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Recent research on silver nanowires prepared on DNA templates has focused on two fundamental appli-
cations: nano-scale circuits and sensors. Despite their broad potential, the formation kinetics of silver
implanted DNA nanowires remains unclear. Here, we present an experimental demonstration of the for-
mation of silver nanowires with a diameter of 2.2 + 0.4 nm at the single-molecule level through chemical
reduction. We conducted equilibrium and perturbation kinetic experiments to measure force during the
formation of Ag*—DNA complexes and Ag—-DNA complexes, using optical tweezers combined with
microfluidics. The addition of AgQNOs resulted in an increase in force of 5.5-7.5 pN within 2 minutes, indi-
cating that Ag* compacts the DNA structure. In contrast, the addition of hydroquinone caused the force
to decrease by 4-5 pN. Morphological characterization confirmed the presence of a dense structure
formed by silver atoms bridging the DNA strands and revealed conformational differences before and
after metallization. We compare our experimental data with Brownian dynamics simulations using a
coarse-grained double-stranded DNA (dsDNA) model that provides insights into the dependency of the
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Introduction

Silver nanowires have attracted attention due to their high elec-
trical conductivity"” and interesting optical properties®” that
promise great potential in nanoscale circuits®'' and

sensors.'>2° Braun et al.*! first proposed a conducting silver

nanowire templated by DNA, which overcomes poor electrical
conductivity of DNA molecules and might allow the appli-
cation of DNA for constructing functional circuits. The mor-
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phological, electrical and optical characteristics and stability
of silver nanowires are significantly influenced by the effective-
ness of their protection groups (i.e. surface functionalization)
that shield them from external environmental factors. For
instance, the luminescence of silver can either increase or
decrease due to external conditions, highlighting the potential
for utilizing silver nanowires as sensitive optical detectors for
biothiols,"*** gas,"»"” DNA**?° and other substances.
Additionally, luminescent silver nanowires are efficient emit-
ters with high quantum yields, high molecular extinction
coefficients, nanosecond lifetimes and excellent photostability,
which can be exploited for the visualization of genomic DNA
sequences.'® All of these applications rely on the interactions
between DNA, silver ions (Ag') and silver atoms (Ag), and
therefore, insights into the mechanisms of DNA metallization
and control of the formation of the silver coating and the mor-
phology of the resulting nanowires are of important interest.
To date, relatively few experimental studies**™> have
focused on the interaction between Ag’ and DNA. Current
understanding is that Ag” ions favor coordination with DNA
bases over electrostatic binding to DNA phosphates,®® and this
coordination with DNA bases can be classified based on the
Ag/DNA nucleotide ratio in three types of binding modes.*”
Below an Ag/nucleotide ratio of 0.2, the type I complex is pre-
dominantly formed, with the guanine N7 atom as the key

This journal is © The Royal Society of Chemistry 2025
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binding site. At ratios between 0.2 and 0.5, type II complexes
are produced, primarily binding to A-T or G-C base pairs. At
ratios greater than 0.5, type III complexes develop once the
main binding sites in type I and type II complexes are fully
saturated. Petty et al.® explored small (<10 atoms) Ag nano-
clusters templated by DNA for time-dependent and size
specific formation of nanoclusters using optical and mass
spectrometries. They revealed that silver nanoclusters induce
different structural changes in DNA as compared to silver ions.
These DNA-templated silver nanoclusters exhibit very strong
absorption and emission, making them nearly ideal fluoro-
phores for single molecule spectroscopy, suggesting potential
utility as biological labels.

Zinchenko et al.’>® and Yang et al.** focused on the confor-
mational changes caused by the formation of silver nano-
particles based on DNA as a template and discussed the con-
formational behavior of a long single-chain double-stranded
DNA in solutions of free silver ions and silver nanoparticles.
With this method, ultrathin nanowires could be obtained, and
such silver nanowires with a few nanometers in diameter are
interesting for nano-scale circuits that go beyond the resolu-
tion limit of standard top-down fabrication processes.

