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Abstract
An ultrasensitive assay is described for the detection and determination of Hg2+(aq) in water samples based on single-particle
inductively-coupled plasma/mass spectrometry (spICP-MS). In the presence of Hg2+(aq), AuNPs modified with a segment of
single-stranded DNA aggregate due to the formation of the well-known thymine (T)-Hg2+-T complex. Single particle (sp) ICP-
MS is used quantify the degree of aggregation by the overall decrease in number of detected AuNPs or NP aggregates. Compared
with most other Hg2+ assays that use the same principle of aggregation-dispersion with DNAmodified AuNPs, this method has a
much lower detection limit of (0.031 ng L−1, 155 fM) and a wider (10,000-fold) linear range (up to 1 μg L−1). The method also
showed good practical potential because of its minimal interference from the water sample matrix.
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Introduction

Mercury compounds are particularly hazardous pollutants
because of their high toxicity and tendency to bio-accu-
mulate, thereby causing serious risks to environmental
and human health [1–3]. Mercury commonly exists in
three basic forms: metallic or elemental mercury (Hg0),
ionic mercury (Hg2+ or Hg2

2+) typically comprising spar-
ingly soluble halide and chalcogenides compounds, and
organic mercury like methylmercury [4]. The elemental
mercury is volatilized during combustion of fossil fuels
and is eventually oxidized to Hg2+ in the atmosphere
and deposited on land or in the ocean [5]. This ionic
mercury is easily methylated to organic mercury, which

accumulates in the food chain to pose adverse health ef-
fects for human beings [6–9]. To establish safety margins
for the food supply, the US Environmental Protection
Agency (EPA) has set a maximum contaminant level for
mercury in drinking water at 2.0 μg L−1, and the US Food
and Drug Administration (FDA) has set a safety threshold
for mercury compounds in food at no higher than
1.0 mg L−1 [10, 11]. Therefore, it is essential to have
sensitive and selective methods for monitoring low con-
centrations of Hg2+ in the environment and in food. EPA-
approved methods with detection limits for ionic mercury
include cold-vapor atomic absorption (Method 245.2,
5 ng L−1) or atomic fluorescence (Method 245.7,
0.5 ng L−1) spectroscopies and thermal decomposition,
amalgamation, and atomic absorption spectrophotometry
(Method 7473, 5 ng g−1) [12]. Other published methods
use molecular fluorescence spectroscopy [13, 14] or
microextraction atomic absorption spectroscopy [15], but
all are challenged or inadequate to detect ionic mercury
levels below ng L−1.

Nanomaterial-based methods and reagents are playing in-
creasingly pivotal roles for trace level analysis (≤ mg L−1)
[16]. As a well-studied nanomaterial, gold nanoparticles
(AuNPs) have been widely applied in various assays for
Hg2+ based on their excellent optical, electrochemical and
other properties [17–19]. As far as we know, previous studies
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have focused exclusively on Hg2+ induced aggregation of
AuNPs, which can be manifested by a significant change of
the AuNP plasmon peak [18]. Two strategies are commonly
used to conduct these assays. One is to disrupt the protecting
function of the surface ligands of the AuNPs under special
conditions, like high ionic strength conditions, thereby caus-
ing the aggregation of the AuNPs [20]. For instance, Liu and
co-workers designed AuNPs with a physically adsorbed
single-stranded DNA (ssDNA), that form double-stranded
DNA (dsDNA) in the presence of Hg2+ due to the thymine-
Hg2+- thymine (T-Hg2+-T) interaction [21]. The dsDNA easily
desorb from the surface of the AuNPs and induce an aggrega-
tion at high NaCl concentrations that is proportional to Hg2+

concentration. Another strategy uses a Hg2+-induced
crosslinking reaction between two or more AuNPs modified
with the same or different ligands, respectively. For example,
Du and co-workers used urine to ligate the surface of AuNPs
and work as ligands. Adding Hg2+ led to crosslinking of the
AuNP ligand and induced the aggregation of AuNPs [22].
Despite the success of these methods at promoting Hg2+-se-
lective aggregation of AuNPs, their sensitivity is compro-
mised by the finite absorptivity of the AuNP plasmon band
[23, 24].

