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Ultrasensitive, Biocompatible, Quantum-Dot-Embedded

Silica Nanoparticles for Bioimaging

Bong-Hyun Jun, Do Won Hwang, Heung Su Jung, Jaeho Jang, Hyunsoo Kim,
Homan Kang, Taegyu Kang, San Kyeong, Hyeokjae Lee, Dae Hong Jeong,
Keon Wook Kang, Hyewon Youn, Dong Soo Lee,* and Yoon-Sik Lee*

The successful development of highly sensitive, water-compatible, nontoxic
nanoprobes has allowed nanomaterials to be widely employed in various
applications. The applicability of highly bright quantum dot (QD)-based probes
consisting of QDs on 120 nm silica nanoparticles (NPs) with silica shells is
investigated. Their substantial merits, such as their brightness and biocompat-
ibility, for effective bioimaging are demonstrated. Silica-coated, QD-embedded
silica NPs (Si@QDs@Si NPs) containing QDs composed of CdSe@ZnS (core-
shell) are prepared to compare their structure-based advantages over single
QDs that have a similar quantum yield (QY). These Si@QDs@Si NPs exhibit
approximately 200-times stronger photoluminescence (PL) than single QDs.
Cytotoxicity studies reveal that the Si@QDs@Si NPs are less toxic than equiva-
lent numbers of silica-free single quantum dots. The excellence of the Si@
QDs@Si NPs with regard to in vivo applications is illustrated by significantly
enhanced fluorescence signals from Si@QDs@Si-NP-tagged cells implanted in
mice. Notably, a more advanced version of QD-based silica NPs (Si@mQDs @
Si NPs), containing multishell quantum dots (mQDs) composed of CdSe@
CdS@ZnS, are prepared without significant loss of QY during surface modifica-
tion. In addition, the Si@mQDs@Si NPs display a fivefold higher fluorescence
activity than the SI@QDs@Si NPs. As few as 400 units of Si@mQDs@Si-
NP-internalized cells can be detected in the cell-implanted mouse model.

1. Introduction

Semiconductor nanoparticles (quantum
dots (QDs)) have great potential in both
fundamental research and applied fields
due to their specific optical and electronic
properties based on quantum confinement
effects.[”l The fluorescence and emission
properties of QDs can be varied over a
broad range of the electromagnetic spec-
trum by a simple adjustment of the par-
ticle size. The high fluorescence quantum
yield (QY) and high optical stability of QDs
in comparison with their counterparts,
such as organic fluorescent molecules and
phosphor dyes, make them potentially
promising nanomaterials for photovoltaic
cells,** biosensorsP! and light-emitting
diodes.!®! Especially, with respect to bioap-
plications, they provide unrivalled cellular
imaging and therapeutic detection capa-
bilities. However, the practical application
of QDs to biofields is hampered by some
key limitations relating to surface modi-
fication and safety issues.”® A useful
method for overcoming these problems
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is silica encapsulation, which confers many advantages, such
as water compatibility, facile chemical modification, low cyto-
toxicity and excellent chemical stability. Thus far, many studies
for the development of silica-encapsulated QDs have been pub-
lished.>2l They employ single QDs for encapsulation with the
goal of obtaining a high QY for brighter and more sensitive
detection.

Nanoprobes containing multiple QDs have also been devel-
oped for better optical characteristics and good biocompat-
ibility.'3-181 When silica NPs are used as a template for embed-
ding QDs, they can provide additional advantages, such as
easier control of size and multifunctional properties. Multiple-
QD-containing units can be brighter than single QDs due to
their greater number. However, the QY of QDs becomes rela-
tively lower when multiple QDs are introduced on silica NPs.
Thus, the development of QD nanomaterials possessing high
QY and excellent biocompatibility is required for highly sensi-
tive in vivo applications.

Nanoprobes containing multiple QDs carrying multiple
components, such as targeting ligands or antibodies, have been
intensively studied for in vivo diagnosis or therapy; however,
methods for enhancing the QY through nanostructural aspects
need to be systemically studied.['”18]

Herein, we report highly bright QD-embedded silica NPs (Si@
QDs@Si NPs) for bioimaging. We have developed a method for
embedding QDs onto a carrier template so that a large number
of hydrophobic QDs can be attached to hydrophilic silica NPs. We
have also demonstrated the key advantages of SI@QDs@Si NPs,
compared with single QDs, in terms of brightness and toxicity.
Multishell QD (CdSe@CdS@ZnS) (mQD)-embedded NPs (Si@
mQDs@Si NPs) have also been prepared to compare with the Si@
QDs@Si NPs in terms of QY. They have better optical character-
istics than the Si@QDs@Si NPs for sensitive in vivo cell tracking.