Alongside experimental work, theoretical and numerical
models have greatly contributed to understanding how ions
influence DNA mechanics. Coarse-grained models such as the
Peyrard-Bishop-Dauxois (PBD) framework have been widely
used to study denaturation and unzipping under force, empha-
sizing the role of hydrogen bonding and base stacking in mod-
ulating pairing stability.*>*® Molecular dynamics platforms,
such as OxDNA, further enable detailed simulations of DNA
nanostructures in varying ionic environments.”” However,
these base-level approaches become computationally demand-
ing for long chains under mechanical loads. In such contexts,
alternative coarse-grained models (where each bead represents
a DNA segment instead of individual bases) are often pre-
ferred. These include worm-like chain (WLC) models, in which
structural parameters like persistence length are set as inputs
of the model rather than prediction.>®

In this work, we used a two-step chemical reduction
method®' to prepare the silver implanted DNA nanowires.
First, Ag" was added to the DNA to form Ag'-DNA complexes.
Then, hydroquinone was added to reduce Ag' to Ag atoms,
resulting in the formation of the nanowires. By adjusting the
concentration of DNA, Ag" and hydroquinone, we demonstrate
the formation of a 2.2 nm diameter silver nanowire at the
single-molecule level and investigate the growth dynamics
using real-time force spectroscopy measurements. Our study
reveals that Ag' ions have a sensitive impact on DNA confor-
mation, while Ag nanoclusters showed minimal interaction
with DNA. By performing atomic force microscopy (AFM)
imaging, we track the changes of the DNA conformation and
the coverage of metal ions and metal atoms on DNA during
the formation of the silver nanowires. We support our experi-
mental findings by analyzing the dependency of the force on
the persistence length with Brownian simulations of a coarse-
grained dsDNA model.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion
Stretching single DNA molecules and AFM characterization

To study the effect of silver ions and silver atoms on the force
change of an individual DNA molecule, a single A-DNA mole-
cule was suspended in PBS buffer using optical tweezers (OTs)
at room temperature.

The distance between the two beads and the stretching
force are related. First, the distance (d) between the two beads
is adjusted so that the initial force is about 2 pN (Fig. 1) (the
importance of the initial force is discussed in ESI note 17).
During metallization, the distance between the two beads is
held constant, and the change in force is measured through-
out the process. The experimental procedure involved the
sequential addition of reagents. Initially, the introduction of
0.05 mM AgNOj; solution induced the formation of a DNA-Ag"
complex, resulting in an increase in force of 5.5-7.5 pN
(Fig. 1b). This indicates that the addition of Ag" ions causes
DNA compaction (d > d;, Fig. 1a), and to maintain a constant
distance between the two beads, a larger force is required to
stretch the DNA. Subsequently, the addition of 0.002 mM
hydroquinone solution facilitated the formation of the DNA-
Ag complex, leading to a decrease in force of 4-5 pN (Fig. 1c-
e). The growth of silver atoms weakens the compaction of the
DNA (d > d, > dy, Fig. 1a), thereby reducing the pulling force
compared to the force observed after the addition of Ag" ions.
Fig. 1b shows force stability after the addition of Ag' for
60 minutes. Within the first 2 minutes, Ag" ions fully bind to
DNA, and over a period of up to 60 minutes, the structure of
the Ag'-DNA complex remains stable, demonstrating that the
binding is strong and durable.

In order to have a direct demonstration of the DNA metalli-
zation and to verify the growth rate of Ag ions, we performed
AFM characterization using similar conditions to the ones
used in the tweezer experiments (Fig. 2). The AFM time-series
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Fig. 1 (a) The process of the force measurement during DNA metalliza-
tion by OTs. (b) Force stability after addition of Ag™ for 60 minutes. (c—e)
Force—time curves of A-DNA in the presence of Ag* (black) and hydro-
quinone (red) from three tethers, respectively.
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Fig. 2 AFM images showing the morphology of (a) single A-DNA; (b—d)
A-DNA reacted with 0.05 mM AgNOsz for 10, 20, and 30 minutes,
respectively; (e—g) silver coated DNA nanowires as prepared in (b—d)
with an additional incubation of the Ag*—~DNA complex in 0.002 mM
hydroquinone for 10 minutes; (h and i) morphology images and height
profile of A-DNA and 0.05 mM AgNOs after 20 minutes of incubation
time + incubation time of Ag*-DNA complex in 0.002 mM
hydroquinone.

