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We have developed a new highly selective and sensitive technique for the detection of Hg2+ using DNA-functionalized
gold nanoparticles (Au NPs) and OliGreen. This system is the first that allows the detection of Hg2+ based on the
release of DNA molecules, induced by conformational changes on Au NP surfaces, and its sensitivity is highly
dependent upon surface DNA density. When Hg2+ ions interact with the thymidine units of the DNA molecules bound
to the Au NPs through Au-S bonds, the conformations of these DNA derivatives change from linear to hairpin
structures, causing the release of some of the DNA molecules from the surface of the Au NPs into the bulk solution
to react with OliGreen. The fluorescence of OliGreen-DNA complexes increased with increasing concentration of
Hg2+, and Hg2+ could be detected at concentrations as low as 25 nM. A linear correlation existed between the
fluorescence intensity and the concentration of Hg2+ over the range 0.05-2.5 µM (R2 ) 0.98). This simple and
cost-effective probe was applied to determine the spiked Hg2+ in the pond samples; the recoveries (96-102%)
suggested low matrix interference and high sensitivity.

Introduction

The monitoring of mercury in aquatic ecosystems is an
important issue because Hg2+ contamination has severe effects
on human health and the environment.1 Inductively coupled
plasma mass spectrometry (ICP-MS) is a powerful technique for
the determination of Hg2+; it is however expensive and not suitable
for on-site analysis.2 Therefore, the past few years have witnessed
the development of several optical techniques for the detection
of Hg2+.3–5 Chemical sensors using environmentally sensitive
organic molecules,3 thin films of gold,3f biocomposites,4d and
polymeric materials5f have been developed for the detection of

Hg2+. Many of these systems however displayed limitations in
practical use, such as poor aqueous solubility, cross-sensitivities
toward other metal ions, matrix interferences, and poor sensitivity.

Thiol-functionalized gold nanoparticles (Au NPs) have become
interesting nanomaterials for sensing metal ions, mainly because
their surface plasmon resonance (SPR) absorbances are extremely
sensitive to the nature, size, and shape of the Au NPs, their
interparticle distances, and the nature of their surrounding media.6

However, their selectivity toward Hg2+ over other metal ions is
not excellent. In order to improve the selectivity for the detection
of Hg2+, thiol-functionalized Au NPs have been used in the
presence of 1.0 mM 2,6-pyridinedicarboxylic acid (PDCA), taking
advantage of Hg2+-induced color changes.4a Rhodamine B bound
Au NPs and fluorescent Au NPs have been utilized for the selective
detection of Hg2+ in the presence of PDCA through energy and
electron transfer mechanisms.4b,f,7 Hg2+-induced aggregation of
DNA-functionalized Au NPs through thymidine-Hg2+-
thymidine coordination has also been realized.5e

In this study, we present a highly selective and sensitive
technique for the detection of Hg2+ using DNA-functionalized
Au NPs and OliGreen (a dye that binds specifically to DNA).8

The sensing mechanism of this new probe is based on the release
of DNA molecules from the Au NP surface to the bulk solution
(as a result of thymidine-Hg2+-thymidine coordination) and
their subsequent specific interactions with OliGreen (Scheme 1).
When Hg2+ ions interact with the thymidine units of the DNA
molecules bound to the Au NPs through Au-S bonds, the
conformations of these DNA derivatives change from linear to
hairpin structures,5 causing the release of some of the DNA
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molecules from the surface of the Au NPs, primarily as a result
of steric effects, and into the bulk solution. OliGreen molecules
then interact with these free DNA species, resulting in an increase
in the fluorescence at 525 nm upon excitation at 480 nm. The
DNA-OliGreen complexes fluoresce ∼1000-fold more intensely
than does the free OliGreen, which is only weakly fluorescent.
Although the DNA molecules on the surfaces of the Au NPs also
interact with OliGreen, a negligible degree of fluorescence occurs
because of the Au NPs, which are efficient fluorescence quenchers.