2. Results and Discussion
2.1. Design of QD- and mQD-Embedded Silica NPs

The fabrication flow of the proposed, highly bright, silica-coated
quantum-dot-embedded silica NPs (Si@(QDs or mQDs)@
Si NPs) is illustrated in Scheme 1. The diameter of the silica-
core NPs was approximately 120 nm. QDs were embedded on
the surface of silica NPs, a carrier template, for easy handling
and size control, and reproducible preparation of nanomate-
rials. Then, they were encapsulated by a silica shell to provide
biocompatibility and easy functionalization. Here, two types of
QD were used to yield different types of nanoprobe: core-shell
CdSe@ZnS QDs (QDs) and core-multishell CdSe@CdS@ZnS
QDs (mQDs).

Monodisperse QDs (CdSe@CdS) that had a narrow photo-
luminescence (PL) emission (full-width at half maximum
(FWHM) = 37.8 £ 1.0 nm wavelength) and a high PL efficiency
were prepared by a one-pot process.'®21l The photolumines-
cence maxima of the QDs varied from 450 to 650 nm depending
on the precursor ratio (Figure Sla,b, Supporting Information).
They exhibited high fluorescence quantum yields reaching up to
80%. They displayed monodisperse sizes of approximately 6 nm
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Scheme 1. lllustration of synthesis of silica-coated (QD or mQD)-
embedded silica NPs. Core-shell CdSe@ZnS QDs (QDs) and core-mult-
ishell CdSe@CdS@ZnS QDs (mQDs) are immobilized to thiol-modified
silica NPs; then, Si@QDs@Si NPs and Si@mQDs@Si NPs are prepared
by silica-shell encapsulation.

diameter by controlling the shell thickness in a sub-kilogram
scale synthesis (Figure Slc—d, Supporting Information). How-
ever, the quantum vyields of the red-PL QDs were reduced from
64% to 18% after surface ligand exchange with 3-mercaptopro-
pionic acid (MPA), which was necessary for the QDs to become
water compatible so that they could be compared with the sil-
ica-coated QD—embedded silica NPs (Si@QDs@Si NPs).

Core-multishell QDs composed of CdS@CdS@ZnS (mQDs)
were also prepared to protect the QD surface during surface
ligand exchange. Detail synthesis methods are described in the
supporting information. The synthesized quantum dots exhib-
ited tunable photoluminescence maxima when the precursor
amounts were controlled. The diameters of the mQDs were
approximately 9 nm (Figure S2a, Supporting Information) and
the mQDs possessed a similar QY to the core-shell QDs. How-
ever, the prepared mQDs sustained their QY from 85% to more
than 95% after MPA ligand exchange. The ligand-exchanged
mQDs are shown in Figure S2b,c, Supporting Information.
Colloidal solutions of the mQDs remained clear with no signs
of precipitation, even after standing at room temperature for
6 months. The photostability was tested by exposing the two
types of QD in toluene to different UV doses (1000, 2000,
and 3000 m] cm™2), which did not hamper their stability, and
their fluorescence intensities remained practically unchanged
(Figure S2d, Supporting Information).

To prepare the SI@QDs@Si NPs, 120 nm silica NPs were
prepared by the Stober method and used as a carrier template
for the QDs (Figure S3, Supporting Information). The embed-
ding of a large number of hydrophobic QDs to cover the entire
surface of the hydrophilic silica backbone was challenging. The
silica NPs were functionalized with a thiol group using mer-
captopropyl trimethoxysilane (MPTS) as an organosilane cou-
pling agent, because they have a high affinity to QDs. The thiol-
functionalized silica NPs, however, exhibited hydrophilic prop-
erties, whereas the QDs, which had a trioctylphosphine (TOP)
layer, possessed hydrophobic properties. To embed the hydro-
phobic QDs onto the hydrophilic thiol-modified silica NPs, we
controlled the amounts of each solvent for the silica NPs and
QDs in order to achieve efficient mixing, instead of using an
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Figure 1. Characterization of Si@QDs@Si NPs. a) TEM images of Si@
QDs@Si NPs — multi units of QDs (500 QDs) were embedded on a silica
NP and a thin silica layer was formed around the QD-embedded silica NP.
b) Photographs of various Si@QDs@Si NPs from QDs with emission
maxima at 470, 520, 550, 580 and 615 nm under daylight and UV light. c)
The PL emission of the corresponding Si@QDs@Si NPs.