analysis reveals a clear evolution from dispersed Ag'-DNA
complexes to continuous nanowires, demonstrating DNA’s role
as an effective template for guided metal assembly. During
AFM sample preparation, unbound Ag" ions or Ag atoms are
removed by DI water washing, confirming that the observed
AFM features (Fig. 2b-g) exclusively represent Ag" or Ag species
stably bound to DNA.

After 10 minutes of incubation of Ag', significant DNA con-
formational changes are observed. The DNA backbone exhibits
pronounced curling or contraction, likely due to Ag" induced
charge neutralization and localized bending. Small aggregates
form along the DNA strands, indicating Ag" ions binding to
specific sites (e.g., phosphate groups or nucleobases).

Extended incubation (20-30 min) of Ag" with DNA tem-
plates results in the formation of discrete, linearly aligned
nanoparticles along the DNA backbone. This configuration
clearly demonstrates DNA’s effectiveness as a structural tem-
plate for nanoparticle organization. However, in the absence of
a reducing agent, the deposition process exhibits significant
spatial heterogeneity.

Fig. 2(e-g) show silver coated DNA nanowires as prepared
in (b-d) with an additional incubation of the Ag'-DNA
complex in 0.002 mM hydroquinone for 10 minutes.

When the incubation time of Ag" is 10 min, discrete nuclea-
tion sites form at specific locations, and Ag atoms do not com-
pletely cover the DNA strand. Uncoated DNA segments remain
clearly visible between metallized regions. So Ag' ions require
finite time to diffuse and properly coordinate with DNA

16344 | Nanoscale, 2025, 17,16342-16348
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binding sites (phosphate groups and nucleobases). Short incu-
bation (10 min) is insufficient for complete equilibrium
binding distribution.

Even as excess Ag' ions compete for limited high-affinity
sites, initial nucleation events create localized charge neutral-
ization, temporarily inhibiting nearby binding. This leads to
spatially separated nucleation centers rather than uniform
coating. So after extending the incubation time, the sufficient
time allows complete surface diffusion of Ag" to all potential
binding sites (additional AFM analyses are discussed in ESI
note 2t). As an additional monitor of the silver nanocluster
growth, high-resolution transmission electron microscopy
(TEM) was performed on DNA incubated for 5 and 20 minutes,
respectively, with the Ag" ions. ESI note 2 and Fig. S5 show
the results of these analyses, confirming the time dependence
of the Ag wire formation.

It is notable that in the OT experiment the reaction time is
shorter than in the microscopy experiments because the
microfluidic volume and the ratio of Ag" ions to DNA are
much higher in the OT setup. As demonstrated in Fig. 1c-e,
the force—time curves of A-DNA in the presence of Ag" (black)
and hydroquinone (red) show that within the first 2 minutes,
Ag' ions were reduced to Ag, forming an Ag nanowire, which
was further evidenced by AFM imaging of the morphology
(Fig. 2). The AFM analysis also enabled demonstrating the
good control regarding the final height of metallized DNA,
which for this structure was 2.2 + 0.4 nm (Fig. 2i and ESI
Fig. S37).

