (1), 167−
172.
(37) Petty, J. T.; Zheng, J.; Hud, N. V.; Dickson, R. M. DNA-
templated Ag nanocluster formation. J. Am. Chem. Soc. 2004, 126 (16),
5207−5212.
(38) Alvarez, M. M.; Khoury, J. T.; Schaaff, T. G.; Shafigullin, M. N.;
Vezmar, I.; Whetten, R. L. Optical absorption spectra of nanocrystal
gold molecules. J. Phys. Chem. B 1997, 101 (19), 3706−3712.
(39) Wu, Z.; Chen, J.; Jin, R. One-pot synthesis of Au25(SG)18 2-
and 4-nm gold nanoparticles and comparison of their size-dependent
properties. Adv. Funct. Mater. 2011, 21 (1), 177−183.
(40) Nealon, G. L.; Donnio, B.; Greget, R.; Kappler, J. P.; Terazzi, E.;
Gallani, J. L. Magnetism in gold nanoparticles. Nanoscale 2012, 4 (17),
5244−5258.

(41) Kim, J. H.; Lee, T. R. Hydrogel-templated growth of large gold
nanoparticles: Synthesis of thermally responsive hydrogel-nanoparticle
composites. Langmuir 2007, 23 (12), 6504−6509.
(42) Braun, E.; Eichen, Y.; Sivan, U.; Ben-Yoseph, G. DNA-
templated assembly and electrode attachment of a conducting silver
wire. Nature 1998, 391 (6669), 775−778.
(43) Ramtenki, V.; Anumon, V. D.; Badiger, M. V.; Prasad, B. L. V.
Gold nanoparticle embedded hydrogel matrices as catalysts: Better
dispersibility of nanoparticles in the gel matrix upon addition of N-
bromosuccinimide leading to increased catalytic efficiency. Colloids
Surf., A 2012, 414, 296−301.
(44) Zhu, C. H.; Hai, Z. B.; Cui, C. H.; Li, H. H.; Chen, J. F.; Yu, S.
H. In situ controlled synthesis of thermosensitive poly(N-isopropy-
lacrylamide)/Au nanocomposite hydrogels by gamma radiation for
catalytic application. Small 2012, 8 (6), 930−936.
(45) Hortiguela, M. J.; Aranaz, I.; Gutierrez, M. C.; Ferrer, M. L.; del
Monte, F. Chitosan gelation induced by the in situ formation of gold
nanoparticles and its processing into macroporous scaffolds.
Biomacromolecules 2011, 12 (1), 179−186.
(46) Corma, A.; Garcia, H. Supported gold nanoparticles as catalysts
for organic reactions. Chem. Soc. Rev. 2008, 37 (9), 2096−2126.
(47) Mikami, Y.; Dhakshinamoorthy, A.; Alvaro, M.; Garcia, H.
Catalytic activity of unsupported gold nanoparticles. Catal. Sci.
Technol. 2013, 3 (1), 58−69.
(48) Adams, C. D.; Cozzens, R. A.; Kim, B. J. Effects of ozonation on
the biodegradability of substituted phenols. Water Res. 1997, 31 (10),
2655−2663.
(49) Chen, D. W.; Ray, A. K. Photodegradation kinetics of 4-
nitrophenol in TiO2 suspension. Water Res. 1998, 32 (11), 3223−
3234.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5008886 | ACS Appl. Mater. Interfaces 2014, 6, 3226−32323232


