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Chemically denatured ovalbumin (dOB) was used to modify the surface of 3-mercaptopropionic acid
(MPA) stabilized CdTe quantum dots (QDs), which resulted in a great enhancement of the synchronous
fluorescence intensity. Moreover, dOB shell layer can effectively prevent the binding of other cations
onto the QDs core and enhance the selective binding ability of Hg?* to dOB coated CdTe QDs (CdTe-dOB
QDs). A simple method with high sensitivity and selectivity was developed for the determination of
Hg?* with the CdTe-dOB QDs as fluorescence probe based on the merits of synchronous fluorescence
spectroscopy (SFS). When scanning with excitation and emission wavelengths of 250 nm and 470 nm
(A2 =Aem— 4ex=220 nm), respectively, the maximum synchronous fluorescence peak of the CdTe-dOB
QDs was located at 328 nm. Under optimal conditions, the change of the synchronous fluorescence
intensity was in good linear relationship with the Hg?>* concentration in the range of 0.08 x 10~7 to
30.0 x 107" mol L~ ! and the detection limit was 4.2 x 102 mol L~! (§/N=3). The relative standard
deviation of seven replicate measurements for the concentration of 2.0x 10"’ molL™' and
20.0 x 1077 mol L~ ! were 2.8% and 2.3%, respectively. Compared with general fluorescence methods,
the proposed method, which combined the advantages of high sensitivity of synchronous fluorescence
and specific response of Hg?* to CdTe-dOB, had a wider linear range and higher sensitivity.
Furthermore, the proposed method was applied to the determination of trace Hg?* in water samples

with satisfactory results.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal mercury is a hazardous contaminant of environment
which can be accumulated in organisms and interact with the
proteins and thymine-thymine bases in DNA duplexes [1] to cause
a serious threat to human health even at very low concentration level
[2,3]. The development of new methods for the quantification of
mercury at ultra-trace levels is a challenging task and one of
considerable interests. Traditional methods such as atomic absorption
spectrometry (AAS) and inductively coupled plasma mass spectro-
metry (ICP-MS) to detect mercury ions are often costly, time-
consuming and not appropriate for point-of-use applications [4], so
there is a strong demand to develop a novel method with the
advantages of the few interference, facile fabrication process, and
low cost. The advantages of fluorescence signaling in its intrinsic
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sensitivity have encouraged the development of a variety of fluor-
escent sensors for the detection of metal ions [5-7]. As new type of
fluorescent sensors, QDs offer a number of attractive features,
including high photobleaching threshold, good chemical stability,
relatively broad and symmetric luminescence bands [8,9], which
wished to remedy the deficiencies of the fluorescent dyes. In order to
improve the chemical stability and bio-compatibility, and reduce the
toxicity of the QDs, biomolecules were usually selected as coating
layer for QDs. Up to now, biomolecules are linked to QDs mainly by
covalent attachment [10-13], electrostatic attraction [14-16], etc. For
example, with the help of 1-ethyl-3-(3-(dimethylamine)propyl)
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS), bovine serum albumin (BSA) was conjugated to TGA-capped
CdTe QDs via an amide link interacting with carboxyl of the TGA-
capped CdTe, which could develop a novel fluorescent nanosensor
for Sb®* determination [17]. Wang et al. [18] and Kuo et al. [19]
used NaBH,4 as reducing agents to promote the disulfide bonds in
the BSA molecule being converted to sulfhydryl groups. The thiol
group of denatured BSA has strong affinity to Cd atom, so the
dBSA was modified to the QDs surface [18], which demonstrated a
great enhancement of the fluorescence intensity and stability.
Compared with the amide linking method, Huang’s research was
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not only easy to operate, but also provided a new approach for the
conjugation of QDs and proteins. Chemically denatured ovalbumin
(dOB) had also been conjugated to the surface of CdTe QDs [20,21],
which has efficiently improved the chemical stability and fluores-
cence intensity of the QDs and developed as temperature insensitive
bioprobes [20] or protein probes [21]. Later on, it was demonstrated
by Xia and Zhu [22] that the fluorescence of dBSA-coated CdTe QDs
could be quenched by Hg?* with high sensitivity and selectivity,
while other cations could hardly quench the fluorescence even at
fairly higher concentration levels because the denatured protein shell
layer effectively prevented the binding of cations onto the QD core
[22]. Based on these facts, the denatured protein shell protected QDs
could be developed as highly selective probe for Hg?>* determination.
Though previously developed methods had satisfactory low detection
limit, when coming to the complicated component realistic samples
which contain multiple fluorescent species, the general fluorescence
method could not avoid the spectra interference and simplify the
emission spectra. Compared with general fluorescence, the synchro-
nous fluorescence spectra (SFS) was a multidimensional fluorescence
technique which involves in scanning simultaneously by the excita-
tion and emission monochromators while maintaining a constant
wavelength interval (A1) between ey and Aen, [23]. This technique
could not only maintain the sensitivity, but also simplify the emission
spectra, improve the selectivity and spectral resolution, decrease the
interference due to light scattering [24,25]. So this paper aimed at
combining the advantages of the high sensitivity of synchronous
fluorescence technique in analysis with the specific selectivity of
Hg?* to the denatured OB coated CdTe QDs, to develop a novel
fluorescence probe for the determination of Hg?* in water samples.