amphiphilic polymer,??l which can reduce the QY upon further
silica-shell coating. The QD-embedded silica NPs were collected
for analysis by centrifugation. High-resolution transmission
electron microscopy (HR-TEM) analysis revealed that the QD-
embedded silica NPs had rough surfaces, most likely due to the
embedding of QDs on the surface of the silica core (Figure S4a,
Supporting Information). The lattice structure of the QDs could
be observed on the surface of the silica NPs (Figure S4b, Sup-
porting Information). The number of QDs on the silica core
was estimated to be =200-300 per single 120 nm silica NP.

The PL signal of one unit of a QD-embedded silica NP could be
amplified by increasing the number of embedded QDs. Therefore,
when MPTS, which can be self-assembled onto QDs and acts as a
silica-shell precursor, was further added to the QDs and the QD-
embedded silica-NP mixture, most of the free QDs were further
embedded on the silica NPs. The MPTS-treated QD-embedded
silica NPs were dispersed in ethanol (EtOH). They were then
encapsulated by a silica shell with tetraethyl orthosilicate (TEOS).
As shown in Figure 1a, approximately 500 QDs were embedded
on each silica NP, and a thin silica layer was formed around the
QD-embedded silica NPs. The Si@QDs@$Si NPs did not coagu-
late during the silica-coating step, and were well dispersed in
water, possessing characteristic PL properties (Figure 1b,c, Table 1
and Figure S5, Supporting Information). Energy-dispersive X-ray
(EDX) and inductively coupled plasma (ICP) analyses confirmed
the presence of elements such as Cd (data not shown).

2.2. Assessment of QY in Various Types of Si@QDs@Si NP

Various QDs with similar diameters of approximately 6 nm
were embedded on 120 nm silica NPs (Figure 1). The resulting
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Table 1. Wavelength, band width and QY of various QDs.

Wavelength FWHM QY
[nm] [nm] [%]
QDs Si@QDs@Si QDs Si@QDs@ QDs Si@QDs@ Nomalized

NPs Si NPs Si NPs QY
1 471 475 29 29 52 18 35
2 517 521 38 41 62 32 52
3 556 558 40 49 62 31 50
4 574 587 47 57 60 33 55
5 612 622 43 53 63 13 21

Si@QDs@Si NPs exhibited slight spectral changes (red shift)
and an increased bandwidth as compared with bare QDs, as
can be inferred from Table 1. The remaining QYs (normalized
QY from bare QDs) of the Si@QDs@Si NPs were comparable
with those of the QDs, with emission maxima at 471, 517, 556,
574 and 612 nm, and were estimated to be 35, 52, 50, 55 and
21%, respectively.

Here, a notable decrease in the QY of the red Si@QDs@Si
NPs was observed, most likely due to the thinner shells in the
red QDs (emitting at approximately 600 nm) than in the green
QDs. We prepared different types of red Si@QDs@Si NP to
obtain higher QYs. QDs with a thicker ZnS shell were stable
after surface ligand exchange and surface tuning, and had a
higher QY. When the molar ratio of the ZnS shell (Cd:Zn) was
changed from 1:4.4 to 1:5.8, the QY of the QDs increased from
21% to 38%. However, the preparation of CdSe@ZnS QDs with
a thicker ZnS shell was problematic with respect to fabrication,
and less loading on the silica NPs was achieved. Although the
Si@QDs@Si NPs gave a reasonable QY for bioapplications, the
red Si@QDs@Si NPs exhibited a relatively low QY during QD
embedding.

