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Q
uantum dots (QDs) have attracted
great attention because of their
unique optical properties.1,2 They
have been intensively studied for

biomedical applications ranging from con-
trast agents to biological labeling.3–6 How-
ever, a major concern that may limit their
use in biology and medicine is the toxicity
associated with the cadmium-containing
QDs that have been most studied for use
in biomedical diagnostics.7 Although silicon
QDs are expected to be far less toxic than
group II�VI QDs, they have thus far not
been widely used in these systems because
of the challenges inherent to making them
water-dispersible and compatible with bio-
logical fluids. Fabricating colloidally and op-
tically stable water-dispersible Si QDs re-
mains an important challenge in making
them useful for in vitro and in vivo studies.
To date, very few studies have reported the
production of water-dispersible Si QDs.8–14

Previously, water dispersible Si QDs have
been produced by modifying the nanocrys-
tal surface with carboxylic acids8,10 or
amines.13 Silicon QDs are more often made
dispersible in nonpolar organic solvents be-
cause hydrophobic moieties (e.g., styrene
and octene) can be more easily attached to
the silicon surface.15–22 However, Si QDs
generally show unstable photolumines-
cence and poor colloidal stability in aque-
ous environments. PL degradation typically
occurs within a few days after preparation
of an aqueous dispersion of Si QDs using
current methods. Thus, new approaches to
making water-dispersible Si QDs while
maintaining spectral and colloidal stability
continue to be of great interest. Recently,
Tilley et al. have reported the synthesis of
water-dispersible Si QDs with blue lumines-
cence upon anchoring allylamine onto sili-
con QD surfaces.11,13 Ruckenstein and co-

workers reported the use of red-emitting Si
QDs grafted with poly(acrylic acid) for fixed-
cell labeling.8 Our group has recently re-
ported that water dispersible Si QDs with
blue, green, and yellow photoluminescence
can be obtained by functionalizing them
with acrylic acid in the presence of HF.10

However, these particles have thus far not
maintained satisfactory colloidal and spec-
tral stability in biological environments.

Polyethyleneglycol (PEG) grafted (PEGy-
lated) phospholipids self-assemble into mi-
celles with diameters typically smaller than
100 nm in aqueous media. Such phospho-
lipid micelles (also known as diacyllipid mi-
celles or polymeric micelles) are more stable
than micelles obtained from conventional
detergents (e.g., SDS and CTAB) and have
very low critical micelle concentration
(CMC) values (�10�6 M). In addition to
their low CMC, phospholipid micelles have
high kinetic stability because of the pres-
ence of multiple sites capable of hydropho-
bic interaction within each polymer mol-
ecule. Similar to detergent micelles,
polymeric micelles solubilize “oil-like” par-
ticles by incorporating them into their
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ABSTRACT Luminescent silicon quantum dots (Si QDs) have great potential for use in biological imaging and

diagnostic applications. To exploit this potential, they must remain luminescent and stably dispersed in water and

biological fluids over a wide range of pH and salt concentration. There have been many challenges in creating

such stable water-dispersible Si QDs, including instability of photoluminescence due their fast oxidation in aqueous

environments and the difficulty of attaching hydrophilic molecules to Si QD surfaces. In this paper, we report the

preparation of highly stable aqueous suspensions of Si QDs using phospholipid micelles, in which the optical

properties of Si nanocrystals are retained. These luminescent micelle-encapsulated Si QDs were used as

luminescent labels for pancreatic cancer cells. This paves the way for silicon quantum dots to be a valuable optical

probe in biomedical diagnostics.
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hydrophobic core. More importantly, the outer surface

of phospholipid micelles displays a dense layer of PEG

that is nonimmunogenic and nonantigenic. This favors

extended systemic circulation time, broad biodistribu-

tion, and lowered toxicity of the encapsulated nanopar-

ticles. Furthermore, the PEG lipids can be functional-

ized with specific reactive groups for targeting

purposes. Though micellar encapsulation of cadmium-

based QDs has been demonstrated, we are not aware of

any previous reports of producing water-dispersible Si

QDs using phospholipid micelles. The most closely re-

lated study is on the photoluminescence quenching of

silicon nanoparticles within phospholipid vesicle bilay-

ers.23 Previously, Dubertret et al. have reported encap-

sulation of individual core�shell CdSe/ZnS QDs in

phospholipid micelles for in vitro and in vivo imag-

ing.24 More importantly, they have discovered that

these encapsulated QDs were biocompatible, and dis-

played low toxicity in vivo.

