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ABSTRACT: We report on the synthesis of luminescent
CdSe/CdS@SiO2 nanoparticles and their application to cell
labeling. The main novelty of these nanoparticles is the use of
newly developed “flash” CdSe/CdS quantum dots (QDs),
which are obtained through a new fast and efficient synthesis
method recently reported. These core−shell QDs are
encapsulated in silica nanoparticles through a water-in-oil
microemulsion process, resulting in CdSe/CdS@SiO2 nano-
particles with good morphology and controlled architecture.
The main asset of these luminescent nanoparticles is their high
photoluminescent quantum yield, which is equal to that of the original CdSe/CdS QDs and remains unchanged even after several
months of storage in water. Thanks to the remarkable stability of their optical property in aqueous environment and to their low
levels of toxicity, the high potential of these nanoparticles for long-term cell labeling is demonstrated.
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1. INTRODUCTION

The use of functional nanoparticles in the fields of
biotechnology, medical diagnostic, and therapy techniques has
raised an increasing interest in the past years.1−3 Luminescent
nanoparticles in particular are very useful for bioimaging and
cell labeling. For these applications, semiconductor quantum
dots (QDs) are an attractive alternative for classic organic
fluorophores as light emitters because they exhibit a higher
brightness thanks to large absorption cross-sections, a tunable
narrow emission spectrum and a broadband absorption
spectrum.4 Therefore, QDs are ideal potential nanoprobes for
sensitive and long-term multiplexed bioimaging and biosens-
ing.5−7

For optimal properties, colloidal QDs are best synthesized at
relatively high temperature (up to 350 °C) in apolar solvents.
To be used in bioimaging, they should thus be transferred to
biological media such as water or buffer solutions. For this
purpose, the encapsulation of QDs in silica nanoparticles has
been investigated in the past years.8−12 Indeed, a silica matrix
can provide nanocrystals with an enhanced colloidal stability in
polar solvents and for a wide range of conditions (pH, ionic
strength).13 In addition, silica is a relatively biocompatible
material and its surface can be functionalized with a wide range
of groups, including amines and thiols,14 that can thereafter be
used for coupling the nanoparticles with biomolecules of

interest and for specific targeting of cells or intracellular
structures.2,15

Unfortunately, the properties of semiconductor QDs can
quickly deteriorate in strongly oxidative environments such as
water, which therefore limits their use in biological applications.
In solution, reactive oxygen species (ROS) such as oxygen
superoxide or singlet oxygen can cause photooxidation of the
QDs resulting in serious deterioration of their optical
properties, with in particular a decrease of their photo-
luminescence quantum yield (PLQY).16−18 In the same way,
the degradation of QDs can result in the release of toxic
elements such as Cd2+ ions, a known heavy metal toxicant.19−21

These issues were so far not fully solved by the encapsulation of
the QDs in silica nanoparticles because of the high porosity of
the silica matrix made by sol−gel approaches. Furthermore, in
studies on the encapsulation of QDs in silica nanoparticles the
effect of the process on the PLQY is not rigorously analyzed.
The reported values are often obtained by measurements
relative to a dye with a known PLQY, whereas this method
cannot be accurate due to the scattering of light by such silica
coated nanoparticles. In addition, the PLQY values are typically
reported for freshly prepared samples and the long-term
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stability of the PLQY of QD@SiO2 nanoparticles is usually not
addressed. Thus, in addition to the long lasting problem of QD
degradation, which has always limited their true application to
bioimaging, the accurate monitoring of this degradation is also
an open challenge.
In this study, we overcome most of these limitations by the

