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DNA-functionalized silver and silver/gold bimetallic nanoparticle superstructure probes with controllable sizes

and optical properties are synthesized using monothiol DNA and dithiothreitol. The superstructures exhibit a

very narrow size distribution, which can be easily controlled by balancing the ratio of dithiothreitol and DNA.

These superstructures assemble reversibly in a highly cooperative manner, and are SERS active. Multiplexed

colorimetric detection of DNA targets using these superstructure probes has been demonstrated to identify three

different DNA target sequences that are associated with three lethal diseases, respectively.

Key Words : DNA, SPR, Nanoparticle superstructure, Multiplexing, Colorimetric detection

Introduction

Sequence-specific detection of multiple DNA targets in

parallel has long been an intensive focus of research such as

disease diagnosis, forensic analysis, genomics, and biowar-

fare defence.1 For this purpose, significant progress has been

achieved in the area of DNA microarrays combined with

molecular fluorophore probes, which is capable of analyzing

a substantial number of oligonucleotides simultaneously.2

This technology, however, requires precedent target ampli-

fication, lacks in ways to accelerate the target binding

kinetics, has to consider photobleaching of fluorophores, and

suffers from complicated, costly instrumentation, all of

which have lead to the development of alternative advance

based on metal nanoparticles, dendrimers, microspheres,

porous photonic crystals, microrods, nanowires, and semi-

conductor nanoparticles.3-12

Plasmonic nanoparticle superstructures with defined sizes

and shapes exhibit a variety of chemical and physical pro-

perties suitable as probes for molecular sensing.13 As a

building block of such superstructures, silver nanoparticles

(AgNPs) are of particular interest owing to their intense

optical properties based on surface plasmon resonance

(SPR), electrochemical and catalytic activity, and strong

Raman enhancement properties.14-17 While a number of gold

nanoparticle superstructures have been developed,18-20 only a

few reports have demonstrated the synthesis of AgNP super-

structures (AgNP-SSs), often with limited functionalities,

uncontrollable sizes and shapes, and irregular optical pro-

perties.21-23 Based upon the excellent properties of individual

AgNPs investigated for detecting a variety of targets,24 the

synthesis of AgNP-SS probes that are carefully designed to

exhibit advanced properties would provide a new class of

nanoprobes for efficient detection of multiple DNA targets.

Herein, we present the synthesis of DNA-conjugated

AgNP-SS probes (DNA-AgNP-SS) for multiplexed colori-

metric detection of DNA targets. To construct the stable and

functional AgNP-SSs, we take advantage of the silver-sulfur

covalent bonding formation to assemble the AgNPs into

superstructures with controllable sizes and consequent

optical properties using dithiol linker molecules, while

monothiol DNA is used to inherently functionalize and

stabilize the probes. By balancing the two types of thiol

molecules, these novel structures exhibit easily controllable

sizes and optical properties, target-recognizing surface func-

tionalities, and SERS activities. Moreover, the reversible

assembly properties of the AgNP-SSs associated with con-

comitant color changes are also attractive for building up

further nano- and microstructure architectures. 

Experimental Section

Materials. The eight HPLC-purified monothiol DNA

sequences (Ag-1: 5' HS-A10-ATTATCACT 3'; Ag-2: 5' HS-

A10-AGTGATAAT 3'; A-1: 5' TCCAACATTTACTCC-A10-

SH 3'; A-2: 5' HS-A10-TTGTTGATACTGTTC 3'; B-1: 5'

TTATTCCAAATATCTTCT-A10-SH 3'; B-2: 5' HS-A10-

TGCATCCAGGTCATG 3'; C-1: 5' ATAAC-TGAAAGCC-

AA-A10-SH 3'; C-2: 5' HS-A10-TACCACATCATCCAT 3')

and the unmodified target DNA sequences (A: 5' GGAGTA-

AATGTTGGAGAACAGTATCAACAA 3'; B: 5AGAAGA-

TATTTGGAATAA-CATGACCTGGATGCA 3'; C: 5' TTG-

GCTTTCAGTTATATGGATGATGTGGTA 3') were purch-

ased from Genotech (Daejeon, Republic of Korea). The

Cy5-labeled monothiol poly thymine (RA: 5 HS-Cy5-T20 3)

was purchased from Bioneer (Daejeon, Republic of Korea).