We also prepared core-multishell-type red QDs (mQDs) that
had a QY of 64%. Thus, the Si@mQDs@Si NPs, which had
mQDs instead of QDs, were prepared by a similar immobiliza-
tion method. We found that the prepared Si@mQDs@Si NPs
maintained the initial QY of the mQDs almost quantitatively.
Moreover, the resulting Si@mQDs@Si NPs possessed approxi-
mately 500 mQDs and had a high QY of 64%. Their photolumi-
nescence activity was intact over 2 months.

2.3. Highly Sensitive Quantum-Dot-Embedded Silica
Nanoparticles (Si@QDs@Si NPs) for in vivo Cell Tracking

To compare the fluorescence intensity of one Si@QDs@Si NP,
which had approximately 500 units of single QDs, with that of a
single QD (sQD),¥ luminescence signals from the Si@QDs@
Si NPs and an equivalent number of sQDs were examined in
an Eppendorf tube. Luminescence images of the tubes revealed
significantly amplified luminescence activity of the Si@QDs@
Si NPs compared with the sQDs (Figure 2a). Quantitative fluo-
rescence analysis using a fluorometer showed a fluorescence
intensity from the Si@QDs@Si NP samples approximately
200-times higher than that from the sQD samples (Figure 2b).
In order to verify the efficiency of the Si@QDs@Si NPs during
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olifia SigaOEEsNRs the collected Hela cells were subcutaneously

® @\ implanted into the left thigh (sQDs containing

© @ @ HelLa cells) and the right thigh (Si@QDs@

a © b eaooo Si NPs containing Hela cells) of a nude (nu/

5, 50000 nu) mouse. Intense fluorescence activity was

g i observed from Si@QDs@ Si-NP-labeled cells

émw as soon as they were injected, whereas the

H sQD-treated cells, which were injected in the

= left thigh of the mouse, did not exhibit any

10000 in vivo fluorescence (Figure 3c).

sQDs  Si@QDs@SiNPs sQDs

Figure 2. Comparison of fluorescence intensities of sQDs and Si@QDs@Si NPs. a) Fluores-
cence images of tubes containing sQDs (left) and SI@QDs@Si NPs (right).
c) Fluorescence image of a BALB/c
nude mouse where sQDs (left) or SI@QDs@Si NPs (right) (2 pmol) were injected.

analysis of the sQDs (left) and Si@QDs@Si NPs (right).

in vivo experiments, Si@QDs@Si NPs and sQDs resuspended
in 150 pL of phosphate buffered saline (PBS) were subcutane-
ously administered respectively into the thighs of a mouse.
Much brighter in vivo fluorescence was observed in the right
thigh of the mouse that was injected with the Si@QDs@Si NPs
compared with the left thigh, which was injected with the sQDs
(Figure 2c). Subsequently, the Si@QDs@Si NPs were applied
to a cellular system to verify their usefulness for in vivo cell
tracking.

To confirm whether the natural uptake of
Si@QDs@Si NPs occurred in cells, compa- a
rable amounts of both the Si@QDs@Si NPs
and the sQDs were incubated in Henrietta
Lacks (HelLa) cells for 24 h, as illustrated in s
Figure 3a. Confocal microscopy images con-
firmed that most of the Si@QDs@Si NPs
were distributed in the cytoplasmic area of
cells (Figure 3b). The transfection efficiency
of the SiI@QDs@Si NPs in cells was ana-
lyzed 24 h after transfection. The fluores-
cence signals in the supernatant and in the
trypsinized-cell pellets were measured using
a fluoremeter. We found that the transfection
efficiency in the Si@QDs@ Si-NP-transfected
cell pellets was 88%. Nanomaterials of appro-
priate size are known to be allowed for intra-
cellular uptake by natural endocytosis. We
confirmed that the 120 nm-sized SIi@QDs@
Si NPs could accumulate easily inside the
cells without cell-penetrating peptides such
as trans-activator of transcription (TAT).?
Indeed, we found that endocytic uptake of
the Si@QDs@Si NPs into the Hela cells
occurred in 3 h after treatment, based on the
fluorescence signal, by confocal microscopy,

‘OI’

incubated for 24 hr

Day 0

Si@QDs@Si NPs

P

sity of the fluorescence signal from the Si@
QDs@Si-NP-labeled cell-implantation  site
gradually decreased with time because the
Si@QDs@Si NPs in the cells were diluted in
the process of cell proliferation.

