1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Ann Biomed Eng. 2009 October ; 37(10): 1960-1966. doi:10.1007/s10439-009-9660-y.

Encapsulation of Single Quantum Dots with Mesoporous Silica

XIAOGE HU, PAVEL ZRAZHEVSKIY, and XIAOHU GAO
Department of Bioengineering, University of Washington, William H Foege Building N530M,
Seattle, WA 98195, USA.

Abstract

A new generation of silica encapsulated single quantum dots (QDs) was synthesized based on
recent breakthroughs made in coating magnetic nanoparticles and their clusters. In comparison
with the traditional Stéber sol-gel method, this new approach is significantly simpler, resulting in
QDs with excellent luminescence, stability, size monodispersity, and tunable silica shell thickness.
An important finding was that unlike previous reported magnetic and metallic nanoparticles, the
QDs coated with only a layer of surfactant molecules were highly unstable and sensitive to the
environment. As a consequence, the surfactant stabilized QDs must be prepared fresh and stored
in dark before silica coating. The QDs become stable once silica shell formed on their surface and
excess surfactants are removed. Further development of this technology particularly by
incorporating drugs into the mesosized silica pores will open exciting opportunities in traceable
delivery and controlled release of therapeutic agents.
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INTRODUCTION

Semiconductor QDs have captivated scientists and engineers over the past two decades due
to their fascinating optical and electronic properties that are not available from either
isolated molecules or bulk solids. Recent research has stimulated considerable interest in
developing these quantum-confined nanocrystals as fluorescent probes for biomedical
applications.1-3 In comparison with organic dyes and fluorescent proteins, QDs offer
several unique advantages such as size- and composition-tunable emission from ultraviolet
to infrared wavelengths, large absorption coefficients across a wide spectral range, and very
high levels of brightness and photostability. Due to their broad excitation profiles and
narrow/symmetric emission spectra, high-quality QDs are also well suited for combinatorial
optical encoding, in which multiple colors and intensities are combined to encode thousands
of genes, proteins, or small-molecule compounds.4-6

High-quality QDs are typically prepared at elevated temperatures in organic solvents, such
as tri-n-octylphosphine oxide and hexadecylamine (TOPO and HDA, both of which are high
boiling-point solvents containing long alkyl chains). These hydrophobic organic molecules
not only serve as the reaction media, but also coordinate with unsaturated metal atoms on
the QD surface to prevent formation of bulk semiconductors. As a result, the nanoparticles
are capped with a monolayer of the organic ligands and are soluble only in organic solvents
such as chloroform and toluene. For biological applications, these hydrophobic dots are
made water-soluble generally by three approaches, ligand exchange, silica shell capping,
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and the recently developed amphiphilic polymer coating. The ligand exchange approach is
easy to perform, but the resulting water-soluble QDs are only stable for a short period and its
quantum yield decreases significantly,7 because the original hydrophobic surface ligands are
replaced by hydrophilic ligands such as mercaptoacetic acid. The newly discovered
amphiphilic polymer coating approach solved these problems by retaining the coordinating
organic ligands on the QD surface.8 Typically, amphiphilic polymers contain both a
hydrophobic segment or side-chain (mostly hydrocarbons) and a hydrophilic segment or
group (such as polyethylene glycol or multiple carboxylate groups). A number of polymers
have been reported including octylamine-modified low molecular weight polyacrylic acid,
polyethylene glycol (PEG) derivatized phospholipids, block copolymers, and
polyanhydrides.9-12 The hydrophobic domains strongly interact with TOPO on the QD
surface, whereas the hydrophilic groups face outward and render QDs water soluble.
Although the amphiphilic polymer coating represents the newest addition to the area of QD
surface engineering and offers a number of advantages, silica shell capping remains as an
attractive approach for QD solublization due to its stability, biocompatibility, and versatile
surface chemistry. More importantly, the surface coating thickness can be precisely
controlled in the range of 1-100s nm, which is difficult, if not impossible, to achieve based
on the ligand exchange and amphiphilic polymer coating methods.

A number of papers have reported the successful encapsulation of QDs with silica, and the
methods can be grouped into two general categories, Stober sol-gel chemistry and
microemulsion.13-22 For example, one of the earliest papers on the biological applications
of silica capped QDs was reported by Alivisatos and co-workers.14 Although it
demonstrates the potential of using QDs for multicolor cell labeling, the silica capping
procedure itself is complicated and prone to formation of QD aggregates. Recently, a
breakthrough procedure on coating magnetic nanoparticles (MNPs) and their clusters with
mesoporous silica was developed by Hyeon ef a/23, 24 In comparison with the Stdber and
microemulsion methods, the surfactant templated mesoporous silica coating is simple, high-
yield, and capable of tuning the silica shell thickness, yielding QDs with excellent optical
properties and biocompatibility.

