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Abstract

Single strand DNA (ssDNA) was used to modify 10 nm nanogold to obtain an aptamer modified
nanogold resonance scattering (RS) probe ( AussDNA) for detection of Hg’*. In the presence
of NaCl, Hg® interacts with AussDNA to form stable Hg’*-ssDNA complexes, and release
nanogold particles that aggregate to larger nanogold clusters causing the RS intensity at 540 nm
enhanced linearly. On those grounds, 1.3-1667 nmol/L Hg(1Il) can be detected rapidly by
the aptamer modified nanogold RS assay, with detection limit of 0.7 nmol/L Hg(1II). If the
larger nanogold clusters were removed by membrane filtration, the excess AussDNA in the
filtrate solution exhibited catalytic effect on the new Cu,O particle reaction between NH,OH
and Cu (II)-EDTA complex at 60°C. The excess AussDNA decreased with the addition of
Hg**, which led Cu,O particle RS intensity at 602 nm to decrease. The decreased RS intensity
(Al ,..) had linear response to Hg”* concentration in the range of 0.1 to 400 nmol/L, with
detection limit of 0. 03 nmol/L Hg**. This aptamer modified nanogold catalytic RS method was
applied for the detection of Hg’* in water samples, with sensitivity, selectivity and simplicity.
Key words

Hg’*; Aptamer; Nanogold probe; Nanocatalysis; Cu,O particle; Resonance scattering assay

Introduction

Mercury has been widely recognized as one of the most hazardous pollutants and highly
dangerous elements due to its accumulative and toxic properties in the environment.
Accumulative properties of mercury may cause serious harm to animals and human

(1,2

beings ‘. Thus, simple, rapid, sensitive and selective detection of mercury is of great

significance for biochemistry, environmental science and medicine. Although several modern
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analytical techniques for mercury detection have been established, such as atomic absorption
spectrometry’’ | atomic fluorescence **', and  inductively coupled plasma mass
spectrometrym , most of them are time-consuming or/and require an expensive equipment.
Therefore, it is still a challenge to develop rapid and inexpensive methods to monitor total
mercury, with new technique and principle. Recently, chemosensors based on molecular
recognition have started to emerge in very important research area within the field of
supramolecular chemistry, which allows the detection of guest ions by binding-induced changes
in spectroscopic or electrochemical properties. Among many Hg’*-selective chemosensors
developed so far, chromogenic receptors are especially attractive because the substrate
determination can be carried out by the “naked-eye” without the use of instrumentation'” ™’ .
For example, Yan’ s research group reported a simple twisted intramolecular charge transfer
chromogenic chemosensor for rapid and selective detection of up to 7. 5x10° M Hg*, with
4 ,7-substituted 2, 1, 3-benzoxadiazole derivatives'* . Aptamers are artificial nucleic acid

1017 " showing specific binding affinity for metal ions, small organic molecules,

ligands'
peptides and proteins and even whole cells or microorganisms. Due to their considerable
advantages, such as improved temperature stability and shelf life, ease in conjugation to
various molecules, and adaptability to various targets, aptamers have become a potential
alternative to antibody''>’. Based on T-T mismatches, aptamers were applied to the detection

13-15] " Resonance scattering (RS)

[16-21]

of Hg’* by naked-eye and colorimetry, with high selectivity'
spectroscopy was a new, simple, rapid and sensitive spectral technique , and it has been
utilized for detection of inorganic and organic substances such as metal ions, antigens and
DNA, combined with ion-associated complex reaction, and inorganic catalytic reaction,
enzyme catalytic reaction, and immuoreaction''***'. However, there is no aptamer modified
nanogold RS method for detection of Hg**, based on aptamer modified nanogold reaction and
aptamer modified nanogold catalytic reaction. In this paper, we introduce two low-cost, rapid,
sensitive and selective RS bioassays for detection of Hg**, combining AussDNA-Hg** reaction,

membrane filtration and catalytic effect of AussDNA on the reaction of NH,OH-Cu(1II).

Experimental

Apparatus and reagents.

