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Highly  luminescent,  good  stable  and low  toxic  N-acetyl-l-cysteine  (NAC)  capped  CdTe/CdS@ZnS–SiO2

near-infrared  (NIR)-emitting  quantum  dots  (QDs)  were  successfully  fabricated  in  aqueous  solution  via
a microwave  irradiation  reduction  route,  in which  thiol-capped  CdTe/CdS  QDs  were  employed  as  core
templates  and  ZnCl2, NAC  and  tetraethyl  orthosilicate  as  shell  precursors.  This  presented  ZnS-like  clusters
filled  hybrid  SiO2 model  not  only  greatly  improved  the  brightness  and  stability  of  original  CdTe/CdS  QDs,
but  also  tremendously  decreased  the  cytotoxicity  towards  HeLa  cells.  Furthermore,  it  was  found  that
Hg2+ could  effectively  selective  quench  the  QD NIR  emission  based  on electron  transfer  process.  On  the

2+

ear-infrared quantum dots
dTe/CdS@ZnS–SiO2

g2+

abel-free detection
maging

basis  of  this  fact,  a simple,  rapid  and specific  method  for trace  Hg determination  was  proposed.  Under
optimal  conditions,  the fluorescence  intensity  decreased  linearly  with  the concentration  of  Hg2+ ranging
from  5.0  × 10−9 to 1.0 × 10−6 M and  the limit  of detection  for Hg2+ was  1.0  × 10−9 M  (S/N  =  3).  As practical
applications,  the novel  NIR sensor  has  been  demonstrated  to monitor  and image  Hg2+ level  in  milk  power
and  HeLa  cells  respectively  with  satisfactory  results  obtained.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Near-infrared (NIR) fluorescence-based bio-sensor and -
maging applications have significantly contributed to diagnostic
nd biomedical fields because at the NIR wavelength (650–900 nm)
ight has deep tissue penetration and induces minimal autofluo-
escence [1–4]. In comparison with organic dye, semiconductor
anocrystals (quantum dots, QDs) as one kind of the most promis-

ng NIR lumophores have been widely studied in the past decade
enefiting from their unique size-tunable optical properties [5]. In
pite of their widespread use, the QD-based NIR fluorescence tech-
iques have remained a challenging research objective due to the

ollowing reasons: (1) the most routine preparation of NIR-emitting
Ds through high-temperature organometallic approaches may

nvolve relatively complicated multistep processes and intrinsic
ydrophobic property restricted their direct applications in biosys-

ems [6,7]. On the other hand, when using aqueous methods, almost
he obtained NIR-emitting QDs have inferior luminescence effi-
iency due to the poor nucleation environment [8–11]. (2) For
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application the water-soluble thiols play an important role and
contribute greatly to the stability and functionality of the result-
ing QDs [12]. Unfortunately, these QDs are readily subjected to
the photo-oxidation and photo-bleaching when used to sensing in
complex biological media such as living cells [13]. (3) QDs are diffi-
cult to functionalize in a controlled manner and the release of heavy
metal ions from the particle surface produces potential cytotoxicity
[14,15].

Thus it can be seen that the surface structure of QDs seriously
affect the nature of these nanocrystals, thereby hindering their fur-
ther developments in active fields. Recently, epitaxial growth of
an inorganic shell (mainly including CdS, ZnS, CdSe and SiO2) on
the surface of initial QD cores to prepare core/shell QDs has been
explored for improving the quality of visible-emitting QDs in aque-
ous solution [16–18]. Among these core/shell structures, SiO2 is
one superior hydrophilic coating layer regarding their high stabil-
ity, good biocompatibility and convenient processability in aqueous
media [19,20]. Nevertheless, the existence of a SiO2 shell has its own
limitation such as the decrease of fluorescence intensity [21,22]. To