silica encapsulation of newly developed “flash” CdSe/CdS QDs,
which are obtained through a very fast and efficient method we
recently reported.22 These “flash” QDs meet with state-of-the-
art criteria of quality in terms of morphology and optical
properties for such core−shell heterostructures, including good
size monodispersity, narrow emission spectra, high PLQYs, and
a low blinking behavior, which are essential properties for
biolabeling applications. In a second step, these QDs were
encapsulated in silica nanoparticles through a water-in-oil
microemulsion process, a very powerful tool for the synthesis of
functional silica nanoparticles with complex architectures and
with sizes below 50 nm,23 which has already been successfully
employed for the silica encapsulation of hydrophobic nano-
crystals, including semiconductor QDs,10−12 but also aniso-
tropic nanorods.24 The effect of the silica encapsulation and the
subsequent transfer of the nanoparticles into water on the
PLQY of the QDs was carefully investigated by using an
integrating sphere and an improved calculation method as
detailed in the Experimental Section and in the Supporting
Information. With this method, we demonstrate the high
physicochemical stability of these “flash” CdSe/CdS@SiO2
nanoparticles. Opposite from QDs synthesized using a classical
“SILAR” approach,25 they fully retain their PLQY even after
long-term storage in water and exhibit a high photostability
under continuous UV irradiation. This enhanced stability and
its careful monitoring represent considerable improvements to
the field of QD@SiO2 nanoparticles and constitutes the major
novelty of this work. In addition, the cytotoxic effects of the
CdSe/CdS@SiO2 nanoparticles were investigated according to
previously optimized methods for nanocytotoxicity evalua-
tion,26 proving effective protection against acute toxicity by the
silica coating. Finally, taking the advantage of the high stability
of their optical properties and their reduced toxicity, the
usefulness of these nanoparticles for cell labeling in terms of
particle uptake and long-term cell visualization is evidenced. We
thus demonstrate that the combination of “flash” CdSe/CdS
QDs and a microemulsion-based silica coating yields nano-
particles with a high physicochemical stability and photo-
stability but also with a low toxicity. These results truly defeat
the limitations restricting the bioapplications of QDs. This
considerable breakthrough will pave the way for the develop-
ment of efficient nanoprobes for long-term cell tracking and
labeling, but also for the further development of complex
multifunctional nanoparticles.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Cadmium oxide (CdO, 99.998% Puratronic) and

trioctylphosphine oxide (TOPO, 98%) were purchased from Alfa-
Aesar. Octadecylphosphonic acid (ODPA, 98%) was purchased from
PCI. Trioctylphosiphine (TOP, 97%) and sulfur powder (S, 99.999%)
were purchased from Strem. Selenium powder (Se, 99.999%), oleic
acid (OA, 90%), tetraethyl orthosilicate (TEOS, 98%) and polyoxy-
ethylene (4) lauryl ether (Brij30) were purchased from Sigma-Aldrich.
n-Heptane (99.9%) was purchased from VWR. Ammonia solution
(28−30% in water) was purchased from Merck.
2.2. Synthesis of the “Flash” CdSe/CdS QDs. The “flash”

CdSe/CdS QDs were synthesized according to a method we recently
reported.22 First, 4 nm sized wurtzite CdSe cores were prepared

according to a procedure described in the literature.27 Briefly, 0.06 g of
CdO, 3 g of TOPO, and 0.280 g of ODPA were mixed in a 25 mL
three neck flask. The mixture was heated to 150 °C under a vacuum
for 1 h. The solution was then put under a nitrogen atmosphere and
heated to 345 °C. Next, 1.8 mL of TOP were injected. After the
temperature had recovered, a solution containing 0.058 g of Se
dissolved in 0.360 g of TOP was injected. The reaction time was
adapted to obtain CdSe QDs of 4 nm in size and the QDs were
purified by several cycles of precipitation, centrifugation and
resuspension. Next, the CdSe/CdS core−shell QDs were obtained
through a seeded growth approach using the previously mentioned
wurtzite CdSe QDs as cores. For this synthesis, 0.08 g of CdO and 1.6
g of oleic acid were mixed with 3 g of TOPO in a 25 mL three neck
flask. The reaction mixture was heated to 120 °C while flushing with
nitrogen for 1 h. The temperature was then increased to 330 °C. As
soon as the solution became colorless, 1.8 mL of TOP were injected.
After the temperature had recovered, 1.8 mL of a solution containing
87 nmol of CdSe core QDs and 0.06 g of S in TOP were injected.
After 3 min, the reaction was quenched by a sudden drop of the
temperature using a water bath, followed by the injection of 10 mL of
toluene. The nanocrystals were purified by the addition of isopropanol
and methanol, centrifugation and redispersion in toluene. The
purification was repeated three times.

2.3. Synthesis of the CdSe/CdS@SiO2 Nanoparticles. The
above-mentioned CdSe/CdS QDs were encapsulated in silica
nanoparticles through a water-in-oil microemulsion process. For this,
25 nmol of CdSe/CdS QDs was mixed in 50 mL of heptane and 16
mL of Brij30. After 15 min of stirring, 2.5 mL of Milli-Q water and 0.5
mL of ammonia solution were added dropwise. After 1 h of stirring to
ensure stability and homogeneity of the microemulsion, 1.5 mL of
TEOS were added. The reaction was left under stirring for 3 days, then
the microemulsion was precipitated by addition of a large volume of
ethanol (∼30 mL) and the nanoparticles were collected by
centrifugation (relative centrifugal force, RCF = 3000 g, 5 min). The
nanoparticles were purified by repeated centrifugation cycles in Milli-
Q water (RCF = 10 000 g, 30 min) and finally redispersed in Milli-Q
water. The pH of the QD@SiO2 nanoparticles solution was always
comprised between 8 and 9.