Dithiothreitol (Cat.# 43815), gold chloride trihydrate (Cat.#

520918), trisodium citrate dihydrate (Cat.# S4641), and

other chemicals for the buffer preparation were purchased

from Sigma-Aldrich (Milwaukee, WI) and used without

further purification. The NAP-5 sephadex column was pur-

chased from GE Healthcare (Piscataway, NJ, USA). Silver

nanoparticles (diameter: ~16 nm), Cat. # EM.SC20/7) were

purchased from BBInternational (Cardiff, UK). Ultrapure
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water from a Direct-Q3 system (18.2 MΩ cm, Millipore;

Billerica, MA, USA) was used in this work.

Synthesis of Gold Nanoparticles (AuNPs). The aqueous

solution of HAuCl4 (0.254 mM, 50 mL) was boiled with

vigorous stirring, and then reduced by injecting 0.94 mL of a

38.8 mM trisodium citrate solution quickly. The solution

turned dark red from yellow. After the color change, the

solution was kept boiling for additional 15 min and cooled to

room temperature slowly. The diameter of the AuNPs was

determined to be ~15 nm by transmission electron micro-

scopy.

Synthesis of DNA-Silver Nanoparticle Superstructures

(DNA-AgNP-SSs). The monothiol DNA sequences (Ag-1

and Ag-2) were deprotected with 0.10 M dithiothreitol (0.17

M phosphate buffer, pH 8.0), purified by a NAP-5 column,

and adjusted to 20 mM in pure water. A series of concen-

trations of dithiothreitol (0, 1, 1.5, 2, 2.5, 2.8 and 3 mM, 10

uL) were injected to 225 uL of the DNA solution (20 μM),

and further combined with 1 mL of AgNP solutions ([AgNP]

= 2 nM), respectively (the final [DNA] = ~3.6 μM). The

mixture solutions were further salt-adjusted to the final

concentration of 0.15 M NaCl, 0.01% sodium dodecyl

sulfate, and 10 mM phosphate (pH 7.4), resulting in color

changes of the solutions due to the formation of DNA-AgNP

superstructures with various sizes. After the incubation for a

couple of hours, the unconjugated free DNA was removed

from the solution by centrifugation of the superstructures (0:

14500 rpm; 1: 11000 rpm; 1.5: 9000 rpm; 2: 6000 rpm; 2.5:

2000 rpm; 2.8: 800 rpm; 3: 500 rpm, for 15 min), removal of

the supernatant, and redispersion of the superstructures in

buffer (0.15 M NaCl, 0.01% Tween 20, and pH 7.4, 10 mM

phosphate).

Synthesis of DNA-Au/Ag Nanoparticle Superstructures

(DNA-Au/AgNP-SSs). A mixture of the equal amount of

gold and silver nanoparticles was used instead of silver

nanoparticles for synthesis of DNA-Au/AgNP superstruc-

tures. A series of concentrations of dithiothreitol (0, 0.3, 0.4,

0.5 and 1 mM, 10 μL) were combined with 225 μL of the

DNA solution (20 μM), and further combined with 1 mL of

1:1 mixture of silver and gold nanoparticles (total nano-

particle concentration was 2 nM), respectively (the final

[DNA] = ~3.6 μM). The mixture solutions were further salt-

adjusted in a same way of silver nanoparticle superstruc-

tures, and color changes of the solutions were also observed

due to the formation of DNA-Au/AgNP superstructures.