solve this problem, Yang and Murase first presented the fabrica-
tion of hybrid SiO2-coated CdTe nanocrystals [23]. In this model, a
hybrid SiO2 shell with CdS-like clusters was formed on a CdTe core.
The SiO2 layer prevented a lattice constant mismatch between the
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ore and clusters, while the CdS-like clusters donated energy to
he core, resulting in the improvement of fluorescence efficiency.
n order to further decrease the toxicity of Cd2+, Zhu and co-workers
ecently reported the preparation of ZnS-like clusters filled hybrid
iO2-coated CdSeTe QDs via a microwave-assisted approach [24].
he obtained CdSeTe@ZnS–SiO2 QDs possessed higher fluorescence
nd lower cytotoxicity, and have been successfully applied in the
etection of Cu2+. However, to our knowledge, the high-quality
ater-soluble NIR-emitting QDs have remained elusive, despite
ioneering efforts devoted to the rational modification of visible-
mitting QDs.

Much attention has been paid to the development of fluorescent
ensors for the rapid, sensitive and selective detection of chemically
nd biologically significant ionic species. Mercury, is considered
ighly toxic and widespread pollutant, and it exists in a variety
f different forms (metallic, ionic, and as a part of organic salts
nd complexes) [25]. Mercuric ion (Hg2+), as one of the most sta-
le inorganic forms of mercury, can accumulate in organisms and

nteract with the thiol groups in protein to cause serious threat
o human health and natural environment [26]. Therefore, devel-
pment of fluorescent Hg2+ probes is of vital importance. Up to
ow, a variety of fluorescent chemodosimeters for trace amounts
f Hg2+ detection have been developed and mainly located in the
V and visible range [27–33]. To develop the application of Hg2+-

elective fluorescent sensors in complex biological systems, NIR
uorescent nanosensors should be a more suitable and reliable
hoice because the fact that the NIR window it offers in the sensor
esign of lower background interference, and commonly leading a
ider linear range and lower detection limit. However, the reports

oncerning Hg2+ fluorescent nanoprobes reliant on NIR emission
ere rather rare [34,35].

With these insights, here we have presented the design and
reparation of ZnS-like clusters filled hybrid SiO2-coated CdTe/CdS
IR-emitting QDs. As shown in Scheme 1, the mercaptopropionic
cid (MPA)-capped NIR-emitting CdTe/CdS QDs was  first synthe-
ized using a previous hydrothermal method with small changes

36]. Then, the CdTe/CdS QDs were coated with a very thin SiO2
hell containing Zn2+ and N-Acetyl-l-cysteine (NAC) molecules in
n alkaline condition. In this case, NAC was selected as the precur-
ors of ZnS and the later stabilizers of QDs. It is worth mentioning

Scheme 1. Schematic illustration for the preparation of CdTe/CdS@ZnS–SiO2 QDs.
ators B 207 (2015) 74–82 75

that NAC as alternative stabilizers of MPA  for NIR-emitting QDs
that are safer and more environmentally friendly, which are ben-
eficial to decrease the toxicity [36]. After that, the SiO2 coated
QDs were refluxed under microwave irradiation. Compared with
CdTe/CdS QDs, the obtained CdTe/CdS@ZnS–SiO2 QDs possessed
higher NIR fluorescence, stronger stability and lower cytotoxicity.
Furthermore, we  found that the NIR fluorescence of QDs can be
selectively quenched by Hg2+ based on electron transfer process.
These QDs have been demonstrated to accord with demands for
the nanoprobes of NIR in detecting and imaging of trace Hg2+ in
milk powder and living cells, respectively.

2. Materials and methods

2.1. Reagents

All the starting materials of the CdTe/CdS and
CdTe/CdS@ZnS–SiO2 NIR-emitting QDs synthesis were used
without further purification. CdCl2·2.5H2O (99.0%), NaBH4 (96.0%),
tellurium powder (99.9%) and ZnCl2 were obtained from Sinopharm
Chemical Regent Co. Ltd. (Shanghai, China). Tetraethoxysilane
(TEOS), N-Acetyl-l-cysteine (NAC), mercaptopropionic acid (MPA,
99%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) and dimethylsulfoxide (DMSO) were purchased from
Sigma–Aldrich Chemicals Co. Mercury nitrate (Hg(NO3)2) and
other common solvents and salts were obtained from Aladdin
Regent Co. Ltd. For all aqueous solutions, high-purity ultrapure
water from a Millipore (18.2 M�  cm)  system was used throughout
the experiments.