MATERIALS AND METHODS

Reagents and instruments

Unless specified, chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification. TOPO coated CdSe/ZnS core/shell QDs were provided by
Oceannanotech LLC as a gift. Methoxy poly(ethylene glycol) succinimidyl glutarate (MW
2000) was purchased from Laysan Bio, Inc. (Arab, AL). A UV-2450 spectrophotometer
(Shimadzu, Columbia, MD) and a Fluoromax4 fluorometer (Horiba Jobin Yvon, Edison, NJ)
were used to characterize the absorption and emission spectra of the original and modified
QDs. The dry and hydrodynamic radii of QDs were measured on a CM100 transmission
electron microscope (Philips EO, Netherlands) and a Zetasizer NanoZsS size analyzer
(Malvern, Worcestershire, UK). True-color fluorescence images were obtained with a Nikon
digital camera.

Synthesis of mesoporous silica coated QDs

The synthesis of mesoporous silica coated QDs was developed based on the MNP
encapsulation protocols described by Hyeon et al.23, 24 Briefly, for approximately 20 nm-
thick silica coating, 3.0 uM CdSe/ZnS QDs (emission peak 622nm) in 0.5 ml chloroform
was mixed with 5 ml cetyltrimethylammonium bromide (CTAB) aqueous solution (55 mM).
A homogeneous microemulsion was obtained with vigorous stirring. The mixture was then
heated at 50 °C for approximately 15 min to evaporate the chloroform, resulting in a clear
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aqueous solution of QDs stabilized with CTAB. The QD solution was diluted with 45 ml
NaOH solution (13mM) preheated to 50 °C, followed by addition of 0.5 ml of
tetraethylorthosilicate (TEOS) and 3 ml of ethylacetate. The reaction was kept on stirring for
3 hours and allowed to slowly cool down to room temperature. The silica encapsulated QDs
were rinsed with ethanol repeatedly to remove the unreacted precursors and the surfactant
porogen. For silica shell thickness of approximately 10 and 30 nm, the procedures were
virtually the same except that the concentrations of the QD chloroform solution were 5.5
M and 1.1 uM, respectively.

Pegylation of silica coated QDs

Mesoporous silica coated nanoparticles were first functionalized with primary amines.
During the silica shell formation, 3-aminopropyltriethoxysilane (APTES) was added 10
minutes after TEOS addition. The aminated particles were purified with ethanol rinsing and
suspended in 20 ml ethanol for reaction with PEG. 50 mg of methoxy poly(ethylene glycol)
succinimidyl glutarate (MW 2000) was dissolved in 20 ml of ethanol and added to the QD-
silica particle solution. The mixture was stirred for 3 h at 40°C, followed by washing with
ethanol and water to remove any unreacted PEG. The pegylated particles were dispersed in
phosphate buffer solution (PBS, 10 mM, pH 7.4).

QD guenching study in CTAB

The three QD samples used in the comparative stability study are QDs stabilized with
CTAB, QD-mesoporous silica in the presence of CTAB (unpurified after silica formation),
and QD-mesoporous silica in the absence of CTAB (purified after silica shell formation),
and their concentrations were 30 nM. Because the CTAB used in the silica shell synthesis
was 55 mM, the first two samples were also incubated in 55mM CTAB. For the last sample,
CTAB was removed by repeated rinsing. To test the QD stability, the samples were either
kept in dark or exposed to ambient room light. Periodically, their fluorescence emission was
measured with the fluorometer (excitation wavelength 400 nm).

RESULTS AND DISCUSSION

Figure 1 schematically illustrates the experiment procedure of making monodisperse
mesoporous silica encapsulated QDs. The cationic surfactant molecule, CTAB, plays two
important roles in this process, solublization of hydrophobic QDs into aqueous solutions and
templating the nanometer-sized pore formation. In the first step, when QDs in chloroform
are added into the CTAB aqueous solution, the CTAB molecules stabilize the oil droplets
leading to formation of an oil-in-water microemulsion. Subsequent evaporation of the
volatile organic solvent by heating drives CTAB molecules to directly interact with the QD
surface ligands through hydrophobic interactions. The alkyl chains of the CTAB and the QD
surface ligands intercalate into each other, rendering the CTAB cationic headgroup
(quaternary amine) facing outward and the QD-CTAB complex water-soluble.25 In the
second step, when silane compounds polymerize to form silica shells on QD surface, the
CTAB acts as templates for mesopore formation (also known as porogen). Systematic
investigation on mesoporous nanoparticles by Ostafin and coworkers has suggested a three-
stage reaction: (i) hydrolysis of alkoxysilanes and formation of silica oligomers, (ii)
formation of silica/CTAB primary particles, and (iii) mesopore growth via aggregation of
the primary particles.26 Excess surfactant molecules can be removed by repeated rinsing
with ethanol after the reaction.