Numerous imaging approaches for
reporter-based or NP-based cell tracking have
been implemented to understand the migration characteristics
of therapeutically implanted cells.?>~2%1 Reporter-based strate-
gies for cell tracking, however, may induce potential side effects
such as insertional mutagenesis. Furthermore, the NP-based
cell-tracking method affords only limited long-term cell tracking
due to the gradual dilution of the nanomaterials in cells. Thus,
nanomaterials can be used as cell trackers for in vivo studies
taking less than 10 d. Cell tracking using nanomaterials has

Si@QDs@Si NPs

b) Quantitative

sQDs Si@QDs@Si NPs

X200 X200
#sQDs = # SI@QDs@Si NPs
@

Day 10

sQDs- or
Si@QDs@sSi NPs-
treated Hela cells

Day 5

1846  wileyonlinelibrary.com

in the cytoplasmic area (data not shown).

To prove the biological usefulness of Si@
QDs@Si NPs for in vivo cell tracking, the
same number of sQDs and Si@QDs@ Si NPs
were mixed with preseeded Hela cells in a
10 cm flask dish. After incubation of the cells
with sQDs and Si@QDs@Si NPs for 24 h,

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Si@QDs@Si
NPs

Figure 3. Cellular uptake in vivo test of sQDs and Si@QDs@Si NPs. a) lllustration of sQD
or SI@QDs@Si-NP labeling to Hela cells. b) Fluorescence images of sQD- and Si@QDs@
Si-NP-uptaken cells (Red color: QD, blue color: DAPI). c) Maestro in vivo fluorescence image
of sQD-labeled (left leg) and SI@QDs@Si-NP-labeled (right leg) cell-transplanted mouse.
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Figure 4. Comparison of the SI@mQDs@Si NPs with the SI@QDs@
Si NPs. a) Fluorescence images of the Si@mQDs@Si NPs and the Si@
QDs@Si NPs. b) Quantitative measurements of the fluorescence signals
of the SI@mMQDs@Si NPs and Si@QDs@Si NPs.

recently drawn much attention in terms of its safety.l?”?8l There-
fore, nontoxic and highly bright Si@QDs@Si NPs are suitable
candidates for cell tracking.

2.4. In Vivo Fluorescence-Detection Range of Si@mQDs@Si
NPs in a Cancer-Cell-Implanted Mouse Model

We also investigated the biological usefulness of our newly
developed Si@mQDs@Si NPs, which have a similar struc-
ture but exhibited a better QY than the Si@QDs@Si NPs. In
PBS solvent, the Si@mQDs@Si NPs showed a clearer orange
color when compared with the SI@QDs@Si NPs (Figure 4a).
When the fluorescence images were compared using the same
amounts of SI@mQDs@Si NPs and Si@QDs@Si NPs (0.1 mg),
the Si@mQDs@ Si NPs showed a brighter fluorescence activity
(Figure 4a). Being consistent with the fluorescence images,
quantitative analysis using a fluorometer showed that the Si@
mQDs@Si NPs samples had an approximately 5-fold higher
fluorescence activity than an identical amount of Si@QDs@
Si NPs (Figure 4b). To verify whether the Si@mQDs@Si NPs
were also internalized into the intracellular area, SI@mQDs@
Si NPs (0.5 mg) resuspended in PBS buffer were treated in
HelLa cells for 24 h.

As shown in Figure 5a, confocal microscopy revealed that
internalization of the Si@mQDs@Si NPs occurred in the HeLa
cells, showing significantly bright fluorescence signals in the
cytoplasmic area. We verified that approximately 120 nm-sized
Si@mQDs@ Si NPs were also internalized into the cells through
general endocytosis. Once the presence of Si@mQDs@Si
NP-tagged cells was confirmed, we then investigated the min-
imum number of SI@mQDs@Si NP-tagged cells that could
be detected in vivo. Si@mQDs@Si-NP-tagged Hela cells were
prepared after incubation with Si@mQDs@Si NPs (5 mg) in a
10 cm dish for 24 h. The harvested cells were injected subcuta-
neously into four areas of the skin in a cell-number-dependent
manner. From in vivo fluorescence imaging, we could detect

Adv. Funct. Mater. 2012, 22, 1843-1849
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Si@mQDs@Si NPs

0.0226

Figure 5. Visualization of highly bright Si@mQDs@Si NPs. a) Fluores-
cence image of SI@mQDs@Si-NP-uptaken Hela cells (0.5 mg in 1 X
10° cells). b) Fluorescence image of different numbers of cells injected
into a mouse.

up to 1000 cells in the Si@mQDs@Si-NP-injected mouse
group (Figure 5b), demonstrating that visualization of as few
as 400 units of SI@mQDs@ Si-NP-labeled cells was possible for
tracking a variety of cell migration patterns in the subcutaneous
region of the mouse.