The distinct coordination chemistries of Ag" ions and Ag
atoms with DNA structural elements are at the origin of the
opposite conformational effects that we observe. Previous
studies have demonstrated that Ag" interacts strongly with
nitrogen atoms in DNA bases, especially in GC base pairs.>*™**
This specific binding is considered to induce base pair
rearrangements, which could be the main reason for the sig-
nificant reduction in the persistence length of DNA. In con-
trast to Ag', the relatively weak interactions** between Ag
atoms and oxygen atoms in DNA permit the DNA to regain its
native conformation. This observation is consistent with the
circular dichroism spectroscopic studies conducted by Petty
et al.,®> which demonstrated that silver nanoclusters induce
different structural changes in DNA compared to Ag'. During
the reduction process of Ag’, the mechanical force did not
fully return to its initial value, suggesting that the formation of
small Ag clusters within the DNA structure partially hindered
the complete reduction of Ag’. Fig. 2a shows the AFM image
obtained by scanning a single A-DNA. Because of the long
chain of the A-DNA (full length of about 16 um), only part of
the chain is shown with a measured height of about 1.5 nm, in
agreement with previous reports.*>*® Extended incubation of
Ag" with DNA resulted in the localized formation of large
metallic aggregates, which we attribute to the persistent coiled
state of DNA maintained by Ag" incorporation. This leads to
an increased local charge density in specific DNA regions,
thereby facilitating the accumulation and progressive growth
of larger Ag" clusters through enhanced electrostatic inter-

This journal is © The Royal Society of Chemistry 2025
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actions, consistent with reports by Zinchenko et al.** However,
subsequent addition of hydroquinone destabilized the coiled
conformation of the Ag'-DNA complex, facilitating the
uniform distribution of Ag atoms along the entire DNA strand.
Since in the OT experiments the DNA molecule maintained a
linear conformation, it prevented the formation of localized
large-scale metallic aggregates.

Yang et al®** investigated the reductant dependent DNA-
templated silver nanoparticle formation using magnetic twee-
zers. Their findings revealed that Ag" ions induce a partially
condensed coiled state in DNA strands, which is consistent
with our OT results. However, their study also demonstrated
that the formation of fully compact silver nanoparticles can be
controlled by varying the types of reducers and the Ag'/reducer
ratio. In our work we focused on a complementary process,
which allows fabrication of silver nanowires from Ag" functio-
nalized DNA by the addition of Ag" and hydroquinone.

As an additional investigation of the metallization process,
we performed a set of Raman spectroscopy measurements on
the prepared DNA + Ag using the same preparation conditions
as in the AFM experiments. The results are reported in ESI
note 3.1 As expected, the addition of Ag ions and the growth of
small metallic particles/clusters on the DNA produce localized
electromagnetic fields and enhance the Raman signal.

DNA model

To interpret the observed increase in the force due to the Ag"
ions, we rely on established knowledge of polymer physics.

Several coarse-grained models have been developed to
describe DNA mechanics, ranging from base-resolved frame-
works®” to segment-based elastic models.”” While some are
more accurate in fitting detailed force-extension data,*® for our
purposes the simple ideal chain or freely jointed chain model
is sufficient to capture the key trends observed in our data
without introducing additional parameters. In this model, the
polymer consists of N rigid elements of fixed length b, the
Kuhn length, so that the total length of the polymer (contour
length) is L = Np. Defining the end-to-end vector R as the
vector pointing from the first to the last monomer, the free
energy of an ideal chain is given by:

3ksT ,
2Np?

ANR) = (1)
where kg is the Boltzmann constant and T is the temperature.*®
The free energy of the chain increases quadratically with an
end-to-end distance R = |R|. Consequently, the chain can be
considered a harmonic entropic spring, where the spring
elongation corresponds to the end-to-end distance R, and the
force is given by:

 3kgT

F=—kR; ke=—5.
€ty € sz

(2)

In our set-up, the DNA is bound to two beads at a distance
L, whose positions are controlled by OTs (see Fig. 3). Thus, the
end-to-end distance is Ly, and for the entropic spring model,
the DNA exerts a force on the two beads proportional to their

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Entropic spring model. (a) The experimental system can be mod-
elled as an entropic spring, represented by the DNA anchored to two
beads fixed in position by the optical traps. The ideal chain polymer
model predicts that the force on the beads is proportional to their dis-
tance and increases at smaller Kuhn length b, i.e. for less flexible poly-
mers. (b) Brownian simulation of a worm-like-chain polymer model.
Also in this case, the force is larger for smaller persistence lengths. The
simulation uses a shorter polymer (contour length 2.5 um) with respect
to the A-DNA in the experiments, but the same stretching (ratio between
contour length and Lo). Forces are normalized with respect to the value
F,25 corresponding to the [, = 25 nm case.

