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Abstract CdHgTe/SiO, nanoparticles were prepared by
Si0, capping on the surface of CdHgTe QDs. The character-
istics, such as optical spectra, photostability, size and cell
toxicity were investigated. The dynamic distribution of
CdHgTe/SiO, nanoparticles was in vivo monitored by near
infrared fluorescence imaging system. CdHgTe/SiO, nano-
particles acted as a novel fluorescence probe have a
maximum fluorescence emission of 785 nm and high
photo-stability. The hydrodynamic diameter of CdHgTe/
Si0, nanoparticles could be adjusted to 122.3 nm. Compared
to CdHgTe QDs, inhibitory effects of CdHgTe/SiO, nano-
particles on proliferation of HCT116 cells decreased to a
certain extent. CdHgTe/SiO, nanoparticles had their specific
dynamic distribution behavior, which provided new perspec-
tives for bio-distribution of nanoparticles.

Keywords CdHgTe/SiO, - Nanoparticles - Organ selective -
Bio-distribution - Near infrared

Introduction

Recent breakthroughs in biomedical nanotechnology have
demonstrated the promising prospect of quantum dots (QDs)
acting as cancer diagnostic probes [1, 2], as smart drug-
delivery systems and as aids to therapy monitoring [3, 4].
QDs are featured with many unique properties, such as size-
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dependent emission band spanning from UV to infrared
region, high quantum yields, long effective Stokes shift and
high photostability [5]. QDs of different components and
surface functionalization are commercially available in recent
years. Although researchers have successfully utilized
various QDs fulfilling both in vitro and in vivo application,
QDs containing Cd, Se, Te, Hg and Pb still have some
limitations including dose-dependent cytotoxicity and degra-
dation in physiological condition [6—8].

When toxicity of QDs continues to be investigated and
debated, a numerous of experiments have demonstrated that
modification of QDs’ surface have a potent effect on both
the QDs clearance from plasma and the sequestration of
QDs within organs [9, 10]. Silica is preferred as an inert
surface coating material mainly because this substance is
non-toxic, stable, as well as biocompatible. Silanization of
various semiconductor nanoparticles have shown outstand-
ing superiority in protecting their surface characteristics
[11, 12]. Silica coatings can preserve the encapsulated QDs
from environmental factors which may affect the optical
properties and stability [13]. Furthermore, silica matrix,
which is easy to be modified, is suitable for conjugation to
additional optical reporters or targeting groups for broader
application.

Researchers have used various procedures to coating
silica shells on the surface of CdTe, CdS, CdSe, CdSe/ZnS
and CdSe/CdS [14-16]. The common methods used for
silica coating are Stober method and the micro-emulsion
method [17]. The former one is used for nanoparticles
which can be well dispersed in polar solvents such as
ethanol and isopropanol, whereas the latter is suitable for
hydrophobic nanoparticles. Furthermore, there are still great
challenges for preparing uniform and thin silica coating on
individual nanoparticles rather than on particle aggregates
by far [18].
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Here we demonstrate controlled organ-selective biodis-
tribution and elimination routes of nanoparticles by silica
surface coating but without any specific targeting moieties.
Silica coatings were modified on the surface of CdHgTe
QDs. The spectral properties, size distribution and toxicity
of CdHgTe/SiO, nanoparticles were studied. Most impor-
tantly, the dynamic behavior of CdHgTe/SiO, nanoparticles
was in vivo investigated in mouse models by NIR
fluorescence imaging system.

Materials

All chemicals mentioned in the current investigations were
used as received; they are cadmium nitrate hydrate (Cd
(NO3),4H,0; Aldrich, 99.9%), Te powder (GuoYao
chemistry agent corporation, 99.9%), sodium borohydride
(NaBH4, GuoYao chemistry agent corporation, 99% +),
Thioglycolic acid (TGA, Aldrich, 97%%), (3-mercapto-
propyl)-trimethoxysilane (MPS, Aladdin, 98%), sodium
silicate (GuoYao chemistry agent corporation, 99.9%).
Water for all reactions, solution preparation and polymer
purification was double distilled. Other chemicals were of
analytical grade.