2.4. Characterization Techniques. Bright-field transmission
electron microscopy (TEM) images were taken using a Cs-corrected
JEOL 2200 FS microscope. Photoluminescence measurements were
done on an Edinburgh Instruments FLSP920 UV−vis−NIR
spectrofluorimeter, using a 450W xenon lamp as the excitation source.
The signals were collected with a Hamamatsu R928P PMT detector,
which has a response curve between 200 and 900 nm. All emission
spectra were recorded for an excitation wavelength of 365 nm and
were corrected for the detector sensitivity. The PLQY of the QD@
SiO2 nanoparticles were measured for an excitation wavelength of 365
nm and by using an integrating sphere. The measurement method for
measuring the absolute PLQY of these nanoparticles was adapted from
the method described by Mello et al.28 which was improved in order to
correct the measurements for the reflection on the cuvette inside the
integrating sphere (see the Supporting Information for a complete
description of the method and calculation details).

2.5. Toxicity and Cell Labeling Studies. All toxicity and cell
labeling studies were performed using primary human umbilical vein
endothelial cells (HUVEC) as a representative cell model for both in
vitro and in vivo evaluation of nanoparticle toxicity.29 For these
studies, the concentration in nanoparticles was estimated by weighing
a dried extract of the initial solution and by assuming a density of 2 for
silica. A full methodology on cell culture protocols and detailed
experimental protocols on cell labeling studies can be found in the
Supporting Information that accompanies this article.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. 3.1.1. “Flash” CdSe/CdS
QDs and CdSe/CdS@SiO2 Nanoparticles. One of the main
advantages of the “flash” synthesis is the possibility to grow
relatively thick CdS shells in no more than 3 min of reaction.
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The “flash” CdSe/CdS QDs synthesized according to the
procedure described in the Experimental Section are 9.5 ± 1.2
nm in size (Figure 1a), which corresponds to about 8 layers of

CdS. As demonstrated elsewhere,22 with this synthesis method
the CdS shell grows epitaxially on the wurtzite CdSe cores and
the CdSe/CdS QDs also have a wurtzite structure. Through the
microemulsion process the QDs were successfully encapsulated
in silica nanoparticles (Figure 1b). The CdSe/CdS@SiO2
nanoparticles show a good morphology with more than 99%
of them having one single QD perfectly in its center and
surrounded by a homogeneous silica layer. The CdSe/CdS@
SiO2 nanoparticles have an average diameter of 33.8 ± 2.8 nm,
corresponding to a silica shell thickness of about 12 nm.

3.1.2. Tuning the Silica Shell Thickness. Being able to
control the size of the nanoparticles is an important parameter
when developing tools for biotechnology applications. With this
microemulsion technique, the thickness of the silica shell could
be easily tuned in a wide range of sizes just by varying the
amount of silica precursor (TEOS) in the synthesis. Indeed, as
demonstrated by other authors,10,11 in a water-in-oil micro-
emulsion, hydrophobic nanocrystals capped with amphiphilic
ligands act as nucleation centers for the growth of the silica
nanoparticles. During this process, both the nanocrystals and
the silica precursor are initially located in the oil phase. The
amphiphilic ligands are exchanged by hydrolyzed silica
monomers, and the nanocrystals can then migrate to the
aqueous inverted micelles where the growth of the silica shell
will proceed.10,11 As a result of this mechanism, each QD@SiO2
nanoparticle contains only one single QD core, and thanks to
the full chemical yield of the silica formation there is a direct
linear relationship between the amount of TEOS involved in
the synthesis and the volume of the silica shell per nanoparticle.
For illustration, images c and d in Figure 1 show CdSe/CdS@
SiO2 nanoparticles with silica shell thicknesses of less than 2 nm
and more than 30 nm respectively, which were obtained by
using either 40 times less or 25 times more of TEOS compared
to the synthesis described in the Experimental Section.
Following this line of reasoning, the thickness of the silica
shell could also be tuned by using the same amount of TEOS
but with varying the amount of QDs. However, with this
approach there is still the possibility of forming empty silica
nanoparticles if the concentration of QDs in the microemulsion
is too low (see the Supporting Information, Figure S3a). In the
same way, if the concentration of QDs is too high, it results in
the formation of inhomogeneous and sometimes incomplete
silica shells (see the Supporting Information, Figure S3b).
Thus, for the silica encapsulation of QDs, there is an optimal
range of concentrations of these nanocrystals in the micro-
emulsion, which will of course depend on the composition of
the microemulsion (i.e., oil:water:surfactant ratios). Once this
range of concentrations is found, the thickness of the silica shell
is better tuned by adapting the amount of silica precursor.

