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The conformational behavior of a long single-chain double-stranded DNA in solutions of free silver ions and
silver nanoparticles generated via the reduction of AgNO3 by NaBH4 was monitored by fluorescence and electron
microscopies and UV spectroscopy. The interaction of monovalent silver ions with DNA induces shrinking of a
DNA-coiled polymer chain as a result of a decrease in the DNA persistence length through the complexation of
Ag+ with DNA bases. In contrast, the reduction of silver ions by NaBH4 in DNA solutions triggers DNA
compaction: a DNA transition from elongated coil state into a compact state. This transition is continuous, unlike
the all-or-none discrete DNA compaction that is commonly seen with multications. It is suggested that the collapse
of DNA is accompanied by growth aggregation of silver nanoparticles generated on the DNA template.

Introduction

Investigations on DNA interaction with Ag+ and other
transition metal ions, such as Hg2+, Au+, Cu2+, and so on,
started right after the DNA double helix was discovered.1,2

These earliest reports described DNA interactions with transition
metal ions (M+) at up to equimolar ratios (M+ to DNA
phosphates) by conventional spectroscopic, electrochemical, and
other physicochemical techniques.3 It is now recognized that
Ag+ ions prefer coordinating with DNA bases to electrostatic
binding with DNA phosphates4 and such coordination with DNA
bases has three modes of binding.5 At Ag/nucleotide ratios
below 0.2, the type I complex is formed with the guanine N7
atom as a major binding site, whereas at ratios of 0.2-0.5, type
II complexes are formed with A-T or G-C base pairs as main
binding targets. Finally, at ratios above 0.5, type III complexes
are formed when the major binding sites in type I and type II
complexes are saturated.

Since that time, the investigation of DNA-silver interactions
has been virtually suspended right up to recent intensive studies
in the fields of nanoscale chemistry, biophysics, and biomate-
rials. The rapid development of new synthetic approaches in
the area of metal nanostructure preparation has stimulated new
scientific interest in the interaction between biological macro-
molecules, such as DNA or proteins, and metal nanostructures,
which are remarkable for their outstanding electronic and optical
properties6 and promising for future applications in bioimaging,
nanoelectronics, sensor preparation, and so on. It has been shown
that the reduction of noble metal ions in the presence of a

polyelectrolyte scaffold leads to the deposition of metal in the
form of nanoparticles in a DNA template to form nanowires.7

In these experiments, DNA was usually fixed onto a solid
substrate prior to the deposition of metals on DNA and,
therefore, the conformational properties of a DNA chain in bulk
were not revealed. However, the conformation of a DNA
molecule is an important property that not only determines the
behavior of DNA in solution but is also closely interrelated with
the biological activity of DNA.8 Furthermore, an understanding
of the DNA conformational response to DNA scaffold metal-
lization should provide deeper insight into the forces that play
a role in DNA metallization. In the current report, we discuss
the conformational behavior of a long DNA (bacteriophage T4)
in a solution of silver ions and silver nanoparticles formed by
Ag+ reduction. We show that metallization of DNA by silver
cations leads to the reduction of DNA persistent length, while
metallization of DNA by silver nanoparticles induces DNA
compaction.

Experimental Section

Materials. Bacteriophage T4 DNA (166000 base pairs, Nippon Gene
Co., LTD, Japan), AgNO3 (99.9999% purity, Aldrich, Japan), the
fluorescent dye YOYO-1 (1,1′-(4,4,7,7-tetramethyl-4,7-diazaundeca-
methylene)-bis-4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazole)-2-meth-
ylidene]-quinolinium tetraiodide) (Molecular Probes, U.S.A.), and
sodium borohydride, NaBH4 (Nacalai Tesque Inc., Japan), were used
for this study.

Fluorescence Microscopy (FM). Fluorescence images of individual
DNA molecules were observed using a Zeiss Axiovert 135 TV
microscope equipped with a 100 × oil-immersed lens and recorded on
S-VHS videotapes through a Hamamatsu SIT TV camera.

UV-vis Spectroscopy. UV-vis spectra were recorded on a Jasco
U-550 UV/vis spectrophotometer in 1.0 × 0.2 × 0.5 cm quartz cells.