Methods
Synthesis of CdHgTe/SiO, Nanoparticles

CdHgTe QDs was prepared following the method described
previously [6]. For surface coating, 10 ul of MPS (0.2 M)
solution and 3 ml of CdHgTe QDs aqueous solution were
placed in a 25 mL three-neck flask. Dropwise addition of
1 M NaOH was introduced to adjust the solution to pH
11.4. Deaeration of the solution was performed under a
robust flow of nitrogen with stirring at room temperature
for 30 min. After vigorously stirring for 1 h at room
temperature, 20 pl of sodium silicate solution (0.2 M) was
added to the above solution under stirring to initiate silica
polymerization on the particle surface. This shell growth
was continued for 12 h in the ice bath. Next, the entire
solution was placed into dialysis tubing and dialyzed versus
500 mL of basified double distilled water at pH 11 for 2 days
with fresh water being changed three times each days.

Photophysical Characterization

All UV—vis spectra were recorded on a 754-PC UV-vis
spectrophotometer (JingHua, China). Photoluminescence
spectra were gathered on a S2000 eight-channel optical
fiber spectrographotometer (Ocean Optics corporation,
America) coupled with a NL-PC-2.0-763 laser (A=
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765.9 nm, nlight, China). Samples were placed in an
open-sided 1-cm-path-length quartz cuvette for both UV—
vis and photoluminescence measurements.

To exam the photostabilities of the CdHgTe QDs encap-
sulated in silica particles, the composite particles and CdHgTe
QDs in plasma medium were subjected to a continuum
irradiation (765 nm) with a light intensity of 36 mW at a focus
where the light beam was 1 c¢cm in diameter. The aqueous
dispersions of various particle samples were aerated with
oxygen before they were transferred into a 1 cm quartz
corvette for the photo-oxidation experiments.

Size Charaterization of CdHgTe/SiO, Nanoparticles

The hydrodynamic diameter and polydispersity index (PDI)
of CdHgTe/SiO, nanoparticles were characterized with the
aid of Mastersizer 2000 Laser Particle Size Analyzer
(Malvern, British) at 25 °C. A helium-neon laser (10 mW
max, Wand wavelength of 633 nm) was used as the light
source. P.I. was utilized to evaluate the distribution of
nanoparticles population.

Cytotoxicity Studies of CdHgTe/SiO, Nanoparticles

To evaluate the biocompatibility of CdHgTe/SiO, nano-
particles as imaging probes, the cytotoxicity of CdHgTe/
SiO, nanoparticles and CdHgTe QDs was investigated by
using the MTT assay. Briefly, HCT116 cells (Human
colorectal cancer cells) were seeded in a 96-well plate at a
density of 5,000 cells/well on the day before the addition of
the nanoparticles. CdHgTe/SiO, nanoparticles and CdHgTe
QDs were incubated with cells in HCT116 cell culture
medium in a cell culture incubator. The survival rates of
HCT116 cells at 36 h after conjugates incubation were
measured by MTT assay. After 3 h incubation at 37 °C, the
MTT working solution was removed. Then 200 uL. DMSO
was added into each well and the plate was shaken for
20 min at room temperature. All samples were assayed in
triplicate and the survival rate was calculated as follows:
Survival rate=(mean absorbance of test wells-mean absor-
bance of medium control well)/(mean absorbance of
untreated wells-mean absorbance of medium control
well) x 100%.

Dynamic Distribution of CdHgTe/SiO, Nanoparticles
in Mouse Model

Kunmin mice, 6-8 weeks old and about 20 g in weight,
were provided by China Pharmaceutical experiment animal
center. All experiments were carried out in compliance with
the guide for the care and use of laboratory animals in
China Pharmaceutical University. The Kunmin mice were
denuded by a mixture of Na,S (5%) and starch followed
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immediately by daubing camphor ice to avoid further skin
erosion. The denuded mice were put back into the animal
house for 24 h before experiment.

