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A test strip, based on DNA-functionalized gold nanoparticles for Hg?* detection, has been developed,
optimized and validated. The developed colorimetric mercury sensor system exhibited a highly sensitive
and selective response to mercury. The measurement principle is based on thymine—Hg%*—thymine
(T—Hg2*—T) coordination chemistry and streptavidin-biotin interaction. A biotin-labeled and thiolated
DNA was immobilized on the gold nanoparticles (AuNPs) surface through a self-assembling method.
Another thymine-rich DNA, which was introduced to form DNA duplexes on the AuNPs surface with
. thymine—Hg?*—thymine (T—Hg?*—T) coordination in the presence of Hg?*, was immobilized on the
Mercury (II) ion . o4 . C . .
Gold nanoparticles nitrocellulose membrane as the test zone. When Hg?* ions were introduced into this system, they induced
DNA the two strands of DNA to intertwist by forming T—Hg2*—T bonds resulting in a red line at the test zone.
Test strip The biotin-labeled and thiolated DNA-functionalized AuNPs could be captured by streptavidin which
was immobilized on the nitrocellulose membrane as the control zone. Under optimized conditions, the
detection limit for HgZ* was 3 nM, which is lower than the 10 nM, maximum contaminant limit defined by
the US Environmental Protection Agency (EPA) for drinking water. A parallel analysis of Hg?* in pool water
samples using cold vapor atomic absorption spectrometry showed comparable results to those obtained
from the strip test. Therefore, the results obtained in this study could be used as basic research for the
development of Hg2* detection, and the method developed could be a potential on-site screening tool for
the rapid detection of Hg2* in different water samples without special instrumentation. All experimental
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variables that influence the test strip response were optimized and reported.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Mercury ion (Hg?*) is one of the most toxic metallic pollu-
tants that exerts harmful biological effects on the environmental
and human health. Exposure to even very low levels of mercury
can cause health damage to human. Mercury is accumulated in
the vital organs and tissues, where it binds with sulfur-containing
proteins and enzymes, causing organ dysfunction and a devastat-
ing effect on the whole central nervous system of human [1-3].
Mercury pollution received considerable public attention after the
mercury poisoning incident referred as Minamata disease in Japan
during 1950s. To protect public health, many countries and organi-
zations have established the limits for Hg2* in water samples. For
example, the US Environmental Protection Agency (EPA) has set
a maximum limit of 10nM Hg2* in drinking water [4]; whereas,
the World Health Organization (WHO) permits a maximum level
of 30nM Hg?* in drinking water [5]. With increasing pollution in
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the environmental waters, there is an urgent need for the rapid
detection of Hg2* in water samples.

Many analytical techniques are available to determine Hg?*,
for example, chromatography [6], inductively coupled plasma-
mass spectrometry (ICP-MS) [7], atomic absorption/emission
spectrometry [8,9], cold vapor atomic absorption spectrometry
(CVAAS) [10,11], cold vapor atomic fluorescence spectrometry
[12], electrochemiluminescence [13,14] and other electrochemi-
cal methods [15]. Despite the high sensitivity and specificity that
can be achieved by these methods for the determination of Hg2",
they require expensive instrumentation, time-consuming sample
pretreatment and highly skilled personnel, and/or have cross-
sensitivities toward other metal ions. Thus, a simple, direct and
inexpensive method for detecting Hg2* remains desirable.

One potential approach is the colorimetric method based on
gold nanoparticles (AuNPs), which is extremely attractive, because
it can be easily read out with the naked eye, in some cases at
the point of use. DNA-functionalized AuNPs have become inter-
esting nanomaterials for sensing Hg2*, mainly because AuNPs are
good indicators of binding and hybridization events, and Hg2* can
bind between thymines to form stable thymine—HgZ*—thymine
(T—Hg%*—T) base pairs in DNA [16,17]. In recent years, a variety of
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colorimetric methods for detecting Hg2* in aqueous media using
DNA-functionalized nanoparticles have been reported [18-22].
However, two disadvantages have prevented their application for
the on-site detection of Hg2*. First, detection still requires profes-
sional instrumentation and highly skilled personnel, thus making
it less useful for people who do not have a scientific background.
Second, in aqueous media, the AuNPs give a strong red background.
Although the sensitivity is high when the absorbance is recorded
using a UV-vis spectrophotometer, it is often difficult to distinguish
the blue color of aggregates against the red background from the
dispersed nanoparticles by visual observation. At low Hg2* con-
centrations, only a small fraction of nanoparticles aggregate and
change to a blue color, which is likely to be masked by the strong
red background.