After the incubation for a couple of hours, the unconjugated

free DNA was removed from the solution by centrifugation

(0: 13000 rpm; 0.3: 11000 rpm; 0.4: 7000 rpm; 0.5: 6000

rpm; 1: 4000 rpm, for 20 min) and redipersed in buffer as

described above.

UV-vis Spectroscopy Analysis. The optical properties of

the both DNA-AgNP superstructures and DNA-Au/AgNP

superstructures were characterized by the UV-vis spectro-

scopy from 230 to 1000 nm using an 8453 UV-vis Spectro-

photometer (Agilent Technologies, Inc).

Melting Transition Experiments. The changes in extinc-

tion of DNA-AgNP superstructures and DNA-Au/AgNP

superstructures at 260 nm were monitored at 1 oC interval at

a rate of 1 oC/min from 25 oC to 70 oC to analyze melting

transitions of the hybridized superstructures. The melting

temperature (Tm) was obtained from the temperature where

the maximum of the first derivative of the melting transition

curve.

Dynamic Light Scattering Analysis. The series of both

DNA-AgNP and DNA-Au/AgNP superstructures were charac-

terized by dynamic light scattering analyzer (Nano ZS90,

Malvern). A He-Ne gas laser provided incident light (beam

wavelength: 632.8 nm) at the maximum output, 4 mW, and

the scattered light from each sample was measured at a fixed

angle of 90o. Five runs were performed, each with run

duration of 15 s.

TEM Analysis of DNA-AgNP and DNA-Au/AgNP Super-

structures. DNA-AgNP superstructures of four sizes ([DTT]

= 1.0, 1.5, 2.0, and 2.5 mM) and DNA-Au/AgNP super-

structures ([DTT] = 0.4 mM) were prepared for TEM analy-

sis. Each sample (4 µL) was dropped onto a carbon-coated

Formvar copper grid (400 mesh) and allowed to dry in a dust

free area. TEM analyses were performed using a Tecnai 20

operating at 200 kV.

Synthesis of DNA-AgNP and DNA-Au/AgNP Super-

structure Probes for Multiplexed Detection. Two sets of

DNA-AgNP superstructure probes (1.0 and 2.5 DNA-AgNP

superstructures, respectively) and a set of 1.0 DNA-Au/

AgNP superstructure probe were used for multiplexed detec-

tion of target sequences A, B, and C. Each set of probes is

synthesized with two types of sequences so as not to interact

with each other, but assemble and form bigger aggregates

when the complementary target sequence presents. The 1.0

DNA-AgNP superstructures were synthesized with two

types of sequences (A-1 and A-2) so as to react with target

A. We also designed two other probes, 2.5 DNA-AgNP

superstructures and 1.0 DNA-Au/AgNP superstructures, to

react target B and C by functionalizing each with two types

of sequence, respectively. (2.5 DNA-AgNP superstructures:

B-1 and B-2; 1.0 DNA-Au/AgNP superstructures: C-1 and

C-2). 

Multiplexed Colorimetric Detection of Target DNA. To

evaluate the colorimetric detection system for multiplex

target sequences, eight aliquots were run with different com-

binations of the target DNA sequences, A, B and C. Eight

batches of the mixture of the six probes (180 μL of each)

were prepared in glass vials. In the first, blank (20 μL of

phosphate buffer) was injected. In the next six tests, three

targets were systematically combined to the probe solutions

to evaluate the multiplexing capability of the probes. The

concentration of the target DNA sequences were kept

constant for all tests (50 nM of final concentration for each

sequence). A, B, C, A+B, A+C, B+C, A+B+C target solu-

tions (20 μL, 500 nM for each sequence) were respectively

combined to the probes so as to be the final target con-

centration of 50 nM. All batches were kept at 25 oC for 36

hours. The optical signal corresponding to the target combi-

nations were identically observed.

Synthesis of Cy5-Labeled DNA-AgNP and DNA-Au/
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AgNP Superstructure Probes. We synthesized DNA-AgNP

and 2.5 DNA-AgNP superstructure probes using Cy5-

labeled monothiol DNA (RA: 5' HS-Cy5-T20 3') SERS as

described above. 