The Si@mQDs@Si NPs have substantial merits. They
are monodisperse, nontoxic due to the silica coating, highly
sensitive with a bright fluorescence intensity (high QY), and
they are easily taken up into cells. Even a small number of
cells implanted into mice could be detected with Si@(QDs
or mQDs)@Si NPs. They can be further utilized in a variety
of biological systems such as for stem cell research or in vivo
immune cell tracking.

A cancer-targeted imaging approach using sQDs was reported
recently.?3% Nevertheless, the fluorescence-based detection
method still has a tissue penetration problem, which may
hamper accurate cancer diagnosis. Although newly developed
600 nm-emitting SI@mQDs@Si NPs are highly bright, fluores-
cence attenuation in deep tissue remains a challenge. To over-
come this, we are currently developing near-IR-emitting Si@
mQDs@Si NPs. Further refinement of our system will enable
us to develop efficient in vivo cancer-targeting nanomaterials.

3. Conclusions

We have developed a synthetic method to prepare highly lumi-
nescent (high PL efficiency) and monodisperse (narrow PL
emission) semiconductor QDs, as well as QDs with a thicker
ZnS layer, which protects the QD surface during surface ligand
exchange and surface tuning. We have also synthesized highly
bright QD-embedded nanoprobes (Si@QDs@Si NPs and Si@
mQDs@Si NPs) by embedding a large number of hydrophobic
QDs onto the surface of hydrophilic silica NPs. Using this tech-
nique, a gram-scale quantity of water-compatible Si@QDs@Si
NPs was successfully prepared, and the material exhibited a low
toxicity and 200-fold stronger PL emission than single QDs. We
also confirmed the suitability of Si@QDs@ Si NPs for in vivo use
by monitoring the highly amplified fluorescence signals from
Si@QDs@Si-NP-tagged cells for 10 d. By applying multishell

wileyonlinelibrary.com

1847

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

1848  wileyonlinelibrary.com

<
m

ww.afm-journal.de

QDs, highly bright Si@mQDs@Si NPs containing approxi-
mately 500 mQDs were prepared without loss of QY (QY 64%).
The structural changes in the SiI@mQDs@Si NPs, which con-
tained multilayered QDs (CdSe@CdS@ZnS), resulted in an
enhanced fluorescence activity with a high QY, allowing the
detection of as few as 400 Si@mQDs@ Si-NP-labeled cells in
mouse skin. Thus, Si@mQDs@Si NPs are proven to be useful
in biomedical fields, particularly for the bioimaging of in vivo
cell tracking, which requires a high sensitivity.

4. Experimental Section

Preparation of CdSe@ZnS QDs: Cadmium oxide (CdO) (99.99%),
selenium (99.9%, powder), zinc dimethyldithiocarbamate (Zn(DMSC),)
(97%, powder), trioctylphosphine (TOP) (90%), oleic acid (OA) (90%)
and 1-octadecene (ODE) (90%) were purchased from Sigma—Aldrich and
used as received. CdO (1 x 1073 m, 0.1284 g) and Zn(DMSC), (5 X 107 m,
1.520 g) were dissolved in OA (1.695 g) and ODE (20 mL), treated with
N, gas, and heated to 100 °C under vacuum for 1 h. The solution was
further heated to 320 °C to form a transparent solution and injected into
a precursor solution, which was prepared by dissolving Se (1 X 107 m,
0.078 g) in TOP (1 mL). The growth temperature was set to 300 °C for
5 min and then the solution was cooled to room temperature.

The QDs exhibited superior, stable optical properties, without any
observed decrease after being exposed to UV radiation for 3000 h.
Moreover, sub-kilogram scale quantities of CdSe@ZnS nanocrystals
could be obtained using a larger reactor volume and increased amounts
of precursors and solvents (Figure S1d, Supporting Information).