3.2. Optical Properties. We use in this work “flash” CdSe/
CdS QDs with a well-defined and sharp emission peak centered
at 630 nm (Figure 2a). The encapsulation of these CdSe/CdS

Figure 1. TEM images of (a) the CdSe/CdS QDs, (b) the CdSe/
CdS@SiO2 nanoparticles obtained as described in the Experimental
Section, and the CdSe/CdS@SiO2 nanoparticles obtained by using
either (c) 40 times less or (d) 25 times more silica precursor.

Figure 2. (a) Emission spectra of the CdSe/CdS QDs in toluene and the CdSe/CdS@SiO2 nanoparticles after 10 months of storage in water (the
emission spectra are normalized and slightly offset for clarity). (b) Evolution of the PLQY of the CdSe/CdS@SiO2 nanoparticles as a function of
time and compared to CdSe/CdS/ZnS@SiO2 nanoparticles where the QDs were prepared by the SILAR method (the dashed line indicates the day
the nanoparticles were transferred into water). (c) Evolution of the PLQY (solid symbols) and absorption at 365 nm (A%, open symbols) of a
CdSe/CdS@SiO2 nanoparticles solution in water under continuous UV irradiation (4W UV lamp, λ = 366 nm). In c, the values are normalized to
their initial value (t = 0 h).
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QDs in silica nanoparticles did not induce any modification in
neither the shape nor the position of their emission spectrum,
even after more than 10 months of storage in water (Figure 2a).
This observation is a first indication of the long-term stability of
these nanoparticles in water. Indeed, partial oxidation of the
QDs would have resulted in a shift of the emission spectrum
toward shorter wavelengths.
3.2.1. Stability of the Photoluminescence Quantum Yield.

The absolute PLQY of the CdSe/CdS@SiO2 nanoparticles was
followed carefully in time by using an integrating sphere (see
the Supporting Information for a complete description of the
method and calculation details) and the values are reported in
Figure 2b. As a benchmark, more “conventional” CdSe/CdS/
ZnS QDs prepared by the successive ionic layer adsorption and
reaction (SILAR) method were also encapsulated in silica
through the same microemulsion process (see the Supporting
Information, for the synthesis and characterization details). The
PLQY of these “SILAR” CdSe/CdS/ZnS@SiO2 nanoparticles
was also followed as a function of time of storage in water and
the results are compared with those obtained for “flash” CdSe/
CdS@SiO2 nanoparticles in Figure 2b. The values at days 0 to 2
correspond to measurements of the PLQY during the
microemulsion syntheses. On day 3, the nanoparticles were
purified by centrifugation and transferred into water. Thus, the
values at day 3 are obtained after the nanoparticles have spent
no more than a few hours in water. Figure 2b shows that both
QDs have an initial PLQY of about 40%. In the case of
nanoparticles based on SILAR grown CdSe/CdS/ZnS QDs,
Figure 2b shows that their PLQY already decreases significantly
during the microemulsion process. Upon transfer into water,
the PLQY quickly dropped below 10% and keeps on decreasing
with further storage in water. On the other hand, Figure 2b
clearly evidence that the nanoparticles based on “flash” CdSe/
CdS QDs keep their PLQY unchanged with time. Even after 10
months of storage in water they remained perfectly bright, with
a PLQY of about 40%. In addition, the preservation of the
PLQY with “flash” QDs appeared to be independent from the
silica shell thickness. Indeed, QD@SiO2 nanoparticles with
either very thin or very thick silica shells as those illustrated in
Figure 1c, d also retained their PLQY in water. In the case of
SILAR-grown QDs, the decrease in PLQY can be explained by
the action of the ROS that are present in water. It has been
reported that defects in core−shell QDs, such as grain
boundaries or incomplete shell layers, act as an inlet for
oxygen to reach the core of the QDs.30 The oxidation of QDs
typically results in a deterioration of their optical properties
with notably a blue shift of the absorption and emission spectra.
In a humid or aqueous environment, this effect is even more
critical since the presence of water molecules broadens the
lowest unoccupied molecular orbital (LUMO) states of oxygen
and therefore facilitate the formation of ROS,31 which will be
even more aggressive toward the QDs and can critically
decrease their PLQY. In this regard, “flash” CdSe/CdS QDs,
which are synthesized at a relatively high temperature
compared to SILAR QDs (330 and about 225 °C, respectively),
may have a much better crystallinity and thus a lower defect
density resulting in a more efficient protection of the core from
ROS. Chen et al. recently reported a method to prepare CdSe/
CdS QDs with compact CdS shells through a slow continuous
growth, which also retained a high PLQY upon transfer into
water.32 The relatively thick CdS shells might also play an
important role in preserving the PLQY of “flash” CdSe/CdS
QDs. So-called “giant” CdSe/CdS QDs were already reported

to fully retain their PLQY in water,33 although the present
“flash” CdSe/CdS only have about 8 layers of CdS compared to
the 15 or more CdS layers in “giant” CdSe/CdS QDs. Thus,
both the high crystallinity of the “flash” CdSe/CdS QDs, which
are synthesized at high temperature and their relatively thick
CdS shells could explain why these QDs are much more
resistant than SILAR ones after silica encapsulation and transfer
into water.