Each mouse was anesthetized with 150 pL ethyl
carbamate (20 mg/mL) by intraperitoneal (IP) injection
and fixed in the Lucite jig. 100 pL of CdHgTe/SiO,
aqueous solution (8 umol/L) was then injected into the tail
vein. The dynamic behaviors of CdHgTe/SiO, nanopar-
ticles were detected by near infrared (NIR) fluorescence
imaging system (A high sensitive NIR CCD camera
(Princeton, America), an 800 nm long pass filter (Chroma,
Rockingham, VT), a NL-PC-2.0-763 laser (A=765.9 nm,
nlight, China) and HLU32F400 808 nm laser (LIMO,
Dortmund, Germany)). The background image was
obtained before CdHgTe/SiO, nanoparticles injection. A
series of images was gathered at different time point (5 min,
1 h,3 h, 8 h, 12 h and 36 h) post-injection. The mouse was
executed 2 days after injection of CdHgTe/SiO, nano-
particles. Fluorescence images were collected after
performing a thoracotomy on the executed mouse. The
major organs of the mouse (liver, lungs, intestines and
heart) were separated after thoracotomy and washed by
normal saline. The isolated organs were put together to
collect fluorescence signals by NIR image system.

Results
Synthesis of CdHgTe/Si02 Nanoparticles

Herein, we report on a method for preparation CdHgTe
QDs coated with silica at room temperature. The synthesis
routine of CdHgTe/SiO, nanoparticles is shown in Fig. 1.
Recently, wang et al. [2] has synthesized CdTe QDs
embedded silica nanoparticles by microemuision method.
However, the PL emission of CdTe QDs was severely
decreased before adding poly (dimethyldiallyl ammonium
chlioride). In comparison, our synthetic process is straight-
forward without introducing extra materials besides MPS
and sodium silicate. The fluorescence intensity of CdHgTe/
SiO, nanoparticles have no seriously affect by silica shell.

Fig. 1 Synthesis routine of
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Unlike commonly used methods such as microemulsion
methods, this synthesis routine is both simple and practical
which could also avoid using the potential toxic organic
solvents.

Absorbance and Fluorescence Spectra of CdHgTe/SiO,
Nanoparticles

The absorption and emission spectra of CdHgTe/SiO,
nanoparticles and CdHgTe QDs in water are shown in
Fig. 2(a and b). The UV—vis absorption spectrum shows the
characteristic electron—hole pair peak representative of the
band gap energy. The shoulder peak position (720 nm)
shows no significant change as SiO, capping on the surface
of the QDs. Compared with CdHgTe QDs, the emission
spectra show that CdHgTe/SiO, nanoparticles hold the
same peak emission wavelength (790 nm) but the weaker
fluorescence intensity. In this study, we obtained CdHgTe/
Si0, nanoparticles through optimizing synthesis conditions,
including addition quantity of MPS and pH adjustment.
CdHgTe/Si0, nanoparticles with high fluorescence intensi-
ty were prepared by controlling pH at 10.5 to 11.0, using
sodium silicate solution (0.2 M) to initiate silica polymer-
ization on the surface of CdHgTe QDs. Comparison to
CdHgTe QDs, the fluorescent peak position of CdHgTe/
SiO, nanoparticles was nearly invariant with more narrow
full width at half-maximum (FWHM). As shown in Fig. 2b,
the quantum yield of CdHgTe QDs was 18% referring to
Rhodamine 6 G, the quantum yield of CdHgTe/SiO,
nanoparticles was approximately 16%.

Photostability of CdHgTe/SiO, Nanoparticles

Figure 3 shows the photostability of CdHgTe/SiO, nano-
particles and CdHgTe QDs in plasma medium under
continuous irradiation with a 765 nm laser light. Compared
to CdHgTe QDs, the fluorescence intensity of CdHgTe/
Si0, nanoparticles almost remained the same as the original
value when the laser irradiated for 120 min, which
suggested excellent stability of CdHgTe/SiO, in a biolog-
ical environment.
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Fig. 3 Photostability of CdHgTe/SiO, nanoparticles and CdHgTe
Wavelength (nm) QDs in plasma medium under continuous irradiation by 765 nm laser
for 120 min
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Fig. 2 a Absorbance spectra of CdHgTe QDs and CdHgTe/SiO,

nanoparticles; b fluorescence spectra of CdHgTe QDs and CdHgTe/
Si0O, nanoparticles

Size Distribution of CdHgTe/SiO, Nanoparticles

As shown in Fig. 4, the size of CdHgTe/SiO, nanoparticles
prepared with 10 pL. of MPS (0.2 M) and 20 pL of sodium
silicate (0.2 M) are 122.3+£38.6 nm. The nanoparticles also
show narrow distribution with a relative standard deviation of
15%. The narrow size distribution of CdHgTe/SiO, nano-
particles indicated the synthesis of uniform nanoparticles.

