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S
emiconductor QDs have attracted
great interest in biology and medi-
cine in recent years because of their

fascinating optical and electronic properties

that are not available from conventional im-

aging agents.1�4 However, a longstanding

issue for chemical sensitivity and instability

under different environments hampers QD

application in quantitative imaging (a hall-

mark of modern biology) and in vivo diag-

nostics. Degradation might preclude QD

probes from accurate quantitative analysis

due to fluorescence fluctuation and result in

potential toxicity when applied in vivo (cur-

rently high-quality QDs are mostly made

from carcinogenic chemicals such as cad-

mium). Nanoparticle encapsulation tech-

nologies based on small molecule ligands,5

silica,6�10 and amphiphilic polymers11�14

produce highly water-soluble and bright

QDs, but none of them is capable of pro-

tecting QDs from chemical-induced degra-

dation or surface modification.

Stability of QD fluorescence is of par-

ticular importance for quantitative imag-

ing and analysis, when data obtained un-

der different conditions are compared.

However, often QD optical properties de-

pend on the buffers and solvents used

and fluorescence might drop drastically

upon treatment with low pH solutions or

bioconjugation reagents. In general, QD

fluorescence is quenched in acidic solu-

tions and enhanced in basic solutions.15

Under complex in vivo conditions, the is-

sue of chemical instability becomes an

even greater concern as QD degradation

(indicated by fluorescence changes)

might result in release of heavy metal

ions and severe toxicity. For example,

Derfus et al. has shown that CdSe QDs

capped with small-molecule mercapto

compounds are deteriorated under ultra-

violet illumination and release Cd2�

ions.16 Under in vivo conditions, released

Cd2� ions tightly bind to large plasma

proteins, such as metallothionein, and

cannot be efficiently cleared out of

the body. The excretion of Cd-

metallothionein, primarily through urine,

is extremely slow with a biologic half-life

in the kidney of 38 years.17 Quick clear-

ance of intact QDs might provide one

possible solution to this problem. Break-

through work by Frangioni, Bawendi, and

co-workers demonstrated that QDs with

zwitterionic surface and hydrodynamic

diameter smaller than 5.5 nm could be

rapidly and efficiently eliminated via uri-

nary excretion.18 Unfortunately, rapid re-

nal clearance is often undesirable for in

vivo imaging and therapeutic delivery.19

Furthermore, for targeted imaging and

delivery, functionalization of QDs with

targeting ligands (e.g., antibodies, pep-

tides, and aptamers) yields sizes beyond

the renal clearance threshold and leads

to QD uptake by the reticuloendothelial

systems (RES). These trapped nanoparti-

cles, depending on size and surface prop-
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ABSTRACT Semiconductor quantum dots (QDs) are important fluorescent probes due to their high brightness,

multiplexing capability, and photostability. However, applications in quantitative and in vivo imaging are

hampered by their sensitivity to chemical environments and potential toxicity. Here we report a surprising finding

that the combination of silica and amphiphilic polymer can stabilize CdSe/ZnS QDs in a broad range of chemical

conditions including strong acidic solutions, which is unavailable for any of the current encapsulation technologies

(e.g., mercapto compounds, silica, and amphiphilic polymers) used alone. We further demonstrate the use of

these ultrastable QDs as internal references in pH sensing applications. We expect this work will open exciting

opportunities for in vivo and quantitative applications, and may help solve the toxicity problem of QDs.

KEYWORDS: quantum dots · imaging · nanotoxicity · silica · amphiphilic
polymer · sensing
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erties, could remain in animal and human bodies
for long periods before final clearance. Indeed,
recent investigation by Fitzpatrick et al. showed
that systemically administered QDs persisted
and retained fluorescence for up to two years
in mice.20 It was also observed that the tradi-
tional amphiphilic polymer-encapsulated QDs
exhibited significant spectral blue-shift, sug-
gesting QD degradation. This result is perhaps
not surprising since QDs are not stable in acids,
but their cell entry is primarily through endocy-
tosis, a process which involves acidic cellular
compartments such as late-stage endosome
and lysosome. Novel surface chemistry might
provide ways for accelerated in vivo clearance
of nanomaterials. For example, near-complete
secretion has been observed for carbon nano-
tubes coated with branched polyethyleneglycol
(PEG) within two months.21