3.2.2. Silica Passivation of the QDs. When “flash” CdSe/
CdS QDs were transferred into water using a S2− ligand
exchange procedure, i.e., without any silica encapsulation (see
the Supporting Information for details on the procedure), their
PLQY immediately dropped to 14%. This critical drop of the
PLQY is most likely due to a poor passivation of the surface of
the QDs by the sulfur ligands. Thus, the fully preserved PLQY
of the QD@SiO2 nanoparticles indicates that the silica is
intimately interacting with the QD surface, resulting in a good
passivation and a high PLQY. It is worth noting that the
thickness of the silica shell in itself does not play any role in
preserving the optical properties. Indeed, CdSe/CdS@SiO2
nanoparticles with very thin silica shells, such as those
illustrated in Figure 1c, also retained a PLQY of about 40%
after transfer into water.

3.2.3. Improved Photostability. To further assess the
photostability of these “flash” CdSe/CdS@SiO2 nanoparticles,
we continuously irradiated a 3 mL solution of these
nanoparticles in water with UV light simply by leaving the
solution directly on top of a standard 4W laboratory UV lamp
(model Benda NU-4 KL, λ = 366 nm). The solution was
prepared so as to have an absorption of ca. 50% at 365 nm
across an optical path length of 1 cm. Figure 2c shows the
evolution of both the PLQY and the absorption of this solution
as a function of the irradiation time. The reported absorption
values are those determined directly during the PLQY
measurements using an integrating sphere (see the Supporting
Information for calculation details). One should note that for
every measurement the entire volume of the same solution was
systematically analyzed and that its vicinity with the UV lamp
typically increased the temperature of the solution to ca. 40 °C.
After 1 week of continuous irradiation in these conditions, the
PLQY of the QD@SiO2 nanoparticles solution decreased by
about 40% and the absorption by about 15% of their initial
values. Longer irradiation periods up to 2 weeks did not result
in any further decrease of the PLQY or absorption values. The
partial dissolution of the QDs, as indicated by the decrease in
the absorption value, induced a shift of the emission spectrum
of only 3 nm toward shorter wavelengths (see the Supporting
Information, Figure S4). The dissolution of QDs upon UV
irradiation is due to their photooxidation, which is a strongly
solvent-dependent process.17 For instance, the same experi-
ment performed on these QDs dispersed in toluene without
any silica coating resulted in the dissolution of 80% of the QDs
in only a few days, with a concomitantly gradual decrease of
their PLQY down to complete extinction (see the Supporting
Information, Figure S5), whereas the QDs remained relatively
unaffected when they were dispersed in heptane. In this regard,
water constitutes a very aggressive solvent as ROS are easily
formed due to interactions between water and oxygen
molecules. As a matter of fact, when S2−-stabilized “flash”
CdSe/CdS QDs were transferred into water using a ligand
exchange procedure, they fully dissolved under UV irradiation
in a matter of a few tens of minutes (see the Supporting
Information, Figure S6). Thus, it appears that the silica
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encapsulation does not only provide the QDs with enhanced
physicochemical stability, as demonstrated by the fully
preserved PLQY after transfer into water, but also with
enhanced photostability. Improved photostability was already
reported for silica coated CdSe/CdS dot-in rods, which were
prepared in a similar way as the “flash” CdSe/CdS dot-in-dots
involved in this study.24 However, even if the silica coating
appears to be essential for the photochemical stability of the
QD@SiO2 nanoparticles, it is not a sufficient condition. Indeed,
in the case of the CdSe/CdS/ZnS@SiO2 nanoparticles based
on SILAR grown QDs and in spite of the silica shell, the QDs
could still dissolve, leaving empty hollow silica nanoparticles
behind (see the Supporting Information, Figure S2). Thus,
even if the silica shell is of importance, it has to be combined
with the good crystallinity of the “flash” CdSe/CdS QDs, which
are synthesized at relatively high temperature, to result in
CdSe/CdS@SiO2 nanoparticles with high physicochemical
stability and photostability.
3.3. Application to Cell Labeling. As these “flash” CdSe/