Experimental Section
Chemicals. Trisodium citrate, tris(hydroxymethyl)aminomethane

(Tris), and all of the metal salts used in this study were purchased
from Aldrich (Milwaukee, WI). Hydrogen tetrachloroaurate(III)
trihydrate was obtained from Acros (Geel, Belgium). The OliGreen
ssDNA quantitation reagent and kit was obtained from Molecular
Probes (Portland, OR). Because the concentration of OliGreen is
unknown, for simplicity, its concentration was represented as 100×
in this study. The 5′-thiol-modified probe (5′-T16AGCCATC-
TCTTCTCCGAGCCGGTCGAAATAGTGAGT-3′) and control (5′-
C15TAGC CATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT-

3′) DNA samples were purchased from Integrated DNA Technology,
Inc. (Coralville, IA).

Synthesis of Au NPs. Au NPs were prepared through citrate-
mediated reduction of HAuCl4.9a Aqueous 1 mM HAuCl4 (250 mL)
was brought to a vigorous boil with stirring in a round-bottom flask
fitted with a reflux condenser, and 38.8 mM trisodium citrate (25 mL)
was then added rapidly to the solution. The mixture was heated under
reflux for another 15 min, during which time its color changed from
pale yellow to deep red. The solution was cooled to room temperature
while stirring continuously. The sizes of the nanoparticles were verified
through transmission electron microscopy (TEM) analysis (H7100,
Hitachi High-Technologies Corporation, Tokyo, Japan); the Au NPs
appeared to be nearly monodisperse, with an average size of 13.3 (
0.6 nm. The particle concentration of the Au NPs (ca. 15 nM) was
determined according to Beer’s law using an extinction coefficient of
∼108 M-1 cm-1 at520nm9b (double-beamUV-vis spectrophotometer,
Cintra 10e, GBC, Victoria, Australia) for Au NPs of 13.3 nm diameter.

Preparation of DNA-Au NPs. The thiol-modified DNA oligo-
nucleotides were attached to the Au NPs according to modified literature
procedures.9c The 5′-thiol-modified oligonucleotides were received in
thedisulfide formHOCH3(CH2)5S-S-5′-oligo.Theseoligonucleotides
were reacted directly with the Au NPs through attachment of both the

Scheme 1. Schematic Representation of Hg2+ Nanosensors at Various DNA-to-Au NP Molar Ratios: <30 (A), 30-50 (B), and g 60 (C)
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HO(CH2)6S- and oligo-S- units onto the Au NP surfaces. Aliquots
of aqueous Au NP solutions (990 µL) in 1.5 mL tubes were mixed with
the thiooligonucleotides (7.5-200 µM, 10 µL) to obtain a final
concentration of 15 nM Au NPs and 0.075-2.0 µM oligonucleotides.
After reaction for 16 h at room temperature, 100 mM NaCl (salt aging)
was added to the solution and incubated for 48 h to form DNA-Au
NPs. The mixtures were centrifuged for 25 min at 16 000 rpm to remove
the excess thiol-DNA. Following removal of the supernatants, the oily
precipitates were washed with 4 mM trisodium citrate. After three
centrifuge/wash cycles, the colloids were resuspended separately in 4
mM trisodium citrate and stored in a refrigerator (4 °C). To determine
the number of DNA molecules on each Au NP, the amount of DNA
in the supernatant after centrifugation was measured using OliGreen.

Analysis of Samples. Aliquots (40 µL) of 25 mM Tris-HCl (pH
8.2) solutions containing Hg2+ (0-15 µM) and DNA-Au NPs (0.75
nM) were maintained at room temperature for 1 h. OliGreen (with
a final concentration of 0.025×) was added to each solution and
incubated for 10 min prior to measuring the fluorescence. A water
sample from a pond on the NTU campus was filtered through a 0.2
µm membrane. Aliquots of the pond water (18 µL) were spiked with
standard solutions (2 µL) of Hg2+ at concentrations over the range
0.05-15 µM. The mixtures were diluted to 40 µL using 25 mM
Tris-HCl (pH 8.2) buffer (20 µL) and then analyzed using the present
approach by employing the 0.75 nM DNA-Au NP probe solution.
Lifetime studies were performed by using an Edinburgh FL 900
photon-counting system with a hydrogen-filled lamp as the excitation
source. The emission decays were analyzed by the sum of exponential
functions, which allows partial removal of the instrument time
broadening and consequently renders a temporal resolution of
∼200 ps.