The test strip platform based on DNA-functionalized AuNPs is
well suited for one-step detection of HgZ*, which has been used
for DNA analysis [23], genotyping [24,25], protein analysis [26]
and small molecule detection [27,28]. Torabi and Lu [29] recently
reported a colorimetric sensor with functional DNA-linked AuNPs
to achieve a detection limit of 5.4nM for Hg* by determining
the color change of the sensor on the dipstick test. Although this
system has a high sensitivity for determination of Hg2", it has a
disadvantage that AuNPs are vulnerable to aggregation, thus it is
difficult to make AuNPs dissociate from the aggregates and change
to a red color. Thereby, it can easily give false negative results. He
et al. [30] also developed a colorimetric strip based on AuNPs and
thymine-rich hairpin DNA probes. Nevertheless, the assay required
three different sequences of DNA modified in three different groups
for the detection. Instead, Zhou et al. [31] reported a competi-
tive immunochromatographic assay for the detection of Hg2*. In
the absence of Hg?*, two visible lines would appear; whereas, in
the presence of Hg?*, the density of the test line would be lighter
than that of the control line. When the concentration of Hg2* is
high enough, the test line would disappear. This detection prin-
ciple has a disadvantage that it is difficult to visually distinguish

the slight differences between two lines when the concentration of
Hg2* approached the detection limit.

In this work, we designed a colorimetric mercury sensor system
for the detection of Hg2* using DNA-functionalized AuNPs. Based
on the sensor system, a simple, highly selective and sensitive test
strip for the on-site and colorimetric detection of HgZ* at nM level
was thus developed. The sensitivity achieved by this method is
the highest among the reported methodologies. The mechanism
of detection was also discussed.

2. Materials and methods
2.1. Chemicals and materials

Streptavidin from Streptomyces avidinii, bovine serum albu-
min (BSA) and guanidine hydrochloride (Gu-HCl) were purchased
from Sigma-Aldrich (Steinhem, Germany). Succinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC) was pur-
chased from Pierce (Interchim, Montlucon, France). Two kinds of
thymine-rich single-stranded DNA with different sequences, i.e.
DNA; and DNA;, as shown in Fig. 1, were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China). Hydrogen tetrachloroaurate(III)
hydrate (HAuCl4-4H,0) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). All other reagents were of ana-
lytical reagent grade and were used without further purification or
treatment.

The AuNPs with a mean diameter of 13 nm were synthesized
as described previously [32,33]. All metal ion solutions were pre-
pared from nitrate salts. Working solutions of DNA;, DNA, and
streptavidin were prepared with 20 mM Tris buffer solution (pH
7.2),which contained 100 mM NaNOs3 and 8% sucrose. Milli-Q water
(18 M2 cm) was used throughout the experiment.

Hi-Flow Plus Assembly Kit was purchased from Millipore Corpo-
ration (Bedford, MA, USA), containing a Hi-Flow nitrocellulose (NC)
membrane, cellulose fiber, glass fiber and plastic adhesive packing.
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Fig. 1. Design of the test strip format. (A) Schematic illustration of sensors and theranostic agents for Hg2*. (B) Description of DNA; sequence, DNA; sequence, AuNPs, Hg2*,
streptavidin and BSA. (C) Blank test strip loaded with the DNA-functionalized AuNPs (on the conjugation pad), DNA,-BSA (test zone) and streptavidin (control zone). (D)
Negative test: in the absence of Hg?*, the DNA-functionalized AuNPs were captured at the control zone through streptavidin-biotin interaction, producing a single red line.
(E) Positive test: in the presence of Hg?*, the DNA-functionalized AuNPs were captured at the test zone by T—Hg2*—T coordination to complementary DNA in addition to the
control zone resulting in two red lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)