Over the last decade, single-particle inductively-coupled
plasma/mass spectrometry(spICP-MS) has gained increasing
research interest for nanomaterial analysis [25–27]. Such
spICP-MS can provide not only information about the nano-
particle size and size distribution, but it can also directly de-
termine the number of nanoparticles in solution. Furthermore,
interactions such as agglomeration and disaggregation be-
tween two or more nanoparticles can be easily identified by
changes to the spICP-MS signal. Combined with the excellent
analytical characteristics of the ICP-MS [28], including high
sensitivity, wide linear range, and absolute quantification, rou-
tine single-nanoparticle analysis is now a promising starting
point for extremely sensitive environmental and bioassays.
Because AuNPs are composed of a highly abundant isotope
(197Au) and are easy to functionalize, they are becomingwide-
ly applied in spICP-MS studies. For instance, Han and co-
workers developed a one-step homogeneous DNA assay with
AuNPs using spICP-MS. The concentration-dependent
changes to the spICP-MS made it possible to detect target
DNA down to 1 pM [29].

We present a new strategy for highly sensitive and se-
lective determination of Hg2+ ion using spICP-MS of
AuNPs modified with ssDNA. Samples of 30 nm AuNPs
are individually functionalized with two ssDNA probes
(Probe 1 and Probe 2). In the presence of Hg2+, agglomer-
ation occurs between AuNP-Probe 1 conjugates and
AuNP-Probe 2 conjugates due to the formation of T-
Hg2+-T containing dsDNA. The reduced number of
AuNPs or NP clusters observed by spICP-MS decreases
with Hg2+ concentration in a well-defined manner, yielding

an assay that can selectively detect Hg2+ as low as
0.031 ng L−1.

Experimental

Chemicals and instruments

Gold nanoparticles with different sizes were purchased from
Cytodiagnostics Inc. (Burlington, Canada, http://www.
cytodiagnostics.com). Mercury standard (AAS), mercury(II)
chloride (ACS reagent), (11-mercaptoundecyl)hexa(ethylene
glycol) (TOEG6, > 90%), tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, > = 98%), polyethylene glycol
sorbitan monolaurate (Tween-20, GC, > = 40%), sodium
chloride (99.5%), sodium phosphate monobasic (99.0%),
sodium phosphate dibasic (99.0%), sodium citrate tribasic
dihydrate (99.0%), tris-borate-EDTA (TBE) buffer (5× con-
centrate), agarose (for molecular biology) were purchased
from Sigma-Aldrich (St. Louis, MO, www.sigmaaldrich.
com). A mercury certified reference material used for
method validation, SRM1641e (Mercury in Water), was
obtained from the National Institute of Standards &
Technology (Gaithersburg, MD, https://www.nist.gov/).
Deionized (DI) water (18.2 MΩ•cm) was produced from a
Millipore water purification system. The following DNA se-
quences were synthesized by Integrated DNA Technology
(Coralville, IA, https://www.idtdna.com) and used as
received.

Probe 1 (A10P1): 5´-HS-(CH2)6-A10-GGTTGTGT
TCGTGTGC-3´
Probe 2 (A10P2): 5´-HS-(CH2)6-A10-GCTCTCGT
TCTCTTCC-3´

Water samples used for method validation were collected
without headspace in EPA performance-standard 250 mL
HDPE containers (Thermo Scientific, www.thermofisher.
com), acidified with 1.5 mL of 1:1 diluted Optima-grade con-
centrated nitric acid (Fischer Chemical, www.fishersci.com),
and stored for less than 28 days under refrigeration (8 °C). Tap
water (Grand Forks, ND) was draw from a laboratory sink and
river water (Red River of the North) was drawn directly from a
settling tank at the Grand Forks water treatment plant.

Instruments

UV-Vis absorption measurements were performed with a
PerkinElmer Lambda 1050 UV/Vis/NIR spectrometer
(PerkinElmer, Santa Clara, CA), equipped with a Peltier tem-
perature control accessory. Transmission electron microscopy
(TEM) images of ssDNA modified AuNPs were acquired by
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Hitachi 7500 transmission electron microscope (Hitachi,
Japan).