Using red QDs (emission 622 nm), we systematically investigated the conditions for QD-
silica formation. In contrast to magnetic nanoparticles and metallic nanoparticles, the
photophysical properties of QDs are highly sensitive to the environment and especially to
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the surface coating, which makes mesoporous silica coating more difficult. A surprising
finding was that the fluorescence of CTAB-stabilized QDs was slowly quenched under
ambient room light illumination in approximately 2 days, which was not observed
previously.25 This effect is especially dramatic when the QD concentration is relatively low,
such as 30 nM used in the current study. Figure 2a shows two CTAB stabilized QD samples.
The sample to the left was prepared and aged for 2 days under normal room light
illumination, whereas the sample to the right was prepared fresh. Clearly, the fluorescence
of the aged sample was completely quenched, which was also confirmed by quantitative
fluorescence spectroscopy measurements (inset). More interestingly, when the CTAB
capped QDs were kept in dark, the fluorescence intensity decrease was minimal (data not
shown), indicating that the quenching effect is likely due to photo-induced oxidation.27

To further investigate the quenching effect, we set out to quantitatively characterize the
fluorescence quenching over time. Figure 2b shows that for CTAB coated QDs, the
fluorescence intensity decreased by 90% in 2 days and dropped to background level in
approximately 3 days. In addition, the emission peak position also blue shifted for more than
20 nm before the fluorescence intensity reduced to background level, indicating
decomposition of the QD nanocrystals. Indeed, high resolution TEM images of freshly
prepared QD-CTAB and QD-CTAB aged for 48 hours revealed that the particle size had
been reduced significantly (Figure 2c, d). Complete particle deformation (not detectable by
TEM and UV absorption) was also observed upon further aging of the particles. These
observations are completely different from the amphiphilic lipid and polymer encapsulated
QDs9-12 although these compounds share the same mechanism as CTAB in solubilization
of hydrophobic QDs. A potential solution to this QD instability problem is to use CdSe QDs
with much thicker CdS or ZnS coating, which has been shown to not only better protect the
CdSe core but also suppress the “blinking’ effect of QDs.28, 29

Essential to the success of QD encapsulation is to maintain its fluorescence emission, the
signature of semiconductor QDs. Therefore, we used freshly prepared QD-CTAB and
proceeded to study the stability of mesoporous silica encapsulated QDs in the presence and
in the absence of CTAB. Figure 3a shows that under identical experiment conditions, the
mesoporous silica coated QDs were also partially quenched by the CTAB, although at a
significantly reduced rate compared with CTAB-stabilized QDs. Over the same time course,
the fluorescence intensity decreased by 45% and the spectral blue shift was 3 nm. This
reduced quenching rate could result from limited diffusion of CTAB through the
mesoporous silica shell and stronger binding between QDs and silica than between QDs and
CTAB. Using non-porous silica shells, Koole et al. have previously demonstrated that silane
oligomers have stronger binding affinity to QDs than most surfactants (except thio
compounds) and can replace the surfactant during silica deposition.30 In comparison, the
optical properties of the final purified QD-silica particles (excess CTAB removed by
centrifugation) remain unchanged in aqueous buffer as shown in Figure 3b.

For potential applications in biology and medicine, the nanoparticles should not only
maintain their optical properties but also colloidal stability. With large excess of CTAB in
solution (before the CTAB molecules were purified out), the QD-silica particles were highly
positively charged with a zeta potential value of 50 mv, which made the nanoparticles highly
soluble in aqueous solutions. When the excess CTAB was removed, however, the zeta
potential reduced to —15 mv, which rendered the QD-silica to slowly form clusters over a
few days. Further severe aggregation of such particles with proteins and other biomolecules
was also observed, precluding them from being used in most biomedical applications. We
solved this problem by functionalizing the silica surface with a layer of PEG molecules. For
chemical conjugation, the innate hydroxyl groups on the silica shell have poor reactivity
compared with primary amines. We, therefore, added a small amount of amine-containing
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APTES in the silica shell formation experiment. The primary amines are highly reactive to
the monofunctional succinimidyl glutarate ester PEG. After PEG coating, QD-silica
nanoparticles were highly dispersible in aqueous solution without forming aggregates over
long storage time.