2. Experimental
2.1. Apparatus and reagents

UV-vis absorption spectra were recorded at room temperature
with a UV-2450 UV-vis spectrophotometer (Shimadzu, Japan). The
synchronous fluorescence spectra were performed using a F-4500
fluorescence spectrophotometer (Hitachi, Japan). The high-resolution
transmission electron microscopy (HRTEM) image of the nano-
particles was acquired on a Tecnai G2 F20 transmission electron
microscope with the voltage of 200 KV (Philips, Holland). Fourier
transform infrared (FTIR) spectra were recorded on a Magna-560
spectrometer (Nicolet, USA). AF-610D cold vapor-atomic fluores-
cence spectrometry (CV-AFS) (Beijing Rayleigh Analysis Instrument
Company, China) was used for the determination of Hg?* in water
samples. All pH values were measured with a pHSJ-3F digital pH
meter (Analytical Instruments Co., Tianda, China).

Tellurium power (99%), CdCl, - 2.5H,0 and NaBH,4 (99%) were
purchased from ] & K Chemical Co. 3-Mercaptopropionic acid
(MPA, 99%) and Glycine (99%) were purchased from Alfa Aesar.
Ovalbumin (OB, 98%) and Tris(hydroxymethyl) aminomethane
(Tris, 99.8%) were from Sigma. Hg (NOs), standard samples was
acquired from YuDa chemical reagent Co. Ltd. (Tianjin, China).
Britton-Robinson (B-R) buffer solution were prepared by mixing
0.04 mol L~! H3P0,-CH;COOH-H;BO; solution and 0.2 mol L~!
of NaOH solution to the required pH value. All the chemicals used
were of analytical-reagent grade and all the solutions were
prepared with double deionized water (DDW).

2.2. Procedures

2.2.1. Preparation of CdTe QDs

The preparation of 3-mercaptopropionic acid (MPA)-capped
CdTe QDs was performed according to previous reports with
some modification [26,27]. In brief, freshly prepared oxygen-free

NaHTe solution was added to nitrogen-saturated CdCl, aqueous
solution (pH 9) in the presence of MPA as a stabilizing agent. The
ratio of CdCl,:MPA:NaHTe was fixed at 2:4.8:1. The resulting
mixture was then subjected to refluxing to control the size of the
CdTe QDs.

2.2.2. Preparation of denatured ovalbumin coated CdTe QDs

Denatured ovalbumin was prepared by chemically treating
ovalbumin with NaBH,4 [19] as following steps: 0.11 g ovalbumin
was dissolved in 50 mL of deionized water, then 0.004 g of NaBH,4
was added under stirring. The reaction proceeded at room
temperature for 1 h and then at 70 °C for 30 min until no more
gas (H,) was generated. The final concentration of dOB aqueous
solution was 5.0 x 107> mol L~ '. The MPA coated CdTe QDs were
precipitated with ethanol and then isolated by centrifugation and
decantation to remove free MPA molecules. Then it was redis-
solved into a certain amount of denatured ovalbumin solution
[21,22]. The resulting solution was incubated at 70 °C under
stirring for 30 min.