Z. Guo et al. / Talanta 93 (2012) 49-54 51

2.2. Preparation of DNA;-functionalized AuNPs

The DNA;-functionalized AuNPs were prepared according to
the method of Shim et al. [34]. Firstly, the pH of the AuNPs solu-
tion was adjusted to 7.2 with 0.1 M K,COs. Secondly, 500 L of
AuNPs solution was added into a series of tubes, followed by
100 wM DNA; to each tube from O to 10 p.L. All tubes were made
up to 510 wL with 20 mM Tris buffer (pH 7.2), followed by mixing
and incubating at room temperature for 10 min. Finally, 50 L of
10% NaCl was added to all tubes and agitated for 1 min, and the
absorbance of the solutions was measured with a UV/Vis spectra
at 520nm. If a tube contained a minimum amount of the DNA;
for stabilization of AuNPs solution, the solution shows strong UV
absorbability at 520 nm. A 3 pL of 100 wM DNA; was found to be
the minimum amount to stabilize 500 L of the AuNPs solution as
prepared.

Thus, 6 wL of 100 wM DNA; and 1 mL of the AuNPs were mixed
and incubated at room temperature for at least 12 h. Then, the
mixture was centrifuged for 15 min at 14,000 rpm; the pellets con-
taining DNA; -functionalized AuNPs were re-dispersed in 50 L of
the Tris buffer solution as mentioned in Section 2.1, and were stored
at 4°C before use.

2.3. Preparation of DNA,-BSA conjugates

The thiol group of DNA, was conjugated with the amino groups
of BSA using SMCC as a coupling reagent. Briefly, BSA and SMCC
solutions at the concentration of 5mgmL~! were obtained by dis-
solving them in 0.1 M PBS buffer. The BSA and SMCC solutions were
mixed at the mass ratio of 20:3; incubated at room temperature
for 1h; and then dialyzed using 300 mL of 0.1 M PBS (pH 6.0) for
30 min. DNA; in 6 M Gu-HCI solution (pH 7.0) was added to the
BSA-SMCC solution, with a mass ratio of BSA and DNA, being 20:7.
The mixture was then incubated at room temperature with agita-
tion for 2 h, followed by dialyzing with 20 mM Tris buffer solution
(pH 7.2). Finally, DNA,-BSA conjugate powder was obtained by
freeze-drying.

2.4. Preparation of test strips

The test strip consisted of a plastic adhesive backing, a NC mem-
brane, a wicking pad, a conjugation pad and an absorption pad
as shown in Fig. 1C. The wicking pad was cut from the Millipore
cellulose fiber sample pad and saturated with a solution contain-
ing 1% polyvinylpyrrolidone (PVP) K-30 and 1% Tween 20 and was
dried at 37 °C for 12 h. The conjugation pad was cut from the Mil-
lipore glass fiber conjugate pad, soaked in 20mM Tris at pH 7.2
containing 0.5% sucrose and 0.25% Triton X-100, and was dried at
37°C for 12 h. Afterwards, the treated conjugation pad was sat-
urated with 2 uL of the DNA;-functionalized AuNPs and dried at
37°C for 2 h. DNA,-BSA conjugates solution, 2 L of 100 wM, was
sprayed onto the NC membrane as the test zone, while 2 L of
1mgmL-! streptavidin solution was sprayed at the control zone.
The distance between the test zone and control zone was about
5mm. The NC membrane was then dried at 37°C for 2h and
cut into sections of about 25mm in length. The pads and the
NC membrane were pasted onto a plastic adhesive backing in a
way as shown in Fig. 1C. The NC membrane was pasted at the
center of the plastic adhesive backing, and the conjugation pad
was attached by overlapping 2 mm with the NC membrane. The
wicking pad was also pasted by overcrossing 4 mm with the con-
jugation pad, and the absorption pad was placed to the other side
of the NC membrane with an overlap of 3 mm. The width of the
strip was 4 mm. The loaded strips were stored overnight before
use.

2.5. Detection procedures

For sample tests, various concentrations of the analyte Hg2* and
other interfering metal ions were dissolved in a buffer containing
20 mM Tris (pH 7.2) and 100 mM NaNOs. The wicking pad of each
strip was dipped into the sample solutions for approximately 3 min
until the liquid had migrated to the NC membrane, in order to fully
hydrate the conjugation pad. Then the strip was placed horizontally
on a plastic surface for the flow to continue. After 6 min, the test
results were evaluated visually. There was only one red line at the
control zone in negative samples; whereas, the positive samples
exhibited two red lines at the test and control zones. If no color
development was observed at the control zone, the performance
of the strip was considered invalid. A digital camera was used to
document the images of the strips after ~10 min.