AThermoFisher iCAP Q ICP-MS (Waltham, MA, U.S.A)
equipped with a microflow perfluoroalkoxy nebulizer and a
quartz cyclonic spray chamber cooled to 2.70 °C, was used to
monitor the ICP-MS signals of AuNPs. The sample solution
was introduced into the ICP-MS using a peristaltic pump op-
erating at 20 rpm and with PVC peristaltic pump tubing of
0.508 mm i.d (ThermoFisher, Waltham, MA, U.S.A) yielding
a normal flow rate of 0.2 mL min−1. The exact sample flow
rate was measured daily by mass of DI water. The ICP-MS
instrument was tuned daily using a multi-element solution
(1 μg/L In, U, and Ce in 2.5% (v/v) HNO3) for maximum
115In, 238U andminimum 140Ce16O/140Ce level (<3.0%) under
high-sensitivity standard mode. Additional ICP-MS instru-
ment operating parameters are provided in Table S1.
Integrated isotope 197Au signals in counts were recorded with
a dwell time of 5 ms over a total acquisition period of 180 s,
thereby capturing 36,000 individual measurements per sam-
ple. Particle number and count intensities were derived
throughout this work by making two important assumptions.
(i) The isotope counts generated for one AuNP or NP cluster
occurred entirely within one dwell time. (ii) No more than one
AuNP or NP cluster was sampled per dwell time. The nano-
particle detection criterion used in this work was any measure-
ment above 5 counts, which was five-times the background
shot noise of the detector. Measurement evaluation was per-
formed using Microsoft Excel and Origin (Northampton,
Massachusetts, USA).

EPA method 7473 (Feb. 2007 Revision 0) for determi-
nation of mercury in solids and liquids was used as a
comparison method to the spICP-MS assay for environ-
mental samples. The method 7473 measurements were
performed with a Milestone DMA-80 Tri Cell direct mer-
cury analyzer (Shelton, CT) equipped with a 40-position
auto-sampler. Liquid samples were weighed to 0.1 mg in
quartz sample boats and placed on the auto-sampler spin-
dle . Samples were individual ly dr ied and then
decomposed under the flow of regulated oxygen carrier
gas. An amalgamator was used to trap the elemental mer-
cury after which the trap was rapidly heated and mercury
vapor was carried sequentially through three quartz cells
positioned in the light path of atomic absorption spectro-
photometer. Transient absorbance of mercury was mea-
sured at 253.7 nm for each cell and related back to mer-
cury concentration in the sample by external calibration
over three ranges. Specific instrument operating parame-
ters are listed in Table S2.

Preparation of ssDNA modified AuNPs

Thiol-functionalized ssDNA (SH-ssDNA) (100.0 μL of
200.0 μM) was first reduced in the same volume of TCEP

(20.0 mM), and incubated for 2 h at room temperature. The
amount of ssDNAwas quantified with UV-Vis spectrometry.
The modification of ssDNA onto AuNPs was performed ac-
cording to the literature with a slight change [30]. Briefly, the
reduced SH-ssDNA (10.0 μL of 100.0 μM) was mixed with
1 mL of 330 pM 30-nm-diameter AuNPs under vortexing for
1 min and left to rest for 30 min at room temperature.
Afterward, an aliquot of 100.0 μL of 100 mM citrate-HCl
buffer pH 4.3 was added to adjust the pH of the solution and
incubated for another 30 min, followed by adding 10.0 μL of
300 μM TOEG6. After another 30 min static incubation, the
solution was centrifuged at 6000 rpm for 30 min. The precip-
itates were collected and washed twice with DI water. The
final pellet was re-dispersed in 1.0 mL of DI water and stored
at 4 °C for further usage.

Method development

Several method conditions required optimization prior to cal-
ibration and validation. These conditions included the concen-
tration of AuNP-DNA composites incubated with Hg2+ sam-
ples or standards, as well as the temperature and time of the
incubation. The conditions were varied to optimize a dimen-
sionless aggregation efficiency (γ, Eq. 1) calculated from the
single-particle data acquired by the ICP-MS.