Results and Discussion

Preparation of DNA-Au NPs. To prepare DNA-Au NP
complexes through Au-S bonding, we mixed 15 nM Au NP
(size: 13.3 ( 0.6 nm) solutions individually with 75, 150, 1000,
and 2000 nM 5′-thiol-modified oligonucleotides (5′-
T16AGCCATCTCTTCTCCGAGCCGGTCGAAATAGTGAGT-
3′). We prepared the first two of these solutions (i.e., the 75 and
150 nM solutions) without salt aging; we prepared two solutions
containing the 1000 nM 5′-thiol-modified oligonucleotides (one
with and one without salt aging); and we prepared the last one
(2000 nM) with salt aging. The Au NP and DNA-Au NP solutions
both had rose-red hues, with surface plasmon resonance (SPR)
absorption bands at∼520 nm. TEM images of both of these samples

(Figure S1, Supporting Information) displayed well-dispersed NPs.
We used OliGreen to detect the presence of unbound DNA
molecules in the supernatant after centrifugation (16 000 rpm,
25 min); we estimated that there were 5, 10, 30, 60, and 90 DNA

Figure 1. Fluorescence spectra of solutions of (a) OliGreen-DNA (45
nM) and (b,c) OliGreen-DNA-Au NPs in the (b) absence and (c)
presence of Hg2+ (5.0 µM). Inset A: Time course measurement of the
fluorescence intensity (525 nm) of DNA-Au NPs (0.75 nM) upon
addition of Hg2+ (5.0 µM). Inset B: Agarose gel electrophoresis images
of (a,b) 60DNA-Au NPs (7.5 nM) in the (a) absence and (b) presence
of Hg2+ (50.0 µM). Slab gel separation was performed in 1.0% agarose
under a constant electric field (-8.3 V/cm) for 20 min. Buffer, 25 mM
Tris-HCl, pH 8.2; excitation wavelength, 480 nm. The fluorescence
intensities (IF) are plotted in arbitrary units (a.u.).

Figure 2. (A) Quenching efficiency (1 - F0/Ff) of the fluorescence
intensity (525 nm) at different DNA-to-Au NP ratios. (B) Enhanced
ratios [(F - F0)/F0] of the fluorescence intensities (525 nm) of solutions
at different DNA-to-Au NP ratios after addition of Hg2+ (5.0 µM). Ff,
fluorescence intensity of free OliGreen-labeled DNA; F0, fluorescence
intensity of OliGreen-labeled DNA-Au NPs; F, fluorescence intensity
of OliGreen-labeled DNA-Au NPs in the presence of Hg2+ (5.0 µM).
Concentration of Au NPs: 0.75 nM. All other conditions were the same
as those described in Figure 1.

Figure 3. Metal ion-induced fluorescence changes (525 nm) of the
OliGreen-DNA-Au NPs in 25 mM Tris-HCl at pH 8.2 in the (A) absence
and (B) presence of 1.0 mM NaCl. Concentrations of the other metal
ions: 5.0 µM. All other conditions were the same as those described in
Figure 1.
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molecules per Au NP after the 75, 150, 1000 (nonaged and salt-
aged solutions), and 2000 nM DNA solutions, respectively, had
been added to the 15 nM Au NP solutions. We found that the
surface amounts of DNA increased upon increasing DNA
concentration in the solutions and reached a plateau at 2000 nM
DNA when using 15 nM Au NPs. Salt aging weakens hydrogen
bonding between bases, causing the formation of greater numbers
of linear DNA molecules, which bind better to the Au NPs.10

For simplicity, we denote the five DNA-Au NPs having 90, 60,
30, 10, and 5 DNA molecules per Au NP as 90DNA-Au NPs,
60DNA-Au NPs, 30DNA-Au NPs, 10DNA-Au NPs, and
5DNA-Au NPs, respectively. On the basis of our results, we
suggest that the concentration of DNA and salt aging are two
important factors controlling the surface density of DNA in each
Au NP.