In this work, we report the preparation of water-

dispersible and biocompatible Si QDs using phospho-

lipid micelles. The Si QDs were prepared by laser-driven

pyrolysis of silane, followed by HF-HNO3 etching. Sty-

rene, octadecene, or ethyl undecylenate was used to

functionalize the Si QD surfaces, thereby rendering

them dispersible in chloroform. Phospholipid micelles

were then used to enable stable dispersion of Si QDs in

water, generating a hydrophilic shell with PEG groups

on its surface. These micelle-encapsulated Si QDs were

systematically characterized by TEM, HRTEM, EDS,

UV�vis, and fluorescence spectrometry. For in vitro cell-

labeling studies, amine-functionalized phospholipid-

PEGs were used to encapsulate Si QDs and these encap-

sulated particles were used as biological luminescent

probes. The uptake of micelle-encapsulated Si QDs into

pancreatic cancer cells was confirmed by confocal

imaging.

RESULTS AND DISCUSSION
Figure 1 illustrates the functionalization of Si QDs us-

ing photoinitiated hydrosilylation followed by encapsu-

lation in phospholipid micelles. Organic molecules with

a terminal double bond react with the hydrogen-

terminated silicon surface via hydrosilylation to give a

covalent Si�C linkage on the surface of the Si QD. These

QDs are generally dispersible in chloroform, hexane,

Figure 1. Schematic of surface functionalization of silicon quantum dots followed by micellar encapsulation and a table indicating the
compounds (R1) grafted onto the silicon nanoparticles and the functional groups (R2) commercially available on the phospholipids.
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toluene, and other nonpolar solvents. Phospholipid mi-
celles were prepared from PEG-2000-DSPE (from Avanti
Polar Lipids). Octadecene, ethyl undecylenate, and sty-
rene functionalized Si QDs were found to be effectively
encapsulated in phospholipid micelles.

Figure 2A shows the relationship between the
weight ratio of Si QDs to phospholipid and the corre-
sponding photoluminescence intensity. Various vol-
umes of known concentration of Si QD stock solution
were mixed with a fixed amount of phospholipids in
chloroform solution. We found that the most
stable and highest photoluminescence inten-
sity was obtained at the weight ratio of about
4:100, which is probably the optimal ratio for
solubilizing most of the hydrophobic Si QDs in
the micelle core. Figure 2B shows absorption,
PL emission, and PL excitation spectra of the
ethyl undecylenate grafted silicon QDs, before
and after encapsulation in phospholipids mi-
celles. The micelle-encapsulated Si QD disper-
sions have optical properties that are nearly
identical to those of the Si nanoparticles in
chloroform. The difference in the absorption
spectra is mainly due to weak absorption by the
phospholipids, but scattering from the mi-
celles may also contribute. The inset in Figure
2B shows photoluminescence from the Si QDs
in chloroform (left) and micelle encapsulated Si
QDs in water (right) under UV (365 nm) illumi-
nation from a hand-held lamp. The colloidal sta-
bility of the micelle-encapsulated Si particles in
water (seen in the top images, under ambient il-
lumination) was attributed to the hydrophilic
(PEG) part of the phospholipid surfactant (R2 in
Figure 1). The quantum yield (QY) of the
styrene-coated Si QDs was estimated to be
17% and the QY for the micelle-encapsulated
styrene grafted QDs was estimated to be 2%.
The ethyl undecylenate grafted particles encap-
sulated in micelles had QY above 4%. Although
the QY of Si QD in micelles is lower than that
of the Si QDs dispersed in an organic solvent,
a 1 to 5% QY has been reported to be sufficient

for cell-labeling studies.25 The micelle-encapsulated Si

QD solution did not show any significant change in the

photoluminescence intensity or exhibit any precipita-

tion even after 2 months of storage at 4 °C.

