
Stable silver nanoparticle–DNA conjugates for directed self-assembly

of core-satellite silver–gold nanoclustersw

Suchetan Pal, Jaswinder Sharma, Hao Yan and Yan Liu*

Received (in Cambridge, UK) 5th June 2009, Accepted 5th August 2009

First published as an Advance Article on the web 25th August 2009

DOI: 10.1039/b911069k

We report a novel strategy to functionalize silver nanoparticles

with chimeric phosphorothioate modified DNA (ps-po-DNA)

and the fabrication of bimetallic core-satellite nanoclusters that

each contain a silver core (diameter 32 nm) surrounded by 5 nm

gold NPs.

The past two decades have seen increased use of nano-scale

materials for bio-sensing, diagnostics and therapeutics. Noble

metal nanoparticles have been used extensively for these

applications due to their biocompatibility and rich opto-

electronic properties.1 Metal nanoparticles conjugated with

oligonucleotide have potential in bio-detection for targets as

oligonucleotides, proteins and peptides, colorimetric detection

of pH changes and in studying real-time molecular inter-

actions.2 The sequence specificity of Watson–Crick base

pairing between two single stranded oligonucleotides allows

the use of metal nanoparticle DNA conjugates as building

blocks for bottom up nanotechnolology.3

To date, the use of gold nanoparticles (AuNPs) has been

more prevalent over silver nanoparticles (AgNPs) because

AuNPs are easier functionalize by DNA modified with one

or more sulfur moeties4 and are chemically more stable than

AgNPs. For example it is known that AgNPs are susceptible

to oxidation and subsequent degradation or subject to irreversible

aggregation in solutions containing metal cations. These

limitations have resulted in very few reports of AgNP–DNA

conjugation.5 Recently, AgNPs have gained much interest due

to their high extinction coefficients compared to AuNPs,

inherent catalytic properties and propensity to enhance

Raman scattering. It has been demonstrated that increasing

the number of thiol moieties in the capping ligands resulted in

enhanced stability of the AgNPs in high salt concentrations.5c

Despite this advancement, the synthesis of oligonucleotides

labeled with multiple thiol groups remains cumbersome and

involves special purification steps.

Here we report a novel strategy to functionalize AgNPs with

chimeric phosphorothioate modified DNA (ps-po-DNA),

which were then used in the fabrication of bimetallic core-

satellite nanoclusters that each contains a silver core (diameter

32 nm) surrounded by a number of 5 nm gold NPs. Our

strategy (Fig. 1) involves the use of oligonucleotides containing

multiple consecutive phosphorothioate linkages (ps-linkages),

in which a sulfur atom replaces a non-bridging oxygen in the

phosphate backbone of the oligo (Fig. 1A). These

phosphorothioated oligos can be custom designed and

commercially synthesized (www.idtdna.com) at relatively low

cost. The sequence, the number of ps units and their positions

in the oligos can be arbitrarily assigned. The presence of sulfur

atoms on the backbone not only makes the oligo nuclease

resistant, these sulfur atoms are also available for coordination

with metal ions or metal surfaces. In a recent report, ps-DNA

and po-DNA chimeric oligos were used for specific positioning

of AuNPs and biofunctionalization of luminescent quantum

dots.6 We expect that multivalent Ag–sulfur interactions

between the AgNP’s surface and the ps-domain of the DNA

will result in the anchoring of the DNA to the metal nano-

particle surface. The remainder of the DNA sequence containing

a recognition sequence with a normal phosphate backbone will

point away from the surface and it can be hybridized with its

complimentary DNA (Fig. 1B). Then, when a 5 nm AuNP is

pre-linked to the end of the complimentary sequence through

Au–thiol bond, DNA hybridization will bring the AuNPs onto

the surface of the AgNPs to make a core-satellite structure

(Fig. 1C).