2.6. Validation of the assay

The strip was validated for the cross-reactivity with metal ions
other than HgZ* and matrix effect from samples by analyzing pool
water samples spiked with various concentrations of Hg2*. For the
determination of cross-reactivity, other metal ions (Ca2*, Co2*, Zn?*,
Mg2*, Cd%*, NiZ*, Mn2*, Pb%* and Cu?*) at different concentrations
were prepared in flow buffer, and they were applied to the strip.
Pool water samples were collected and filtered through 0.22 pm
pore-sized membrane filters immediately after sampling. Mercury-
positive water samples were prepared by spiking Hg2* to the final
concentrations of 0, 1.0, 2.0, 3.0, 5.0, 10.0, 20.0, and 50.0nM in
pool water. River water, lake water and sea water samples were
collected, filtered and spiked similiarly.

3. Results and discussion
3.1. Mechanism of detection

The colorimetric mercury (II) ion sensor system, as shown in
Fig. 1A, consisted of AuNPs, two thymine(T)-rich single-stranded
DNA and streptavidin as the capture protein. The sequence of DNA;
was 5 HS-TTTCATTCCTTTGTTGATTC-Biotin 3’ (Fig. 1B). The 5’ end
of DNA; was functionalized with a thiol group, which could conju-
gate DNA; to 13 nm AuNPs to obtain DNA;-functionalized AuNPs,
and the 3’ end was modified with a biotin moiety. The sequence
of DNA, was 5" HS-GTTTCTTCTTTGGTTTGATT 3’ (Fig. 1B), which
was designed to link DNA;-functionalized AuNPs by T—HgZ*—T
coordination chemistry [27,28,35]. The 5’ end of DNA, was func-
tionalized with a thiol group, which could conjugate DNA, to BSA.
Streptavidin was used to capture DNA;-functionalized AuNPs via
streptavidin-biotin interaction.

In the absence of Hg?*, the DNA;-functionalized AuNPs would
migrate on the NC membrane till they reach the control zone,
where the biotin-containing DNA; -functionalized AuNPs would be
captured by streptavidin coated on membrane, thus producing a
single red line at the control zone (Fig. 1D). In contrast, in the pres-
ence of Hg2*, the DNA;-functionalized AuNPs would be captured
by both DNA,-BSA conjugates at the test zone and streptavidin at
the control zone. Therefore, two red lines would appear (Fig. 1E).
Development of red color at the test zone was a qualitative confir-
mation of the Hg?*; whereas, the visual observation of the optical
density of the red band at the test zone was used to determine the
concentration of Hg2* quantitatively.

3.2. Optimization of experimental conditions

Coating the AuNPs with the optimal amount of DNA; can pre-
vent degradation of the gold surface and keep the color of the AuNPs
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Fig. 2. Optimal amount of DNA; to stabilize the AuNPs solution determined by
UV/vis spectra. The graph presents the UV absorption peak values of the AuNPs
solution at 520 nm under different amounts of DNA;.

solution, thus the amount of DNA; on the AuNPs surface would
affect the response of the strip strongly. The optimal amount of
DNA, i.e. the minimum amount of DNA; to stabilize the AuNPs
solution, was determined as described in Section 2.2. According to
the results obtained (Fig. 2), 3 wL of 100 WM DNA; was found to
be the minimum amount to stabilize 500 L of the AuNPs solution
as prepared, because the UV absorption peak values of the AuNPs
solution strongly increased at 520 nm.

Molecular weight of DNA; is very low, and it would be washed
away easily by the sample flow if it was sprayed onto the NC mem-
brane at the test zone directly. Therefore, a carrier protein was
required to achieve the stable immobilization of DNA; on the NC
membrane. BSA is a well-established carrier protein for the produc-
tion ofimmunogen conjugates [36] due to its high molecular weight
(66 kDa) and numerous functional groups. Therefore, the 5’ end of
DNA, was functionalized with a thiol group, which could conju-
gate DNA, to BSA using SMCC as a coupling reagent, as described
in Section 2.3.

