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We report a highly sensitive surface-enhanced Raman scattering (SERS) platform for the selective trace

analysis of mercury (II) ions in drinkable water using aptamer-conjugated silver nanoparticles. Here, an

aptamer designed to specifically bind to Hg2+ ions in aqueous solution was labelled with a TAMRA moiety at

the 5' end and used as a Raman reporter. Polyamine spermine tetrahydrochloride (spermine) was used to

promote surface adsorption of the aptamer probes onto the silver nanoparticles. When Hg2+ ions are added to

the system, binding of Hg2+ with T-T pairs results in a conformational rearrangement of the aptamer to form a

hairpin structure. As a result of the reduced of electrostatic repulsion between silver nanoparticles, aggregation

of silver nanoparticles occurs, and the SERS signal is significantly increased upon the addition of Hg2+ ions.

Under optimized assay conditions, the concentration limit of detection was estimated to be 5 nM, and this

satisfies a limit of detection below the EPA defined limit of 10 nM in drinkable water

Key Words : Silver nanoparticle, Surface-enhanced raman scattering, Mercury ion, Aptamer sensor

Introduction

Mercury is generally considered to be one of the most

toxic environmental pollutants, and is routinely released as a

by-product from coal-fired power stations, gold production,

oceanic and volcanic emissions and waste disposal.1,2 In

particular, irreversible damage to the central nervous system

and other organs are demonstrated results of exposure to

high mercury levels in humans of all ages.3-6 Accordingly,

the creation of extremely sensitive and selective techniques

for the analysis of mercury (II) ions in environmental, aquatic

and food-based environments is of the highest priority. To

date, analytical methods, such as atomic absorption spectro-

scopy (AAS) and inductively coupled plasma-mass spectro-

metry (ICP-MS), have been shown to provide limits of

detection at the parts-per-bilion (ppb) level, but they are

costly, time-consuming and unsuited for remote or in-the-

field applications. 

Alternative approaches based on fluorescence and colori-

metric sensing methods have proved promising although

most are hindered by relatively poor sensitivity and asscoait-

ed limits-of-detection. Ono and Togashi have recently

introduced an aptamer-based sensing system for Hg2+ ions in

solution.7 Based on the strong and selective binding of Hg2+

ions to thymine-thymine base pairs (T-Hg2+-T) in DNA

aptamers, this approach has opened up new possibilities of

colorimetric or fluorescent sensing of solvated mercury.

Despite such progress, to date few methods have been demon-

strated to possess sufficient sensitivity to satisfy the Environ-

mental Protection Agency (EPA) defined maximum con-

taminant level of 2 ppb (or 10 nM) in drinkable water.8

Herein, we demonstrate a highly sensitive surface-enhan-

ced Raman scattering (SERS) platform for the selective

sensing of Hg2+ ions in aqueous media which is based on the

use of structure-folding aptamers on the silver nanoparticles.

In recent years, SERS spectroscopy has been shown to be a

promising optical technique for high sensitivity analytical

detection.9-11 In particular, due to the ease of synthesizing

and functionalizing gold nanoparticles, a range of novel gold

nanoparticles modified with entities such as mercaptopro-

pionic acid12,13 and oligonucleotides14-18 have been used for

mercury sensing. When aptamer molecules are adsorbed

onto the surface of silver nanoparticles, they exist as ran-

dom-coil structures. Upon formation of Hg2+-aptamer com-

plexes, the conformation of the aptamer changes to a hairpin

structure.19-21 This conformational rearrangement of aptamer

molecules induces the reduction of electrostatic repulsion

between silver nanoparticles. As a result, aggregation of

silver nanoparticles occurs, and the SERS signal is signifi-

cantly increased upon the addition of Hg2+ ions. Crucially,

the assay is both rapid and simple to implement and yields a

concentration detection limit of approximately 5 nM, and

this satisfies a limit of detection below the EPA defined limit

of 10 nM in drinkable water.

Experimental Section

Silver nanoparticles were prepared by reducing silver

nitrate using hydroxoylamine hydrochloride at room temper-

ature.22 The advantages of the hydroxylamine hydrochloride-

reduction are in its speed at room temperature and the fact

that produced particles can be used for SERS measurements

without further processing. First, 5 mL of 0.03 M hydroxyl-

amine hydrochloride and 1 mL of 0.6 M sodium hydroxide

was dissolved in 84 mL of distilled water. Then, 10 mL of

0.01 M silver nitrate was added dropwise to the solution with
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vigorous stirring. This solution was continuously stirred for

one hour. The prepared silver colloid was stored in a

refrigerator at 4 oC before being used. UV/Vis spectroscopy

and Transmission Electron Microscopy (TEM) were used to

characterize the particle size of the produced colloids, and

the average particle size was estimated to be 35 ± 5 nm in

diameter. An aptamer (having the sequence 5'-TAMRA-

TTCTTTCTTCCCTTGTTTGTT-3') designed to specifically

bind to Hg2+ ions in aqueous solution was labelled with a

carboxytetramethyl-rhodamine (TAMRA) moiety at the 5'

end and used as Raman reporter. A random sequence DNA

(5'-TAMRA-CGAACCCCCGTGCAGAAAGAA-3') was

also prepared for control experiments. 