Cytotoxicity of CdHgTe/SiO, Nanoparticles

To evaluate the biocompatibility of CdHgTe/SiO, nano-
particles as imaging probes, the cytotoxicity of CdHgTe/

@ Springer

with CdHgTe/SiO, nanoparticles. After having been
incubated for 36 h, CdHgTe/SiO, nanoparticles display
very low toxicity (cell viability as high as 90%) to
HCT116 cells even at higher dose. However, CdHgTe
QDs exhibit cytotoxicity towards HCT116 cells at high
dose (14 mM) and cause a significant reduction (about
75% of control) in cell viability. Meanwhile, an evident
reduction in cell viability (about 30% of control) was also
observed even when tested at the low concentration
(14 uM).

ZAve (nm): 122.3
PolyIndex: 0.213

Intensity

0 50 100 150 200 250
Diameter (nm)

Fig. 4 Size distribution of the CdHgTe/SiO, nanoparticles prepared
with 10 uL MPS and 20 puL sodium silicate (0.2 M)
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Fig. 5 Cytotoxicity studies of HCT116 cells treated with CdHgTe/
SiO, nanoparticles and CdHgTe QDs. MTT assays illustrating cell
viability upon exposing the cells with different concentration of
CdHgTe/Si0, nanoparticles and CdHgTe QDs for 36 h

Dynamic Characteristics of CdHgTe/SiO, Nanoparticles
In vivo

The in vivo dynamic behavior of CdHgTe/SiO, nano-
particles (122.3+38.6 nm) is investigated in mouse model
by NIR fluorescence imaging system. A series of fluores-
cent images are displayed in Fig. 6, which were taken at
different time interval after injection of CdHgTe/SiO,
nanoparticles. The fluorescent background was acquired
prior to CdHgTe/SiO, nanoparticles injection (Fig. 6a).
After injection, fluorescence images were collected at
different time points (10s, 5 min, 1 h, 3 h, 8 h, 12 h.
36 h). As shown in Fig. 6b, CdHgTe/SiO, nanoparticles
quickly distributed in the blood vessels of the whole body
via blood circulation and accumulated quikly in heart. For a
short while, fluorescence signals could be distinctly
acquired in lung and liver of the mouse (Fig. 6¢). The
fluorescence signals of high intensity in lung maintained
within 36 h post-injection (Fig. 6d to h). It is worth noting
that these results are helpful for localizing and monitoring
diseases of liver and lungs. Owing to the clearance of
CdHgTe/SiO, nanoparticles, fluorescence intensity in liver
obviously decreased at 36 h post-injection. Whereas,
fluorescence signals of lung remained at high level. The
mouse was executed and performed a thoracotomy at 1 h and
48 h, respectively. Fluorescence signals of mouse liver and
lungs could still been clearly distinguished (Fig. 6i and j).
The major organs of the mouse were isolated and put
together to collect fluorescence images. In comparison with
other organs, fluorescence signals in lungs were the most
obvious (Fig. 6k). The results demonstrate that lung is the
primary target organ for CdHgTe/SiO, nanoparticles (122.3+
38.6 nm) to accumulate in mouse model.

Discussion

In order to obtain CdHgTe/SiO, nanoparticles with high PL
efficiency, synthetic conditions should be strictly controlled
especially pH condition. Researchers found out that
silanization of TGA stabilized CdTe QDs began with the
ligand exchange of TGA with MPS molecules [19]. MPS
carries negative charges at alkaline pH. CdHgTe QDs can
be stabilized by TGA at alkaline pH as well. It is due to the
fact that polymerization of the silica must be performed at
high pH to active sodium silicate. Hence, we prepared
CdHgTe/Si0, nanoparticle at pH 11 to advance the removal
of TGA off the surface and priming of MPS onto the
surface of CdHgTe QDs.