Electron Microscopy. Transmission electron microscopic (TEM)
observations were performed at room temperature using a JEM-1200EX
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microscope (JEOL) at an acceleration voltage of 100 kV using 300
mesh carbon-coated grids. Silver nanoparticles were observed without
staining. For DNA observation, uranyl acetate (1 wt % in water) was
used as a staining agent.

Sample Solutions. Special precautions were taken to prevent the
silver ion complexation, reduction, or precipitation by the chemicals
used for sample preparation. For this purpose, DNA solutions were
prepared in Milli-Q water without salt or buffer. Because concentrated
T4 DNA stock (1 mM) is available commercially as a buffer solution
(10 mM Tris-HCl (pH 7.5) and 1 mM EDTA), after dilution, T4 DNA
sample solutions always contained small amounts of EDTA and Tris-
HCl. Certainly, EDTA and Cl- ions are able to interact with silver
ions, however, according to the stability constants,9 the complexation
of Ag+ with EDTA or interaction with Cl- is negligible compared to
reduction by NaBH4. Moreover, removal of all buffer components from
the solution would be critical for DNA molecule stability. It should be
also mentioned that YOYO is an iodide salt, therefore, I- can bind to
Ag+, but because the concentration of YOYO is always five times lower
than the concentration of DNA in microscopy experiments, we neglect
its influence in the experiments.

Samples for FM and UV spectroscopy measurements were prepared
as follows. First, a stock solution containing T4 DNA (10-6 M) and
YOYO (2 × 10-7 M) was prepared in Milli-Q water. Final sample
solutions for UV or FM investigations were then made by a 100-fold
dilution of the stock solution (i.e., final concentration of T4 DNA was
10-8 M) and addition of the necessary amounts of AgNO3 and NaBH4.
The samples were observed by FM after an additional 30 min. Solutions
with a DNA concentration of 10-7 M were prepared in a similar
manner.

Solutions for electron microscopic observations contained 10-6 M
of T4 DNA in Milli-Q water and appropriate concentrations of AgNO3

and NaBH4.

Results and Discussion

Conformational Behavior of DNA in AgNO3 Solutions.
To investigate the effect of silver ions on the conformational
behavior of individual DNA molecules, FM observations were
carried out in real time in aqueous diluted solutions of YOYO-
labeled T4 DNA (166000 bp, 10-8 M) in the presence of
AgNO3. Typical fluorescence images of T4 DNA molecules
with an increase in the AgNO3 concentration are shown in
Figure 1A. Up to a AgNO3 concentration of 10-6 M, all DNA
molecules remained in an unfolded coil state. However, a further
increase in the AgNO3 concentration induced a gradual and
significant shrinking of individual DNA molecules. Finally, at
a AgNO3 concentration above 10-4 M, the image of T4 DNA
vanished completely. Changes in the DNA fluorescent image
is attributed to the binding of Ag+ ions to the heteroatoms of
nucleic bases.10 Upon such binding, DNA bases are twisted or
tilted, which converts DNA base pairs from a perpendicular to
a propeller arrangement with respect to the axis of the DNA
helix.11 The change in the base-pair twist angle considerably
weakens the strength of binding between YOYO and DNA
bases, which leads to the further release of dye molecules from
the double helix. As a result, the image of T4 DNA vanished
at higher Ag+ concentrations.

To characterize changes in the conformation of DNA in a
DNA-Ag complex in a quantitative manner, FM observations
were carried out by varying the concentration of silver ions from
10-9 to 10-4 M. The dependence of the average long-axis length
(longer distance in the outline of DNA molecular fluorescence
image) of T4 DNA at various AgNO3 concentrations is shown
in Figure 1B. It shows that, when the concentration of Ag+ is
lower than 10-6 M, the maximum of the DNA coil size
distribution is around 3 µm and the distribution is rather wide,

indicating that DNA exists in an elongated coil state. A further
increase in the Ag+ concentration causes a decrease in the DNA
effective length, and when the Ag+ concentration is about 10-4

M, the maximum of the DNA length distribution is around 1.5
µm; that is, DNA is about 2-fold smaller than in the original
coil state but still exhibits large intramolecular fluctuations,
which are characteristic of a shrunken coil state. This suggests
that the persistence length is reduced by about half, because
the DNA long-axis length is proportional to the DNA persistence
length for sufficiently long DNA molecules. It is now clear that
silver ions contribute to the shrinking of DNA molecules through
interaction with Ag+ ions. It should be noted that due to the
possible interaction of Ag+ with EDTA and the Cl- ion coming
from Tris buffer, at concentrations of Ag+ up to 10-7 M, the
effects of Ag+ ions can be partly inactivated due to the
interaction with such buffer components.