CdS@SiO2 nanoparticles constitute promising nanoprobes for
bioimaging, several parameters relevant to cell labeling were
evaluated in detail, including acute cytotoxicity, qualitative and
quantitative uptake of the nanoparticles and their effects on cell
morphology. Finally, the functionality of these nanoparticles at
nontoxic concentrations for long-term cell visualization by
fluorescence microscopy was investigated to have a first,
straightforward indication of the suitability of these nano-
particles for cell tracking studies. These results are compared in
details with our previous report on the toxicity and cell labeling
studies of bare S2−-stabilized “flash” CdSe/CdS QDs.34

3.3.1. Toxicity Study. Acute cytotoxic effects of the CdSe/
CdS@SiO2 nanoparticles on HUVEC cells were evaluated and
compared to the toxicity of empty SiO2 nanoparticles of similar
size without any inner QD core (see the Supporting
Information, Figure S7 for the synthesis and characterization
details of these empty SiO2 nanoparticles). To this end, we
used previously optimized methods that assess nanoparticle
toxicity under highly reproducible conditions and thus facilitate
a comparison of data obtained for other materials (see the
Supporting Information for details on the methodology).26

Figure 3 shows a clear effect of the QD@SiO2 on the HUVEC
viability only at the highest dose of 100 nM, whereas the empty
SiO2 nanoparticles did not elicit any toxic effects over the entire
concentration range (2 to 100 nM). Thus, the toxic effect
observed in the first case can be solely attributed to the QDs.
Previous studies have reported cytotoxic effects of Cd2+-
containing core−shell QDs to be noticeable from concen-
trations of 20 nM on.20,35 We recently reported that S2−-
stabilized “flash” CdSe/CdS QDs were also found to induce
cytotoxicity at levels as low as 2 nM.34 The present results
clearly indicate that the silica coating greatly reduces the
toxicity of the QDs because the first significant effect appears
only at a dose that is 50 times higher than for bare “flash” QDs.
This is consistent with other studies where embedding different
types of hydrophobic nanomaterials in a silica shell has also
been found to enhance their colloidal stability and to reduce
their toxicity.36 Given the rather porous nature of the silica
shell, this finding is somewhat surprising, as it would be
expected that the bare QDs or silica-coated QDs would be
exposed to their final microenvironment to a similar degree and
therefore elicit toxicity to a similar extent. This finding is
nevertheless in line with the results obtained above, where the
CdSe/CdS@SiO2 nanoparticles in water remained very stable

under continuous UV irradiation, whereas the S2−-stabilized
CdSe/CdS dissolved quickly in the same conditions. These
preliminary results on the toxicity of “flash” CdSe/CdS@SiO2
nanoparticles clearly indicate that the CdSe/CdS@SiO2
nanoparticles could be used for cell labeling at a concentration
up to 50 nM.
The stability of the CdSe/CdS@SiO2 nanoparticles was

further demonstrated by performing two complementary
control experiments, where the toxicity of free Cd2+ ions on
C17.2 cells was evaluated (see the Supporting Information,
Figure S8). The data reveal clear significant effects on cell
viability at levels of 800 nM of free Cd2+. To evaluate whether
these levels of Cd2+ are representative for the Cd2+ levels
obtained from the CdSe/CdS@SiO2 nanoparticles, we also
exposed cells to medium that was previously incubated with the
nanoparticles for 24 h, after which the nanoparticles were
removed by ultracentrifugation. Figure S9 (see the Supporting
Information) reveals a clear concentration-dependent effect of
Cd2+ ions released from the nanoparticles on cell viability, but
the extent of the effects compared to the full CdSe/CdS@SiO2
nanoparticles was much lower. The data reveal that for
nanoparticle-derived Cd2+ at 50 and 100 nM nanoparticles,
similar cell viability levels were obtained as for free Cd2+ at 400
and 800 nM, respectively, suggesting low levels of Cd2+ release
(approximately 8 ions per nanoparticle).

3.3.2. Cellular Uptake. To evaluate the CdSe/CdS@SiO2
nanoparticles in terms of their potential for cell labeling, we first
investigated their cellular uptake. HUVEC cells were incubated
with the CdSe/CdS@SiO2 nanoparticles and 5 μM of 3,3′-

Figure 3. Relative viability of HUVECs cells exposed for 24 h to
CdSe/CdS@SiO2 nanoparticles (a) or SiO2 nanoparticles (b) at
various concentrations and for MTT and LDH assays (*: p < 0.05; **:
p < 0.01).
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dioctadecyloxacarbocyanine perchlorate (DiO). DiO is a
lipophilic dye that can primarily stain endosomal structures
when a sufficiently short incubation time is used. Figure 4a
reveals a clear colocalization of the green-colored vesicles
(endosomes) and red dots (CdSe/CdS@SiO2 nanoparticles) as
assessed by confocal microscopy, indicating that the nano-
particles are internalized by the cell through means of
endocytosis and that they reside in endosomal or lysosomal
structures, which is common for most types of nanomaterials
such as semiconductor QDs,37 including the bare “flash” CdSe/
CdS QDs.34