2.2. Experimental measurements

The optical absorption spectra were acquired on the Nico-
let Evolution 300 UV–vis spectrometer (Thermo, USA) coupled
with a 1.00 cm quartz cell. Fluorescence spectra and fluorescence
lifetime study were performed on an Edinburgh FLS920 spectrom-
eter (Edinburgh Instruments Ltd., UK) with an integrating-sphere
attachment under excitation of 380 nm.  The quantum yield (QY)
of CdTe/CdS and CdTe/CdS@ZnS–SiO2 QDs were calculated accord-
ing to reported procedure, using Rhodamine 6G in ethanol as
a standard (QY = 95%). Fourier-transform infrared (FT-IR) spectra
were collected on a Nicolet Avatar-330 spectrometer (Thermo,
USA) with 4 cm−1 resolution using the KBr pellet technique. Flu-
orescence microscopy images were carried out with inverted
fluorescence microscope (Eclipse Ti, Nikon). X-ray photoelectron
spectroscopy (XPS) data were measured using VG Multilab 2000
X-ray photoelectron spectrometer. High-resolution transmission
electron microscopy (HRTEM) images were acquired using a FEI
Tecnai G20 transmission electron microscope (FEI, USA) operating
at an acceleration voltage of 200 kV. Measurements of hydro-
dynamic diameters of the QDs in aqueous solution were acquired
on a Zetasizer Nano-ZS90 (Malvern Instruments Ltd., UK). The con-
centration analyses of Hg2+ in practical samples were carried out
on a AFS-830 cold-vapor atomic fluorescence spectrophotometer
(CV-AFS). Microwave reactions were carried out using an APEX
microwave chemical reactor.

2.3. Preparation of NIR-emitting NAC-capped
CdTe/CdS@ZnS–SiO2 QDs

NIR-emitting MPA-capped CdTe/CdS QDs were first pre-
pared through a hydrothermal approach described previously

with small modifications [36] (Supporting Information). The
CdTe/CdS@ZnS–SiO2 QDs were prepared using a two-step syn-
thesis process shown in Scheme 1. In step 1, the CdTe/CdS QDs
were coated with a thin SiO2 layer at room temperature through
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 StÖber method. Typically, ammonia aqueous solution (70 �L,
0%), tetraethoxysilane (TEOS, 400 �L), Zn2+ (0.1 M,  100 �L) and
AC (0.1 M,  200 �L) were successively added into the purified
dTe/CdS solution (10 mL,  pH 10.5). After being stirred at room
emperature for 2 h, the CdTe/CdS were coated with a thin SiO2
ayer containing Zn2+ and NAC. In step 2, a microwave-assisted
eflux process (200 W,  3 h) using this solution caused ZnS-like
lusters to nucleate and grow in the SiO2 shell. The resulting prod-
cts were purified using 30 kD ultrafiltration centrifuge tube. The
dTe/CdS@ZnS–SiO2 QDs were dried overnight at room temper-
ture in a vacuum. The final product in powder form could be
esuspended in ultrapure water.

.4. Near-infrared fluorescence assay for Hg2+

Mercury nitrate (Hg(NO3)2) aqueous solution was used for
he determination of Hg2+. To a 2 mL  calibrated test tube 100 �L
.0 × 10−7 M the purified CdTe/CdS@ZnS–SiO2 QD solution and cer-
ain amounts of Hg2+ were sequentially added. The mixture was
hen diluted to volume with 0.01 M phosphate buffer solution (PBS,
H 7.4) and mixed thoroughly. Two minutes later, the mixture was
ransferred to a 3 mL  cuvette and the fluorescence intensity of solu-
ion was recorded at 677 nm with the excitation wavelength of
80 nm.