It is known that Ag+ has an electronic configuration that
favors the formation of strong complexes with DNA bases.5

As a consequence, a positive charge is introduced inside the
negatively charged DNA double helix. Due to the presence of
positive charges along the chain, there is a marked decrease in
the external electric field. Perturbations in the charge distribution
could be primarily responsible for the decrease in length because
of the reduction in the net electrostatic repulsive forces along
the DNA helix. Therefore, the rearrangement of DNA bases
together with the reduction of electrostatic repulsive forces
induced by Ag+ complexation with DNA might contribute to
the significant decrease in DNA persistence length. In addition
to purely electrostatic reasons for DNA shrinking, one can also
consider binding of at least a two-coordinate silver cation with
different sites along a DNA chain and possible photochemical
reduction of silver mediated by DNA organic groups.

Our FM observations show direct microscopic evidence of
the changes in the DNA effective volume upon complexation
with Ag+. It should be noted that the binding site of Ag+ to
DNA is different from that of alkali ions such as Na+ or K+,
which act mainly as counterions, whereas heavy metal ions
intercalate inside the DNA double helix. Therefore, the effect

Figure 1. (A) Fluorescence microscopy (FM) images of T4 DNA
molecules at different concentrations of AgNO3 in aqueous solution.
Solutions were prepared by mixing AgNO3 solution with a DNA
solution (10-8 M). (B) Dependence of the long-axis length, L, of
individual T4-DNA molecules (averaged over ca. 100 molecules) on
the AgNO3 concentration. Symbols on the plot indicate the maximums
of length distributions; the width of the distribution is given as a
standard deviation.
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of the Ag+ ion on the DNA conformation is substantially
different from that of alkali cations, where a comparable
decrease in the effective size of DNA is observed at 100- to
1000-fold higher concentrations than in the case of Ag+.12

Our further goal was to monitor changes in the conformation
of DNA after metallization of the DNA chain when the silver
ion is reduced to a neutral atom. The incorporation of Ag+ ions
into a DNA helix may contribute to the construction of
functionalized nanomaterials, such as molecular wires, based
on the deposition of metal nanoparticles on a DNA chain. As a
basic method, silver nanostructure formation can be achieved
by the chemical reduction of silver ions.

Formation of Silver Nanoparticles Triggers T4 DNA
Compaction. It is known that reduction of Ag+ ions in aqueous
solution of sodium borohydride in the presence of polyphos-
phates leads to the formation of long-lived silver clusters besides
particles of metallic silver.13 The stabilization of the clusters
and particles is brought about by polyanion being present at
low concentration. Therefore, we could expect that native DNA
as well as polyphosphate molecules can play an important role
in the stabilization of clusters and particles formed upon
reduction of silver ions by sodium borohydride in aqueous
solution. To make a clear interaction between DNA and silver
nanoparticles, two sets of preliminary experiments had to be
done using silver ions and its mixture with DNA upon titration
by sodium borohydride.

To ensure that all of the Ag+ ions are reduced, all experiments
were conducted at various DNA and silver nitrate concentrations
but at a constant molar ratio of borohydride to silver equal to
10. Figure 2A shows typical fluorescence images of a T4 DNA

upon the reduction of silver ions by sodium borohydride in DNA
solution. The conformational behavior of DNA below [AgNO3]
) 10-6 M is very similar to that when no reducing agent is
added (Figure 1A); DNA exists in an elongated coil conforma-
tion with a characteristic long-axis length of 3 µm. However,
formation of larger amounts of nanoparticles at higher concen-
trations of AgNO3 and NaBH4 leads to pronounced DNA
conformational changes. At [AgNO3] ) 5 × 10-6 M, the DNA
length drastically decreases, while the brightness of the
DNA fluorescent images increases. At [AgNO3] ) 10-5 M,
highly shrunken, bright DNA images were observed together
with a significant fraction of individual compact globules. The
compact DNA globules did not aggregate nor precipitate on
the microscope glass slide. This colloidal stability is attributed
to a remaining charge of the compact globules. Finally, at
[AgNO3] ) 10-4 M, all DNA molecules were in a globule state,
partly in the form of multiglobular aggregates. Such aggregates
are supposed to be formed due to the capture of individual DNA
globules into aggregates of a large number of nanoparticles.
Because there was no stabilizer used in the experiments, after
preparation, DNA-metal complexes slowly aggregated and
formed larger condensates.