Polyamine spermine tetrahydrochloride (spermine, an

organic polyamine) was used to promote surface adsorption

of the negatively charged oligonucleotide probe.23,24 For

spermine optimization, 1 µL of 10 µM TAMRA-labelled

aptamer was pre-mixed with 5 µL of 100 µM spermine. This

solution was then mixed with 200 µL of silver nanocolloids.

Finally, various concentrations of Hg(NO3)2 solution were

prepared and added to each aptamer-conjugated silver

nanocolloid and incubated for 3 min.

SERS measurements were performed using a Renishaw

2000 Raman microscope system, with a Melles Griot He-Ne

laser operating at a wavelength 632.8 nm and a power of 12

mW. The Rayleigh line was removed from the collected

Raman signal using a holographic notch filter located in the

collection path. Raman scattering was measured using a

charge-coupled device (CCD) camera with a spectral resolu-

tion of 4 cm–1. UV/Vis absorption measurements were per-

formed using a Varian Cary 100 UV/vis spectrophotometer.

TEM images were obtained using a Hitachi H-700 trans-

mission microscope.

Results and Discussion

Figure 1(a) depicts the mechanism of a mercury ion

detection using a mercury specific aptamer. A specifically

designed aptamer presents a random-coil structure in the

absence of Hg2+ ions but it forms hairpin structure in the

presence of Hg2+ ions. It is because the T-T mismatch shows

a high sensitivity to Hg2+ ion against other metal ions. Here,

Raman reporter, TAMRA was attached at the 5' terminus for

SERS measurements. Figure 1(b) illustrates the basic con-

cept of mercury ‘signal-on’ detection using structure-switch-

ing aptamer-conjugated silver nanoparticles. Bare silver

nanoparticles are well dispersed after synthesis because they

are stabilized by negatively charged hydroxyl amine chloride

Figure 1. (a) Mechanism of a mercury detection using a specifically designed structure-switching aptamer. Upon formation of Hg2+-aptamer
complexes, the conformation of the aptamer changes to a hairpin structure. (b) Working principle of the SERS-based Hg2+ aptameric sensor.
When Hg2+ ions are added to the system together with spermine, binding of Hg2+ with T-T pairs results in a conformational rearrangement of
the aptamer to form a hairpin structure. This conformational change causes a particle aggregation between silver nanoparticles.
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ions coating their surface. The addition of spermine aids

efficient adsorption of aptamer molecules onto the silver

nanoparticle surface, since the spermine acts as a bridge

between the two negatively charged species and also reduces

the net surface negative charge on the silver surface. Thus,

aptamer molecules effectively adsorb onto the surface of

silver nanoparticles through electrostatic attraction. In the

presence of spermine, however, the ss-DNA aptamer mole-

cule on the surface of silver nanoparticles keeps a random-

coil structure as a result of electrostatic repulsion between

DNA molecules. If Hg2+ ions are now added to the system,

binding of Hg2+ with T-T pairs results in a conformational

rearrangement of the aptamer to form a hairpin structure.

This conformational change causes a further reduction in

electrostatic repulsion and when combined with steric

stabilization a drastic increase in particle aggregation is

observed. In other words, the conformation of ss-DNA

changes to folded structures by the formation of Hg2+-DNA

complexes in the presence of Hg2+ ions. As a result, the

negative charge intensity of folded DNA is dereased and the

reduced degree of electrostatic repulsion between silver

nanoparticles induces particle aggregations. Three different

protocols, using the particle aggregation caused by structure-

switching aptamer-conjugated metal nanoparticles, have

been reported for Hg2+ detection. One is the fluorescence

resonance energy transfer between fluorescein and dabcyl

which are labeled on both ends of an aptamer.7,24 Here, the

hairpin formation leads them to come to close proximity to

quenching. The other two protocols are based on the changes

of UV/vis absorption16,17,25 or fluorescence emission26 along

the Hg2+-induced aggregation of aptamer-conjugated metal

nanoparticles. All three protocols have shown a high

selectivity for Hg2+ ions but their sensitivity is still far from

the EPA defined maximum contaminant level of 2 ppb (or

10 nM) in drinkable water.8 

Key idea to the current sensing method is the fact that

nanoparticle aggregates provide excellent signal enhance-

ment of Raman peaks from the TAMRA reporters. This

great enhancement is caused by the large electromagnetic

field produced by hot spots, which resides in the nanoscale

junctions in metal nanostructures such as dimers or aggre-

gates. According to recent SERS data reported by Kneipp et

al.,27 the SERS enhancement factor for silver nanoclusters

found to be seven orders of magnitude higher than the

enhancement factor for isolated silver nanoparticles. Accord-

ingly, the recovered SERS signal is significantly increased

upon the particle aggregation caused by the addition of Hg2+

ions, and it is expected to be more sensitive than absorption

or fluorescence dection method.