Next, the cellular uptake levels of the CdSe/CdS@SiO2
nanoparticles were quantified. As a first approximation, the
number of nanoparticle-containing clusters (red dots) in an
entire cell was counted for a total of 100 cells per condition
(Figure 4b). However, when nanoparticles are endocytosed by
the cell, they will eventually all localize in a limited number of
endosomal structures, which each can contain from a few
nanoparticles up to several hundreds or even thousands of
them. Therefore, the number of nanoparticle-containing
clusters per cell is not very informative from a toxicological
point of view as it is impossible to link observed toxicity with
actual QD numbers. To determine the actual number of
nanoparticles that are internalized per cell, we labeled cells with
the CdSe/CdS@SiO2 nanoparticles, after which 1 × 106 cells
were collected and lysed in a low osmotic potassium buffer with
alkaline pH (9.8). Upon cell lysis, the nanoparticles are released
in the alkaline surroundings and their fluorescence intensity can
then be measured spectrofluorometrically to determine their
number. Figure 4c shows the average number of CdSe/CdS@
SiO2 nanoparticles taken up by the HUVEC cells, revealing that

even at the lowest dose, several tens of thousands of
nanoparticles have been internalized. Thus, in addition to low
toxicity effects, the CdSe/CdS@SiO2 also show high cellular
uptake levels.

3.3.3. Effect on Cell Morphology. As one of the prime
applications of the CdSe/CdS@SiO2 nanoparticles would be
the fluorescent visualization of labeled cells, one aspect that is
very important is whether the internalization of the nano-
particles affects cell morphology and whether labeled cells still
look identical to unlabeled cells. For this purpose, HUVEC cells
were labeled with various concentrations of the CdSe/CdS@
SiO2 nanoparticles after which the cells were stained for α-
tubulin and visualized by confocal microscopy. On the basis of
these images, the cell spreading (i.e., the surface area covered by
a single cell) can be determined as an indication of whether the
internalized nanoparticles affect cell morphology. Additionally,
cell spreading is an important indication of how “stressed” the
cells are. Indeed, it has been shown that cellular geometry is an
important indicator and mediator in determining cell life or
death.38 Figure 5 shows well-spread cells in either control
conditions (Figure 5a) or when labeled with 10 nM (Figure
5b), 20 nM (Figure 5c), or 50 nM (Figure 5d) of CdSe/CdS@
SiO2 nanoparticles. The internalized nanoparticles show a
typical perinuclear localization in the most dense regions of
tubulin. On the basis of these images, the nanoparticles do not
appear to disturb the tubulin cytoskeleton network. This is in
contrast with previous findings on various types of particles,
including iron oxide particles, gold particles, and QDs.35,39,40

High intracellular, but nontoxic, levels of these materials
(ranging from 10 nM for QDs to 50 nM for gold particles), all
showed to result in cytoskeletal rearrangements. Interestingly,

Figure 4. Cellular uptake of the CdSe/CdS@SiO2 nanoparticles. (a) HUVEC cells were exposed to CdSe/CdS@SiO2 nanoparticles for 30 min at 50
nM in the presence of the lipophilic dye DiO, which stains the endosomes. The fluorescence images show (a1) the DiO-stained cellular vesicles
(green channel), (a2) the emission of the CdSe/CdS@SiO2 nanoparticles (red channel), and (a3) the merged image. The degree of colocalization is
given in the upper hand corner (a3). (b) Number of CdSe/CdS@SiO2-positive vesicles per HUVEC cell and (c) number of CdSe/CdS@SiO2
nanoparticles per HUVEC cell upon exposure of HUVECs for 24 h to various nontoxic concentrations of the nanoparticles. Data are expressed as
mean ± standard error to the mean (n = 3).
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in a previous study on dye-doped silica nanoparticles, no
cytoskeletal effects were previously observed either,41 suggest-
ing that the silica coating of the CdSe/CdS@SiO2 nanoparticles
is the dominant factor and overcomes cytotoxic effects that the
core QDs would have on the cellular cytoskeleton. The reason
behind the protective role of the silica coating is still unclear,
and more research is needed to elucidate the precise
mechanism at play. When comparing the total cell areas of
labeled cells with unlabeled control cells (Figure 5e−g), no
distinct difference can be seen between the various conditions,
suggesting that at noncytotoxic conditions, the CdSe/CdS@
SiO2 nanoparticles do not affect cell spreading. In comparison,
bare “flash” CdSe/CdS QDs were also found not to affect
significantly cell spreading but in this case the study was limited
to lower concentrations due to their higher toxicity.34 The
results reported here on high concentrations of CdSe/CdS@
SiO2 nanoparticles clearly indicate that they can be efficiently
used for fluorescent visualization of live cells.
3.3.4. Long-Term Cell Visualization. One key aspect in