2.2.3. Procedure for the synchronous fluorescence detection of Hg>™*

In a series of 10 mL calibrated test tubes, 2.5 mL of as-prepared
CdTe-dOB (Caogr/Cqps=1/10) solution (2.0 x 10~*mol L~ 1), 1.0 mL
of B-R buffer solution (pH 9.0), and various amounts of Hg?* were
added, then the mixture was diluted to the mark with DDW and
mixed thoroughly for measurements after 20 min. When scanning
with excitation wavelengths of 250 nm and emission wavelength of
470 nm (AA=ldem—Aex=220 nm), the synchronous fluorescence
intensities of the CdTe-dOB QDs in the absence (Isgg) and presence
(Isr) of Hg?™ were measured at A=328 nm. The slit widths of
excitation and emission were 5 nm and 10 nm, and PMT voltage,
700 V.

3. Results and discussion
3.1. TEM characterization of CdTe-dOB QDs

After ovalbumin was denatured and most of its disulfide bonds
were converted to sulfhydryl groups, it formed a linear structure
multi-thiol-group denatured OB (dOB). When CdTe QDs were
incubated in the dOB solution, the dOB could coat the surface of
QDs through ligand exchange and a complex of CdTe,(dOB); _x
could be formed as shown in Scheme 1. The morphology of the as-
prepared CdTe-dOB QDs was studied by HRTEM (Fig. 1). It could
be seen that the nanoparticles still showed obvious crystal
lattices. The modification of the QDs surfaces with dOB molecule
did not result in any aggregation. The CdTe-dOB QDs were spherical
and monodisperse with a particle size of about 2.6 + 0.3 nm which
was nearly the same size as the original CdTe QDs. The reason may
be that the light atoms or proteins in the shell did not contribute to
the signal in the TEM images. The same phenomenon can also be
seen in the TEM image of protein BSA-stabilized Au,s nanoclusters,
in which only the Au core could be seen, while the BSA shell could
not be seen in the TEM image [28].

3.2. UV-vis and synchronous fluorescence feature of CdTe QDs and
CdTe-dOB QDs

The optical properties of original CdTe QDs and CdTe-dOB QDs
were characterized by the UV-visible absorption spectrophoto-
metry and synchronous fluorescence spectrophotometry. After
modification of the QDs surface with denatured ovalbumin, the
results showed a blue shift of the first excitonic absorbance peaks
from 518.8 nm in Fig. 2A, curve (a), to 514 nm, curve (b). The
particle size of the prepared CdTe-dOB QDs was calculated to be
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2.68 nm from the first excitonic absorption peak of UV spectra by
using Peng’s method [29]. The synchronous fluorescence spectra
obtained from CdTe QDs and CdTe-dOB QDs were also shown in
Fig. 2B. As can be seen in Fig. 2B, a blue shift of the synchronous
fluorescence peak of wavelengths from 340 nm in Fig. 2B, curve
(a), to 328 nm, curve (b), appeared which meant the size of the

dOB

| MPA-coated CdTe QDs | dOB-coated CdTe QDs |

Scheme 1. Schematic representation of the modification of CdTe QDs by the
denatured ovalbumin.
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inner CdTe “core” had a little decrease. The reason may be that
when denatured ovalbumin was conjugated onto the CdTe
surface, some Te atoms were dissociated from the surface of
QDs, which resulted in the core size decrease, so the first excitonic
absorbance peak and maximum synchronous fluorescence peak
showed the blue shift. The conjugation of denatured ovalbumin
onto the CdTe surface formed the CdTe,(denatured ovalbumin); _
complex [21,22], which resulted in the great enhancement of the
synchronous fluorescence intensity.