The amount of DNA;-functionalized AuNPs loaded on the con-
jugation pad and the amount of DNA;-BSA conjugates loaded at
the test zone on the membrane of the strip affected the sensi-
tivity of the assays significantly. To develop a sensitive method,
checkerboard assays were performed to determine the optimum
amount of DNA;-functionalized AuNPs and DNA,-BSA conjugates.
The test strip with 1 L of DNA;-functionalized AuNPs showed
a faint red color at the test line, which was difficult to judge
as a result. When the strip was loaded with 2 pL, the sensitiv-
ity increased; but there was no difference in sensitivity between
2L and 4 pL loaded strips. Thus, 2 uL of DNA;-functionalized
AuNPs was confirmed to be the minimum amount and coated
onto the conjugation pad in further experiments. Similarly, 2 L
of 100 wM DNA,-BSA conjugates solution was applied as the test
zone.

Appropriate buffers would minimize the nonspecific adsorption
and increase the sensitivity and reproducibility of the strip. The
formation of narrow, intense and uniform bands of the reagents
immobilized on the membrane strongly depends on both the con-
centration and the composition of the applied buffer solution.
Therefore, the effect of the buffer solutions on the performance of
the strip was investigated. Results revealed that flow buffer con-
taining 20 mM Tris (pH 7.2) and 100 mM NaNOjs, working buffer
solutions of DNA;-AuNPs, DNA,-BSA and streptavidin containing
20mM Tris (pH 7.2), 100mM NaNO3 and 8% sucrose, resulted in
sharper zones with higher intensity.

Sucrose, as a component of the buffer (20 mM Tris buffer, pH
7.2,100 mM NaNOs, 8% sucrose) that was used to prepare the work-
ing solutions of DNA; -functionalized AuNPs, DNA,-BSA conjugates
and streptavidin, had the following special functions: (1) stabi-
lize and facilitate the release of DNA;-functionalized AuNPs from

the conjugation pad; (2) reduce the nonspecific adsorption of the
DNA-functionalized AuNPs on the NC membrane; (3) after rehy-
drating the conjugates, sucrose is dispersed in the running buffer,
migrate along the strip, and block the NC membrane naturally with-
out additional block steps [37]; (4) decrease the moving velocity
of the DNA;-functionalized AuNPs and increase the reaction time
between the DNA-functionalized AuNPs and the test zone as well
as the control zone, resulting in more sensitive detections [38]; and
(5) helpful for the stability of the strips during storage. However,
the intensity of the test zone and the control zone would decrease
if the concentration of sucrose is too high. Therefore, various con-
centrations of sucrose were investigated, and 8% was found to be
optimal.

The hybridization time, which depends on the migration time
of sample flow in the NC membrane, also influences the sensitivity
of the test. Three NC membranes with the nominal capillary flow
time of 140 s/4 cm, 180 s/4 cm and 240 s/4 cm were investigated to
prepare the strips. The intensity of the test line with the 240s/4 cm
NC membrane was significantly higher than that of the other two,
perhaps due to that there was enough reaction time between DNA -
functionalized AuNPs and the capture zone DNA,-BSA conjugates.
Therefore, the 240s/4cm NC membrane was used to prepare the
strips.

3.3. Selectivity and sensitivity

To study the selectivity of the sensor system, solutions contain-
ing non-specific metalions (Ca2*, Co2*, Zn%*, Mg2*, Cd2*, Ni%*, MnZ*,
Pb2* and Cu?*) were tested under the same conditions as in the case
of Hg2*. As shown in Fig. 3A, only one red band (control zone) is vis-
ible in the presence of those unspecific metal ions, implying that
no cross-reactivities occurred with these metal ions up to 1 mM.
The result indicated that the sensor has an excellent selectivity for
Hg?* against other metal ions, due to the high specificity of the
interaction between T-T mismatches and Hg2* which had been
previously demonstrated [16]. In addition, interference of some
common anionic species and organic compounds in environmental
water was also tested, such as 10 mM of Cl~ and SO42-, 100 M of
F~, Cl0,~, Cl03~ and formaldehyde, 1 wM of trichloroacetic acid,
dichloroacetic acid, trichloromethane, phenol, di(2-ethylhexyl)
phthalate and dimethoate. As expected, these species would not
interfere with the determination of HgZ* (Fig. 3B). The results fur-
ther confirmed the selective binding between thymine base and
Hg2*. Therefore the test strip could be used for the selective detec-
tion of HgZ*.