SERS Measurement. SERS Raman spectra measurement

of Cy5-labeled DNA-AgNP and DNA-AgNP superstructure

probes were carried out using Nanofinder 30 (Tokyo

Instruments, INC, Japan) having 633 nm HeNe laser. The

probe solutions (100 μL each) were dropped onto a clean

glass slide and covered with a cover slide. The liquid

samples were kept under microscope objective lens for

measurement and the Raman spectra were collected in the

wave number range of 600-1750 cm−1. Four runs were

performed on each sample, with an exposure time of 60 s.

Results and Discussion

Scheme 1 describes our synthetic approach for the DNA-

AgNP-SS probes. The AgNPs (D = 16 nm, 2 nM) are com-

bined with a mixture of thiol DNA and dithiothreitol (DTT)

whose concentrations vary depending upon the desired size

and optical properties of the probe (see Experimental Sec-

tion). To effectively control the superstructure size, the

concentration of the DTT stock solution gradually increases

from 0 to 3 mM, resulting in the color change of the

superstructured AgNPs to orange, red, and purple (Fig. 1(a)).

This color change was further analyzed by UV-vis spectro-

scopy, which demonstrates a systematic red-shift of λMAX

from 403 to 578 nm with a decrease in extinction (Fig. 1(b)).

Importantly, the extinction of the AgNP-SSs obtained with

the highest [DTT] still remained at ~40% of the same

number of individual AgNPs, indicating that the AgNP-SSs

are composed to distinct number of AgNPs devoid of

indefinite particle aggregation. To examine the versatility of

the synthetic method, we also synthesized DNA-conjugated

Au/Ag bimetallic superstructures (DNA-Au/Ag-SSs) using

equal number of gold nanoparticles (AuNPs) and AgNPs,

which exhibited a variety of chromatic diversity from orange

to green (Fig. 1(a)) and associated spectra (Fig. 1(c)). It is

notable that unlike the DNA-AgNP-SSs, the λMAX of the

DNA-Au/AgNP-SSs only decreased in extinction without

any significant spectral shift, while a new plasmon began to

appear at ~670 nm, which is analogous to superstructures

composed of only AuNPs.18 

To confirm the defined sizes of these superstructures, we

analyzed the diameter of the AgNP-SSs using dynamic light

scattering (DLS). As we increased the [DTT], the diameter

of the DNA-AgNP-SSs increased from ~23 up to ~500 nm

Figure 1. (a) DNA-functionalized silver nanoparticle superstruc-
tures (DNA-AgNP-SSs) and gold/silver bimetallic superstructures
(DNA-Au/AgNP-SSs). The DTT concentrations used for the syn-
thesis are labelled on the cap of the vials (see Experimental
Section). (b) UV-vis spectra of DNA-AgNP-SSs and (c) DNA-Au/
AgNP-SSs. The numbers in the legend indicate the DTT
concentrations used for the synthesis (see Experimental Section).

Scheme 1. A scheme illustrating the synthesis of DNA-function-
alized (a) silver nanoparticle superstructure (DNA-AgNP-SS)
probes and (b) bimetallic gold/silver nanoparticle superstructure
(DNA-Au/AgNP-SS) probes.

Figure 2. (a) The size distribution of the DNA-AgNP-SSs and (b)
DNA-Au/Ag-SSs were measured by dynamic light scattering
(DLS). The single and narrow peaks indicate that the super-
structures are well monodispersed. (c) Normalized melting
transitions of the assembled DNA-AgNP-SSs and (d) DNA-Au/
AgNP-SSs with various sizes. The insets show the melting
temperatures (Tms) as a function of the [DTT]. The Tms were
determined by the first derivative of the melting transitions. The
numbers in the legend indicate the DTT concentrations used for
the synthesis (see Experimental Section).
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with very narrow size distributions (Fig. 2(a)). The DNA-