In this context, a key challenge is to engineer
a stable coating that will maintain QD integrity
and optical properties under complex chemical
environments, in particular acidic solutions. This
goal cannot be achieved with current capping ma-
terials based on small-molecule mercapto ligands,
silica, and amphiphilic polymers. Here we report a
new strategy for preparation of ultrastable QDs by
combining the silica and amphiphilic polymer en-
capsulation techniques. To our surprise, although
neither material protects QDs from harsh chemical
treatments, their combination can protect QDs to
such a degree that QD fluorescence remains stable
even when treated with pH 1 acidic solutions. We
further demonstrate the pH-sensing application of
this technology by combining the ultrastable QD
with a pH sensitive dye (e.g., fluorescein deriva-
tive). Up to date, a handful of papers have reported
the use of QDs for pH sensing based on either

their pH-dependent fluctuation of absolute fluo-

rescence intensity22 or the FRET-based ratiometric mea-
surements between conjugated QDs and dyes.23,24 De-
spite these recent successes, a key limitation shared by
virtually all current approaches is that the QD fluores-
cence is not only sensitive to pH but also affected by
other compounds in solution. Therefore, for complex
samples, it would be very difficult to distinguish the pH
effect from other factors. The ultrastable QDs reported
here will help solve this problem.

RESULTS AND DISCUSSION
Synthesis and characterization of ultrastable QDs. Figure 1 il-

lustrates the major steps of the new QD encapsulation
technology. The key to our success is a double phase-
transfer process. Hydrophobic QDs are first encapsu-
lated with silica shells (QD@SiO2) based on a well-
established reverse microemulsion method.6,7,9 In
contrast to prior arts where silica-coated QDs are di-
rectly used for applications, the hydrophilic QD@SiO2

is then converted back to water-insoluble by grafting

Figure 1. Schematic illustration of a double-phase transfer
procedure for QD@SiO2@PE-PEG synthesis. Single hydropho-
bic QDs are encapsulated within a layer of hydrophilic silica,
followed by surface modification with a hydrophobic si-
lane, OTMS. The hydrophobic QD@SiO2�C18 is then solubi-
lized with PE-PEG. Figure is not drawn to scale.

Figure 2. Characterization of QD@SiO2@PE-PEG. TEM images of (a) CdSe/ZnS QDs
dispersed in chloroform, (b) QD@SiO2 in ethanol, (c) QD@SiO2�C18 in chloro-
form, and (d) QD@SiO2@PE-PEG in water. Scale bar, 50 nm. (e) DLS measurement
of QD@SiO2 and QD@SiO2@PE-PEG showing a hydrodynamic diameter of 43.6 �
10.6 and 53.3 � 1.7 nm, respectively. (f) Absorbance (blue) and fluorescence (red)
spectra of the QD@SiO2@PE-PEG nanoparticles.
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the silica surface with long-chain hydrocarbons
(QD@SiO2�C18). Finally, the hydrophobic QD@SiO2�C18

is made hydrophilic again with amphiphilic lipid-PEG
molecules (QD@SiO2@PE-PEG, complete chemical name
of the amphiphilic lipid-PEG or PE-PEG is provided in
the Methods section). Functional groups at the termi-
nal of the PEG domain could enable further conjugation
of targeting molecules on the surface of the nanoparti-
cles. Note that although only PE-PEG is illustrated here,
the selection of amphiphilic materials for outer surface
coating is flexible. For example, amphiphilic polymers
produce similar results.11,13,14

Figure 2a�d show representative transmission elec-
tron microscopy (TEM) images of the double-protected
QD@SiO2@PE-PEG nanoparticles compared with the
original organic-soluble QDs, QD@SiO2, and
QD@SiO2�C18. All three samples of silica-coated QDs
appear uniform in size and well dispersed, with the ma-
jority of the silica nanoparticles containing a single QD
in the core and a few containing two QDs. The overall
particle size is 32 nm and the shell thickness is 13 nm
measured from the TEM images. Note that the silica
shell thickness can be tuned between 5 and �30 nm
by varying the amount of TEOS precursor and QD con-
centration (Figure 3); nevertheless, the following discus-
sion is based on one shell thickness, 13 nm. After fur-
ther surface modification with C18 and PE-PEG, these
layers are not visible under TEM because the organic
molecules are not electron-dense materials. Apparently,
the multistep modification of QDs does not cause ag-

gregation, which is also confirmed by dynamic
light scattering (DLS) measurement in an aque-
ous environment. The DLS results showed a hy-
drodynamic diameter of 43.6 � 10.6 nm for
QD@SiO2 and 53.3 � 1.7 nm for QD@SiO2@PE-
PEG (Figure 2e), much larger than the particle
dry size. This is because the nanoparticles are
pegylated and charged in solution, creating an
electrical double layer surrounding the nanopar-
ticles, and consequently increasing the colloidal
hydrodynamic radius compared to the actual
size.25 Spectroscopic measurements show that
the distinctive absorption and emission profiles
of QDs after SiO2 and PE-PEG coating are well
preserved (Figure 2f).