The photoluminescence efficiency almost retains the
initial efficiency even capping with SiO, shell. The reasons
for the high efficiency are attributed to the proper pH
controlling during incorporation of the QDs and the high
concentration of QDs capping with a thin silica layer
without removing ligands (TGA). To obtain high fluores-
cence intensity of CdHgTe/SiO, nanoparticles, it is impor-
tant to retain the stability of the QDs during incorporation.
TGA stabilized CdHgTe QDs in aqueous solution exhibits
high fluorescence intensity in the pH range of 8—11 because
carboxyl groups in TGA molecules have a dissociated form
in such alkaline conditions. Deionization of TGA increases
greatly when pH changed from 2.9 to 4.9, which destroys
the interaction between thiol group and CdHgTe QDs and
makes the QDs unstable and promotes the agglomeration
[20]. As a result, in the preparation of CdHgTe/SiO,
nanoparticles, alkaline solution with pH 8-10 was used
during the Stober synthesis. Meanwhile, optimization of the
addition quantity of MPS also benefits the optical proper-
ties of CdHgTe/SiO, nanoparticles,which is prominently
correlative with the thickness of silica shell grown on
CdHgTe QDs surface. Furthermore, no addition of organic
solvents during incorporation results in high photolumines-
cence efficiency because organic solvents results in
aggregation and precipitation of the QDs.

The CdHgTe/SiO, nanoparticles in aqueous solution
show excellent stability in vitro. No particles aggregation
was observed in the exposure of atmosphere and light
within several weeks. Although the surface ligands of QDs
are susceptible to environmental factors, silica coating can
effectively prevent QDs from oxidizing and aggregating.
After silylanization, the passivation of the CdHgTe QDs
surface enhances the stability of CdHgTe QDs in aqueous
solution.

In comparison with the size of CdHgTe QDs precursor, it
is obvious that multiple QDs rather than only one QD are
embedded into silica shell which benefits the fluorescent
intensity of CdHgTe/SiO, nanoparticles. We found that the
amount of added sodium silicate influence the size of the
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Fig. 6 The dynamic biodistri-
bution of CdHgTe/SiO, nano-
particles (122.3+38.6 nm) were
monitored after tail vein injec-
tion of CdHgTe/SiO, nanopar-
ticles into the mice. a the
fluorescence background
obtained before injection (exci-
tation at 765 nm); Fluorescence
images of the mouse at different
time interval: b 5 min; ¢ 1 h; d
3h;e8h;f12h;g24h; h36h;
i and j the mouse was put into
execution 1 hour later and 2
days later, and then fluorescence
image of the mouse was taken
after performing a thoracotomy,
respectively; k fluorescence
image of isolated tissues after
mouse execution (heart, lung,
liver and intestines)

(@)

resulting nanoparticles. While 10 pL of sodium silicate
(0.2 M) rather than 20pl. were added into the reactive
solution, CdHgTe/Si0, nanoparticles with the size of 22.8+
5.2 nm could be obtained (data were not shown).
Meanwhile,larger CdHgTe/SiO, nanoparticles with multi-
ple QDs inside can be prepared by increasing the amount of
sodium silicate. Therefore, the quantity of sodium silicate is
the main factor that determines the size distribution of
CdHgTe/Si0, nanoparticles.

In recent years, QDs have attracted enormous attention
for their applications in biological and medical areas.
However, their potential toxicity and stability are the most
highly debated issues concerning the application of QDs
especially for in vivo bio-imaging. The potential toxicity
associated with their application in living body mainly
arises from the inherent chemical composition like heavy
metals. The heavy metals can easily accumulate in adipose
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tissues which are unable to be excreted out of the body
more than one decade [21]. Surface oxidation of QDs
induced by air or ultraviolet rays is correlated with the
cotoxicity of QDs, which lead to liberation of free heavy
metal ions [22]. To modulate the toxicity of QDs in vivo,
the dosage should be taken into consideration while using
QDs in living animals. As mentioned in detail, the
maximum safe dose of CdHgTe QDs used in mice is
10.5 pg/g [6]. In this study, the maximum safe dose of
CdHgTe/Si0, nanoparticles in mouse model is 85.0 pg/g
(data did not shown), which is much higher than that of
CdHgTe QDs. The results indicate that the innocuous silica
shells can prevent QDs from oxidation and avoid releasing
heavy metal ions effectively. Meanwhile, the silica shell can
enhance the stability of CdHgTe QDs to resist hostile
environment. In addition, our synthetic method is a green
route which avoids utilizing the potential toxic materials.
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Therefore, CdHgTe/SiO, nanoparticles are safe for in vivo
usage and their fluorescence intensity is sufficient enough
for in vivo imaging at our injection dose.