Au/AgNP-SSs exhibited slightly broader size distributions,

but still systematically increasing diameters as a function of

[DTT] (Fig. 2(b)). Importantly, the monodispersity of these

probes is essential for their quantitative and analytical

applications from the diagnostic viewpoint. Subsequently,

we evaluated the DNA-functionality of the superstructure

probes by combining two complementary DNA-AgNP-SS

and DNA-Au/Ag-SS probes for hybridization, respectively,

and conducting thermal denaturation experiments to obtain

their melting profiles (Fig. 2(c) and (d)). When combined,

both types of superstructure probes rapidly hybridized

to form macroscopic aggregates with concomitant color

changes. These aggregates, however, reversibly disassembl-

ed into the original superstructures with very sharp melting

transition curves (full width at half maximum = ~2.2 oC),

indicating these DNA-AgNP-SS and Au/Ag-SS probes are

densely functionalized with DNA.10 Interestingly, the melt-

ing temperature (Tm) of each melting transition decreased as

the superstructure size increased with negative correlations

(Fig. 2(c) and (d), inset), which is opposite to the positive

correlations between size and Tm of individual DNA-nano-

particle conjugate probes.25,26 We attribute these decreases in

Tm to (1) the non-spherical shape of the superstructures and

(2) their size-dependent negative charges. Being assemblies

of nanoparticles, the surface of the superstructure is uneven

and rough. Unlike individual nanoparticle probes, therefore,

the probe-probe contact area which is associated with the

number of DNA strands involving in hybridization of the

superstructure probes would not be directly proportional to

the superstructure size. Meanwhile, the increasing negative

charge owing to the more DNA strands of larger super-

structure would lead to more repulsion, resulting in decreas-

ing Tm.

The increasing size of the DNA-AgNP-SSs were observed

by transmission electron microscopy (TEM) and shown in

Figure 3. The first four DNA-AgNP-SSs were selected and

analyzed. With the [DTT] from 1 to 2.5 mM, the increase in

size of the AgNP-SSs was clearly observed (Fig. 3(a)-(d)) up

to 250 nm. Meanwhile, the overall shape evolved from

isotropically assembled nanoparticles to form fractal-like

structures as previously proposed by theory.27 In addition, to

verify that the DNA-Au/AgNP-SSs were composed of both

Au and AgNPs, we analyzed several selected areas of a

bimetallic superstructure using TEM and energy-dispersive

X-ray spectroscopy (EDS) (Fig. 3(e), (f), (g), (h), and (i)).

Based on the optical, functional, and assembly properties

of the superstructure probes, we conducted the multiplexed

detection of three DNA targets (A, B, and C) that are

sequences of 30 to 33 bases associated with Ebola virus (A),

human immunodeficiency virus (B), and hepatitis B virus

surface-antigen gene (C) as model systems (see Experi-

mental Section). Three pairs of superstructure probes with

distinctive optical properties were prepared such that two

types of DNA-AgNP-SSs with 1.0 mM DTT are comple-

mentary to each half of A, DNA-AgNP-SSs with 2.5 mM

DTT to each half of B, and DNA-Au/AgNP-SSs with 1.0

mM DTT to each half of C (see Experimental Section).

Before the hybridization reaction of the probes with target

sequences, aliquots of the mixtures exhibited dark but

intense yellow color (Fig. 4(a)). When combined with all

eight possible combinatorial cases of the target mixtures

(blank, A+B, A+C, B+C, A, B, C, and A+B+C, 50 nM

each), however, the superstructure probes in each mixture

began to rapidly hybridize with corresponding targets to

form reversible assemblies. The functional DNA sequences

on the superstructure probes selectively recognize the

specific target sequences, resulting in the distinctive color

changes depending on the combination of the targets (Fig.