γ ¼ 1−number of AuNPs detected after Hg2þexposure
number of AuNPs detected before Hg2þexposure

ð1Þ

Optimization of particle number concentration was
conducted with ssDNA modified AuNPs (AuNP-A10P1
and AuNP-A10P2) serially diluted 1:10 from 1010 to 106

particles (P) mL−1 with 10 mM pH 7.4 phosphate buffer
(PB) containing 300 mM NaCl. Aliquots of 90 μL of
AuNP-A10P1 and 90 μL of AuNP-A10P2 were mixed,
followed by a 20 μL addition of Hg2+ solution of varied
concentration. The mixture was subsequently heated up to
95 °C for 5 min, cooled to room temperature, and then
incubated for 2 h with constant shaking to finish the re-
action. An aliquot of 0.2 μL of Tween 20 was added and
incubated in an ultrasonic water bath for another 5 mins
before diluting to 5 × 104 P mL−1 of AuNPs and then
performing spICP-MS measurements.

Subsequently, incubation temperature was varied between
20 to 40 °C and incubation time was varied between 30min to
4 h to determine their optimum values.

Optimized method

The prepared ssDNA modified AuNPs (AuNPS-A10P1
and AuNPs-A10P2) were first diluted to 108 particles/
mL (1.65 pM) with 10 mM pH 7.4 PB containing
300 mM NaCl. Aliquots of 90 μL of AuNP-A10P1 and
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90 μL of AuNP-A10P2 were mixed, followed by a 20 μL
addition of Hg2+ solution. Calibration solutions and NIST
certified reference material (SRM1641e) samples were
used directly following serial dilution, but mercury-
spiked natural water samples (tap and river water) were
pre-filtered to 0.45 μm. The mixture was subsequently
heated up to 95 °C for 5 min, cooled to room temperature,
and then incubated for 2 h with constant shaking to finish
the reaction. An aliquot of 0.2 μL of Tween 20 was added
and incubated in an ultrasonic water bath for another 5
mins before diluting to 5 × 104 P mL−1 of AuNPs and then
performing spICP-MS measurements.

Results and discussion

This work established a new strategy (Scheme 1) for ultrasen-
sitive and selective detection of Hg2+ ion by using spICP-MS
to monitor the agglomeration of monodisperse AuNPs by T-
Hg2+-T paring of ssDNA on the AuNP surfaces. T-rich
ssDNA probes (A10P1 or A10P2) are individually
immobilized on separate AuNP samples. The two probes are
complementary except for seven mismatched T bases. In the
absence of Hg2+, affinity between the two probes is too weak
to cause binding at room temperature—a temperature much
higher than their melting temperature. In the presence of Hg2+,
the T-Hg2+-T interaction increases the melting temperature of
dsDNA formed between two probes and causes aggregation
for a portion of the AuNPs. Higher concentrations of Hg2+

increases the degree of aggregation, which is easily distin-
guished by spICP-MS measurements of 197Au count intensity
and number of individually detected particles or particle
clusters.

Synthesis of AuNP-ssDNA

UV-Vis spectroscopy was used to confirm immobilization
of ssDNA on AuNPs. Compared to bare AuNPs, the plas-
mon resonance peak of AuNPs modified with ssDNA
(A10P1 or A10P2) is red-shifted to 530 nm from 526 nm
(Fig. 1a). A new peak at 260 nm also demonstrates the
immobilization. After addition of 10 mg L−1 Hg2+, aggre-
gation of DNA-modified AuNPs shows a significant red-
shift and broadening of the UV-Vis plasmon peak (Fig.
1b). Successful immobilization of ssDNA on the AuNPs
was also supported by gel electrophoresis, with which the
movement of AuNPs can be visually tracked by their
characteristic red color. As shown in Fig. 1c, AuNPs mod-
ified with ssDNA (lanes 2–4) move at a relatively fast
speed that is aided by the negatively charged ssDNA.
Bare AuNPs in lane 1 move more slowly than the modi-
fied AuNPs. The AuNP-ssDNA sample aggregated by
Hg2+ in lane 5 shows a tailed band and moves much more
slowly than the bare AuNPs due to their increased size
after aggregation.

The size and stability of AuNPs modified with ssDNA
were also characterized by TEM. Monodispersed AuNPs
with the size of 32 ± 5 nm are observed no matter which
ssDNA probe is immobilized (Fig. 2a-c). Even in the
mixture of AuNP-A10P1 conjugate and AuNP-A10P2 con-
jugate, the particles remain monodisperse in the absence
of Hg2+ (Fig. 2d), indicating excellent selectivity of the
aggregation process.