The change in the T4 DNA long-axis length averaged over
about 100 individual DNA molecules is shown in Figure 2B as
a function of AgNO3 concentration. Despite the similarity in
shape (Figures 1 and 2), the reduction of AgNO3 with NaBH4

induces complete DNA compaction into globules, while in the
presence of AgNO3 alone, DNA molecules shrink but remain
in a coil state.

As mentioned above, the addition of AgNO3 to DNA solution
quenches the fluorescence image of a DNA chain. In contrast,
the fact that DNA fluorescence images were clearly observed
at a higher concentration of reduced AgNO3 in solution indicates
that a reduction of silver ions may decrease the amount of Ag+

bound to the DNA helix due to the shift in the equilibrium of
the reaction

Ag++DNAf [DNA-Ag]+ (1)
to the left, which would favor the intercalation of YOYO into
the DNA helix.

Because a reduction of the Ag+ ion under appropriate
conditions leads to the formation of silver nanoparticles,14

we can hypothesize that T4 DNA compaction is mediated
by the formation of silver nanoparticles. UV-vis spectros-
copy is a useful tool for monitoring the formation of silver
nanoparticles. Due to the high UV-vis absorbance of silver
nanoparticles, we were able to investigate the DNA/AgNO3/
NaBH4 system under exactly the same conditions as were
used for the FM observations and could compare the results
of FM and UV-vis spectroscopy. UV spectra of DNA/
AgNO3/NaBH4 solutions with various concentrations of silver
nitrate are shown in Figure 3.

Solutions with and without DNA showed similar trends in
UV-vis spectra upon the reduction of Ag+ ion. At low
concentrations of AgNO3 (10-8 M), the solution showed very
weak absorbance with no marked peaks. An adsorption peak
appeared near 400 nm beginning at a AgNO3 concentration of
5 × 10-7 M. Considerable spectral changes were accompanied
by visual changes in the color of the solutions from [AgNO3]
) 5 × 10-6 M. The solution turned yellow and the intensity of
this yellow color progressively increased. At the same time,
the intensities of the peak at about 400 nm and a shoulder at
about 250 nm increased dramatically. The appearance of a silver
surface plasmon peak at around 400 nm clearly indicates the
formation of silver nanoparticles within the range of 5-15 nm.15

Figure 2. (A) Fluorescence images of T4 DNA molecules at different
concentrations of AgNO3 and NaBH4 (reducing agent). Solutions were
prepared by mixing AgNO3 solution with a DNA solution (10-8 M)
and the further addition of a 10-fold excess of NaBH4 (for each AgNO3

concentrations, two images are shown for better illustration). (B)
Dependence of the long-axis length (L) of individual T4-DNA mol-
ecules (averaged over ca. 100 molecules) on the AgNO3 concentra-
tion in the presence of a 10-fold excess of NaBH4 to AgNO3. Symbols
on the plot indicate the maximums of length distributions; the width
of the distribution is given as a standard deviation.
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It is well-known that the wavelength of surface plasmon of
silver nanoparticles provides information about the size of the
nanoparticles. This increase in the size of silver nanoparticles
corresponds to the red shift of the absorbance maximum.16 In
our experiments, we found that the wavelength of the absorbance
maximum changed with an increase in the AgNO3 concentration
both with and without DNA. Figure 5 shows the changes in
the wavelength of the absorbance maximum of the plasmon
resonance of silver nanoparticles. With an increase in the silver
nitrate concentration, the absorption maximum is shifted to
shorter wavelengths; for example, a change in the AgNO3

concentration from 10-6 to 10-5 M induces a blue shift in the
absorbance maximum (λmax) of about 15 nm, that is, the size
of nanoparticles increases upon reduction in a concentrated
solution of AgNO3.