4(b)). The ‘blank’ mixture retained the initial color, while

the probes in the presence of all the targets completely

hybridized to form large assemblies, leading to the colorless,

clear solution. The other target combinations between them

exhibit various colors ranging from red (B+C) to green

(A+C). Importantly, the unique resultant color of each

mixture can be considered as an optical signature to indicate

the types of the target sequences.

We finally evaluated the surface enhanced Raman scatter-

ing (SERS) activity of the DNA-AgNP-SS probes and

compared them with individual AgNP probes. We designed

a DNA sequence containing a thiol group next to a Raman

dye (Cy5) in one end of polythymine (T20), and labelled

AgNP-SS ([DTT] = 2.5 mM) and AgNP probes with the

sequence. Both types of probes were examined by Raman

Figure 3. TEM images of the DNA-AgNP-SSs with [DTT] = (a)
1.0 mM, (b) 1.5 mM, (c) 2.0 mM, (d) 2.5 mM, and (e) DNA-Au/
AgNP-SSs with [DTT] = 0.4 mM. (f) The selected TEM area
within the red circle in (3) was analyzed by energy-dispersive X-
ray spectroscopy (EDS), whose spectrum exhibits the peaks for
both gold and silver. (g) The EDS spectrum for the selected area
within the green circle in (3) exhibits the peaks for silver only. (h)
The EDS spectrum for the selected area within the blue circle in
(3) exhibits the peaks for gold only. (i) The EDS spectrum for the
selected area within the purple circle in (3) exhibits the peaks for
both gold and silver. 
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spectroscopy, whose spectra were collected in the wave

number range of 600-1750 cm−1 (see Experimental Section)

(Fig. 4(d)). While both probes exhibited three major bands

at 811, 917 and 1065 cm−1 in common, the dramatically

improved SERS activity of the AgNP-SS probes was

observed with the characteristic bands at 1332 and 1579

cm−1. This result matches well with the previous literature

results.28,29 Interestingly, however, we were not able to

observe any SERS enhancement at 1332 and 1579 cm−1 with

the Au/AgNP-SS probes. In fact, the SERS signals of

Raman dyes on atomically alloyed gold-silver nanoparticles

are known to be affected by the shape and composition of

the particles.30 Considering that our superstructures are

extensions of such alloy nanoparticles where a nanoparticle

is corresponding to an atom, potential destructive inter-

ference of the electromagnetic field around the DNA-Au/

AgNP-SSs could be the reason for their SERS inactivity.

Further research to investigate the SERS inactivity of the

DNA-Au/AgNP-SSs is ongoing. Considering that typical

core-shell type gold/silver bimetallic nanostructures and

even pure silver nanomaterials exhibit characteristic SERS

activity,31-34 our results indicate that both the elemental

composition and assembly structure of nanoparticles have

considerable effects on Raman enhancement. 

Conclusion

We have synthesized silver and gold/silver nanoparticle

superstructures with controlled sizes, distinctive SPR- and

SERS-based optical properties, and target-specific DNA-

functionalities for the colorimetric multiplexed detection of

DNA targets. The size of the superstructures exhibit a very

narrow distribution, which can be easily controlled by the

stoichiometry of a crosslinking reagent (dithiothreitol) and

monothiol DNA. These superstructures assemble reversibly

in a highly cooperative manner. In particular, the silver

nanoparticle superstructures exhibit strong SERS activity.

We further demonstrated the multiplexed colorimetric detec-

tion of DNA targets using these superstructure probes to

identify three different DNA target sequences that are as-

sociated with three lethal diseases, respectively. Significant-

ly, the reversible assembly formation of the superstructures

provides an important strategy to systematically build up

giant structures of nanomaterials in a hierarchical manner

using DNA. Moreover, our novel synthetic method could be

extended for other bimetallic, or further complicated multi-

metallic nanoparticle superstructures with controllable size

and stoichiometry, which would offer deeper insights into

the properties of assembled nanostructures, especially as

conceptual expansion of the conventional atomically alloyed

nanomaterials.
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