Sensing Strategy. To test our new sensing system’s ability
to detect Hg2+, we conducted fluorescence measurements of a
solution containing the 60DNA-Au NPs and OliGreen before
and after the addition of Hg2+. Curve (a) in Figure 1 indicates
that the fluorescence of the solution was negligible in the absence
of Hg2+, consistent with the fact that Au NPs are efficient
quenchers. After adding Hg2+, the solution fluoresced weakly at

525 nm (ca. 3.8-fold greater than that in curve (c)) upon excitation
at 480 nm. The quantum yields of free OliGreen and
DNA-OliGreen complexes are less than 1% and 95% (fluorescein
was used as a reference), respectively. Although the fluorescence
of the solutions increased upon increasing the concentration of
OliGreen, we found that the DNA-Au NPs aggregated in the
presence of greater than 0.025× OliGreen, which caused
significant loss in the sensitivity and reproducibility of the sensor
system. The optimum concentration of OliGreen was 0.025× in
the study system. Inset (A) to Figure 1 suggests that the reaction
reached completion within 60 min. Because we believe that the
addition of Hg2+ induced immediate changes in the DNA
conformations, the long equilibrium time presumably arose as
a result of the slow release of DNA molecules into the bulk
solution. After centrifugation, we determined the concentration
of DNA molecules in the supernatant, from which we estimated
that 14.6% of the DNA molecules had been displaced from the
Au NPs. The fluorescence (curve (c)) is weaker than that (curve
(a)) of a solution containing 45 nM DNA and OliGreen, revealing
that only few DNA molecules were released to the bulk solution.
Based on the fluorescence intensities in curves (a) and (b), we
estimate that greater than 97% of the fluorescence of the
DNA-OliGreen complexes was quenched by the Au NPs. In
addition to a change in fluorescence, the SPR absorption increased
(ca. 1.1-fold) and underwent a blue shift from 522 to 517 nm
after the addition of 5.0 µM Hg2+ (Figure S2, Supporting
Information). The changes in UV-vis absorption provide strong
evidence that Hg2+ ions were adsorbed onto the surface.11 To
further investigate the role that Hg2+ played in the fluorescence
and absorption changes of the 60DNA-Au NP solution, we
performed gel electrophoresis using 1.0% agarose gels. The image
depicted in inset B of Figure 1 indicates that DNA-Au NPs in
the presence of Hg2+ migrated faster toward the anode than they
did in the absence of Hg2+. Because the surface negative charge
density of the 60DNA-Au NPs in the absence of Hg2+ was
higher than that in the presence of Hg2+, the faster electrophoretic
migration of the latter indicates that the surface morphology of
60DNA-Au NPs must have changed; note that the diameter of
the 60DNA-Au NPs in the presence of Hg2+ is smaller than that
in the absence of Hg2+.12 The circular dichroism (CD) spectra
(Figure S3, Supporting Information) confirm the formation of
the folding structure of probe DNA mediated by Hg2+.5c We
further supported our reasoning by adding the mixtures of the
probe DNA (30 nM) and Hg2+ (0-10 µM) to Au NP solutions
(1 nM) and then measuring the unbound DNA molecules using
OliGreen after centrifugation. Upon increasing the concentration
of Hg2+, the percentages of DNA molecules bound to Au NPs
decreased from 34.8% to 2.2% (Figure S4, Supporting Informa-
tion). We also performed a control experiment utilizing Au NPs
that had been treated with a random 5′-thiol-modified oligo-
nucleotide lacking a polythymidine component at the 5′ end
(5′-C15TAGCCATCTCTTCTCCGAGCCGGTCGAAATAGT-
GAGT-3′). We found that only 1% of these DNA molecules
were released (Figure S5, Supporting Information) after adding
5.0 µM Hg2+ under the same conditions used to obtain the data
in Figure 1.

Effects of the Surface DNA Density. To further support our
hypothesis that the surface DNA density on the Au NPs played an
important role in determining the sensitivity, we compared the
fluorescence intensities of five different DNA-Au NP solutions(9) (a) Mucic, R. C.; Storhoff, J. J.; Mirkin, C. A.; Letsinger, R. L. J. Am.

