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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 properti es
with extremely sharp melting transitions. This work is an important step toward using 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 demonstrated with gol##3233a common method used to
nanoparticle conjugates (DNAAu NPs) in 19962 has functionalize the surface of noble metals is the adsorption
opened up opportunities for fundamental studies of their of thiol-containing molecules. However, there have been only
novel properties® as well as their application in the a few reports of thiol-functionalized Ag NP$35and of the
assembly of advanced superstructdresthe detection of  structures prepared, they all (1) show limited stability in
nucleic acids, proteins, metal ions, and small mole€utés  saline buffer (up to 0.3 M salt concentration), (2) typically
and as gene silencing agefithe utility of DNA—AuNPs  require lengthy synthetic procedures (more than 2 days), and
is, in part, due to their intense optical, catalytic, and (3) do not exhibit highly cooperative binding as determined
synthetically programmable recognition properties. In addi- py melting analyses (the melting transitions for the hybridized
tion, when chemically modified in the appropriate manner, particle aggregates spanl0 °C). Moreover, the possible
they can exhibit highly cooperative binding properties, which gjigonucleotides that can be used to stabilize the particles

are typically characterized by extremely sharp melting gre jimited with respect to sequence (e.g., poly adenine (A)
transitions! The identification of this cooperativity has led sequences}® These limitations are primarily due to the

to htkl])e devilck)]pmhent c|>f mqleculgr d'ag'f“?s“fc probes  that chemical degradation of the Ag NPs under the functional-
exhibit much hig erse ectivity and sensitivity for target ana- j, ijo conditions and the susceptibility of the silver surface
lytes than conventional molecular fluorophore prob¥g#26 10 oxidation3

and “antisense particle” agents that are significantly more it of th limitati I i hes h
effective at gene knockdown than free DNA-based antisense As aresult of these limitations, ate_rnatl\(e approaches have
been developed to enable the conjugation of DNA to Ag

agents? ) ;
Silver nanoparticles (Ag NPs) also have generated sig- NI.DS' Attempts to modify th? Ag NP surface wnh_more
tailorable and robust materials such as gold, silica, or

nificant scientific and technological interegt?® These | have b ideradT-% 1 th )
particles exhibit higher extinction coefficients relative to gold POIymers have been considered: OWEVEr, they require -
additional cumbersome chemical modification steps. Herein,

nanoparticles of the same size, possess a particle size< ’ X 8 ’
dependent surface plasmon resonance betw@0 and 420 W€ Present a method to functionalize Ag NPs with oligo-
nm, are electrochemically and catalytically active, and exhibit Nucleotides modified with terminal cyclic disulfide groups.
Raman enhancement properfigs! As has been extensively These DNA-functionalized silver particles (DNAAg NPs)

can be synthesized in less than 30 min and show stability at

* To whom correspondence should be addressed. E-mail: chadnano@high salt Concentration_s (10 M NaCl). _S_igniﬁcantly’ the
northwestern.edu. DNA—Ag NPs also exhibit high cooperativity as character-
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Figure 1. (A) Schematic illustration of the hybridization of two complementary DN®g NPs. (B) UV—vis spectra of unmodified Ag

NPs (black line), unhybridized DNAAg NPs (blue line), and hybridized DNAAg 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 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).

ized by their sharp DNA-melting transitions (full width at the Au NP surface, which results in nanoparticle probes with

half-maximum (fwhm)= ~ 2 °C). higher stabilities'! This strategy is based upon the fact that
In a typical experiment, 1 OD of an oligonucleotide polydentate ligands often form more substantially stable

modified with three cyclic disulfide unitsl(5 (DSP)s-A1o- metal-ligand complexes than monodentate ligaffdBhere-

ATT-ATC-ACT 3'; 2, 5 (DSP)3-A1-AGT-GAT-AAT 3'; fore, utilization of multiple anchoring groups on the oligo-