With these experimental parameters optimized, we successfully synthesized the QD-silica
nanoparticles. TEM measurements showed that the nanoparticles were highly monodisperse
with a ‘dry’ size of 49.3+1.3 nm and were separated from each other (Figure 4a). The TEM
micrograph of higher magnification revealed that the mesoporous silica shell was
approximately 20 nm thick and the QDs were located in the center of the silica particle
(Figure 4b), indicating isotropic growth of silica shell on the surface of the QDs rather than
directional growth.26 The size uniformity was also confirmed with dynamic light scattering
(DLS), which measures the hydrodynamic size of the nanoparticles in solution. The DLS
result showed a hydrodynamic diameter of 69.0+1.6 nm, much larger than the particle dry
size. This is because the nanoparticles were pegylated and charged in solution, thus creating
an electrical double layer on the nanoparticle surface, thereby increasing the colloidal
hydrodynamic radius compared to the actual size.31

An important feature of this mesoporous silica coating procedure is that it allows precise
control of the silica shell thickness simply by varying the QD/silane precursor ratios, which
is extremely difficult for the aforementioned ligand exchange and amphiphilic polymer
coating methods. Figure 4d&e show QDs coated with approximately 10 and 30 nm thick
silica, and again the nanoparticles are highly monodisperse. To probe the possibility of
making multicolor mesoporous silica encapsulated QDs, we further tested another three
colors of QDs of smaller sizes. As shown in Figure 5, the mesoporous silica coated QDs
were also highly soluble and fluorescent in aqueous solutions with emission wavelength
nearly identical to the original organic soluble nanoparticles.

In conclusion, we have developed a new generation of silica encapsulated single quantum
dots. A major finding is that in contrast to the previously reported amphiphilic
macromolecules, CTAB based surface coating can solubilize QDs into water but
significantly reduces their stability. Under room light illumination, the QD fluorescence can
be quenched in 1-2 days due to particle decomposition, which was not observed in previous
studies. As a result, the CTAB coated dots should be used fresh in making mesoporous silica
coated QDs. We have also shown that this procedure can be applied for coating QDs of
various sizes, and that the thickness of the silica coating layer can be varied by changing the
QD-to-silica precursor molar ratio. We envision further development of this technology,
particularly by incorporating drugs into the mesosized silica pores, will open exciting
opportunities in traceable delivery and controlled release of therapeutic agents.
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Figure 1.

Schematic illustration of the procedure for mesoporous silica coating of QDs. Hydrophobic
QDs initially coated with trioctylphosphine oxide are solubilized with CTAB. Subsequent
addition of silane compounds leads to formation of mesoporous silica shell templated by the
CTAB.
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Figure 2.

Photo-induced quenching of the CTAB-coated QDs. (a) 30 nM QD-CTAB solution made
fresh (right) and aged for 48 hours (left). The fluorescence of the aged sample clearly
diminished, which was also confirmed with spectroscopic studies (inset). (b) Time lapse
spectroscopic measurements show that not only the fluorescence intensity decreased over
time, the fluorescence emission peak also blue shifted from 622 nm to 600 nm, indicating
QD decomposition. This result was also confirmed by TEM studies of fresh (c) and aged (d)
samples. The particle size reduced significantly.
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Figure 3.

Photo induced quenching of the silica-coated QDs. (a) In the presence of excess CTAB, the

QD fluorescence intensity was reduced by 45%, and peak position blue shifted by 3 nm. (b)

When the CTAB was purified out, the QD fluorescence remained unchanged under identical
experiment conditions.
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Figure4.

TEM micrographs of the QD-silica core/shell nanopartilcles with tunable shell thickness. (a)
and (b) Low and high magnification images of QDs coated with approximately 20 nm silica
shell. (Inset) DLS measurement shows that the hydrodynamic diameter of the QD-silica (20
nm shell) in aqueous buffer is 69.0+1.6 nm. (c) QDs coated with approximately 10 nm silica
shell. (d) QDs coated with approximately 30 nm silica shell.
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Figureb5.

Mesoporous silica encapsulation of multicolor QDs. (a) Fluorescent photographs of QDs
encapsulated in mesoporous silica shell emitting light at 520, 570, 590, and 623 nm under
UV illumination. (b) Corresponding emission spectra of the QD-silica samples shown in (a).
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