Method feasibility

Capacity of the spICP-MS to quantify the size and number of
AuNPs was investigated. It was expected that aggregation of

Scheme 1 Schematic illustration
of Hg2+ determination by using
modified AuNP probes measured
by spICP-MS
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AuNPs would decrease the number of detected nanoparticles
within an acquisition period but increase the count intensity of
some that were detected. To evaluate the instrument’s ability
detect these changes, AuNPs with different sizes and concen-
trations were analyzed (Figure S1). AuNPs of 20 nm, 30 nm,
40 nm, and 60 nm show peaks with average intensities in-
creasing from 18.1 ± 0.8 to 450 ± 20 counts (Figure S1A-D).
Plotting these average intensities versus the average AuNP
mass (calculated from average diameter and density) shows
a strong linear correlation over a wide range (Figure S2A) and
demonstrates that changes in AuNP/cluster size caused by
aggregation can be quantified by the spICP-MS. Samples of
the same 30 nmAuNPs at incrementally higher concentrations
from 1 × 104 to 1 × 105 P mL−1 also show increasing numbers

of detected AuNPs during the same acquisition period
(Figure S1 E-H). Plotting these numbers versus the particle
concentration also shows a strong linear correlation over a
wide range (Figure S2A) and likewise demonstrates that
changes in particle number caused by aggregation can be
quantified by the spICP-MS.

Another consideration for method feasibility is the capacity
of the incubation medium to prevent aggregation when Hg2+

is not present (i.e., prevent false positives). Concentration of
NaCl during incubation is known to affect binding affinity of
Hg2+ and thymine group at moderate levels and to cause in-
discriminate aggregation of AuNPs at high levels [31]. spICP-
MS was used to evaluate saline stability of prepared AuNP-
ssDNA, whether individually (AuNP-A10P1 or AuNP-A10P2)
or as a mixture. Measured intensities recorded for modified
AuNPs in PB (10 mM, pH 7.4) with 1 M NaCl (Figure S3 D-
F), an NaCl concentration much higher than that used for the
optimized binding buffer used in this work (300 mM), were
identical to measured intensities with a saline-free PB
(10 mM, pH 7.4) (Figure S3 A-C). No unusually high peaks
were observed that might indicate aggregated AuNPs and the
average number of AuNPs detected during the same acquisi-
tion period were also same to that in PB (10 mM, pH 7.4)
without NaCl. These results demonstrate that the AuNP-
ssDNA conjugates remain monodispersed in a relatively high
concentration of NaCl.

Method optimizations

A dimensionless aggregation efficiency based on number of
detected AuNP/clusters (γ, Eq. 1) was used to optimize key
assay conditions and ultimately to calibrate the method.
Although changes in both the number and average peak inten-
sity AuNP/clusters detected within the acquisition period
(180 s) can be used to evaluate the amount of aggregation,

Fig. 1 Characterization of AuNP-ssDNA composites. a, UV-Vis spectra
of bare and AuNPs modified with ssDNA; b, UV-Vis spectra of AuNP-
ssDNA with or without 10 ppm Hg2+ in water; c, Electrophoresis gel
image of AuNP-ssDNA: Lane 1 with bare AuNPs, Lane 2 with AuNP-
A10P1 conjugate, Lane 3 with AuNP-A10P2 conjugate, Lane 4 with

AuNP-A10P1 conjugate and AuNP-A10P2 conjugate, Lane 5 with
AuNP-A10P1 conjugate and AuNP-A10P2 conjugate +10 mg L−1 of
Hg2+. Electrophoresis gel was performed using 1% agarose gel in 1×
TBE buffer under 100 V for 20 min

Fig. 2 TEM image of AuNPs modified with ssDNA. a, bare AuNPs; b,
AuNP-A10P1 conjugate; c, AuNP-A10P2 conjugate; d, AuNP-A10P1
conjugate and AuNP-A10P2 conjugate

Microchim Acta (2020) 187: 56 Page 5 of 10 56



Fig. 3 spICP-MS measurements
of AuNP-ssDNA in the presence
of different concentrations of
Hg2+. a, without Hg2+; b-j, Hg2+

concentrations in 0.01 ng L−1,
0.1 ng L−1, 1 ng L−1, 10 ng L−1,
100 ng L−1, 1 μg L−1, 10 μg L−1,
100 μg L−1, 1 mg L−1. (197Au,
dwell time: 5 ms)
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the change in particle number is much greater with aggrega-
tion (i.e., more sensitive) than the average measured intensity,
especially at low Hg2+ concentrations, The assay conditions
optimized using γ included concentration of AuNP-DNAs
(optimum 108 P mL−1), incubation temperature (optimum
30 °C), and incubation time (optimum 2 h). Respective data
and figures are given in the Electronic Supporting Material
(Figure S4).