The influence of DNA on the formation of silver nano-
particles can be clarified by comparing Figures 3 and 4.
Although solutions with and without DNA show a very
similar general trend in spectral changes, we noted the
following differences. (i) The surface plasmon absorbance
intensity of silver nanoparticles in solutions with DNA is
lower than that in solutions without DNA. (ii) At a silver
nitrate concentration of 10-4 M, the spectra in solutions with
and without DNA are quite different; in a solution without
DNA, the symmetry of the plasmon peak is distorted and a

shoulder appears at longer wavelengths, while in a solution
with DNA, the symmetry of the absorbance peak is preserved.
(iii) The wavelength of the absorbance maximum in a solution
with DNA is always about 5 nm shorter than that in the same
solution without DNA (Figure 5).

Therefore, in good agreement with earlier reports on the
stabilizing effect of polymers, DNA, even at a concentration as
low as 10-8 M, has a stabilizing effect toward silver nanoparticle
growth, which is observed by UV-vis spectroscopy as a
reduction in nanoparticles size and a narrowing of their size
distribution. One possible explanation for this phenomenon may
be the physical contact of the polymer chain with the surface
of nanoparticles, which prevents its further growth and controls
its final size.17

In addition to spectroscopic evidence, nanoparticles of transition
metals can be directly visualized by TEM. First, we performed
TEM observations of samples prepared by mixing AgNO3 and
NaBH4 solutions without DNA. Electron micrographs of the silver
nanoparticles that formed after reduction at AgNO3 concentrations
of 10-5 M and 10-4 M are shown in Figure 6. The nanoparticles
that formed after silver nitrate reduction in 10-4 M solution were
quite monodisperse, with an average size of about 15 nm. Larger
and more monodisperse silver particles were observed at a lower
concentration of AgNO3 (10-5 M). The size of the observed
nanoparticles and the tendency of a size decrease at a higher
concentration of silver nitrate are in a good agreement with the
spectroscopic observations. We also performed TEM observations
of silver nanoparticles in the presence of T4 DNA molecules.
Electron micrographs in Figure 7A,A’ show silver nanoparticles
on a single unfolded DNA chain. Because a giant chain of T4 DNA

Figure 3. UV-vis absorbance spectra of a DNA/AgNO3/NaBH4

system at various concentrations of AgNO3/NaBH4. Solutions were
prepared by the addition of AgNO3 (1, 10-8 M; 2, 5 × 10-8 M; 3,
10-7 M; 4, 5 × 10-7 M; 5, 10-6 M; 6, 5 × 10-6 M; 7, 10-5 M; 8, 5 ×
10-5 M; 9, 10-4 M) to the DNA solution (10-8 M) and further reduction
by NaBH4 (10-fold excess to AgNO3). Curves 1-5 exhibit no
detectible peaks. Experimental conditions are identical to those used
for FM observations.

Figure 4. UV-vis absorbance spectra of AgNO3/NaBH4 system at
various concentrations of AgNO3/NaBH4. Solutions were prepared
by the reduction of AgNO3 (1,10-8 M; 2, 5 × 10-8 M; 3, 10-7 M; 4,
5 × 10-7 M; 5, 10-6 M; 6, 5 × 10-6 M; 7, 10-5 M; 8, 5 × 10-5 M; 9,
10-4 M) by NaBH4 (10-fold excess to AgNO3). Curves 1-5 exhibit
no detectible peaks.

Figure 5. Dependence of UV-vis absorbance maximum of DNA/
AgNO3/NaBH4 (b) and AgNO3/NaBH4 (O) systems on the concentra-
tions of AgNO3. Experimental points were taken from the analysis of
UV-vis experimental results in Figures 3 and 4.

Figure 6. Transmission electron microscopic images of silver nano-
particles observed after reduction of AgNO3 with NaBH4. Concentra-
tions of AgNO3 are 10-5 M (A) and 10-4 M (B), respectively.
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is very long (contour length of about 57 µm), only part of the chain
is shown in micrograph A (image height is ca. 7 µm). Black dots
on this image correspond to silver nanoparticles, which are mainly
associated with DNA chains and are about 15 nm in size.