Figure 3A and B show TEM images of the ethyl-

undecylenate-grafted Si QDs. Crystalline Si QDs of

about 4 nm are observed. These particles were then en-

capsulated in micelles, and the micelles were fixed in

4% formaldehyde for 10 min before they were placed

on the TEM grid. The TEM images (Figure 3C) show a

Figure 3. TEM images of (A and B) ethyl-undecylenate-grafted Si QDs cast from a
chloroform dispersion; (C and D) micelle-encapsulated Si QDs, fixed with 4% formal-
dehyde and cast from water; (E) all of the silicon QDs contained in a single micelle; and
(F) silicon QDs visible within the micelle

Figure 2. Characterization of micelle-encapsulated Si QDs: (A) PL intensity vs Si/phospholipid mass ratio. (B) Optical spectra
of Si-QDs in chloroform and micelle-encapsulated QDs in water: PL (orange) absorbance (pink), PLE (blue). Solid lines are
ethyl-undecylenate-grafted particles; dotted lines are micelle-encapsulated Si QDs. The inset photos are vials of styrene-
grafted (left) and micelle-encapsulated (right) Si QDs under ambient lighting (top) and UV illumination (bottom).
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wide range of sizes for clusters of silicon QD material.
A careful examination of Figure 3D indicates the micelle
sizes range from 50 to 120 nm. The larger clumps seen
in Figure 3C are interpreted as micelle aggregates. Fig-
ure 3F shows the lattice fringes of individual crystalline
Si QDs within the micelle. Larger versions of Figure 3B
and F are available in Supporting Information.

The stability and optical properties of micelle-
encapsulated Si QDs under various biologically rel-
evant conditions of pH and temperature were further
examined. Figure 4a shows the variation of PL intensity
of the water dispersion of Si QDs after heating. Al-
though there is clear temperature dependence, the par-
ticles retain more than 50% of their initial PL intensity
even after being heated to 90 °C. Over the temperature
range of most relevance to biological experiments, 25
to 40 °C, the PL intensity varies by less than 10%. Fig-
ure 4b shows the variation of PL intensity of Si QDs in
acidic-to-basic pH environments. When the micelle-
encapsulated Si QDs are dispersed in HPLC water, the
pH of the resulting solution is about 7. From pH 4 to 10,
the PL intensity varies by less than 10%, and also re-

mains stable with time (over a month). At pH 12, the

PL intensity decreases by about 30%, relative to neu-

tral pH. However, it is worth noting that for the micelle-

encapsulated Si QD solution at pH 12, the PL intensity

was still maintained for over 2 weeks. On the other

hand, at pH 2, a �10% loss of their PL was observed im-

mediately, and further degradation of the PL was ob-

served after a day of storage at room temperature. The

particles also exhibit stable PL when dispersed in com-

mon buffers like PBS (pH � 7.2) and MES (pH � 4.6).

Compared to HPLC water, the PL intensity of Si QDs in

PBS decreased by 5%, and in MES decreased by 3%.

For in vitro cell-labeling studies with Si QDs, we used

human pancreatic cancer cells (Panc-1) maintained in

DMEM medium, with 10% fetal bovine serum (FBS) and

appropriate antibiotic. On the day prior to treatment,

cells were seeded in 35 mm cell culture dishes. On the

day of treatment, the cells, at a confluency of 70�80%,

were incubated with the micelle-encapsulated Si QDs at

a final concentration of �8 �g/mL for two hours at 37

°C. After two hours, the cells were washed thrice with

PBS and directly imaged using a laser scanning confo-

cal microscope. Figure 5A shows the confocal images of

Panc-1 cells stained with amine terminated micelle-

encapsulated Si QDs. Figure 5B shows the confocal im-

ages of Panc-1 cells stained with transferrin (Tf)-

functionalized micelle-encapsulated Si QDs. Tf was con-

jugated to carboxyl-terminated micelle-encapsulated

Si QDs, after micelle formation. Uptake of Si QDs can be

clearly observed from the robust optical signal from

the cells. Local spectral analysis of the overall cell stain-

Figure 4. Photoluminescence intensity from micelle encapsulated
Si-QDs vs (A) temperature and (B) pH.