.5. Hg2+ detection in milk powder sample

The milk power sample was first accurately weighted (0.1000 g)
nd digested with a mixture (1 mL)  of concentrated nitric acid and
ydrogen peroxide (3:1), then heated under the microwave radia-
ion until the solution became clear. Afterwards, the solution was
iluted with water (10 mL)  and the pH was adjusted to 7.4. For a
ypical detection, 100 �L sample solution, 100 �L QD solution and
ifferent Hg2+ were mixed in 0.01 M PBS (total volume: 2 mL). The
ubsequent fluorescence measurement procedures were the same
s above.

.6. Hg2+ imaging in Hela cells

The Hela cells were cultured in six-well plates with DMEM with
0% fetal bovine serum to obtain a suitable density (70–80% conflu-
nce). The complete DMEM was removed, and the cells were then
uspended in PBS (pH 7.4). To image Hg2+, cells were washed with
BS (pH 7.4) three times. The QD solution was first added to the cul-
ure dish, after that, different amounts of Hg2+ were added to the
ame culture dish and incubated for different times. Finally, the cul-
ure dish was observed under the inverted fluorescence microscope
t different moments.

. Results and discussion

.1. Preparation and characterization of NIR-emitting
dTe/CdS@ZnS–SiO2 QDs

The fabrication procedure and condition of CdTe/CdS@ZnS–SiO2
Ds are schematically illustrated in Scheme 1. Briefly, the MPA-
apped NIR-emitting CdTe/CdS QDs were first prepared and
urified. Afterwards, the CdTe/CdS QDs were coated with a thin
ilica layer at room temperature in the presence of Zn2+ and NAC
Step 1). It is worth noting that Zn2+ and NAC were the precur-

ors of ZnS-like clusters, because Zn2+ can gradually incorporate
ith S2− released from the gradual thermal decomposition of NAC.

inally, the hybrid SiO2-coated QDs were obtained via a reflux pro-
ess under microwave irradiation (Step 2).
Fig. 1. UV–vis absorption (left) and fluorescence spectra (right) of CdTe/CdS and
CdTe/CdS@ZnS–SiO2 QD.

Fig. 1 demonstrates the typical absorption and fluorescence
spectra of CdTe/CdS and corresponding CdTe/CdS@ZnS–SiO2
QDs. After the reflux was  finished, the absorption peak of
CdTe/CdS@ZnS–SiO2 QDs was  slightly red-shifted, which could be
due to the increase in the size of QDs. This phenomenon was
also observed in fluorescence spectra. On the other hand, the
fluorescence intensity was  significantly enhanced after the reac-
tion. The main factor contributing to the increased efficiency in
this case may  be the absence of an interface between CdTe/CdS
core and ZnS-like clusters. Since the clusters were not chemically
bonded to the core surface due to the separation of the SiO2 layer,
thus the lattice constant mismatch was avoided, leading to the
fluorescence enhancement through the effect of long-range reso-
nance transfer (LRRT) [37,38]. Representative HRTEM images of the
as-synthesized QDs samples are shown in Fig. 2(A, B). The nanopar-
ticles were nearly monodisperse, and the mean sizes of CdTe/CdS
QDs were about 5.3 nm,  after coating with a ZnS–SiO2 shell, the
average sizes increased to about 6.8 nm,  indicating the thick of
ZnS–SiO2 shell was about 0.8 nm (inset). Meanwhile, we  could not
find any fault interface in lattice fringe after coating, implying that
alloyed structure is not formed in the whole process [39]. Compar-
atively, the corresponding hydrodynamic diameters of the QDs in
water are presented in Fig. S1 (Supporting Information). The aver-
age hydrodynamic diameters of CdTe/CdS QDs in aqueous solution
were 9.7 nm,  and CdTe/CdS@ZnS–SiO2 QDs were 26.9 nm,  slightly
larger than the CdTe/CdS QDs. The difference in diameter mea-
sured by HRTEM and dynamic light scattering (DLS) is attributed to
different surface species of the as-prepared QDs in aqueous phase.