To determine the sensitivity of the system, the test strip was
dipped in a flow buffer containing various concentrations (0, 1.0,
2.0, 3.0, 5.0, 10.0, 20.0, 50.0 and 100.0 nM) of Hg2* (n=5 for each
concentration). As expected, the color development in the control
zone alone on the NC membrane indicates that the test is negative,
and Hg?* concentration was considered to be below the detection
limit. Whereas the existence of control and test zones means that
the Hg2* concentration was above the detection limit, and the result
was considered as positive. As indicated in Fig. 4, the detection limit
of the assay is about 3 nM. In addition, the intensity of the test zone
band increased with increasing Hg2* concentration, indicating that
this test can be semi-quantitative.

34. Stability

The stability of the strip was evaluated by performing the
assay after storage in sealed aluminum pouches for a month at
room temperature. After preparation of test strips as described
above, the strips were stored without any stabilizers for a month
at room temperature under dark and dryness. During the storage,
the strips were tested without and with mercury solutions (n =20
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Fig. 3. (A) Cross-reactivity of other metal ions by the test strip. (a) Ca*, (b) Co?*, (c)
Zn?*, (d) Mg?*, (e) Cd?*, (f) Ni?*, (g) Mn?*, (h) Pb?*, and (i) Cu?*. (B) Cross-reactivity
of some anionic species and organic compounds by the test strip. (a) 10mM Cl-,
(b) 10 mM SO04%-, (c) 100 uM F-, (d) 100 wM ClO, -, (e) 100 uwM ClO;~, (f) 100 M
formaldehyde, (g) 1 wM trichloroacetic acid, (h) 1 wM dichloroacetic acid, (i) 1 uM
trichloromethane, (j) 1 wM phenol, (k) 1 wM di(2-ethylhexyl) phthalate,and (1) 1 uM
dimethoate.

each). Compared with those strips prepared newly by paired t-test,
the conjugates did not show any significant loss of its activity
and color intensity even after a month. This was attributed to
strong dative bonds between the gold and the thiol-modified DNA
molecules. Additionally, the presence of sucrose in the dilution
buffer improved the stability of the strip and retained the activity
of the DNA;-AuNPs conjugates. To make the strip suitable as
a commercial kit, the stability for a month is not enough, so
additional research may be required to confirm the shelf life of the
test strip and will be the subject of future investigations.

a, bl EC' BN sey T KON Fh' B

Fig. 4. Sensitivity analysis of the test strip with varying concentrations of Hg?*. (a)
0nM, (b) 1nM, (c) 2nM, (d) 3nM, (e) 5nM, (f) 10nM, (g) 20 nM, (h) 50 nM, and (i)
100 nM.

3.5. Applications

To test the practicality of our developed approach for the deter-
mination of mercury, pool water samples, spiked with 0, 1.0, 2.0,
3.0, 5.0, 10.0, 20.0, and 50.0nM of HgZ*, were analyzed by the
test strip. In parallel, cold vapor atomic absorption spectrometry
(CVAAS) analysis was performed as a confirmatory method for the
quantitation of Hg2* in pool water samples, experimental con-
ditions of which were approximately same as reported [39]. As
presented in Table 1, no red lines on the test zone appeared for
water spiked with 0, 1.0, and 2.0 nM Hg?Z*, but clear red lines on
the test zone were obtained for the water samples spiked with 3.0,
5.0, 10, 20, and 50 nM Hg?2*. The analytical results of the strip test
were in good agreement with the results obtained from CVAAS,
indicating that the strip test we developed had good reliability.
Besides, the strip test gave neither false positive nor false negative
results, indicating that the matrices of the samples, where Hg2* may
be found do not interfere with the assay. Some more river water,
lake water and sea water samples without and with spiking were
tested, results were also satisfactory (Table 2). Thus, this proposed

Table 1
Analysis of artificially spiked water samples by the test strip and cold vapor atomic
absorption spectrometry (CVAAS) method (x +s, n=5).