The primary purpose of our study is to improve the
biocompatibility and stability of CdHgTe QDs as well as
weakened the toxicity of CdHgTe QDs for in vivo
application. Silica, amphiphilic and functionalized lipids,
have been used as surface coating matrix due to their
excellent properties, for instance their good stability, the
ability to be modified and favorable biocompatibility. It is
of importance to control the surface properties of QDs
because it will determine their fate in living bodies. In our
study, the fluorescence intensity of CdHgTe/SiO, nano-
particles in vivo during bioimaging is as excellent as their
PL intensity in vitro, demonstrating that silica coating has
less impact on the fluorescence intensity of the QDs.

QDs were regarded as excellent extrinsic contrast agents
for in vivo imaging compared to the commonly used
organic dyes. Investigating the accumulation and distribu-
tion kinetics of QDs in vivo is crucial for biomedical
applications in order to improve the sensitivity and
selectivity of bioimaging outcome. Commonly, QDs are
primarily accumulated in the liver after intravenous
injection into the body. This phenomenon relates to the
nonspecific uptake of QDs by the reticuloendothelial
system (RES) mainly located in the liver, lymph nodes,
bone marrow and spleen. If QDs enter the body via
subcutaneous injection, nonspecific uptake of QDs by
RES was not as severe as intravenous injection, but it
could also be confirmed by inductively coupled plasma
mass spectrometry (ICP-MS) [19]. Although NIR fluores-
cence imaging is unable to provide quantitative information
of the QDs like ICP-MS, the kinetics of QDs could be
directly observed in vivo by means of monitoring the
fluorescent signals. We have previously investigated in vivo
dynamic characteristics of thiol-stabilized CdHgTe QDs.
The QDs rapidly accumulated in mouse liver and then enter
into intestine via hepato-enteric circulation. In this study,
CdHgTe/Si0, nanoparticles without further functionaliza-
tion showed pronounced nonspecific tissue binding as well,
which is similar to the bare QDs. Nevertheless, we found
that CdHgTe/SiO, nanoparticles accumulated in large
quantities in lung other than in liver. The fluorescence
images of the isolated organs provide definite evidence that
the lungs are the major targeted organs of CdHgTe/SiO,
nanoparticles.

The different dynamic properties between CdHgTe QDs
and CdHgTe/SiO, nanoparticles are attributed to different
size between CdHgTe/SiO, nanoparticles (122 nm) and
CdHgTe QDs (5-7 nm). The size of non-functionalized
QDs is a predominant factor that leads to difference of their
in vivo dynamic properties [23]. De Jong et al. have found
that Particle size-dependent organ distribution of gold

nanoparticles after intravenous administration. Particles of
10 nm were present in various organ systems whereas the
larger particles were only detected in blood, liver and
spleen [24]. Chithran et al. also showed the size and shape
dependence of gold nanoparticle uptake into mammalian
cells [9]. Furthermore, due to the phagocytosis of alveolar
macrophages, larger particles (>100 nm) are prone to being
phagocytized in lungs. The lung-targeting of CdHgTe/SiO,
nanoparticles may provide a promising prospect for the
non-invasive monitoring of lung related studies.

Conclusion

CdHgTe/SiO, nanoparticles with excellent photophysical
properties were synthesized in water phase. These nano-
particles with NIR fluorescence and super photo-stability
are well appropriate for in vivo dynamic studies. Their
biodistribution in mouse model revealed that the size is a
predominant factor on influencing organ-selective behav-
iors. For broader application in tumor diagnosis studies,
CdHgTe/Si0, nanoparticles should be further functional-
ized with additional targeting moieties on their surfaces. In
future, exploiting NIR photoluminescence CdHgTe/SiO,
nanoparticles can provide an outstanding candidate for low
toxic bio-imaging, which has great significance for the
guidance of site-directed surgeries as well as disease
diagnosis and therapy.’
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