The FTIR spectra were used to identify the functional group on
the surface of the CdTe/CdS@ZnS–SiO2 QDs. In Fig. 2C, the FTIR
spectrum of NAC capped CdTe/CdS@ZnS–SiO2 QDs was similar
to that of pure NAC. In both samples, the characteristic peak at
1641 cm−1 corresponds to the C O vibration, which represents the
carboxyl group. Furthermore, the peak at 1398 cm−1 was attributed
to C–N group, the peak at 968 cm−1 was attributed to the N–H
group, and the peak at 1554 cm−1 corresponded to R-CO-NHR.
The strong peak at 1117 cm−1 was  ascribed to the silica capping
on CdTe/CdS@ZnS–SiO2 QDs. The diminution of the broad absorp-
tion around 2550 cm−1 resulting from the S–H bond in the NAC
molecule indicated that the thiol group of NAC  combined on the
surface of the CdTe/CdS@ZnS–SiO2 QDs through the Cd–S bond.
All the results indicated that NAC was  capped on the surface of
hybrid SiO2-coated QDs. Further evidence on the surface structure

of QDs can be obtained from the XPS analysis. As shown in Fig. 2D,
compared with the original CdTe/CdS QDs, the emergence of new
Zn2p and Si (2p, 2s) peaks in the CdTe/CdS@ZnS–SiO2 QDs were
attributed to Zn and Si from the ZnS and SiO2 respectively, and the
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ig. 2. HRTEM photograph of CdTe/CdS (A) and CdTe/CdS@ZnS–SiO2 (B) QDs. FTIR
dTe/CdS@ZnS–SiO2 QDs.

igher content of O as well as the lower content of Cd, Te, S and C
ndicated the formation of ZnS-like clusters filled hybrid SiO2 shell.

.2. Stability of CdTe/CdS@ZnS–SiO2 QDs

As previously reported, mercapto carboxylic acid modified QD
olloidal solutions were not stable for a long time when they
ere precipitated and redispersed in ligand-free ultrapure water

r buffer solutions, especially under the condition of low concen-
ration [13]. This is because mercapto small molecules could fall
ff from the surface of the QDs readily, resulting in the agglom-
ration of the nanoparticles, and consequently the red-shift of
mission spectrum and the decrease of fluorescence intensity
40]. Based on this, the colloidal stability of the CdTe/CdS and
dTe/CdS@ZnS–SiO2 QD solutions was investigated. As shown in
ig. 3A, it was observed that the emission intensity of CdTe/CdS
Ds reduced successively with the increasing of store time at a low
oncentration (5 nM). Meanwhile, the spectral wavelength maxi-
um was also red-shifted about 15 nm after 3 h. Oppositely, there
ere no obvious changes concerning the emission intensity and
avelength maximum of CdTe/CdS@ZnS–SiO2 QDs, indicating the

ffective protection of surface states by ZnS–SiO2 shell [24]. It is
orth mentioning that the concentration of QDs has a significant

nfluence on the sensitivity of fluorescence detection. In general,
he lower of the concentration, the lower of detection limit, and
ice versa. Here, we chose 5 nM as experimental concentrations

f QDs, which was much lower than the same type of QD-based
uorescent probes.

We  further evaluated the photostability of the as-prepared QDs.
ig. 3B shows that the fluorescence of CdTe/CdS QDs dropped to
a (C) of NAC and CdTe/CdS@ZnS–SiO2 QDs. XPS (D) of the prepared CdTe/CdS and

80% of the original fluorescence intensity in 3 h. In contrast, the flu-
orescence of the CdTe/CdS@ZnS–SiO2 QDs was remarkably stable
and decreased only slightly under UV irradiation retaining >90%
of the original intensity after irradiation for 3 h. This comparison
indicates a superior photostability of the CdTe/CdS@ZnS–SiO2 QDs
which makes their use for long-term and real-time bioassay and
bioimaging applications possible [5]. Additionally, the influence of
pH in a range between 4.0 and 10.0 was  studied in order to select the
optimal conditions for the determination. As illustrated in Fig. 3C,
the effect of pH on the CdTe/CdS@ZnS–SiO2 QDs suggested that
the QDs were pH-dependent, due to the protonation and depro-
tonation of the surface binding thiolates (NAC) [41]. The optimal
fluorescence intensity was obtained at the vicinity of pH 8.0. In
order to adapt to the pH of physical environment, 0.01 M of PBS
(pH 7.4) was recommended for used in the following work.