Hg?* spiked CVAAS Test strip
(nM)
Found (nM) Recovery (%) Test line Control line
0 ND2 Ncb - - — +
1.0 1.1+03 110.0 — == == + 4+t
2.0 1.9+0.2 95.0 - = — == RrR R
3.0 32+04 106.7 o+, LR
5.0 5.4+0.6 108.0 + 4+ + 4+t
10.0 9.7+0.8 97.0 + 4+ + o+t
20.0 21.5+1.2 107.5 4, L
50.0 471+1.9 94.2 + 4+t ++ 4+t

(—) No line was observed. (+) A red line was observed.
2 Not detected.
b Not calculated.
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Table 2
Results of real samples and spiked ones by the test strip (n=5).
Real sample Code Original? Spiked®
River 1 = = =y — b+
water b2 e e o
3 o e o
4 — = = = = +,
5 — =y — +
Lake I e e o
water 2 — = = = — O
3 - = = = = +,
4 == - = o
I e +
Sea 1 — = = =y — +, o+
water 2 - - o
3 o e o
4 — = = = = +,
5 == R

(—) Only control line was observed. (+) Both test line and control line were observed.
2 Real samples without any spiking.
b Real samples spiked by 10 nM Hg?*.

approach shows potential application for the determination of Hg2*
in water samples.

4. Conclusion

A simple, easy to perform, sensitive and accurate test strip
method for the determination of HgZ* in water samples was devel-
oped. Results can be obtained within 10 min without the need of
expensive handling, equipment or scientific expertise. Under the
optimized conditions reported in this work, the detection limit for
Hg2* was 3 nM, which is the lowest detection limit based on the test
strip methods. Besides, the developed assay format offers potential
as areliable on-site screening tool.

Acknowledgements

Financial supports from Science and Technology Department
of Zhejiang Province (No. 2010C33004), Department of Education
of Zhejiang Province (No. Y201010064) and the Excellent Young
Teachers Program of Department of Education of Zhejiang Province
are gratefully acknowledged. This work was also sponsored by K.C.
Wong Magna Fund in Ningbo University.

References

[1] C.C. Huang, H.T. Chang, Anal. Chem. 78 (2006) 8332-8338.
[2] CW. Liy, C.C. Huang, H.T. Chang, Langmuir 24 (2008) 8346-8350.

[3] M.Wang, W.Feng,]. Shi, F. Zhang, B. Wang, M. Zhu, B. Li, Y. Zhao, Z. Chai, Talanta
71 (2007) 2034-2039.

[4] EPA, Mercury Update Impact on Fish Advisories, EPA Fact Sheet EPA-823-F-01-
011, Office of Water, Washington, DC, 2001.

[5] WHO, Guidelines for Drinking-Water Quality, 4th ed., World Health Organiza-
tion, Geneva, Switzerland, 2011.

[6] P. Houserova, D. Matéjicek, V. Kuban, Anal. Chim. Acta 596 (2007) 242-250.

[7] K. Chen, I. Hsy, Y. Sun, J. Chromatogr. A 1216 (2009) 8933-8938.

[8] J.T. Madden, N. Fitzgerald, Spectrochim. Acta B 64 (2009) 925-927.

[9] X. Zhu, S.D. Alexandratos, Microchem. J. 86 (2007) 37-41.

[10] J.L. Capelo, C. Maduro, A.M. Mota, Ultrason. Sonochem. 13 (2006) 98-106.

[11] E.M. Martinis, P. Bertén, R.A. Olsina, ]J.C. Altamirano, R.G. Wuilloud, J. Hazard
Mater. 167 (2009) 475-481.

[12] M.J. da Silva, A.P.S. Paim, M.F. Pimentel, M.L. Cervera, M. de la Guardia, Anal.
Chim. Acta 667 (2010) 43-48.

[13] Q. Li, X. Zhou, D. Xing, Biosens. Bioelectron. 26 (2010) 859-862.

[14] C.X. Tang, Y. Zhao, X.W. He, X.B. Yin, Chem. Commun. 46 (2010) 9022-9024.

[15] P. Miao, L. Liu, Y. Li, G. Li, Electrochem. Commun. 11 (2009) 1904-1907.

[16] Y. Miyake, H. Togashi, M. Tashiro, H. Yamaguchi, S. Oda, M. Kudo, Y. Tanaka, Y.
Kondo, R. Sawa, T. Fujimoto, T. Machinami, A. Ono, J. Am. Chem. Soc. 128 (2006)
2172-2173.