Characterization of Chemical Stability. Next, we sys-
tematically compared the chemical stability of
our QD@SiO2@PE-PEG with QDs coated with tra-
ditional materials. For biological applications,
QDs should be at least stable between pH 4 and
8, because (i) most bioconjugation reactions
are performed in this pH range and (ii) pH val-
ues found in human body also fall in this
range.26 For example, the pH of blood is around
neutral with a value of 7.4, whereas that of late-
stage endosme and lysosome is about 4�5. The
most basic environment can be found in the

pancreas, whose secretions are of pH 8.1. In rare cases
if QDs are ever going to be used for gastrointestinal (GI)
tract imaging, the gastric environment has pH values
around 1�2. Certainly, the exposure to gastric acid is
likely to be short, before dots exit the body or are up-
taken by cells. Given a wide range of potential applica-
tions, it is highly desirable to make ultrastable water-
soluble QDs to minimize fluorescence fluctuation and
toxicity caused by Cd2� release.

Indeed, the significance of making stable QDs, with
a particular focus on stability in acids (major reason for
QD etching and Cd2� release), is also recognized by
other researchers. Recent works by Mattoussi, Nie, and
co-workers suggested that QDs coated with thiolated
PEG27 and polyethylene imine (PEI)28,29 are more acid
resistant than with small-molecule mercapto com-
pounds or amphiphilic polymers. We have confirmed
the stability improvement with these coatings. How-
ever, detailed quantitative spectroscopic measure-
ments revealed that QD fluorescence quenching at
low pH was still significant (�99% at pH 1), similar to
the traditional mercaptoacetic acid (MAA), silica, PE-
PEG, and PMAT (poly(maleic anhydride alt-1-
tetradecene)) coated QDs (Figure 4). In contrast, the
fluorescence of our QD@SiO2@PE-PEG remained con-
stant from pH 2 to 8, and changed less than 10% at pH
1 and 9 after 1-h incubation (normalized by fluores-
cence at pH 7). Although higher pH values are not gen-
erally encountered in biological experiments, we still
extended the stability test to a full spectrum of pH

Figure 3. TEM images of QD@SiO2 coated with silica shells of various thickness. (a)
7, (b) 13, (c) 18, and (d) 33 nm.
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(1�14). A decrease in fluorescence intensity was ob-

served at pH 10 and 11, likely due to instability of silica

in basic solutions, and gradually increased under more

basic conditions. Such increase in QD fluorescence

might be associated with partial degradation of the

silica shell in strong bases followed by regained QD sen-

sitivity to environment.

As a fluorescent labeling reagent, QDs are often sub-

ject to bioconjugation involving biomolecules and

chemical cross-linkers, and thus it is important for QDs

to maintain their fluorescence in the presence of com-

mon bioconjugation reagents. Compared with the tra-

ditional surface capping methods, the new

QD@SiO2@PE-PEG exhibited remarkable stability. Fig-

ure 5 shows that only the fluorescence of QD@SiO2@PE-

PEG remains constant under different chemical treat-

ments, whereas other QD specimens exhibit

deterioration in optical properties. This chemical stabil-

ity could have important applications in quantitative

cellular and molecular imaging.

The mechanism of this high-level protection by the

silica-amphiphilic polymer coating is not entirely under-

stood at this time. When silica or PE-PEG is used alone,

neither material protects QDs from acid-
or chemical-induced quenching and
etching, but, when combined, the coat-
ing layer becomes significantly less per-
meable to water-soluble chemicals. It is
known that silica shells prepared with
the Stöber chemistry or its derivatives
have a porosity of 10�15% with pores
on the order of a couple of nanome-
ters,30 allowing ions to diffuse through.
In the double phase-transfer process re-
ported here, the silica shells are first
modified with hydrocarbons, which
likely to react not only onto the outer
surface of the silica shell but also onto
the pore walls (in a similar way to prepa-
ration of reverse phase chromatogra-
phy resins), thus inhibiting diffusion of
water-soluble compounds through the
shell. This and other possible mecha-
nisms deserve further systematic stud-
ies. Nevertheless, following solubiliza-
tion with the amphiphilic PE-PEG
molecules, QDs became both colloi-
dally and chemically stable. The combi-
nation of the silica encapsulation and
the hydrophobic double layer provides
a robust, inert shell layer against nano-
particle degradation. The presence of
PEG chains not only imparts the water
solubility of particles, but also flexible
bioconjugation since COOH-, NH2-, and
OH-terminated PEG are widely available.