Figure 7B shows the structure of DNA compacted by reduced
silver. The collapsed DNA chain dimension is dramatically
smaller than that of unfolded T4 DNA. The DNA condensate
has a clear metallic aspect and consists of many discrete units
with a nanoparticle-like shape, and thus, such discreteness can

only be due to the incorporation of silver nanoparticles into the
DNA condensate. Another indication that DNA is incorporated
into complex with nanoparticles can be obtained by comparing
the size of a DNA condensate with the usual size of a T4 DNA
condensate compacted, for instance, by multications. A nano-
particles-compacted DNA condensate (200 nm) is more than
twice as large as multication-collapsed DNA (70-100 nm),18

which indicates the incorporation of nanoparticles into the DNA
condensate.

Figure 7. (A) TEM micrographs of T4 DNA interacting with silver nanoparticles formed as a result of AgNO3 reduction by NaBH4. Sample was
prepared by the reduction of AgNO3 (10-5 M) by NaBH4 (10-4 M) in water (Milli-Q) and the final addition of T4 DNA (10-6 M). (A’) The enlarged
part in micrograph A. (B) TEM micrograph of T4 DNA collapsed by silver nanoparticles formed as a result of AgNO3 reduction by NaBH4.
Samples were prepared by the reduction of AgNO3 (10-5 M) by NaBH4 (10-4 M) in water (Milli-Q) and the final addition of T4 DNA (10-6 M in
nucleotides).
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Finally, we performed experiments at different concentrations
of DNA and found that in solutions with a higher DNA
concentration (10-7 M), the concentration of silver ions required
for DNA compaction after reduction was several times greater,
which indicates that there should be more nanoparticles for a
higher total charge of DNA in solution.

The combination of TEM, FM, and spectroscopy methods
shows that reduction of silver ion induces DNA compaction. It
is generally accepted that the driving force of DNA compaction
is neutralization of the total negative charge of DNA.19 At the
pure electrostatic level, it is known that DNA compaction by
counterions is mediated by DNA charge neutralization greater
than 88-89%.20,21 Thus, monovalent counterions, such as Ag+,
that induce 76% of charge neutralization of DNA, cannot
compact DNA according to Manning-Oosawa condensation
theory.22,23 In contrast, reduction of ionic silver in the DNA
solution leads to the DNA compaction. It should be mentioned
that metal complexing properties of polyphosphates reported a
few decades ago24 indicate that DNA can behave similarly to
polymeric template and, upon reduction of the silver ion,
nucleation and growth of nanoparticles take place on a DNA
template, which further aggregates into compact condensate.
Thus, our experiments show that even without specific cationic
modifications of the nanoparticle surface, which has been
employed earlier to enable electrostatic interaction with DNA,25,26

DNA compaction can be readily realized simply by silver
reduction to nanoparticles.

The observed mechanism of DNA compaction by AgNO3/
NaBH4 is very different from that induced by multivalent
cations. According to a well-established model,27 the mechanism
of DNA compaction by low-molecular-weight multications is
an all-or-none process, that is, individual chains of DNA undergo
a first-order phase transition from the coil into the globule
conformation without any intermediate stages. In contrast, DNA
collapse induced by silver nanoparticles proceeds by a different
scenario: the effective molecular volume of DNA gradually
decreases until DNA assumes a compact globule conformation.
The formation of multiglobule network aggregates of DNA can
be a result of further aggregation of DNA-silver nanoparticle
species into larger structures containing several compact DNAs.

Due to the complexity of the DNA/AgNO3/NaBH4 system,
several parameters can dramatically influence the efficiency of
DNA compaction. For instance, size of silver nanoparticles and
the ratio between AgNO3 and NaBH4 are important parameters,
which are responsible for the potential of DNA compaction.
Detailed investigations on the DNA-compaction activity of the
AgNO3/NaBH4 system, depending on different factors such as

charge, geometrical properties of Ag nanoparticles, or ionic
strength, are currently underway.

Conclusion

Our main conclusions are presented in Figure 8, which shows
two cases of changes in the conformation of DNA in silver-
containing solutions. We have demonstrated that in a solution
of AgNO3 there are no significant changes in the conformational
behavior of the double-stranded DNA chain and only shrinking
of a DNA coil is noted at high concentrations of Ag+ due to a
decrease in the persistence length of DNA. In contrast, the
reduction of AgNO3 by NaBH4 and formation of silver
nanoparticles causes DNA compaction into compact globular
metallic nanostructures driven by aggregation of silver nano-
particles on DNA chains.
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