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Abstract

We report a new strategy for preparing silver nanoparticle oligonucleotide conjugates that are
based upon DNA with cyclic disulfide-anchoring groups. These particles are extremely stable and
can withstand NaCl concentrations up to 1.0 M. When silver nanoparticles functionalized with
complementary sequences are combined, they assemble to form DNA-linked nanoparticle
networks. This assembly process is reversible with heating and is associated with a red-shifting of
the particle surface plasmon resonance and a concomitant color change from yellow to pale red.
Analogous to the oligonucleotide-functionalized gold nanoparticles, these particles also exhibit
highly cooperative binding properties with extremely sharp melting transitions. This work is an
important step towards being able to use silver nanoparticle oligonucleotide conjugates for a
variety of purposes, including molecular diagnostic labels, synthons in programmable materials
synthesis approaches, and functional components for nanoelectronic and plasmonic devices.

The discovery and development of DNA-functionalized gold nanoparticle conjugates (DNA-
Au NPs) in 1996 2 has opened up opportunities for fundamental studies of their novel
properties3—6 as well as their application in the assembly of advanced superstructures,t: 2.7
the detection of nucleic acids, proteins, metal ions, and small molecules,8-22 and as gene
silencing agents.23 The utility of DNA-Au NPs is, in part, due to their intense optical,
catalytic, and synthetically programmable recognition properties. In addition, when
chemically modified in the appropriate manner, they can exhibit highly cooperative binding
properties, which are typically characterized by extremely sharp melting transitions.* The
identification of this cooperativity has led to the development of molecular diagnostic
probes that exhibit much higher selectivity and sensitivity for target analytes than
conventional molecular fluorophore probes,?: 19: 24-26 and “antisense particle” agents that
are significantly more effective at gene knockdown than free DNA based antisense agents.23

Silver nanoparticles (Ag NPs) also have generated significant scientific and technological
interest.2’-29 These particles exhibit higher extinction coefficients relative to gold
nanoparticles of the same size, possess a particle size-dependent surface plasmon resonance
between ~390 and 420 nm, are electrochemically and catalytically active, and exhibit Raman
enhancement properties.28-31 As has been extensively demonstrated with gold,1: 4:32.33 3
common method used to functionalize the surface of noble metals is the adsorption of thiol-
containing molecules. However, there have been only a few reports of thiol-functionalized
Ag NPs,34 35 and of the structures prepared, all: (1) show limited stability in saline buffer
(up to 0.3 M salt concentration), (2) typically require lengthy synthetic procedures (more
than 2 days), and (3) do not exhibit highly cooperative binding as determined by melting
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analyses (the melting transitions for the hybridized particle aggregates span > 10 °C).
Moreover, the possible oligonucleotides that can be used to stabilize the particles are limited
with respect to sequence (e.g. poly adenine (A) sequences).34 3% These limitations are
primarily due to the chemical degradation of the Ag NPs under the functionalization
conditions and the susceptibility of the silver surface to oxidation.2: 36

As a result of these limitations, alternative approaches have been developed to enable the
conjugation of DNA to Ag NPs. Attempts to modify the Ag NP surface with more tailorable
and robust materials such as gold, silica, or polymers have been considered.27 37-39
However, they require additional cumbersome chemical modification steps. Herein, we
present a method to functionalize Ag NPs with oligonucleotides modified with terminal
cyclic disulfide groups. These DNA-functionalized silver particles (DNA-Ag NPs) can be
synthesized in less than 30 min and show stability at high salt concentrations (1.0 M NaCl).
Significantly, the DNA-Ag NPs also exhibit high cooperativity as characterized by their
sharp DNA melting transitions (full width at half-maximum (FWHM) = ~ 2 °C).

In a typical experiment, 1 OD of an oligonucleotide modified with three cyclic disulfide
units (1: 5'(DSP)3-A1p-ATT-ATC-ACT 3'; 2: 5’ (DSP)3-A19-AGT-GAT-AAT 3'; DSP:
cyclic disulfide-containing phosphate derivative; see Figure 1A and Supporting Information)
was added to 1 mL of Ag NP (20 nm in diameter, 1.2 nM) solution. The final
oligonucleotide concentration is ~ 4.7 uM, and the final Ag NP concentration is ~ 1 nM

(€ 410 nm = 7.1x108 cm~IM~1).40 This step was followed by the addition of 1 % sodium
dodecyl sulfate (SDS) aqueous solution (final concentration = 0.01 % SDS) and 100 mM
phosphate buffer (final concentration = 10 mM phosphate, pH 7.4). Over a period of 30 min,
2 M NaCl solution was added in a stepwise manner (final concentration = 0.15 M NacCl).
The solution was incubated overnight at room temperature, followed by centrifugation to
isolate the particles. The supernatant was removed, and the particles were redispersed in
phosphate buffer (0.01 % Tween 20, 10 mM phosphate, a desired concentration of NaCl, pH
7.4). This step was repeated three times to eliminate residual DNA. Equal concentrations of
Ag NPs modified with sequence 1 or sequence 2 were combined and allowed to hybridize at
room temperature (Figure 1A).

To successfully immobilize oligonucleotides on the Ag NP surface, we first considered the
interaction between the silver surface and the surface binding groups of the oligonucleotides,
which is affected by the number of binding groups. Recently, our group reported that
multiple thiol groups increase the binding affinity of oligonucleotides for the Au NP surface,
which results in nanoparticle probes with higher stabilities.#! This strategy is based upon the
fact that polydentate ligands often form more substantially stable metal-ligand complexes
than monodentate ligands.*2 Therefore, utilization of multiple anchoring groups on the
oligonucleotides should lead to higher stability Ag NP oligonucleotide conjugates. In
addition, our group also demonstrated that oligonucleotides containing a cyclic disulfide
anchoring group bind readily to Au NPs with higher affinity than monothiol or acyclic
disulfide groups.*3 Therefore, we designed an oligonucleotide sequence containing three
cyclic disulfide moieties as anchoring groups (Figure 1A).