Method characterization

Analytical performance of the optimized spICP-MS
method was evaluated over a 108 range of Hg2+ concen-
trations; from 0.01 ng L−1 to 10 mg mL−1. Raw spICP-
MS measurements for only 20 s of the 180 s acquisition
period are shown in Fig. 3. Observation of fewer parti-
cles overall but more nanoparticle clusters with higher
Hg2+ concentration confirm the aggregation model pro-
posed in Scheme 1. TEM images of the same samples
(Fig. 4) also confirm more aggregation of AuNPs with
higher mercury levels. Calibration plots of aggregation
efficiency (γ) and average particle intensity versus
Hg2+ concentration (Fig. 5, and Figure S5, respectively)
also confirm these characteristics quantitatively. The av-
erage particle intensity increases significantly at high
mercury levels, but the increase is accompanied by un-
acceptably large variations from sample-to-sample and
changes at low mercury levels are too small to provide
adequate sensitivity. Aggregation efficiency based on
numbers of detected AuNP/clusters (γ) proved to be a far
better quantitative metric for Hg2+ calibration and
determination. It shows an extremely wide dynamic range

covering almost the entire 108 range tested. The change
in γ is reliably logarithmic between 0.1 to 1000 ng L−1

(line in Fig. 5, γ = 0.137·Log[Hg2+] + 0.720, R2 0.994)
making calibration straight forward and yielding an es-
timate of limit of detection (LOD = 0.031 ng L−1, 155
fM) from three times the measured variance of aggrega-
tion efficiency (σ = 0.021) in the absence of mercury
(i.e., when γ = 0). Overall, this method exhibits out-
standing advantages in a linear range and detection limit
compared to other AuNP aggregation or T-Hg2+-T based
strategies (Table 1).

Fig. 4 TEM image of AuNP-
ssDNA in the presence of differ-
ent concentrations of Hg2+. a,
AuNP-ssDNAwithout Hg2+; b-e,
AuNP-ssDNAwith Hg2+ in
10 μg L−1, 100 μg L−1, 1 mg L−1,
10 mg L−1

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

[Hg
2+

], µg L
-1

=0.137 Log[Hg
2+

] + 0.720

 R
2

 = 0.994

Fig. 5 Method calibration of aggregation efficiency (γ) with Hg2+ in
concentration from 0.1 ng L−1 to 10 mg L−1. Linear range from
0.1 ng L−1 to 1 μg L−1. Optimized assay conditions included 108 P
mL−1 concentration of AuNP-DNAs, 30 °C incubation temperature,
and 2 h incubation time

Microchim Acta (2020) 187: 56 Page 7 of 10 56



Method selectivity

To evaluate method selectivity for Hg2+, AuNP-ssDNA mix-
tures containing 1μg L−1 Hg2+were separately incubated with
other environmentally relevant di- and trivalent metal ions
(Pb2+, Cd2+, Ni2+, Mn2+, Cu2+, Fe2+, Mg2+, Zn2+, Ca2+,
Al3+, and Fe3+) present a 100 μg L−1. Despite the concentra-
tion of other ions being 100-fold higher, the results in Fig. 6
demonstrate that the AuNP-ssDNA probes aggregate very se-
lectively with Hg2+ and none of the other ions showed an
aggregation efficiency higher than 30% of that for Hg2+.

Method validations and limitations

Recovery measurements for both tap water and river
water samples were used to evaluate the optimized
method for potential matrix interferences. Both sample
types were spiked with varied levels of Hg2+ standards
(1 ng L−1 and 1 μg L−1) and the spICP-MS testing was
performed in parallel with the standard EPA method
7473 (mercury by amalgamation/atomic absorption).
The spike recovery results are compared (Table 2).
Although the 1 ng L−1 spike level is below the detec-
tion limit of the EPA method, the results for the higher
spike level (1 μg L−1) show good correspondence and
acceptable recoveries (100 ± 20%). The spICP-MS meth-
od also demonstrates acceptable Hg2+ recoveries at both
concentration levels, even for the more complex river
water matrix.