Preparation of Multishell QDs (mQDs): The metal precursor solution
was prepared by dissolving CdO (0.205 g) in OA (10 mL) and ODE
(60 mL), treating with N, gas and heating at 200 °C under vacuum for
1 h. The solution was further heated to 320 °C to form a transparent
solution and injected into a precursor solution of Se (0.025 g) dissolved
in TOP (1.6 mL). After 100 s, octanethiol (0.32 mmol) was added to the
reaction mixture dropwise at a rate of 1 mL min~'. After 30 min, a Zn
precursor solution, prepared by dissolving zinc acetate (0.587 g) and OA
(5 mL) in ODE (10 mL) at 300 °C under an N, atmosphere, was injected
into the reaction mixture. Sulfur (0.103 g) dissolved in 2 mL of TOP was
injected rapidly into the mixture. The final solution was heated at 320 °C
for 5 min and cooled to room temperature, affording the mQDs.

Preparation of Water-Soluble Single QDs: Purified QDs or mQDs
were dispersed in CHCl; to obtain a 0.1 x 10° m QD solution.
Tetramethylammonium hydroxide (TMAH) (100 mg) was mixed well
with 3-mercaptopropionic acid (MPA) in 1 mL of CHCl;. The amount
of MPA was varied between 5 and 100 puL to determine its effect on
the ligand-exchange reaction. After 15 min, a clear, colorless, aqueous
layer (about 10% of total volume) formed above the CHCl; layer. The
biphasic solution was mixed by vigorous shaking and was allowed to
stand for 1 h in order to equilibrate. The lower organic phase, which
contained deprotonated MPA, was transferred into a vial for the ligand-
exchange reaction with the QDs or mQDs. 100 uL of TOP-capped QDs
(0.1 um in CHCI;3) were added to the MPA-CHCI; solution and mixed
well. The solution was allowed to stand at room temperature for 1-5 h.
After the reaction, the MPA-capped QDs that had separated from the
CHCl; solutions were collected, washed with CHCl; (three times), and
dispersed in 1.0 mL of water.?%

Preparation of QD-Immobilized Thiol-Modified Silica NPs: Silica
NPs were prepared by the well-known Stéber method. A 3 mL portion
of ammonium hydroxide (27%) was added to 40 mL of EtOH, which
contained 1.6 mL of tetraethylorthosilicate (TEOS), accompanied
by vigorous magnetic stirring for 20 h at 25 °C. The silica NPs were
centrifuged and washed several times with EtOH. These silica NPs were
then thiol functionalized with 3-mercaptopropyltrimethoxysilane (MPTS).
The silica NPs (300 mg) were dispersed in 6 mL of EtOH containing
60 uL of MPTS and 150 pL of ammonium hydroxide. The mixture was
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stirred for 12 h at 25 °C. The resulting MPTS-treated silica NPs were
centrifuged and washed with EtOH several times.

The QDs (3 mL, 30 mg mL™" in CHCl;) were transferred to a vial,
and most of the hydrophobic solvent (CHCl;) was evaporated under
vacuum. Silica NPs (2 mL, 50 mg mL™" in EtOH) were then added to
the concentrated QD suspension. Because the QDs were hydrophobic,
they were precipitated in the hydrophilic EtOH. The fluidic silica NPs
came into contact with the QDs upon shaking of the mixture for a few
seconds, and the resulting QD-embedded silica NPs were precipitated in
the EtOH, owing to the hydrophobic nature of the QD-embedded silica
NPs. CHCl; (20 mL) was subsequently added to the suspension, which
was shaken to reinforce the immobilization of the QDs onto the silica
NPs. After shaking for 5 min, 20 mL of CHCl3, T mL of MPTS and 1 mL
of NH,OH were added to the mixture. After shaking for 1 h, the resulting
mixtures were centrifuged and washed with EtOH several times, after
which the collected mixture was well dispersed in 40 mL of EtOH, 1 mL
of TEOS and 1 mL of NH,OH. After shaking for 12 h, the resulting
mixtures were centrifuged and washed with EtOH several times.