Chem. Soc. 1998, 120, 12674–12675. (b) Link, S.; El-Sayed, M. A. J. Phys.
Chem. B 1999, 103, 8410–8426. (c) Storhoff, J. J.; Elghanian, R.; Mucic, R. C.;
Mirkin, C. A.; Letsinger, R. L. J. Am. Chem. Soc. 1998, 120, 1959–1964.

(10) (a) Hurst, S. J.; Lytton-Jean, A. K. R.; Mirkin, C. A. Anal. Chem. 2006,
78, 8313–8318. (b) Demers, L. M.; Mirkin, C. A.; Mucic, R. C.; Reynolds, R. A.;
Letsinger, R. L.; Elghanian, R.; Viswanadham, G. Anal. Chem. 2000, 72, 5535–
5541.

(11) Yang, Z.; Lin, Y.-W.; Tseng, W.-L.; Chang, H.-T. J. Mater. Chem. 2005,
15, 2450–2454.

(12) (a) Liang, X.; Kuhn, H.; Frank-Kamenetskii, M. D. Biophys. J. 2006, 90,
2877–2889. (b) Parak, W. J.; Pellegrino, T.; Micheel, C. M.; Gerion, D.; Williams,
S. C.; Alivisatos, A. P. Nano Lett. 2003, 3, 33–36.

Figure 4. (A) Fluorescence responses of OliGreen-DNA-Au NPs (0.75
nM) after the addition of Hg2+ ions (0, 0.05, 0.1, 0.25, 0.5, 1.0, and 2.5
µM). (B) Plot of fluorescence intensity (525 nm) versus Hg2+

concentration. All other conditions were the same as those described in
Figure 1.
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(0.75 nM) in the presence of 5.0 µM Hg2+. Figure 2 indicates that
the surface DNA density did have a strong impact on the Hg2+-
induced fluorescence changes. When there were 5 or 10 DNA
molecules per Au NP, the fluorescence intensity at 525 nm was
quenched completely by the Au NPs. At such low DNA surface
densities, the DNA species on the surface were more likely to
exist in flattened structures as a result of strong interactions with
the Au surface.13 Thus, the addition of Hg2+ did not induce the
release of great amounts of DNA molecules from these Au NP
surfaces to the bulk solution (Scheme 1A). When there were 30
DNA molecules per Au NP, the fluorescence was not quenched
completely by the Au NPs. We suggest that these DNA structures
were not as flat as those in the low-DNA-surface-density systems,
mainly because of repulsion among DNA molecules, based on
the fact that energy and electron transfer efficiencies are inversely
proportional to the 6 and 4 powers, respectively, of the distance
between the donor and acceptor. In the presence of 5.0 µM Hg2+,
the fluorescence was weaker (by 10%) than that in the absence
of Hg2+, suggesting that almost none of the DNA molecules had
been released into the bulk solution. The changes in fluorescence
suggest that the DNA structures on the Au NP surfaces were
different in the presence and absence of Hg2+ (Scheme 1B).
When there were 60 or 90 DNA molecules per Au NP (60- and
90DNA-Au NPs), stretched, linear DNA structures dominated
on the Au NP surfaces, mainly because of steric effects and
strong electrostatic repulsion among DNA molecules. As a result,
the quenching efficiencies of the Au NPs with respect to the
fluorescence of the DNA-OliGreen complexes were lower
(higher background). In the presence of 5.0 µM Hg2+, the
fluorescence increases observed for the 60- and 90DNA-Au
NPs were approximately 3.8- and 3.6-fold, respectively. We
suggest that Hg2+ ions induced the formation of hairpin DNA
structures and, thus, some of the DNA molecules were released
to the bulk solution (Scheme 1C). After centrifugation, we used
OliGreen to determine the concentration of DNA in the
supernatants. Correspondingly, we estimated that approximately
14.6% and 21.0% of the DNA molecules had been released from
the surfaces of the 60- and 90DNA-Au NPs, respectively, and
into their bulk solutions. We also measured the lifetimes of the
solutions to further support our reasoning. The lifetimes of the
DNA-OliGreen and OliGreen-DNA-Au NPs were 3.08 and
1.10 ns, respectively. In the presence of Hg2+(10 µM), we
determined the lifetime of the solution to be 2.25 ns, which again
supports that OliGreen-DNA-Hg2+ complexes were released
from Au NP surfaces to the bulk solution. Because of their lower
background signal, the 60DNA-Au NPs provided a higher
sensitivity than the 90DNA-Au NPs did; therefore, we used the
former sample for subsequent studies.