3.3. Sensing performance of NAC-capped CdTe/CdS@ZnS–SiO2
QDs for Hg2+

We explored the feasibility of using such hybrid SiO2-coated
QDs for Hg2+ detection. It was  seen that CdTe/CdS@ZnS–SiO2 QD
solution in the absence of Hg2+ exhibited a strong NIR fluores-
cence peak at 677 nm (Fig. 4A, curve a) and its fluorescence QY
was determined to be 45.8%, in comparison with rhodamine 6G in
ethanol (QYs: 95%) [42]. In contrast, the presence of Hg2+ led to
an obvious decrease of fluorescence in intensity, indicating that

Hg2+ could effectively quench the fluorescence of QDs (Fig. 4A,
curve b and c). Fig. 4B reveals the influence of the reaction time
on the luminescence of QDs. The reaction between NAC-capped
CdTe/CdS@ZnS–SiO2 QDs and Hg2+ was completed within 2 min
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ig. 3. Colloidal stability (A) and photostability (B) of the prepared CdTe/Cd
dTe/CdS@ZnS–SiO2 QDs in PBS (10 mM)  at different pH values, the concentration 

nd the fluorescence signals were stable for more than 2 h. For
 sensitivity study, different concentrations of Hg2+ in the range
f 0 ∼ 2.5 × 103 nM were investigated. Fig. 4C shows a gradual
ecrease in fluorescence intensity at 677 nm with an increased
g2+ concentration, and the fluorescence was quenched com-
letely when the concentration of Hg2+ solution reached 2.5 �M.
he fluorescence quenching data follows the Stern–Volmer equa-
ion (Fig. 4D): F0/F = 1.18823 + 0.00211C0. Where C0 is the analyte
Hg2+) concentration, and F0, F are the fluorescence intensities of
he resulting CdTe/CdS@ZnS–SiO2 QDs in the absence and pres-
nce of Hg2+. The F0/F response to Hg2+ concentration indicated

 nearly linear behavior (R2 = 0.995) in the range from 5 nM to
 �M.  The limit of detection is estimated to be 1 nM at a signal-
o-noise ratio of 3, which is much lower than the tolerance limit of
 ppb (10 × 10−9 M)  for mercury in drinking water permitted by the
nited States Environmental Protection Agency (EPA) [43]. Further-
ore, a comparison of the proposed nanosensor with some other

ssays for the determination of Hg2+ is made as shown in Table S1

ig. 4. Fluorescence intensity (A) of the CdTe/CdS@ZnS–SiO2 QDs at different concentrat
B)  of the CdTe/CdS@ZnS–SiO2 QDs to Hg2+ (100 nM). Fluorescence emission spectra (C) o
inear  relation (D) between the fluorescence intensity of CdTe/CdS@ZnS–SiO2 QDs and th
angle) and CdTe/CdS@ZnS–SiO2 (dots) QDs. Fluorescence intensity (C) of the
 is 5 nM.

(Supporting Information). Although the results showed that some
sophisticated analytical techniques (CVAAS and voltammetry) had
a lower detection limit, our proposed method for Hg2+ is low
cost and the selectivity is superior. Most importantly, compared
with other fluorescent probes in the visible range, the fabricated
nanosensor displayed a wider linear detection range and lower
detection limit.

3.4. Possible mechanism of quenching

To date, two  mechanisms containing electron transfer pro-
cess and ion binding interaction have been proposed to explain
the quenching effect of Hg2+ on QD fluorescence [44]. In our
study, we  speculated Hg2+ could quench the fluorescence of