Cytotoxicity. As one of the major po-

tential applications for ultrastable QDs is in vivo imag-

ing and drug delivery, we further probed the cytotoxic-

ity of QD@SiO2@PE-PEG in LNCaP cells. Please note

Figure 4. pH stability comparison of QD@SiO2@PE-PEG with QDs with tradi-
tional surface coatings, QD@SH�PEG, QD@MAA, QD@PE-PEG, QD@PMAT,
QD@PEI, and QD@SiO2. The panels on the right show the corresponding fluo-
rescence images of QDs dispersed in pH 1 to 14 solutions (illuminated with
a 365 nm hand-held UV lamp).

Figure 5. Stability comparison of the various QDs treated with common cross-
linking reagents in bioconjugation, 5 mM EDC, NHS, SIA, EMCH, 0.25 mM sulfo-
SMCC and BS3, 0.05 mg/mL biotin and streptavidin. The color codes of the
samples are shown in the first panel.
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that the LNCaP cells merely serve as a model. Addi-
tional cell types derived from multiple target tissues
will be needed for more stringent toxicity tests. Below
100 �g/mL (approximately 6 nM measured with UV ab-
sorption at first extinction peak of the QDs), cell viabil-
ity after incubation with QD@SiO2@PE-PEG for 24 h is
above 80%. This is in the typical concentration range for
cellular staining with QD bioconjugates or QDs diluted
in blood circulation under in vivo conditions.1�4 At el-
evated concentrations (e.g., 500�2000 �g/mL), cell vi-
ability decreases to approximately 60% after 24-h incu-
bation. Nevertheless, compared with plain silica
nanoparticles (no QDs inside) of
similar sizes and surface coating
(SiO2@PE-PEG) (Supporting Infor-
mation, Figure S1), the
concentration-dependent toxicity
of QD@SiO2@PE-PEG shows virtu-
ally an identical trend to that of
SiO2@PE-PEG (Figure 6), suggest-
ing that the observed toxicity is
only due to the presence of colloi-
dal nanoparticles in solution but
not QD degradation and Cd2� re-
lease, which also confirms the sta-
bility of QD@SiO2@PE-PEG in bio-
logical systems.

pH Sensing. Based on this new
series of ultrastable QDs, we show
that they can be used for pH sens-
ing applications and serve as an
internal reference. Previously a
number of groups have built QD-
based pH sensors because QDs
are sensitive to chemicals in the
surrounding environment such as
acids, bases, ions, and proteins.
For example, pH values can be di-
rectly correlated with QD fluores-

cence intensity because QD fluorescence, in general, is
quenched in acids and is enhanced in bases.22 How-
ever, this direct measurement is limited to conditions
when the total QD quantity is fixed. Under dynamic
conditions such as QD endocytosis and exocytosis, it
would be very difficult to correlate pH values with abso-
lute QD fluorescence. A more elegant and robust ap-
proach is to use ratiometric measurements such as by
using QD-dye FRET (fluorescence resonance energy
transfer) pairs, because fluorescence intensity ratios
are irrespective of changes in probe quantity, excita-
tion intensity, and detector sensitivity.23,24 However, as
aforementioned, QD fluorescence fluctuation is not
specific to pH values (or concentrations of H� and OH�).
The presence of other ions or molecules could also
change the fluorescence intensity ratios and conse-
quently lead to misinterpretation of experimental re-
sults. Here, we design a novel ratiometric pH sensor
where ultrastable QDs are only used as internal refer-
ences. A pH-sensitive fluorophore, 4=-aminomethyl
fluorescein, hydrochloride (AMF), is immobilized to the
surface of QD@SiO2@PE-PEG via an amide bond. In such
a configuration, FRET between the dye and QD should
have minimal effect on the ratiometric measurement
because of the large separation between the core QDs
and surface attached dye molecules and the efficient
excitation of QDs (due to the QDs’ broad absorption
profile) regardless of energy donation from dye mol-
ecules. As shown in Figure 7a, AMF fluorescence has a
sharp transition between pH values 4�9, which serve

Figure 7. pH sensing using QD-AMF dual-color sensor: (a) pH-dependent emission
of AMF fluorescence measured at the peak (inset, a representative AMF spectrum);
(b) fluorescence emission of QD-AMF conjugates at various pH values. The contri-
butions from QD and AMF are separated from the composite emission spectra for
accurate measurement of the peak intensities. While QD fluorescence remains con-
stant, fluorescence from AMF fluctuates with pH. (c) Working curve for pH measure-
ment produced with AMF/QD fluorescence intensity ratios (I527/I616) versus pH val-
ues. (d) Correlation of known pH values and those measured with the QD-AMF pH
sensor using the working curve in panel c.