distance L,. The interaction between dsDNA and Ag’ is
expected to compact the DNA,***° a behavior that can be inter-
preted as a reduction of the persistence length b.
Consequently, the equivalent spring constant k., eqn (2),
increases, and so does the force. In summary, this model sup-
ports the following interpretation of the increase in force
observed in the experiments. In the initial stage, the Ag" ions
make the dsDNA less flexible (smaller persistence length), and
consequently, more force is required to keep it stretched by
OTs.

As further confirmation of the dependence of the force on
the persistence length, we performed Brownian simulations of
a coarse-grained dsDNA model represented as a worm-like
chain (WLC). Simulations on a reduced system with N = 500
beads, where the two terminal beads are constrained by a har-
monic potential to mimic the two OTs, whose distance is 95%
of the polymer contour length (i.e., a condition similar to the
experimental case), show that the force decreases for more flex-
ible polymers, as shown in Fig. 3b.

Conclusions

We studied the formation dynamics of silver implanted DNA
nanowires. Using OT experiments, we found that the addition
of 0.05 mM Ag' resulted in a 5.5-7.5 pN increase in force
within 2 minutes, indicating that Ag" compresses the DNA
structure. In contrast, the addition of hydroquinone caused
the force to decrease by 4-5 pN within 2 minutes, thus allow-
ing a stretching of the previously compressed DNA-Ag" struc-
ture. The morphologies of the DNA-Ag' complex and the
DNA-Ag complex were examined using AFM, revealing the cov-
erage of metal ions and metal atoms on the DNA during the
formation of silver nanowires and metal atoms on DNA and
conformational changes of DNA during the formation of silver
nanowires. Furthermore, the dependency of the force on the

Nanoscale, 2025,17,16342-16348 | 16345
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persistence length was analyzed through Brownian simu-
lations of a coarse-grained dsDNA model. In the future, optical
tweezers could serve as a powerful tool for studying the
mechanical properties and binding mechanics of other DNA-
templated nanowires. This includes nanowires based on
different metals, binding methods with metals, or special DNA
structures, such as DNA origami. Our results suggest that con-
trolling the formation of nanowires may be feasible, opening
up a wide range of potential applications in fields ranging
from biology to nanoscience.

Materials and methods

For the nanomechanical measurements, we used A-DNA bioti-
nylated at its 5-3’ ends (Lumicks, Amsterdam, the
Netherlands). For AFM imaging, we used A-DNA from New
England Biolabs (NEB). In all experiments, DNA was diluted to
a final concentration of 0.04 pg ml™". Streptavidin-coated poly-
styrene microbeads with a diameter of 4.34 pm (Spherotech,
Chicago, USA) were diluted to a final concentration of 0.05%
W/V. Fig. S6(b)} illustrates a tether formation principle
between two polystyrene beads. Sodium phosphate buffer
(PBS, pH = 7.2), ammonium hydroxide (NH;OH), (3-aminopro-
pyl) triethoxysilane (APTES), AgNO;, and hydroquinone were
purchased from Sigma and used without further purification.
Purified water was obtained from a Milli-Q system (Miaozhiyi,
Nanjing, China). PBS buffer was used as an experimental
buffer solution for DNA and microbeads. NH;0H (pH = 10.5)
was used as the buffer solution for AgNO; and hydroquinone.