3.3. Fourier transform infrared spectrum

Fourier transform infrared (FTIR) spectra were used to prove
the substitution of MPA with dOB on CdTe QDs surfaces (Fig. 3).
For QDs-MPA, asymmetric and symmetric stretching bands of -
COO- located at 1560 and 1400 cm~!, respectively, were the
most distinctive bands. The C-0 stretch vibrational of MPA-QDs
at 1030 cm ™! and C-S at 667 cm~! were also observed in the IR
spectrum (curve (a)). The primary bands of interest for dOB
included the amide I band at 1650 cm~! and the amide II band
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Fig. 3. Fourier Transform Infrared (FTIR) spectra of 3-mercaptopropionic acid
(MPA)-capped CdTe QDs (a), denatured ovalbumin (dOB) (b), denatured ovalbu-

min (dOB)-coated CdTe QDs (c) and mixture of dOB and 3-mercaptopropionic acid
(MPA)-capped QDs (d).
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Fig. 2. UV-vis absorption spectra (A) and synchronous fluorescence spectra (B) of CdTe QDs and CdTe-dOB QDs (dOB:CdTe=1:10) with the same concentration

(20x10~*mol L~ 1).
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at 1540 cm~! (curve (b)) [19]. When dOB and MPA-coated CdTe
QDs were simply mixed, IR spectra showed the peaks from the
overlap result of two separate samples, as shown in the curve (d).
However, when the dOB-coated CdTe QDs was formed, only the IR
spectrum (curve (c)) identical to that of dOB (curve (b)) was
observed, suggesting that the MPA molecules on the CdTe QD
surfaces have almost completely been replaced by dOB molecules.

3.4. Optimal ratio of denatured ovalbumin to QDs

To choose the optimal modification ratio of denatured ovalbu-
min to QDs, we prepared a series of aqueous solutions with the
same QDs concentration (2.5 x 10> mol L~ ) but different ratios
of dOB to QDs, and investigated the changes of synchronous
fluorescence peak positions and intensities as functions of dOB
concentration (Fig. 4). As shown in Fig. 4, with the increasing ratio
of denatured ovalbumin to QDs, the synchronous fluorescence
peak showed continuous blue shift for as much as 15 nm. More-
over, synchronous fluorescence intensity of the CdTe-dOB
increased gradually at first and then began to decrease when
the concentration of denatured ovalbumin is higher than 2.5 x
10~% mol L~!, which meant that when conjugating the QDs with
denatured ovalbumin, excess denatured ovalbumin do not con-
tribute to the enhancement of the synchronous fluorescence
intensity. It was speculated that the passivation of QDs surface
with denatured ovalbumin led to the increase of the synchronous
fluorescence intensity. On the basis of the above-mentioned
experimental results, the optimal molar ratio of denatured oval-
bumin to QDs was chosen as 1:10.

3.5. Synchronous fluorescence characteristics of the CdTe-dOB-Hg>*
system

The effect of Hg?* on the synchronous fluorescence emission of
the CdTe-dOB QDs was shown in Fig. 5. When A1 =220 nm (scanning
with excitation and emission wavelengths of 250 and 470 nm,
respectively), the synchronous fluorescence peak of CdTe-dOB QDs
was located at 328 nm. Furthermore, the maximum fluorescence
intensity of CdTe-dOB QDs was significantly quenched with the
increasing of Hg?* concentration in the range of 0.08-30x
10~ mol L~'. The quenching effect of Hg?* on the synchronous
fluorescence emission of CdTe-dOB QDs was found to be concentra-
tion dependent. The phenomena indicated that the SFS could be used
for the development of a sensitive and selective method for the
determination of Hg?*.
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5000

4000 ~

Synchronous
fluorescence intensity(a.u.)

240 270 300 330 360 390 420 450 480
Wavelength(nm)

Fig. 5. Effect of the concentration of Hg2* on synchronous fluorescence intensity
of the CdTe-dOB QDs. CdTe-dOB: 5.0 x 10 °molL~!, B-R buffer (1.0 mL,
pH=9.0); from 1 to 11, the concentration of Hg?>* were 0, 0.08, 0.5, 0.8, 2, 5, 8,
10, 15, 20 and 30 x 107 mol L™, respectively.
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Fig. 6. Effect of time on the relative synchronous fluorescence intensity. CdTe-
dOB, 5.0x 10" °>mol L~'; Hg?* and 5.0x10-"molL~'; B-R buffer (1.0 mL,
pH=9.0).

3.6. Factors affecting the fluorescence detection for Hg?*+ with CdTe-
dOB QDs

In order to optimize the conditions for the detection of Hg?>* with
the CdTe-dOB QDs, synchronous fluorescence intensity of the CdTe-
dOB QDs solution in the absence of Hg?* (Isg) and presence of Hg?*
(Isg) were determined, respectively. Then, the effects of reaction time,
pH and the concentration of CdTe-dOB QDs on the relative synchro-
nous fluorescence intensity (Alsg=Ispo—Isg) of the CdTe-dOB QDs
solution were investigated as follows.