Figure 6. Cytotoxicity evaluation of QD@SiO2@PE-PEG com-
pared with SiO2@PE-PEG (no QD doping). Dose-dependent
viability evaluation of LNCaP cells treated with
QD@SiO2@PE-PEG (red) and SiO2@PE-PEG (blue) of the same
size. The toxicities of the two samples exhibit nearly identi-
cal trend of dose-dependent behavior, indicating that the
toxicity is due to the colloidal particles, but not the QDs
doped inside.
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as the dynamic working range. The overall fluores-
cence of QD-AMF conjugates can be readily fitted us-
ing a linear combination of AMF and QD based on pre-
viously published procedures31 (Figure 7b). The
working curve is plotted using the fluorescence inten-
sity ratios of AMF/QD and corresponding pH values
(Figure 7c). When a separate set of solutions of differ-
ent pH are measured using this working curve, nearly
perfect correlation (Figure 7d) is observed for the mea-
sured values using the QD-AMF sensor and the real val-
ues (buffers of known values and confirmed with pH
papers).

CONCLUSION
We have developed a new method for preparation

of ultrastable QDs by combining two current encapsu-
lation technologies based on silica shells and am-

phiphilic polymers. Surprisingly, this synergistic combi-
nation yields QDs with significantly improved resistance
to harsh chemical treatment including strong acids,
which has never been achieved previously using either
coating material alone. We further demonstrated appli-
cations of the ultrastable QDs for pH sensing. In con-
trast to previous reports, the QDs used here are insensi-
tive to environment changes and only serve as an
internal reference. This feature could open new oppor-
tunities in sensing applications in complex biological
fluids when H� and OH� are not the only solutes. We
also note that the current work is mainly focused on
technology development and characterization of nano-
particle properties. Applications of this new class of
QDs in quantitative imaging, their in vivo behaviors,
and long-term toxicity are currently under
investigation.

MATERIALS AND METHODS
Chemicals and Instruments. Unless specified, chemicals were pur-

chased from Sigma-Aldrich (St. Louis, MO) and used without fur-
ther purification. 1-Ethyl-3-[3-dimethylaminopropyl]carbo-
diimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS)
bis[sulfosuccinimidyl] suberate (BS3), N-succinimidyl iodoacetate
(SIA), [N-e-maleimidocaproic acid] hydrazide, trifluoroacetic acid
salt (EMCH), N-hydroxysulfosuccinimide esters of biotin (sulfo-
NHS-biotin), and (Sulfosuccinimidyl 4-[N-maleimidomethyl]-
cyclohexane-l-carboxylate)(Sulfo-SMCC) were purchased from
Thermo Scientific (Rockford, IL). Streptavidin and 4=-
(aminomethyl)fluorescein, hydrochloride) was obtained from In-
vitrogen (Carlsbad, CA). (1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000]
(PE-PEG) was purchased from Avanti Polar Lipids. TOPO-coated
CdSe/ZnS core/shell QDs were provided by Oceannanotech, LLC
as a gift. All chemicals were used as received. A Fluoromax4 flu-
orometer (Horiba Jobin Yvon, Edison, NJ) was used to character-
ize the emission spectra of QDs. TEM images were obtained on
a CM100 transmission electron microscope (Philips EO, Nether-
lands). True-color fluorescence images were obtained with a Ni-
kon digital camera.

Synthesis of Silica-Coated QDs. CdSe/ZnS QDs were incorporated
in silica spheres by a reverse microemulsion method described
by Nann et al.7 Briefly, 1.3 mL of IGEPAL CO-520 was added to 10
mL of cyclohexane, followed by the addition of 2 nmol of QDs
(in 100 �L chloroform), 80 �L TEOS, and 150 �L ammonia aque-
ous solution (30%). Between each chemical addition, the reac-
tion mixture was stirred for 15 min. The final mixture solution
was stirred continuously for 24 h in dark. After the silica conden-
sation reaction, the QD@SiO2 nanoparticles were isolated from
the microemulsion by the addition of ethanol (3 mL) followed by
centrifugation at 4000 rpm for 10 min. The resulting QD@SiO2

nanoparticles were repeatedly rinsed with ethanol and aged for
a week.