Figure 5. Confocal microscopic visualization of live pancreatic cancer cells treated with (A) amine-terminated micelle en-
capsulated Si QDs, (B) Tf-conjugated micelle-encapsulated Si QDs. From left to right, the panels show the transmission im-
age, luminescence image, and an overlay of the two. The scale bars are 17.29 and 24.87 �m in A and B, respectively.
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ing by the quantum dots (see Supporting Information)
confirms that the luminescence signal is from the Si
QDs. Control experiments using PEG-terminated mi-
celles, with neither amine nor tranferrin groups on their
surface, showed no detectable uptake by the cells (data
not shown). This shows that the cellular uptake is sensi-
tive to the functionalization of the micelle surface.
These images were obtained using an excitation wave-
length of 405 nm, the shortest available on the micro-
scope used. As shown in Figure 2, the peak of the pho-
toluminescence excitation spectrum is near 350 nm,
and the PL emission for 405 nm excitation is substan-
tially smaller than the peak. Thus, we expect that much
brighter images could be obtained with an excitation
source and microscopy system optimized for imaging
with the Si QDs. Importantly, we did not observe any
signs of morphological damage to the cells upon treat-
ment with the water-dispersible Si QDs. To the best of
our knowledge, this is the first report of using Si QDs for
imaging live cancer cells. MTS assays were performed

to provide a preliminary assessment of the toxicity of
the micelle-encapsulated Si QDs. At the concentration
used in the imaging shown in Figure 5 (�8 �g/ml), av-
erage cell viability was above 95% after 24 h and above
85% at 48 h. Further details are given in Supporting In-
formation.

In conclusion, a procedure for preparing biocompat-
ible Si QDs using PEGylated phospholipids has been de-
scribed, and their use for imaging of live cancer cells
has been demonstrated. This provides a simple, facile,
and straightforward method for the production of col-
loidally and optically stable water-dispersible Si QDs,
with no observable in vitro toxicity. The dispersion sta-
bility and optical properties of the micelle-encapsulated
Si QDs were characterized in various biologically rel-
evant conditions. The micelle encapsulated silicon QDs
were found to be robustly taken up by pancreatic can-
cer cells in vitro, thereby highlighting their potential to
be used as a nontoxic optical probe for biomedical
diagnostics.

EXPERIMENTAL METHODS
Photoluminescent Silicon QD Preparation. Silicon nanocrystals were

prepared by CO2 laser pyrolysis of silane in an aerosol reactor
based on the method developed by Li et al.20 The resulting pow-
der consisted of nonphotoluminescent crystalline Si particles
about 5 to 10 nm in diameter. The etching procedure devel-
oped by Hua et al.18 was adopted and modified to reduce the
nanocrystal size and break up agglomerated nanocrystals. A 30
mg portion of the Si powder was dispersed in 3 mL of methanol
with sonication. An 11 mL aliquot of an acid mixture containing
HF (48 wt%) and HNO3 (69 wt%) (10/1, v/v) was added to the re-
sulting dispersion to initiate etching. As the etching proceeded,
the particle size decreased, resulting in visible PL that evolved
from red to yellow to green. Upon approaching the desired emis-
sion color, etching was slowed by adding about 20 mL of metha-
nol. The particles were collected on a poly(vinylidene fluoride)
(PVDF) membrane filter (nominal pore size 100 nm) and washed
with a large amount of 1:3 methanol/water mixture to remove
any adsorbed acid mixture. The particles were rinsed with pure
methanol and then added to the reagent to be used for the pho-
toinitiated hydrosilylation. This process was performed in a
glovebox under a nitrogen atmosphere. Sonication was used to
disperse the particles, but a stable colloidal dispersion was not
formed and the reactor contents appeared cloudy in all cases.
The mixtures were transferred into a 40 mL Aldrich Schlenk-type
reactor containing a magnetic stirrer. A Rayonet photochemical
reactor (Southern New England Ultraviolet Co.) equipped with 16
RPR-2537 Å UV tubes was used to initiate the hydrosilylation re-
action. The reaction time required varied substantially depend-
ing on the compound being attached to the particles and the
particle size.18 After reaction, a clearer dispersion was obtained.
It was drawn through a PTFE syringe filter (pore size 0.45 �m).