A Model Cary Eclipse fluorescence spectrophotometer ( Varian Company, Palo Alto, CA) , was
used to record the RS spectra by means of synchronous scanning excited wavelength A _ and
emission wavelength A, (A.-A,, = AA =0) and the RS intensity. A model SK8200LH
ultrasonic reactor ( Kedao Ultrasonic Instrument Limited Company, Shanghai, China), model
YGL-16G high-speed centrifuge ( Shanghai Anting Science and Technology Instrument Plant,
Shanghai, China), model H-600 transmission electron microscope ( Electronic Stock Limited
Company, Japan) , model JLM-6380LV scan electron microscope ( Electronic Co Ltd, Japan) ,
model HH-S thermostated water bath ( Dadi Automatic Instrument Plant, Jiangsu, China),
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and model NaNo-ZS90 particle sizer and Zeta potentiometer analyzer ( England) were used.
Membrane filtrate apparatus was showed in Figure 1.

Single strand DNA used in this paper was purchased from Sanbo Yuanzhi Biotechnology
Limited Company, Beijing, China. The sequence of mercury ion aptamer is 5’-
TTTCTTCTTTCTTCCCCCCTTGTTTGTTGTTT-3’, and a control DNA sequence is 5’-
AAACGGCAAACATCCCCCCAAGTAAGAAGAAA-3’. HgCl, was purchased from Guangzhou
Chemicals Factory, China, and was used to prepare a 1.00 mmol/L Hg** standard solution
with water. The Hg’*working solution was prepared freshly. A 1% HAuCI, solution ( National
Pharmaceutical Group Chemical Reagents Company, China), 1.0 % sodium citrate, 0.5 M
NaCl, 0.21 M CuSO,, 0.21 M EDTA, 0.3 M NaOH, 0. 12 M NH,OH. HCI, and 0.20 M
Na, HPO,-NaH, PO, buffer solution were used. Cu(II)-EDTA solution was prepared with 10
mL 0.21 M CuSO, and 10 mL 0.21 M EDTA and 80 mL 0.30 M NaOH. A 58.0 pg/mL
nanogold in size of 10 nm was prepared by the improved trisodium citrate-reduced
procedure”*!_ All the reagents were analytical grade and the used water was doubly distilled

water.

Figure 1  Apparatus of membrane filtration
Left: Including PVC filter, membrane and pinhead
Right: Injector with the filter

Preparation of AussDNA probe.
The suitable ratio of ssDNA and nanogold was examined. The following procedure was
recommended. A 1.8 mL 0. 17 pM ssDNA solution was added to 37.5 mL 58. 0 wg/mL

nanogold solutions while stirring. The concentration, counted as nanogold, was 55 ng/mL
AussDNA.

Procedure.
A 400 wL pH 7.0 Na,HPO,-NaH, PO, buffer solutions, 400 pL 55 pg/mL AussDNA, a 180
pL 10.0 pM Hg®* were added to a marked test tube, and mixed well. A 22.5 pL 2.0 M NaCl
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was added, diluted to 1.5 mL, and mixed well. After about 6 min, the RS intensity at 540 nm
(L ) was recorded. A blank (Iy,, ), without Hg’* was recorded and the value of Al ,, =
Lo o= (Iss0 0 )y, was calculated. The mixture can be filtrated by cellulose nitrate membrane in
size of 150 nm. The filtrate solution was used as follows.

A 1. 0 mL the Cu(Il)-EDTA solution, 50 pL the filtration solution ( or gold
nanoparticles) , 200 L 0. 12 M NH,OH were successively added to a 5.0 mL marked test
tube, then the solution was diluted to 3.0 mL and reacted 6 min at 60°C. Finally, the test
tube was cooled in tap water. The RS intensity at 602 nm (/yy,,,) was recorded. A blank

(I o)y without Hg®* was recorded and the value of Algy ., = (g2 um ) b —Le02 o Was calculated.