Accuracy of the optimized method was evaluated by
triplicate analysis of the NIST certified reference material
SRM1641e (Mercury in Water) after dilution to a linear
portion of the calibration range (1 ng L−1). The average
Hg2+ concentration and 95% confidence interval (N = 3)
obtained for the original sample was in agreement with
the certified concentration (Table S3), indicating no appar-
ent bias.

Although the method appears to be both accurate and
robust for relatively simple water matrices, severe limita-
tions in accuracy or linear range may occur with brines,
solids and sludges. The high ionic strength associated with
brines and acid-digested solid samples will likely interfere

Table 1 Comparison of Hg2+ analysis methods based on AuNP aggregation or T-Hg2+-T strategies

Methods Materials LOD Linear range Strategy References

Colorimetric AuNPs, APTES 10 nM 0–92.3 nM Aggregation, APTES [32]

Colorimetric AuNPs, DNA 1 nM 1 nM-0.5 μM Aggregation, NaCl [23]

Colorimetric AuNPs, CDs 7.5 nM 10–300 nM Aggregation, CDs [33]

Colorimetric (paper-based) AuNPs, DNA 50 nM 25–100 nM Aggregation, NaCl [34]

Colorimetric & Fluorescence AuNPs, DNA 0.1 nM 0.2–100 nM Aggregation, NaCl [35]

Colorimetric AuNPs, DNA,
Polymer

0.15 nM 0.25–500 nM Aggregation,
Polymer

[36]

Fluorescence AuNPs, DNA 16 nM 0.02–1 μM Quench, T-Hg2+-T [13]

Localized surface plasmon
resonance

AuNPs, DNA 0.7 nM 1–50 nM Aggregation,
T-Hg2+-T

[37]

Colorimetric AuNPs, DNA 0.9 nM 1 nM-10 μM Aggregation,
T-Hg2+-T

[38]

Fluorescence Graphitic carbon
nitride quantum dots

0.15 nM 1–500 nM Quench, T-Hg2+-T [39]

Impedimetric DNA 0.16 fM 1 fM-10 pM T-Hg2+-T [40]

Voltammetric Reduced graphene
oxide@gold
nanorods

0.24 nM 1–200 nM T-Hg2+-T [41]

spICP-MS AuNPs, DNA 0.031 ng L−1

(155 fM)
0.1 ng L−1 (500 fM)-1 μg L−1

(5 nM)
Aggregation,

T-Hg2+-T
This work
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Fig. 6 Selectivity of the AuNP-ssDNA probe for Hg2+ determination by
spICP-MS. Hg2+ concentration: 1 μg L−1; other ion concentrations:
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with binding of Hg2+ to the AuNP-ssDNA or cause indis-
criminate aggregation even in the absence of mercury.
More work is needed to evaluate these effects, but insensi-
tivity of the method up to as much as 1 M NaCl in the
incubation medium (Figure S3) suggests that problems of
high-ionic strength samples can be overcome by adjusting
conditions. One possibility is the use of the ethylene
glycol-terminated alkylthiol TOEG6 during the ssDNA
modification, This co-reagent is known to stabilize
AuNP-ssDNA aggregates at high ionic strength (up to
3 M NaCl) [30].

Conclusions

Ionic mercury (Hg2+) in relatively simple aqueous samples
has been successfully determined by using aggregation of
DNA modified AuNPs and measurement of that aggrega-
tion by spICP-MS. Because of the strong and highly spe-
cific “T-Hg2+-T” interactions between modified AuNPs,
the method achieves outstanding sensitivity and selectivity.
The optimized assay provides a 108 dynamic range, a
broad and reliable logarithmic range from 0.1 ng L−1 to
1 μg L−1, and a detection limit of 0.031 ng L−1 (155 fM).
This assay also demonstrates accurate analysis of Hg2+ in
certified reference material and satisfactory recovery from
mercury-spiked tap water and river water matrices. These
characteristics are superior to most other reported mercury
assays and the method itself demonstrates a new spICP-MS
strategy can provide for the detection of other metal ions or
biomolecules by the careful design of the nanoparticle
probes.
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