The effect of the number of ps-linkages in the oligo-

nucleotides on the stability of AgNPs was examined by a

DTT-displacement experiment (Fig. 2), monitored by UV-vis

spectroscopy. DTT is a reducing agent that is known to cleave

the Ag–S bond and displace the thiol modified ligands from

the AgNP surface, thus resulting in irreversible aggregation

of the nanoparticles in a high salt condition.4a,5b It is expected

that the more stable the capping ligand is on the surface of the

AgNPs, the slower the aggregation is in the presence of DTT.

Three DNA strands, ps-3, ps-6 and ps-9, were used to

functionalize the AgNPs, each contains 3, 6 or 9 ps groups

close to the 50-end, respectively, and they share a same 56 nt

recognition domain. Upon addition of DTT, all samples

showed a decrease of the absorbance at 400 nm and a red

shift of the absorbance peak, indicating growing size of the

aggregates with time. The AgNPs functionalized with ps-3

showed the lowest stability with a decay half life of only 6 min,

and within 20 min extensive aggregation was already observed

from broadening of the absorbance peak. The AgNPs

functionalized with ps-9 showed the highest stability with a

half time of longer than 1 h. Even at 4 h after addition of DTT,

the particle solution still remained clear and some degree of

aggregation started to appear, evidenced by the UV-vis

spectral shift from 400 nm to 460 nm. Comparing the changes

of the UV-vis spectra of the ps-3 and ps-9 modified AgNPs,

significant differences were observed. For the ps-3 sample, a

very small shift of the plasmon resonance peak at 400 nm was
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observed as the absorbance intensity dropped by two folds.

However for the ps-6 and ps-9 samples, the drop of

the absorbance intensity at 400 nm was accompanied by a

dramatic spectral shift of the peak from 400 nm to 490 nm

along with a significant broadening. More detailed study is

required in the future to understand these spectral changes.

From this DTT displacement experiment we can conclude

that the ps-DNA is specifically bound to the surface of the

AgNPs and function as a protection layer against particle

aggregation. The longer ps-domain of the DNA provides a

stronger binding affinity to the AgNP surface, which is more

difficult to be displaced by DTT. Three ps groups are not

enough for the stabilization of the AgNPs. We choose to use

9-ps in the formation of the core-satellite structures.

We prepared a 1 : 1 conjugate of a 5 nm AuNP with the

DNA sequence that is complementary to the recognition

domain of the DNA on the AgNP (see SI for methods). Upon

hybridization with the AgNPs at a 10 : 1 ratio (10 of 5 nm

AuNP per 32 nm AgNP), satellite nanoclusters that each

contains a 32 nm AgNP core surrounded by 5 nm AuNPs

were self-assembled, as shown in the transmission electron

microscopy (TEM) images (Fig. 3A).

UV-vis spectroscopy (Fig. 3B) and dynamic light scattering

(DLS) (Fig. 3C) were employed to further characterize these

bimetallic nanoclusters. The UV-vis spectra of the nano-

clusters indicated the presence of the plasmonic absorption peaks

for both AuNPs and AgNPs. Compared to the spectra of

AgNP alone and AuNP alone that were each modified by the

corresponding DNA sequences, the plasmonic peaks for the

Ag–Au nanoclusters each showed a slight red shift B2–3 nm,

from 398 nm to 400 nm and 516 to 519 nm, respectively

(Fig. 3B). DLS studies showed a significant size difference

between the ps-DNA functionalized AgNPs and the Ag–Au

core-satellite structure. The hydrodynamic radius for the ps-9

DNA modified AgNP is B24 � 5 nm (green), which is larger

than the radius measured from TEM, 16 � 3 nm. In TEM

imaging, the DNA surface modification can not be observed

due to significant lower electron density of DNA compared to

that of the AgNPs. But DLS measures the size by means of

diffusion correlation in aqueous solution. The loose layer of

ssDNA strands (56mers extending from the surface) on the

AgNP surface if assume a random coiled conformation in

aqueous solution would increase the hydrodynamic radius of

the particle by B8–10 nm.

On the other hand, the hydrodynamic radius of the

bimetallic nanocluster measured by DLS is B50 � 29 nm.