Specificity. To investigate the specificity of the 60DNA-Au
NPs toward Hg2+, we tested their behavior toward the metal ions
(each 5.0 µM) Mg2+, Ca2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+,
Fe2+, Au3+, and Fe3+. Figure 3A indicates that only the addition
of Hg2+ caused a fluorescence increase, revealing the exceptional
specificity of this present method. The decreased fluorescence
observed for the 60DNA-Au NPs in the presence of the other
metals ions is most likely due to decreased electrostatic repulsion
among the DNA molecules through a process of charge screening;
that is, the DNA structures in the presence of the metal ions were
more compact, causing the DNA-OliGreen complexes to be
positioned closer to the Au NP surfaces, leading to a greater
quenching effect and, thus, lower fluorescence. Figure 3B

indicates that the metal-induced changes in fluorescence in the
presence of salt (1.0 mM NaCl) were smaller to those in the
absence of salt. In the presence of 1.0 mM NaCl, the metal-
induced changes in fluorescence are smaller, resulting in less
interference. We note that the sensitivity of the present approach
toward Hg2+ was at least 150-fold greater than that toward any
of the other tested heavy metal ions and more than 200-fold
higher than that toward alkaline and alkaline earth metal ions.

Figure 4A indicates that the fluorescence of the 60DNA-Au
NPs increased upon increasing the Hg2+ concentration. A linear
correlation existed between the fluorescence intensity and the
concentration of Hg2+ over the range 0.05-2.5 µM (R2 ) 0.98).
The limit of detection (LOD), at a signal-to-noise ratio of 3, for
Hg2+ was 25 nM. Because the number of DNA molecules on
Au NPs was well controlled under different conditions and the
DNA-Au NPs were stable at 4 °C for at least 1 month, the linear
ranges were the same when using five different batches of
60DNA-Au NPs. To test the practicality of this present approach,
we used it to analyze a water sample obtained from a pond on
the National Taiwan University (NTU) campus. To determine
the concentration of Hg2+ ions, we applied a standard addition
method. A linear correlation existed between the fluorescence
intensity and the concentration of Hg2+ ions (over the range
0.05-1.0 µM (R2 ) 0.97)) spiked into the pond water. We did
not detect the presence of Hg2+ ions in any of the pond water
samples, in good agreement with ICP-MS data. The recoveries
of these measurements were 96%-102% (Figure S6, Supporting
Information).

Conclusion

We have devised a new assay for the sensitive and selective
detection of Hg2+ ions. To the best of our knowledge, this system
is the first that allows the detection of Hg2+ based on the release
of DNA molecules, induced by conformational changes on Au
NP surfaces. The sensitivity of these DNA-Au NPs toward
Hg2+ is highly dependent upon their surface DNA density. Our
new sensing mechanism is different from that of Hg2+-induced
aggregation of DNA-functionalized Au NPs from at least three
aspects: (1) Hg2+-induced dissociation of DNA molecules versus
Hg2+-induced aggregation of Au NPs; (2) use of DNA-Au NPs
versus two-cDNA-Au NPs; and (3) fluorescence versus colo-
rimetry. Although our approach provides a lower LOD (25 vs
100 nM) at room temperature (vs 50 °C), use of OliGreen to
label DNA is required. In future studies, we will investigate the
effects that the DNA size and sequence, the Au NP size, and
reaction temperature have on the sensitivity of the DNA-Au
NPs toward Hg2+. On the basis of the fact that different DNA
sequences have various affinities toward different metal ions, we
believe that this present approach also holds great promise as a
means of detecting metals other than Hg2+.
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