The Hg2+ ion-induced aggregation of the silver nano-

particles was directly supported by TEM images. Figure 2

presents the TEM images and corresponding SERS spectra

that reveal (a) bare silver nanoparticles in the absence of

Hg2+ ions and (b) their aggregations in the presence of 5 µM

of Hg2+ ions (b). Here, the visual detection of the presence of

Hg2+ ions is also possible since the color of the colloid

solution has been changed from yellow to green upon the

addition of Hg2+ ions. Nonetheless, SERS detections along

different concentrations of Hg2+ ions have been performed

for their highly sensitive trace analysis. We also conducted

control experiments using a random sequence DNA (5'-

TAMRA-CGAACCCCCGTGCAGAAAGAA-3') under similar

conditions. As expected, the addition of Hg2+ ions did not

induce any significant changes in SERS spectra.

Figure 2. TEM images, visual color changes, and SERS spectra corresponding to (a) non-aggregated bare silver nanoparticles and (b)
aggregated nanoparticles after adding 5 µM Hg2+ in the presence of 10 µM TAMRA-labelled aptamer and 100 µM spermine.
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Figure 3(a) presents measured SERS spectra of aptamer-

conjugated silver nanoparticles as a function of Hg2+ ion

concentration and at the optimum spermine concentration.

The strongest Raman peaks for TAMRA are observed at

1650, 1534, 1512, 1356 and 1217 cm−1. It can be seen that

average SERS intensities for all peaks increase as a function

of Hg2+ ion concentration. This relationship is expounded in

Figure 3(b) where the variation in the intensity of the 1651

cm−1 TAMRA peak is plotted as a function of Hg2+ ion

concentration. These data were analysed using the following

non-linear regression model. 

Here S defines the intensity ratio of IMercury(II)/IBlank, K is the

fitting parameter and [Hg2+] is the concentration of the Hg2+

in solution. Such a non-linear fit of the data yields K = 728

nM and SMAX = 5.94. It should also be noted that further

analysis using a Hill model (data not shown) was performed

to determine cooperativity in the binding mercury ions to the

aptamer.28 This analysis was inconclusive (yielding a Hill

coefficient of 0.5) and forbade conclusions to be made

regarding cooperativity. It can be seen (inset of Fig. 3(b))

that good linearity is observed for Hg2+ concentrations up to

100 nM (R=0.982). Additionally, the concentration limit of

detection (based on a minimum signal-to-noise ratio of 3)

was calculated to be 5 nM. This confirms the exquisite

sensitivity of the assay, which is two orders of magnitude

lower than reported for other heavy metal ion sensing

techniques, and more importantly yields a limit of detection

below the EPA defined limit of 10 nM in drinkable water.8

Under optimised conditions, we investigated the selec-

tivity of our approach towards Hg2+ ions against ten other

metal ions (each at a concentration of 5.0 μM). As can been

in Figure 4, only the addition of Hg2+ ions leads to a

signficant increase in the SERS signal. This indicates that

only Hg2+ ions induced aggregation of the silver nano-

particles in the presence of specifically designed aptamers.

We tested a range of metal ions including alkaline earths

(Mg2+, Ca2+ and Ba2+) and transition heavy metal ions (Zn2+,

Fe3+, Cu2+, Co2+, Ni2+, Cd2+ and Pb2+). The highest SERS

response is consistent with the much high affinity of the

designed aptamer towards aqueous Hg2+ ions.

Conclusions

In the present work, we have successfully demonstrated a

S = 1 + SMAX

Hg
2+

[ ]

Hg
2+

[ ] K+
------------------------⋅

Figure 3. (a) SERS spectra changes upon the addition of various
amount of Hg2+ and (b) plots of corresponding intensity ratio (I

Mercury(II)/IBlank) of the Raman band centered at 1651 cm−1 as a
function of Hg2+ concentration. Insert shows a linear relationship in
the lower concentration range from 0 to 100 nM (R=0.982). Error
bars indicate standard deviations from three measurements.

Figure 4. Metal ion-induced SERS intensity changes of proposed
Hg2+ SERS sensor. Insert shows the SERS spectra changes upon
kinds of metal ions. All the metal ion concentrations are 5.0 µM.
Error bars indicate standard deviations from three measurements.
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highly sensitive and selective method for the detection of

Hg2+ ions in aqueous media. Several different absorption- or

fluorescence-based detection protocols, using the particle

aggregation caused by structure-switching aptamer-conju-

gated metal nanoparticles, have been previously reported for

Hg2+ detection. However, the detection sensitivity is still far

above the EPA defined toxic level of Hg2+ ions of 10 nM in

drinkable water. Herein, we successfully developed a simple

T-Hg2+-T based SERS detection method for the first time.

By leveraging the strong affinity between Hg2+ ions and

thymine-thymine base pairs, changes in the SERS signals of

TMARA molecules were successful in reporting Hg2+ ion

concentration down to 5 nM. Moreover, since Raman

reporters have distinct and resolvable Raman fingerprints,

such SERS-based aptameric sensors have a tremendous

capacity for multiplexed assays. 
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