In Vitro Luminescence Signal Acquisition: Si@QDs@Si NPs (1.1 x 102
per mL; stock concentration = 5 mg mL™") suspended in absolute EtOH
were centrifuged at 6500 rpm for 1 min to exchange the EtOH solvent
for PBS solution. Si@QDs@Si NPs or sQDs (100 pg per 20 uL) in PBS
solution were added to a dark 96-well microplate, and the fluorescence
signal was detected using an Infinite M200 Fluorometer (Tecan,
GmbH, SZ, Austria) at optimized excitation/emission wavelengths of
400/610 nm. The fluorescence signal intensities of each sQD- or Si@
QDs@Si-NP-containing well plate were normalized to those of a PBS-
containing well plate.

Cytotoxicity Studies: HeLa cells, human cervical carcinoma, which were
maintained in Dulbecco’s modified Eagle medium (DMEM) (Gibco,
Grand Island, NY) containing fetal bovine serum (FBS) (Invitrogen,
Grand Island, NY), 10 U mL™ penicillin (Invitrogen, Grand Island, NY)
and 10 ug mL™" streptomycin, were inoculated in a 96-well microplate,
and sQDs or SI@QDs@Si NPs of increasing concentration, ranging
from 10 to 40 ug, were transferred to the seeded Hela cells. After
incubation for 24 h at 37 °C, the cellular toxicity was examined using a
simple cellular toxicity kit, cell counting kit-8 (CCK-8) (Dojindo Molecular
Tech, Inc, Rockville). The incubated cell medium was clearly removed via
a PBS washing step, and 10 uL of the CCK-8 solution containing fresh
cell medium were placed into each 96-well microplate. After incubation
of the CCK-8-treated samples for 2 h, their absorbance at 450 nm was
recorded using a microplate reader.

Confocal-Laser-Microscopy Analysis: Hela cells (2 x 10°) were seeded
on clean coverslips in a 6-well plate, followed by incubation for 24 h
at 37 °C. The cells were rinsed using PBS, and sQDs or Si@QDs@
Si NPs were then treated into the cells, and incubated for 24 h. The
sQD- or SI@QDs@Si NP-treated Hela cells were fixed using 4%
polyoxymethylene solution (Wako, Pure Chem., Osaka, Japan) under
mild shaking conditions for 20 min. Cells were vigorously washed three
times using PBS, and attached onto the coverslip using a mounting
solution  containing  2-(4-amidinophenyl)-1H-indole-6-carboxamidine
(4’,6-diamidino-2-phenylindole) (DAPI) solution (Vector Laboratories,
Inc, CA). Confocal microscopy images were analyzed using a Zeiss LSM
image examiner (for DAPI imaging, excitation wavelength: Haupt-Farb-
Teiler (HFT) 405/488 nm, pinhole diameter: 92 pum, filter: BP 420-480
IR; for QD imaging, HFT 405/488/543/633 nm, pinhole diameter: 110 m,
filter: 604-754).

In Vivo Fluorescence Imaging in the Xenograft Tumor Model: Si@QDs@
Si NPs or sQDs (2 pmole) in PBS solution were prepared after washing
followed by centrifugation. Hela cells (1 x 10%) in a 10 cm flask dish
were incubated for 24 h and mixed with the as-prepared Si@QDs@
Si NPs or sQDs for 24 h. The harvested Hela cells, in 100 pL of PBS,
after trypsinization, were subcutaneously implanted into both thighs
of a 6-week-old male nude (nu/nu) mouse. Each male mouse was
anesthetized via an intraperitoneal injection of ketamine (50 mg kg™') and
xylazine (2.5 mg kg™'). In vivo fluorescence imaging experiments were
conducted using a Maestro optical imaging system (CRi Inc., Woburn,
MA, USA). For in vivo QD studies, the fluorescence imaging filters were
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set as a green filter (a band-pass filter ranging from 503 to 555 nm,
and a long-pass filter of 580 nm) with 0.2 s exposure. Autofluorescence
signals from skin or food were removed by the Maestro software using a
spectral unmixing program.

Optical Characterization: UV-vis absorption spectra were recorded
using a UV-vis spectrometer. Fluorescence quantum yields and
photoluminescence (PL) spectra (Figure 1) were recorded using a 6500
photoluminescence spectrometer (JASCO).

Optical UV Stability: QD samples were exposed to a UV-irradiation
source to monitor their UV stability. The distance between the samples
and the UV lamp was 10 cm. The variation in wavelength shift was less
than 5% after exposure to UV for 3000 h.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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