DSP, cyclic disulfide-containing phosphate derivative; see nucleotides should lead to higher stability Ag N&ligo-
Figure 1A and Supporting Information) was added to 1 mL nucleotide conjugates. In addition, our group also demonstrated
of Ag NP (31 nm in diameter, 1.2 nM) solution. The final that oligonucleotides containing a cyclic disulfide-anchoring
oligonucleotide concentration is4.7 uM, and the final Ag group bind readily to Au NPs with higher affinity than
NP concentration is-1 NM (€410 nm= 7.1 x 1B cm™t M~1).40 monothiol or acyclic disulfide groug$. Therefore, we
This step was followed by the addition of 1% sodium dodecyl designed an oligonucleotide sequence containing three cyclic
sulfate (SDS) aqueous solution (final concentratio8.01% disulfide moieties as anchoring groups (Figure 1A).
SDS) and 100 mM phosphate buffer (final concentration To study the properties of DNAAg NPs, two batches of
10 mM phosphate, pH 7.4). Over a period of 30 min, 2 M silver nanoparticles were functionalized with complementary
NaCl solution was added in a stepwise manner (final oligonucleotide sequences (sequeh@nd2, respectively),
concentratior= 0.15 M NacCl). The solution was incubated Figure 1A. Unmodified silver nanoparticles exhibit a surface
overnight at room temperature, followed by centrifugation plasmon resonance at 410 nm (Figure 1B), and therefore they
to isolate the particles. The supernatant was removed, andexhibit an intense yellow color (Figure 1C-1). Interestingly,
the particles were redispersed in phosphate buffer (0.01%when Ag NPs are modified with either sequerc®r 2,
Tween 20, 10 mM phosphate, a desired concentration of respectively, they do not show any noticeable changes in
NaCl, pH 7.4). This step was repeated three times to their UV—vis spectrum, indicating that the particles are stable
eliminate residual DNA. Equal concentrations of Ag NPs and do not aggregate. This has been confirmed by transmis-
modified with sequenc# or sequenc@ were combined and  sion electron microscopy (TEM) analysis of the modified
were allowed to hybridize at room temperature (Figure 1A). particles (see Supporting Information). However, when
To successfully immobilize oligonucleotides on the Ag DNA—Ag NPs, modified with complementary sequendes
NP surface, we first considered the interaction between theand 2, respectively, are combined, the plasmon resonance
silver surface and the surface-binding groups of the oligo- dampens and red shifts from 410 to 560 nm (Figure 1B).
nucleotides, which are affected by the number of binding This dampening and red shifting is a result of particle
groups. Recently, our group reported that multiple thiol assembly due to hybridization, which can be observed with
groups increase the binding affinity of oligonucleotides for the naked eye in the form of a color change from bright

Nano Lett., Vol. 7, No. 7, 2007 2113



-
1

T.=46.5°C
FWHM =24°C

0.25]
0.204 |

- ]

T 0.15+ |

o

oo J |

0.05 [

| J

0.00] e

30

40 50, 60
Temperature | C)

o

Normalized Extinction at 410 nm (a.u.)

T ¥ T v T T I

30 40 50 60
Temperature (°C)

Figure 2. The melting transition for the DNAAg NP aggregates
as monitored by the extinction of the Ag nanoparticles at 410 nm
as a function of temperaturé&{ = 46.5°C). The concentration of
nanopatrticles 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 DNAAu NP aggregates.
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Figure 3. (A) Melting transitions for DNA-Ag NP aggregates

yellow to pale red (Figure 1C). Because the process is due (31 nm in diameter) at various salt concentrations: 0.15, 0.30, 0.50,

to DNA hybridization, it is reversible, and upon heating the
color of the solution returns to an intense yellow, which is
a diagnostic indicator of dehybridization in this system.
(Figure 1C-1).

The reversible nature of the DNAAg NP hybridization

and 0.70 M. The concentration of Ag NPs is 1 nM (total). (B) A
plot of T, as a function of salt concentration.

tides, as previously reported with DNAAu NPs (Figure
3A).* The T, spans the range from 46.5 to 588, as the
salt concentration is increased from 0.15 to 0.70 M (Figure

process was further characterized by monitoring the melting 3B). Note that the functionalized Ag NPs are stable at high-

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 aggregatesindicating that DNA-linked Ag
NPs also exhibit highly cooperative binding properties. The
melting temperatureT,) 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) is2.4°C, which is comparable
to the typical sharp melting transition of DNA-linked Au
NPs (fwhm = ~2.2 °C)2* Significantly, this melting
transition was found to be highly reproducible, as demon-

strated by repeated hybridization/melting experiments, which

were performed with the same sample of the DN&g 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 DNAAg NP aggregates, we moni-
tored the melting transitions of DNAAg NP aggregates as
a function of NaCl concentration. As expected, the melting

salt concentrations (up to 1.0 M NacCl). 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 BNA
Ag NP hybridization and dehybridization process by adjust-
ing salt concentrations similar to the control afforded by
DNA—Au NPs.

In conclusion, we have developed a method for synthesiz-
ing 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 nanopatrticle surface,
and (3) in principle, should be applicable to the functional-
ization of anisotropic silver nanomaterials with DNA&A?”
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transitions occur at higher temperatures as the salt concentra-
tion increases due to enhanced screening, which decreases Supporting Information Available: Materials, experi-
the repulsion between the negatively charged oligonucleo- mental details for the oligonucleotide synthesis, TEM
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Analysis, and repeated melting experiments of DNXg

NP aggregates. This material is available free of charge via

the Internet at http://pubs.acs.org.
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