Results and discussion

Single strand nucleic acids were found to conjugate on nanogold particles, resulting in the
uncoiling of the oligonucleotides and stabilizing the nanogold against aggregation under high salt
concentration"’. When 10 nm nanoglod particles conjugated with ssDNA to form AussDNA by
means of electrostatic, hydrophobic and intermolecular forces, the size of the AussDNA was
same as the nanoglod. Upon addition of Hg’* to the system of AussDNA-salt, very stable

double strand T-T mismatches formed!'* 27"

, and larger nanogold clusters produced, which
led nanogold cluster RS intensity to enhance. The enhanced RS intensity was linear with
respect to Hg”* concentration change. Based on those grounds, 1.3-1667 nmol/L Hg** can be
detected simply, rapidly, selectively and sensitively, with detection limit of 0.7 nmol/L Hg™*.
Then the larger nanogold clusters are removed by the membrane filtration. The excess of
AussDNA in the filtrate is used as the catalyst to form Cu,O particles in NH,OH-
[ Cu(EDTA) ]** reaction. Corresponding to Cu,0 RS intensity of 602 nm can be measured.
With Hg’* concentration increasing, the excess AussDNA in the filtration solution decreased,

which leads Cu,O particles decreasing in the nanocatalytic system, and RS intensity at 602 nm

decreased (Scheme 1). Based on our results, we propose that this assay can be used for

s
. 5\3‘%3« AussDNA

ultratrace Hg”* detection.

55

ssDNA

O Hg*
== OO0

B A0 35 RS detecti ﬂ
5 @ . 5\3@'?—» etection @
JJU Nanogold RS assay

Filtration
Cu,O particle

, RS detection g C(I1)+NH,OH J\):;ﬂ
.
Catalysis JJU

AussDNA catalytic RS assay

Scheme 1 Principle of both RS assays for Hg**
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AussDNA RS assay.

In pH 7. 0 Na,HPO,-NaH,PO, buffer solution and in the presence of 0. 025 M NaCl, the
AussDNA showed weak RS signal as in Figure 1a. Upon addition of Hg’*, it interacted with
ssDNA to form very stable double strand T-T mismatches, and release nanogold particles that
aggregate to large nanogold clusters in mean size of 300 nm causing the RS signal increase at
540 nm. Thus, a wavelength of 540 nm was chosen for use. Under the selected conditions, the
increased RS intensity at 540 nm is linear to the Hg’* concentration. On those grounds, a rapid

and sensitive aptamer-nanogold RS assay was proposed for detection of Hg™".

120
f
€
80 f
d
40t
C
Crme i,

300 400 500 600
Wavelength (nm)

Figure 1 RS spectra of AussDNA-ng* system
a: pH 7.0 NaH,PO,-Na,HPO,-14.7 pg/mL AussDNA-0.03 M NaCl b: a+0. 133 nmol/L Hg™*
c: a+333.33 nmol/L Hg** d: a+666.67 nmol/L Hg** e: a+1333.33 nmol/L Hg**
f: a+1666.67 nmol/L Hg*".

The ssDNA and a control DNA were tested for the detection of Hg**. Results showed that
the control DNA can not be used to detect Hg(II) , and the ssDNA was chosen for preparation
of Hg™* probe ( AussDNA). Results of transmission electron microscope indicated that nanogold
particles were 10 nm spheres. After conjugating with ssDNA, the particles did not change in
the size and shape. Upon addition of Hg’", large nanogold clusters were formed in the presence
of salt.

Effect of pH value, AussDNA and NaCl concentrations on theAls,, . were investigated
respectively. When pH was in the range of 6.0-8.5, and AussDNA was greater than 13 pg/
mL (Figure 2) , the Al . was biggest. Thus, pH 7.0 Na,HPO,-NaH,PO, buffer solutions,
and 14. 7 pwg/mL AussDNA were chosen for use. Strong electrolyte is known to cause the

(23] " The effect of NaCl concentration on

aggregation of nanogold particles in aqueous solution
Al ., was examined. The Al .. was stable and highest when NaCl concentration was greater

than 20 mmol/L. Thus, 30 mmol/L NaCl was chosen. Using the AussDNA RS probe, trace
Hg’* can be assayed simply and rapidly.
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ng/mL AussDNA
Figure 2 Effect of AussDNA concentration on Alg .