Hydrophobic Modification of QD@SiO2. The QD@SiO2 ethanol solu-
tion (10 mL) was mixed with 0.1 mL of ammonia solution (30%)
to adjust the pH to 9. Trimethoxy(octadecyl)silane (OTMS) chlo-
roform solution (10%, 1 mL) was added dropwise into the nano-
particle suspension under vigorous stirring. After 24 h, the par-
ticles were separated with centrifugation, washed with ethanol,
and dispersed in chloroform.

Solubilization of the Hydrophobic QD@SiO2. OTMS-coated QD@SiO2

nanoparticles were dispersed in chloroform. PE-PEG was added
in a molar ratio of 2000:1 to QD@SiO2. The mixture was vortexed
and sonicated for 5 min. Chloroform was slowly evaporated un-
der vacuum, and the remaining nanoparticle film was dispersed
in H2O with sonication. The solution was centrifuged for 30 min
at 15000 rpm to remove empty micelles (repeated three times).

The resulting QD@SiO2@PE-PEG was readily resuspended into
H2O.

Synthesis of SiO2 Nanoparticles without QDs. Pure SiO2 nanoparti-
cles of similar size to QD@SiO2 were made according to the
same procedure without adding the QDs into the reverse emul-
sion, and the mixture was stirred for 72 h. The SiO2 nanoparticles
were treated in the same way as the QD@SiO2 nanoparticles.

Chemical Stability Tests. For stability against acids and bases,
pH values of QD solutions were tuned with HCl or NaOH, and
QDs were incubated for 1 h with continuous shaking. Fluores-
cence of the QD samples was recorded on a Fluoromax4 fluo-
rometer. For stability against common bioconjugation cross-
linkers, QDs were probed with 5 mM EDC, 5 mM NHS, 5 mM SIA,
and 5 mM EMCH, 0.25 mM sulfo-SMCC, 0.25 mM BS3, 0.2 mM bio-
tin, and 50 �g/mL streptavidin. The concentrations were se-
lected according to the solubility of the chemicals in water and
typical values used in bioconjugation. The corresponding fluo-
rescence intensities were recorded after 1 h incubation.

Toxicity Comparison between QD@SiO2 and SiO2. LNCaP cells were
cultured in RPMI-1640 medium, supplemented with 10% fetal
bovine serum (FBS) and antibiotics (100 �g/mL streptomycin
and 100 U/mL penicillin in a humidified atmosphere at 37 °C with
5% CO2. CellTiter 96 Non-Radioactive Cell Proliferation assay
(MTT) (Promega, San Luis Obispo, CA) was used to probe the tox-
icity effects of SiO2@PE-PEG and QD@SiO2@PE-PEG nanoparti-
cles in living cells. At day 1, 5.0 � 103 cells were seeded in each
well with 100 �L of RPMI-1640 and cultured for 24 h. On the sec-
ond day, 20 �L of nanoparticles in deionized water (�18 M�
cm�1) was added to the cells. The final concentrations of nano-
particles ranged from 5 �g/mL to 2000 �g/mL. The negative
control cells were treated with 20 �L of water only. After 24-h in-
cubation, 15 �L of the dye solution in the toxicity kit was added
to each well and incubated for 4 h. After incubation, 100 �L of
the solubilization solution/stop mix was added to each well. The
plate was allowed to stand overnight in a sealed container with
a humidified atmosphere at room temperature to completely
solubilize the formazan crystals. The absorbance was recorded
at 570 nm wavelength using a 96-well plate reader. The percent-
age of survival cells was calculated as a percentage from the vi-
ability of the control cells, compared to the negative control cells.
The viability of the control cells was considered 100%.

Preparation of QD�AMF Conjugate. AMF (2 mg) was dissolved to
2 mL of DMF. To 1 mL of QD@SiO2@PE-PEG solution (0.55 �M
in water), 100 �L of EDC solution (10 mg/mL) and AMF stock so-
lution (volume varies depending on AMF/QD ratio) were added
under stirring, and the reaction was kept overnight. The result-
ing QD�AMF conjugates were purified by repeated centrifugal
filtering (Millipore, 50 kDa MWCO) to remove excess dyes.
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