evaluating the potential of functional nanoparticles is how long

they can be efficiently visualized in live (dividing) cells. To this
end, HUVEC cells were labeled with various nontoxic
concentrations of the CdSe/CdS@SiO2 nanoparticles, after
which the cells were allowed to grow in culture and divide. At
several points, small samples of the cells were taken and
visualized by fluorescence microscopy to look for the presence
of the nanoparticles (Figure 6a). On the basis of these images,
the percentage of cells which contain at least one clearly
distinguishable cluster of CdSe/CdS@SiO2 nanoparticles is
then calculated. Figure 6b reveals that even for the lowest
concentration of CdSe/CdS@SiO2 nanoparticles (10 nM), the
cells can easily be visualized for up to 5 cell divisions with more
than 50% of them being still positive for nanoparticles, before
the majority of them loses their fluorescent labels due to
dilution effects and possible degradation of the nano-
particles.42,43 In addition, for the highest tested concentration
(50 nM), more than 50% of the cells remain efficiently labeled
with nanoparticles after 9 cell divisions, which is a considerably
long period of time for QD based nanoprobes.35 This long
duration signifies that (1) the CdSe/CdS@SiO2 nanoparticles

Figure 5. Effect of the CdSe/CdS@SiO2 nanoparticles on the cell morphology. (a−d) Representative confocal images of HUVEC cells exposed to
(a) 0, (b) 10, (c) 20, or (d) 50 nM of CdSe/CdS@SiO2 nanoparticles for 24 h, where the cells are stained for a-tubulin (left column; green) and
show uptake of the CdSe/CdS@SiO2 nanoparticles (middle column, red). The images in the third column are merged images. (e−g) Histograms
showing the cell area of control (dark bars) and CdSe/CdS@SiO2-treated (light bars) HUVEC cells exposed to the nanoparticles for 24 h at (e) 10,
(f) 20, or (g) 50 nM. The average cell area for control cells is indicated by § and for treated cells by *.
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themselves are not very toxic as high initial levels can be
tolerated without any cytotoxic effects, (2) the emission
properties of the nanoparticles appear to be relatively
unaffected by the endosomal environment to which they are
exposed. This is in clear contrast with bare “flash” CdSe/CdS
QDs, which were found to quickly release Cd2+ ions in the cells
and could not be visualized for more than 2 cell divisions.34

4. CONCLUSION
In conclusion, we demonstrate that “flash” CdSe/CdS QDs as
synthesized using a seeded growth method at high temperature
are very efficient light emitters for biolabeling applications.
They can be encapsulated in silica nanoparticles through a
water-in-oil microemulsion process, with a high control on the

morphology of the nanoparticles and the thickness of the silica
shell. This silica coating provides the nanocrystals with
enhanced colloidal stability in polar solvents, while fully
preserving their optical properties. Indeed, the PLQY of the
nanoparticles remains high and unchanged even after several
months of storage in water. They also showed greatly improved
photostability in water under continuous UV irradiation
compared to bare QDs. This enhanced stability of the optical
properties, which were thoroughly investigated using an
integrating sphere, is a key parameter in the development of
QDs based luminescent nanoprobes as it determines their
potential for bioimaging applications. In addition, the silica shell
successfully reduced the cytotoxicity of the QDs, with first
significant effects on HUVEC cell viability appearing only at
concentrations 50 times higher than for bare QDs. The
potential of these CdSe/CdS@SiO2 nanoparticles for cell
labeling was evidenced by fluorescence confocal microscopy
showing their rapid and high endosomal uptake by HUVEC
cells. Furthermore, thanks to their reduced toxicity and to the
high stability of their optical properties, these CdSe/CdS@SiO2

nanoparticles appeared to be particularly useful for long-term
cell visualization, with nanoparticles identifiable by confocal
microscopy for up to 9 cell divisions. Taken together these data
clearly demonstrate the extensive potential of these nano-
particles for biomedical applications. Possibly thanks to their
high crystallinity, alloyed interfaces and relatively thick CdS
shells, “flash” QDs have a higher physicochemical stability and
photostability than other QDs synthesized using more common
strategies such as the SILAR method. Additionally, the presence
of the silica shell provides an important level of protection
against environmentally induced degradation of the QDs,
making these “flash” CdSe/CdS@SiO2 nanoparticles highly
efficient luminescent markers with powerful optical properties
combined with low toxicity levels. Their further development
into even more complex architectures will lead to highly
functional tools for advanced applications such as intracellular
imaging and theranostics.
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