3.6.1. Reaction time and mixing sequence

According to the experimental results (Fig. 6), the reaction
between CdTe-dOB QDs and Hg?* reached the equilibrium within
20 min, and the relative synchronous fluorescence signals were
stable for at least 60 min at room temperature. In addition, after
investigating the mixing sequences, it was found that the best
order was to mix CdTe-dOB QDs and B-R buffer solution first, and
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then Hg?*. Therefore, all the measurements were made after
CdTe-dOB QDs, B-R buffer solution and Hg?* were completely
mixed for 20 min.

3.6.2. Effect of pH

The influence of different kinds of buffers on the relative
synchronous fluorescence intensity of the system was studied
by using Britton-Robinson (B-R) buffer, Tris-HCl and glycine-
NaOH buffers at pH values in a range from 8.0 to 10.5, as shown in
Fig. 7. It can be found that with the increasing of pH values, the
maximum relative synchronous fluorescence intensity occurred
at pH 9.0 when using Britton-Robinson buffer. In addition, when
varying the volume of the buffer from 0.5 mL to 2.5 mL, relative
synchronous fluorescence intensities changed slightly, so 1.0 mL
of B-R buffer (pH 9.0) solution was adopted.

3.6.3. Effect of the concentration of CdTe-dOB

The effect of the CdTe-dOB QDs concentration on the relative
synchronous fluorescence intensity was also investigated (Fig. 8).
At first, with the increasing concentration of CdTe-dOB QDs, the
synchronous fluorescence intensity difference of the system
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Fig. 8. Effect of the concentration of CdTe-dOB QDs on the relative synchronous
fluorescence intensity. Hg?*, 5.0 x 10~ mol L~'; B-R buffer (1.0 mL, pH=9.0).

increased significantly. After the concentration of CdTe-dOB QDs
reached 4.0 x 107> mol L~!, the relative fluorescence intensity
changed slightly. When the concentration of CdTe-dOB QDs was
higher than 5.0 x 10~> mol L™, the relative fluorescence inten-
sity began to drop down. So the concentration of CdTe-dOB QDs
was selected as 5.0 x 107> mol L~! for further research.

3.6.4. Effect of potential interfering ions

The influence of various coexistence ions on the synchronous
fluorescence of CdTe-dOB QDs-Hg?* system was tested to eval-
uate the selectivity of the proposed method (Table 1). The
experiments were carried out by fixing the concentration of
Hg?* at 0.5 umol L~! and then recording the change of synchro-
nous fluorescence intensity before and after adding the potential
interfering ions into the solution. With a tolerance level of + 5%, it
can be found that some ions show little interference and could
exist in at least 2000-fold more than the concentration of Hg?*. In
the experiments, Cu?>* showed the major interference, so a
proper amount of thiourea solutions can be added as masking
agents [30]. The mercury (I) was also a major interference when it
was co-existed with the mercury (II) in the determination system.
However, this species of mercury rarely existed in the real water
samples. Consequently, this method is suitable for the analysis of
Hg?* in water samples.

3.7. Analytical performance of CdTe-dOB QDs for Hg>™*

Under the optimal conditions, it was found that Hg?™"
quenched the synchronous fluorescence intensity of CdTe-dOB
in a concentration dependence that is best described by a Stern-
Volmer equation:

Ispo/Isk = Ksy[Q]+1

Ispo and Isg are the synchronous fluorescence intensity of the
CdTe-dOB in the absence and presence of Hg?* ion, respectively.
Ky is the Stern-Volmer quenching constant and [Q] is the
concentration of Hg?*. The calibration plot of Isp/ls versus
Hg?* concentration [Q] showed a good linear relationship
(R=0.995) in the range from 0.08 x 10~7 to 30.0 x 10~ mol L.
Ks, was found to be 1.58 x 10° L mol~'. The limit of detection
(LOD), calculated by the equation LOD =35,/Ks,, where S, was the
standard deviation of blank measurements (n=8) and K, was
the slope of calibration graph, 4.2 x 10~° mol L~'. The relative
standard deviations of seven replicate measurements for
2.0x 1077 mol L~! and 20.0 x 10~7 mol L~ were 2.8% and 2.3%,

Table 1
Interference of different metal ions on the synchronous fluorescence intensity of
CdTe-dOB-Hg?* system.