CdTe/CdS@ZnS–SiO2 QDs mainly via electron transfer. As depicted
in Fig. 5A, no shift was observed in the absorption peak of
CdTe/CdS@ZnS–SiO2 QDs with addition of 0.5 �M Hg2+, indicat-
ing the effective barrier effect of hybrid ZnS–SiO2 shell for metal

ions of Hg2+ (a: 0 M,  b: 10 nM,  c: 500 nM). Time-dependent fluorescence response
f CdTe/CdS@ZnS–SiO2 QDs in the presence of different concentrations of Hg2+. The
e Hg2+concentration.
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Fig. 5. UV–vis absorption spectra (A) of the CdTe/CdS@ZnS–SiO2 QDs and
CdTe/CdS@ZnS–SiO2 QDs in the presence of 0.5 �M Hg2+. Fluorescence decay curves
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Fig. 6. Relative fluorescence (A) of CdTe/CdS@ZnS–SiO2 QDs  solution in the pres-
ence of different concentrations of various metal ions (Hg2+: 1 �M, Cu2+: 5 �M,
Ca2+: 100 �M,  other: 10 �M). F0 and F correspond to the fluorescence intensity of
CdTe/CdS@ZnS–SiO2 QDs in the absence and presence of various metal ions. Cyto-
toxicity (B) of CdTe/CdS and CdTe/CdS@ZnS–SiO2 QDs with different concentrations
B)  of CdTe/CdS, CdTe/CdS@ZnS–SiO2, and CdTe/CdS@ZnS–SiO2 after adding 0.5 �M
g2+ (�ex = 380 nm,  measured at the maximum of the fluorescence).

ations. In addition, there was also no spectra shift in fluorescence
pectra although the fluorescence intensity of QDs was quenched at
he presence of Hg2+ (Fig. 4C). To further verify the quenching effect,
he fluorescence decays were examined. As shown in Fig. 5B, the
ecay curves of all the samples can be well fitted to a biexponen-
ial model described by F(t) = A + B1exp(–t/�1) + B2exp(–t/�2) [45].
he average lifetimes of CdTe/CdS QDs was 41 ns, which was much
ower than that of CdTe/CdS@ZnS–SiO2 QDs (56 ns), suggesting
he hybrid ZnS–SiO2 shell effectively decreased the non-radiative
ecay channel. After addition of Hg2+, the fluorescence lifetime
as reduced to 51 ns, which may  result from the ultrafast electron

ransfer from QDs to Hg2+ [46].

.5. Effect of foreign ions

Besides sensitivity, selectivity is another important parameter
o evaluate the performance of the sensing system. Therefore, the
uenching effect in the presence of representative 12 kinds of
ations under the same conditions was investigated. As revealed
n Fig. 6A, Hg2+ (1 �M)  displayed the strongest fluorescence
uenching and Cu2+ (5 �M)  could minimally quench the fluo-
escence, while other high concentrations of ions (Ca2+: 100 �M,
e3+, Zn2+, Cd2+, Mg2+, Ni2+, Pb2+, K+, Na+, Ag+: 10 �M)  scarcely
ad effect on the fluorescence of CdTe/CdS@ZnS–SiO2 QDs. It
as worth mentioning that previous reports showed Cu2+ have
trong quenching effect on the Cd-based QDs. But in this case, this
uenching effect can be effectively reduced because the thin hybrid
iO2 shell layer effectively prevented the binding of Cu2+ onto the
and incubation for 24 h with HeLa cells, (a) blank, (b) 5, (c) 10, (d) 50, (e) 100, (f) 500,
(g)  1000, (h) 5000 (nM).

QDs. Furthermore, this nanoprobe still demonstrated an excellent
selectivity in the presence of all possible interference ions.

3.6. Cytotoxicity of NAC-capped CdTe/CdS@ZnS–SiO2 QDs

As another critical characteristic for biological applications, the
cytotoxicity of CdTe/CdS QDs and CdTe/CdS@ZnS–SiO2 QDs were
elaborately studied with MTT  viability assay (Supporting Informa-
tion). As displayed in Fig. 6B, the cell lines maintained greater than
80% cell viability after 24 h of treatment with CdTe/CdS@ZnS–SiO2
QD at concentrations range from 5 nM to 5 �M, while the cell
viability incubated with CdTe/CdS QDs dropped to only 50% at
the concentration of 100 nM,  and became negligible after addition
5 �M of QDs. This fact should be ascribed to the low toxicity of
the shell. The cross-linked ZnS–SiO2 shell greatly protected the
QDs from photobleaching, meanwhile the ZnS cluster layer has
less susceptibility to oxidation than the bare CdTe/CdS core [24].
To our knowledge, MPA  is the common stabilizer used in synthe-
sizing NIR-emitting QDs but it is a volatile liquid with an awful
odor and carcinogenic properties [36]. Here, NAC was selected
for growth of ZnS cluster and as stabilizer for QDs, because NAC
is a therapeutic drug used as a mucolytic reagent and in the
treatment of acetaminophen hepatotoxicity, and is of interest for