From the 16 nm (radius) AgNP core, 5 nm (diameter)

AuNP satellite, and the length of a 56 bp dsDNA linker

Fig. 1 Schematic representation of the functionalization of AgNPs with ps-DNA, and subsequent fabrication of Ag-core–Au-satellite

nanoclusters. (A) The oligonucleotide contains tandem sequence of an anchoring domain that consists of nucleotides with phosphorothioate

groups in the backbone and a recognition domain with the normal phosphate backbone. (B) 1 : 1 conjugation of 5 nm AuNP with oligo of the

complementary sequence of the recognition domain is prepared and purified by agarose gel electrophoresis. (C) The fabrication of the bimetallic

nanocluster: the first step is conjugation of ps-DNA to the surface of 32 nm AgNP. The second step is hybridization of the complimentary DNA

conjugated to 5 nm AuNP to the DNA anchored on the surface of the 32 nm AgNP.

Fig. 2 UV-vis absorbance assay after 15 mM DTT was added to the same concentration of ps-3, ps-6 and ps-9 functionalized AgNPs.

6060 | Chem. Commun., 2009, 6059–6061 This journal is �c The Royal Society of Chemistry 2009

Pu
bl

is
he

d 
on

 2
5 

A
ug

us
t 2

00
9.

 D
ow

nl
oa

de
d 

by
 B

N
L

 R
es

ea
rc

h 
L

ib
ra

ry
 o

n 
17

/1
1/

20
14

 2
3:

44
:0

6.
 

View Article Online

http://dx.doi.org/10.1039/b911069k


(B19 nm when fully extended away from the surface), a radius

of B45 nm of the satellite cluster can be expected. The wide

distribution of the hydrodynamic radius reflects the hetero-

geneity of the sample, consistent with the TEM images that

there is a wide distribution of the number of AuNPs surrounding

each AgNP core, ranging from 6–16 (see more TEM images in

the ESIw). The distance between the AuNPs and AgNP

measured by the TEM does not reflect the distance in solution,

because the DNA linkers can not be observed in the TEM

images, and the drying conditions before imaging caused the

collapse of the AuNPs to the surface of the AgNP.

We also carried out a colorimetric assay using two sets of

AgNPs, each functionalized with an oligonucleotide that contains

a ps-9 domain and a recognition domain complementary to

each other (see ESI for sequence detailsw). When the two sets

of functionalized AgNPs were mixed together, they formed

aggregates due to hybridization of the complimentary recognition

domains of the DNAs. This aggregation resulted in a

characteristic broadening of the peaks and dampening of the

silver plasmonic resonance absorbance peak (blue trace in

Fig. 4). When the aggregates were heated to 70 1C, the

absorption profile of dispersed AgNPs was recovered (black

trace in Fig. 4), suggesting the reversibility of DNA mediated

aggregation. This melting and aggregation with temperature

change was cycled three times to confirm the reversibility of

the aggregation (insert in Fig. 4b).

In summary, we have developed an easy to use and robust

strategy to achieve AgNP and DNA conjugates that are stable

in buffer conditions that are amenable to DNA hybridization.

Such AgNP–DNA conjugates open up opportunities to

assemble hierarchical nanostructures that may find use in

nanophotonics and biosensing application.
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Fig. 3 (A) Representative TEM images of 32 nm Ag-core-5 nm Au

satellite cluster. The scale bar for each image is 20 nm. (B) UV-vis

spectra of 32 nm AgNP with ps-9 (black), 5 nm AuNP with a single

DNA (red), AgNP core-AuNP satellite (blue). (C) DLS shows the

hydrodynamic radius for the AgNP and AgNP core-AuNP satellite

B24 nm (green) and B50 nm (red), respectively.

Fig. 4 (a) The reaction scheme showing hybridization of the

complementary DNA (red and blue) on the two sets of AgNPs causes

the aggregation of the nanoparticles, while melting at higher temperature

will separate the aggregates into individual particles. (b) UV-vis

spectra of the aggregates (blue) and resulting spectra after heating at

70 1C for 5 min (black). Inset: The absorbance change with temperature

shows excellent reversibility after three cycles from 25 1C to 70 1C.
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