Optical tweezer experiment

Experiments were performed using a dual-trap OT instrument
coupled with a five-laminar flow channel microfluidic system
(Lumicks, M-Trap, Amsterdam, the Netherlands). The assem-
bly protocol starts with two streptavidin-coated polystyrene
beads that are captured in the “beads channel” with the
optical traps, and a biotinylated A-DNA is then attached
between two microbeads in the “tether channel”; once the
assembly is formed, it is important to ensure that only a single
DNA was present between two beads because multiple DNAs
influence force changes which will mislead measurements.
Fig. S6(c and d)f demonstrate force-extension curves for mul-
tiple tethers and a single tether without any metallization,
respectively. During DNA metallization, we focused on the
dynamics of metallization for a single molecule, so the exist-
ence of a single tether is confirmed by comparing with the
worm-like chain (WLC) model. To obtain the force-time curve
of kinetics of a single DNA metallization, the applied force
(the distance between the beads was adjusted and kept con-
stant) was adjusted before proceeding to metallize DNA.
Subsequently, the molecule was brought to the “AgNO;
channel”. When the change in force is stable, the whole
assembly is finally moved to the “hydroquinone channel” until
the change in force is stable again (a schematic diagram of the
OT experiment is shown in Fig. S6(a)t). To alleviate hydrodyn-
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amic perturbations on DNA, flow was halted during the force
measurement.

Atomic force microscopy imaging

Morphologies of the DNA-Ag" and the DNA-AgNPs were col-
lected using an atomic force microscope (AFM, Horiba, Japan),
operated in tapping mode. Typical scan speeds were around
0.5 um s~'. Scanning resolution was 256 pixels per line for all
images.

To enhance the adsorption of DNA, silicon substrates were
cleaned and treated using APTES solution before depositing
DNA. The silicon substrates were first treated using a plasma
cleaner (100 W, 5 min, O,) to make the silicon extremely hydro-
philic. Those silicon substrates were then modified in 100 pL
of 0.001% (v/v, ethanol) APTES solution for 10 min, washed
several times with 20 mL of ethanol to remove all APTES resi-
dues and to get a uniform distribution of reactive amino
groups, which enhances the interaction with DNA. Afterwards,
they were dried with nitrogen gas and were placed in a drying
oven for 45 minutes at 120 °C. Fig. S5t shows the procedure of
the AFM sample preparation.

Before sample deposition, the A-DNA was loaded with silver
ions using 0.05 mM AgNO; basic aqueous solution for 10 and
20 minutes. The Ag'-DNA complex was reduced with
0.002 mM hydroquinone solution for 10 min to form small
metallic silver aggregates that were bound to the DNA skeleton.
The environment should be dark during sample preparation.
For each sample deposition, approximately 6 pl of the final
solution was then dropped onto the silicon surface for 3 min.
The surface was then cleaned 3 times with 20 pL of distilled
water, followed by the removal of any excess solution using
filter paper and dried under a gentle nitrogen gas flow before
being subjected to AFM.

TEM and negative staining

Samples were adsorbed on plasma-cleaned pure carbon
300 mesh copper grids and stained with a solution of uranyl
acetate (1% in distilled water) for 60 s. The grids were then
analysed in bright field using a JEOL JEM-1011 (JEOL, Japan)
transmission electron microscope equipped with a thermionic
source (W filament) operating at an acceleration voltage of 100
kv and with an EMSIS Tolara charge-coupled device (CCD)
camera (6 megapixel).

Coarse-grained simulations

DNA is modelled as an almost inextensible polymer chain of N
beads of mass m and position r;,, We used a worm-like chain
(WLC) model and the potential energy describing the system is

Kh N-1
2
U(ry,... 1y @Z ti11 — x| — D)
i—1
- (3)
+1 — I‘, i ri—l)~

=2

where the first term is the sum of stiff harmonic potentials
such that each bond length can only perform negligible fluctu-

This journal is © The Royal Society of Chemistry 2025
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ations around its equilibrium value, |r;; — ;| = a (almost inex-
tensible condition). The second term represents the penalty
that the chain has to pay upon bending, which forces a chain
in the bulk to maintain, on average, a persistence length, /.
Note that, in general, the bending potential is equivalently
expressed as kpTla ' Nzl (ni+1 - n;), where ny, is the unit
i=2
vector from bead 7 and 7 + 1.>' However, since our polymer is
almost inextensible, we use eqn (3) that is computationally
less expensive. The model is solved with an in house code
already employed in ref. 52.
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data, and Raman spectroscopy data are available at Zenodo at
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