Micelle Encapsulation. In a typical experiment, 5 mg of the phos-
pholipid was dispersed in 0.5 mL chloroform in a 10 mL round-
bottom flask. An 80 �L portion of silicon quantum dot dispersion
(containing �0.16 mg silicon) was added. Each mixture was gen-
tly stirred for 5 to 40 min. A Labconco rotory evaporator with a
water bath of 37 °C was used to evaporate the solvents. The lip-
idic film, deposited on the reaction vial, was hydrated with 3�5
mL of HPLC water and subjected to ultrasonication for 10 min us-
ing a bath sonicator. The resulting dispersion was filtered
through a 0.2 �m membrane filter and kept at 4 °C for further
use.

Photoluminescence and PLE Spectra. Photoluminescence (PL) spec-
tra were recorded using a Perkin-Elmer Luminescence spectrom-

eter (model LS50) with a 390 nm emission cutoff filter. The exci-
tation wavelength was set at 350 nm and the emission scanned
from 400 to 800 nm. Photoluminescence excitation (PLE) spectra
were recorded using the same spectrometer. The emission wave-
length was set at the wavelength of peak emission intensity
and the excitation was scanned from 400 to 800 nm. Solution
samples of grafted silicon particles were filtered through a sy-
ringe filter (PTFE, pore size 450 nm), diluted to a concentration
of about 0.01 g/L, and then loaded into a quartz cuvette for
measurements.

Quantum Yield Estimates. Fluorescence quantum yields (QYs) of
the silicon quantum dot dispersions were determined by com-
paring the integrated emission from the nanocrystals to
rhodamine 6G dye solutions of matched absorbance. Samples
were diluted so that they were optically thin. The emission spec-
tra for quantum yield measurements were collected using a
Fluorolog-3 Spectrofluorometer (Jobin Yvon; fluorescence spec-
tra).

Temperature Study. Micelle-encapsulated Si QDs were dispersed
in water and heated. Samples of the QD solution were extracted
at temperatures ranging from ambient to 100 °C, and the fluo-
rescence was measured using a spectrofluorometer.

pH Study. The pH of the micelle-encapsulated Si dispersions
was varied by the dropwise addition of NaOH or HCl. The pH
was monitored with a Mettler Toledo seven multi-pH meter.

Conjugation of Micelle Encapsulated QDs with Transferrin. A 1 mL por-
tion of micelle-encapsulated Si QD stock solution was mixed
with 200 �L of 0.5 mg/mL EDC solution and gently stirred for 2
to 3 min. Next, 200 �L of 2 mg/mL transferrin solution was added
into this mixture and stirred at room temperature for 2 h to al-
low the protein to covalently bind to the micelle-encapsulated Si
QDs.

Cellular Imaging. Confocal microscopy images were obtained
using a Leica TCS SP2 AOBS spectral confocal microscope (Leica
Microsystems Semiconductor GmbH, Wetzler, Germany) with la-
ser excitation at 405 nm. All images were taken with the exact
same conditions of laser power, aperture, gain, offset, and scan-
ning speed.

Electron Microscopy. TEM images were obtained using a JEOL
2010 field emission TEM/STEM at the Canadian Center for Elec-
tron Microscopy at McMaster University. Samples were drop-cast
from dispersions onto a carbon-coated TEM grid and the sol-
vent was evaporated under gentle heating by a lamp. Local en-
ergy dispersive X-ray spectra (EDX) were obtained using a Hita-
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chi HD-2000 STEM with an Oxford Instruments Inca EDX system
at the University of Toronto Centre for Nanostructure Imaging.

Cell Viability. For each MTS assay, 24 culture wells (8 sets, each
set contains 3 wells) of Panc-1 cell were prepared. Seven sets
were treated with different concentration of silicon quantum
dots and one set was the control The complete assay was per-
formed thrice, and results were averaged. Various concentrations
of micelle-encapsulated silicon quantum dots ranging from 1 to
32 �g/mL, were added to each well and subsequently incubated
with the cells for 24 and 48 h at 37 °C under 5% CO2. As de-
scribed in the literature,26 the absorbance of formazan (pro-
duced by the cleavage of MTS by dehydrogenases in living cells)
is directly proportional to the number of live cells. After the incu-
bation, 150 �L of MTS reagent was then added to each well
and well mixed. The absorbance of the mixtures at 490 nm was
measured. The cell viability was calculated as the ratio of the ab-
sorbance of the sample well to that of the control well and ex-
pressed as a percentage.
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