[17] X. Zuo, H. W, ]. Toh, S.E.Y. Li, Talanta 82 (2010) 1642-1646.

[18] J.S. Lee, M.S. Han, C.A. Mirkin, Angew. Chem. 119 (2007) 4171-4174.

[19] J. Wu, L. Li, D. Zhu, P. He, Y. Fang, G. Cheng, Anal. Chim. Acta 694 (2011)
115-119.

[20] X.Xue, F. Wang, X. Liu, J. Am. Chem. Soc. 130 (2008) 3244-3245.

[21] Z.Tan,]. Liu, Anal. Chem. 82 (2010) 4222-4228.

[22] N. Kanayama, T. Takarada, M. Maeda, Chem. Commun. 47 (2011) 2077-
2079.

[23] K. Glynou, P.C. loannou, T.K. Christopoulos, V. Syriopoulou, Anal. Chem. 75
(2003) 4155-4160.

[24] LK. Litos, P.C. loannou, T.K. Christopoulos, J. Traeger-Synodinos, E. Kanavakis,
Anal. Chem. 79 (2007) 395-402.

[25] LK. Litos, P.C. loannou, T.K. Christopoulos, M. Tzetis, E. Kanavakis, J. Traeger-
Synodinos, Clin. Chim. Acta 412 (2011) 1968-1972.

[26] H. Xu, X. Mao, Q. Zeng, S. Wang, A.N. Kawde, G. Liu, Anal. Chem. 81 (2009)
669-675.

[27] ]. Liu, D. Mazumdar, Y. Lu, Angew. Chem. Int. Ed. 45 (2006) 7955-7959.

[28] D. Mazumdar, J. Liu, G. Lu, J. Zhou, Y. Lu, Chem. Commun. 46 (2010)
1416-1418.

[29] S.F.Torabi, Y. Lu, Faraday Discuss. 149 (2011) 125-135.

[30] Y. He, X. Zhang, K. Zeng, S. Zhang, M. Baloda, A.S. Gurung, G. Liu, Biosens.
Bioelectron. 26 (2011) 4464-4470.

[31] Y. Zhou, Y. Zhang, F. Pan, Y. Li, S. Lu, H. Ren, Q. Shen, Z. Li, ]. Zhang, Q. Chen, Z.
Liu, Biosens. Bioelectron. 25 (2010) 2534-2538.

[32] K.C. Grabar, R.G. Freeman, M.B. Hommer, M.J. Natan, Anal. Chem. 67 (1995)
735-743.

[33] J. Liy, Y. Lu, Nat. Protoc. 1 (2006) 246-252.

[34] W.B. Shim, K.Y. Kim, D.H. Chung, J. Agric. Food Chem. 57 (2009) 4035-4041.

[35] H. Wang, Y. Wang, ]. Jin, R. Yang, Anal. Chem. 80 (2008) 9021-9028.

[36] L. Chen, Z. Wang, M. Ferreri, J. Su, B. Han, J. Agric. Food Chem. 57 (2009)
4674-4679.

[37] X. Mao, Y. Ma, A. Zhang, L. Zhang, L. Zeng, G. Liu, Anal. Chem. 81 (2009)
1660-1668.

[38] B.S. Delmulle, S.M.D.G.D. Saeger, L. Sibanda, I. Barna-Vetro, C.H.V. Peteghem, J.
Agric. Food Chem. 53 (2005) 3364-3368.

[39] Ministry of Environmental Protection of People’s Republic of China, National
Environmental Protection Standards of the People’s Republic of China, Water
Quality—Determination of Total Mercury—Cold Atomic Absorption Spec-
trophotometry (HJ 597-2011), 2011.



	A test strip platform based on DNA-functionalized gold nanoparticles for on-site detection of mercury (II) ions
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and materials
	2.2 Preparation of DNA1-functionalized AuNPs
	2.3 Preparation of DNA2–BSA conjugates
	2.4 Preparation of test strips
	2.5 Detection procedures
	2.6 Validation of the assay

	3 Results and discussion
	3.1 Mechanism of detection
	3.2 Optimization of experimental conditions
	3.3 Selectivity and sensitivity
	3.4 Stability
	3.5 Applications

	4 Conclusion
	Acknowledgements
	References