AussDNA catalytic RS assay
Cu, O particles were observed by scanning electron microscope ( SEM). To eliminate the
interference of salt with SEM, the catalytic reaction solution was centrifuged at 10000 rpm for 5
min to remove the mass salt, then re-dispersed with doubly distilled water in the ultrasonic
apparatus. 50. 0 pL Cu,O sample was dropped in the conductive adhesive, and let to dry
naturally. Then the sample was scanned on a SEM at an accelerating voltage of 15 kV. Figure
3 indicates that mass Cu,O particles were in octahedron with side length of about 1 pm.

The product of CuSO,-EDTA-NaOH-NH, OH-nanogold catalytic system was obtained, and
was used to do X-ray diffraction with scanning range of 10. 0-80.0° (2 Theta) , step size of
0.017° (2 Theta) , scanning step time of 10.3 s, anode material of Cu, current of 40 mA,
voltage of 40 kV. As in Figure 4, the diffraction peaks at 29. 533°, 36. 386°, 42. 330°,
52.508°, 61.382°, 73.585° and 77.403° showed that there is Cu,O in the product. The two
weak peaks at 43.337° and 50. 501° were owing to Cu(0). The peak at 36. 386° was strongest
that showed the main product was Cu,O particles.

Figure 3 Scanning electron microscopic images of Cu,O particles
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Figure 4 X-ray diffraction pattern
a; the product of CuSO,-EDTA-NaOH-NH, OH-nanogold system b: Cu,0

The system of [ Cu( EDTA) ]**-NH,OH exhibited a very weak synchronous scattering
peak at 602 nm. When Au or AussDNA was added into the system, the Cu,O particles
formed, which caused the scattering intensity at 602 nm enhanced obviously (Figure 5S). The
studies of inorganic nanoparticles in liquid phase have indicated that three factors, the light
source of the apparatus, absorption of free molecule and the RS effect of particles, caused
synchronous scattering peaks. The apparatus exhibited the strongest emission at 465 nm, the
absorption of free molecule such as unreacted Cu(II) can be neglected since the absorption

value of the uncatalytic reaction system at 450-850 nm was less than 0. 1. Thus, the scattering
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peak at 602 nm was the only characteristic to Cu,0 RS peak particles. Results showed that the
RS intensity at 602 nm increased linearly with increase of nanogold concentration. A
wavelength of 602 nm was chosen for the assay. The RS spectra of AussDNA-Hg™*-[ Cu-
EDTA ] -NH,OH system were similar to those of the nanogold-[ Cu-EDTA ] **_NH,OH system.
The blank system without Hg’* had strongest RS peak at 602 nm. Upon addition of Hg™*,
AussDNA in the filtrate decreased and the RS peak intensity at 602 nm decreased respectively.
The decreased RS intensity was linear to the Hg’* concentration. Thus, a wavelength of 602 nm

was chosen for the assay of Hg’".

200

150 -

I](S

100 =

Au Conc. increases

50

|
300 450 600 750

A/nm

Figure 5 RS spectra for nanogold catalytic system
a: 7 mM CuSO,+7.7 mM EDTA+60 mM NaOH+2 mM NH,OH b: a+0.32 nmol/L Au c: a+
0.96 nmol/L Au d: a+1.6 nmol/L Au e: a+2.4 nmol/L Au f: a+3.36 nmol/L Au

In acidic medium, the reduction of Cu(II) by NH,OH does not take place. EDTA is used
to stabilize Cu (II) in NaOH medium, which allows Cu(II) to be reduced slowly to Cu,O
particles. Upon addition of nangold catalyst, the particle reaction enhanced considerably. The
effect of nanogold concentration on the [ Cu-EDTA ]**-NH,OH particle reaction was studied by
RS technique. The enhanced change of RS intensity at 602 nm ( Alzs) was linear to the
change in nanogold concentration (Table 1). As the nanogold size reduced, the slope value of
the regression equation increased, and a lower detection limit can be achieved. The 10 nm
nanogold could be easily prepared and the detection limit of 10 nm nanogold catalytic system
was lower than that of 30 nm and 50 nm nanogold catalytic systems, so 10 nm nanogold was
chosen for preparation of AussDNA. In addition, the stability of the Alys value was
considered. After cooled by tap water, the Alys hold constant within 60 min to make the

recording freely.