antioxidant/radical-scavenging activity [47]. All of these results
demonstrated that our QDs possessed the capability for the bio-
logical applications.
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Table 1
Direct determination of Hg2+ content in three milk powder samples using the proposed sensors.

Sample Added Hg2+ concentration (nM) Found Hg2+ concentration (nM) Recovery RSD (n = 5)

This method CV-AFS

1 2.5 2.7 2.6 108.0% 3.5%
2  25.0 26.4 25.3 105.6% 4.6%
3  100.0 102.2 100.4 102.2% 2.3%

F ed wi
w tration

3

t
n
e
r
d
t
p
f
s
p
a
t

o
a
o

ig. 7. Fluorescence microscopic images of living HeLa cells: (A) cells supplement
ith  the CdTe/CdS@ZnS–SiO2 QDs for 30 min  and further addition different concen

.7. Analytical applications

Taking advantage of NIR emission wavelength sensing ability,
he detecting of Hg2+ in milk power was first carried out, in which
o fluorescence background was observed in the NIR region with
xcitation at 380 nm.  After pretreatment (experiment section), the
esultant samples were spiked with standard solutions containing
ifferent concentrations of Hg2+. Table 1 describes the results of
hree independent milk power samples obtained using the pro-
osed fluorescence probes. It was seen that the results of recovery
or the three samples were in the range of 102.2–108.0%, which was
atisfactory for quantitative assays performed in biological sam-
les. Besides, the proposed method determination results were in

 good agreement with the results obtained by CV-AFS suggesting
hat the method is reliable and practical.
Next, we applied the QD probe to monitor the concentration
f Hg2+ in living cells. After CdTe/CdS@ZnS–SiO2 QDs were added
nd incubated for 30 min, intense deep red fluorescence can be
bserved in the cytosol of the cell under the inverted fluorescent
th CdTe/CdS@ZnS–SiO2 QDs for 30 min  under visible light, (B) cells supplemented
s of Hg2+ (C: 0.5 �M,  D: 2.5 �M)  under the excitation wavelength of 380 nm.

microscope with the excitation wavelength of 380 nm (Fig. 7B).
The bright field imaging showed (Fig. 7A) the clear contour of the
cells, which indicated that most of the cells were adherent cells
and viable throughout the imaging experiments [48]. When 0.5 �M
Hg2+ was  supplemented to cells and incubated for another 5 min, a
distinct decrease of the fluorescence intensity can be seen in Fig. 7C.
When the concentration of Hg2+ was  increased to 2.5 �M,  no fluo-
rescence can be seen (Fig. 7D). All of the phenomena showed that
these NIR fluorescence probes could be used in the detection of
Hg2+ in complex biological samples.

4. Conclusion

In summary, coating of ZnS-like clusters filled hybrid SiO2
shell has been proven to be an effective strategy for producing

high-quality NIR-emitting QDs in aqueous solution for the first
time. The as-prepared CdTe/CdS@ZnS–SiO2 QDs showed strong
NIR emission, excellent colloidal- and photo- stability, low toxicity
and good water solubility. Such QDs have been further used as a
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ovel sensing probe for label-free, sensitive detection of Hg2+ with
 detection limit as low as 1 nM.  This sensing system also possessed
igh selectivity toward Hg2+ analysis and has been successfully
sed for the detecting and imaging of trace Hg2+ in milk powder
nd living cells, respectively. Our present study allows upward
calability in terms of fabrication of fluorescent and biocompatible
anoparticles which could be applied in biosensing and imaging.
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