In order to study the properties of DNA-Ag NPs, two batches of silver nanoparticles were
functionalized with complementary oligonucleotide sequences (sequence 1 and 2,
respectively), Figure 1A. Unmodified silver nanoparticles exhibit a surface plasmon
resonance at 410 nm (Figure 1B), and therefore they exhibit an intense yellow color (Figure
1C-1). Interestingly, when Ag NPs are modified with either sequence 1 or 2, respectively,
they do not show any noticeable changes in their UV-vis spectrum, indicating that the
particles are stable and do not aggregate. This has been confirmed by TEM analysis of the
modified particles (see Supporting Information). However, when DNA-Ag NPs, modified
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with complementary sequences 1 and 2, respectively, are combined, the plasmon resonance
dampens and red-shifts from 410 to 560 nm (Figure 1B). This dampening and red-shifting is
a result of particle assembly due to hybridization, which can be observed with the naked eye
in the form of a color change from bright yellow to pale red. (Figure 1C). Since the process
is due to DNA hybridization, it is reversible, and upon heating, the color of the solution
returns to an intense yellow, a diagnostic indicator of dehybridization in this system. (Figure
1C-1).

The reversible nature of the DNA-Ag NP hybridization process was further characterized by
monitoring the melting process at 410 nm as a function of temperature (Figure 2).
Importantly, the DNA-linked Ag NPs exhibit a sharp melting transition similar to that
characteristic of the analogous DNA-linked Au NP aggregates,* indicating that DNA-linked
Ag NPs also exhibit highly cooperative binding properties. The melting temperature (T,,) of
the DNA-linked Ag NPs, 46.5 °C, was obtained by taking the maximum of the first
derivative of the melting profile. The FWHM of the first derivative (Figure 2, inset) is ~ 2.4
°C, which is comparable to the typical sharp melting transition of DNA-linked Au NPs
(FWHM = ~ 2.2 °C).24 Significantly, this melting transition was found to be highly
reproducible, as demonstrated by repeated hybridization/melting experiments, which were
performed with the same sample of the DNA-Ag NPs over a period of one week (see
Supporting Information). This reproducibility is strong evidence that the modification of the
Ag NP surface with oligonucleotides through a triple cyclic disulfide anchor is strong
enough to stabilize the DNA-Ag NP probes against heat, aging, and degradation in aqueous
media.

To determine the effect of the salt concentration on the melting properties of DNA-Ag NP
aggregates, we monitored the melting transitions of DNA-Ag NP aggregates as a function of
NaCl concentration. As expected, the melting transitions occur at higher temperatures as the
salt concentration increases due to enhanced screening, which decreases the repulsion
between the negatively charged oligonucleotides, as previously reported with DNA-Au NPs
(Figure 3A).4 The Ty, spans the range from 46.5 °C to 58.8 °C, as the salt concentration is
increased from 0.15 M to 0.70 M (Figure 3B). Note that the functionalized Ag NPs are
stable at high salt concentrations (up to 1.0 M NaCl). Importantly, all of the melting
transitions are extremely sharp over the entire salt concentration range studied (FWHM < ~
2.5 °C). This observation demonstrates that one can control the DNA-Ag NP hybridization
and dehybridization process by adjusting salt concentrations similar to the control afforded
by DNA-Au NPs.

In conclusion, we have developed a method for synthesizing stable DNA-functionalized
silver nanoparticles that exhibit distant-dependent optical properties and highly cooperative
binding properties, as demonstrated by sharp melting transitions. This method takes
advantage of the strong affinity of multiple cyclic disulfide anchoring moieties for the silver
nanoparticle surface. This work is important as it: (1) allows one to use Ag NPs in
programmable material syntheses and as biodiagnostic probes with highly advanced
functionalities, (2) demonstrates the use of cyclic disulfide moieties as anchoring groups on
a silver nanoparticle surface, and (3) in principle, should be applicable to the
functionalization of anisotropic silver nanomaterials with DNA 44-47
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Figure 1.

(A) Schematic illustration of the hybridization of two complementary DNA-Ag NPs. (B)
UV-vis spectra of unmodified Ag NPs (black line), unhybridized DNA-Ag NPs (blue line),
and hybridized DNA-Ag NPs (red line). Note that the wavelength at which the maximum of
the extinction of Ag NPs is obtained remains the same after DNA-functionalization. After
hybridization, however, the band of DNA-Ag NPs broadens and red-shifts significantly from
410 nm to 560 nm. (C) Colorimetric change responsible for the assembly process of DNA-
Ag NPs. The intense yellow color of the unhybridized Ag NPs (C1) turns to pale red (C2) as
the particle aggregation proceeds. Heating of (C2), however, results in the return of the
solution color to yellow (C1).
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Figure 2.

The melting transition for the DNA-Ag NP aggregates as monitored by the extinction of the
Ag nanoparticles at 410 nm as a function of temperature (T, = 46.5 °C). The concentration
of nanoparticles is 1 nM (total). Note that the melting temperature is 46.5 °C and the melting
transition is extremely sharp (FWHM = 2.4 °C), which is comparable to that of DNA-Au NP
aggregates.
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Figure 3.

(A) Melting transitions for DNA-Ag NP aggregates (20 nm in diameter) at various salt
concentrations: 0.15 M, 0.30 M, 0.50 M and 0.70 M. The concentration of Ag NPs is 1 nM
(total). (B) A plot of Ty, as a function of salt concentration.
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