Coexisting metal Concentration Variation of the calculated value

ions? (umol L~1) (%)
K+ 1000 —2.8%
Na* 1000 —4.8%
Ca** 100 +1.0%
Mg+ 100 +0.2%
Fe3+ 1 —2.6%
Co** 1 —-1.1%
Ni2+ 2 —1.3%
Mn?2+ 1 —1.8%
Zn*+ 10 —0.3%
Pb?+ 1 —2.7%
Ba®+ 10 —4.8%
Cu?* 0.1 —2.6%
Bi®+ 10 +1.3%
Hg3* 0.1 —4.0%

3 Concentration of Hg?* is 0.5 umol L~!, CdTe-dOB, 5.0 x 10~°> mol L~ !; B-R
buffer (1.0 mL, pH=9.0).
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Table 2
Comparison of the main characteristics of QDs-based sensing systems for the
determination of Hg?*.

Probe *° Linear range LOD References
(mol L~ 1) (mol L—1)
MAA-CdS QDs 0.05-4.0x 1077 42x107° [2]

0.4-8.0x 1077
0.12-15.0 x 1077

QDs at Si0,-Rh6G
dBSA-CdTe QDs

259x107° [7]
40%x107° [22]

GSH-CdS QDs 0.15-125.0x10~7 45x10°°  [31]
Bi-color CdTe QDs multilayer 0.1-10x 10~7 45%x107° [32]
films

NAC-capped ZnS QDs 0-2.4x10°6 50x107° [33]
Quantum dots-multilayer film 0.05-5.0 x 107 - [34]
This work 0.08-30.0x 1077 42x107° -

2 Abbreviations of the reagents: MAA, Mercaptoacetic acid; Rh 6G, Rhodamine
6G; dBSA, denatured bovine serum albumin; GSH, glutathione; NAC, N-acetyl-1-
cysteine.

Table 3
Determination of Hg?* in water samples with the CdTe-dOB based SFS method.

Sample Added Found Foundby CV-AFS Recovery
(1077molL~1) (10~ mol L~1)* (107" mol L™ 1) (%)
Tap 0.50 0.51 +£0.04 0.51 102.6
water
2.00 1.99 +0.03 1.98 99.7
0.50 0.50 +0.03 0.49 99.6
Lake 2.00 2.03 £0.04 1.97 101.3
water”

¢ Mean of five experiments + standard deviation.
b Lake water at Nankai University, Tianjin.

respectively. The main characteristics for fluorimetric determina-
tion of Hg?* with QDs systems [2,7,22,31-34] were summarized
in Table 2

The proposed method has been applied to the determination
of Hg?* in water samples (Table 3). The water samples were
filtered four times through qualitative filter paper before use. The
real samples (tap water and lake water) analysis results showed
that Hg?* could not be detected directly in them, and the results
were obtained by applying the standard addition method. The
accuracy of this method was evaluated by determining the
recoveries of Hg?* in the water samples by standard addition
method. From Table 3, it can be seen that the recoveries for four
samples were found to be in the range of 99.6%-102.6% and the
determination results of the proposed method were in agreement
with the results obtained by cold vapor-atomic fluorescence
spectrometry (CV-AFS), which suggested that the method is
reliable and practical.

4. Conclusion

In summary, denatured ovalbumin was used as capping agents
to modify the surface of water-soluble CdTe QDs. The CdTe-dOB
QDs has been developed as a sensitive and selective fluorescence
probe for Hg?* determination based on the synchronous fluores-
cence technique. Compared with the general fluorescence

method, this SFS method showed high sensitivity and wide linear
range. Based on the strong quenching effect of Hg?*, a very good
linear relationship was observed in HgZ* concentration ranging
from 0.08 x 10~7 to 30.0x 10~ 7 mol L~! with a low detection
limit (4.2 x 10~2 mol L~ ). Furthermore, it also demonstrated the
feasibility of the synchronous fluorescence spectroscopy as a
promising Hg?* determination approach in water samples.
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