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Silica particles as a nanoparticulate carrier material for contrast agents have received considerable attention the
past few years, since the material holds great promise for biomedical applications. A key feature for successful
application of this material in vivo is biocompatibility, which may be significantly improved by appropriate surface
modification. In this study, we report a novel strategy to coat silica particles with a dense monolayer of paramagnetic
and PEGylated lipids. The silica nanoparticles carry a quantum dot in their center and are made target-specific by
the conjugation of multiple avp3-integrin-specific RGD-peptides. We demonstrate their specific uptake by
endothelial cells in vitro using fluorescence microscopy, quantitative fluorescence imaging, and magnetic resonance
imaging. The lipid-coated silica particles introduced here represent a new platform for nanoparticulate multimodality

contrast agents.

INTRODUCTION

Nanoparticles have been explored for a few decades now as
vehicles to deliver therapeutic agents (/). Traditionally, nano-
particles composed of naturally occurring molecules, such as
bilayered vesicles composed of phospholipids, have been utilized
(2). The revolution in nanoscience has resulted in the develop-
ment of a tremendous amount of new materials that hold great
potential for biomedical applications (3). In the field of
diagnostic imaging, nanoparticles also create new possibilities.
These include iron oxide nanoparticles for magnetic resonance
imaging (MRI) (4), carbon nanotubes for MRI (5), or gold
nanoparticles for computed tomography (CT) (6). Semiconduc-
tor nanocrystals, also known as quantum dots (QDs), have been
recognized as an optical contrast agent due to their outstanding
fluorescent properties (7). A major advantage of the application
of nanoparticles for biomedical purposes is that they can have
multiple properties integrated within one single carrier particle.
In addition, the possibilities for surface modification create
flexibility for a large range of applications. The above-mentioned
features of nanoparticles have resulted in the development of
nanoparticles that are suitable for both therapeutic and diagnostic
purposes (8), as well as nanoparticles that can be employed for
different imaging modalities, so-called multimodality nanopar-
ticles (9).

Silica as a nanoparticulate carrier material has received
considerable attention the past few years. The incorporation of
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nanoparticles in silica has been reported for semiconductor
(10, 11), metallic (12, 13), and magnetic nanocrystals (/4). In
addition, the simultaneous incorporation of magnetic nanopar-
ticles and QDs in silica nanospheres has been reported
recently (/5—18). Doping of silica particles with dye molecules
is well-established (/9—21), while combinations of dyes with
other functionalities within one silica sphere have also been
reported (22—24). The use of these silica-coated nanoparticles
and/or dyes as contrast agents for bioimaging applications
benefits from the high versatility and well-known surface
chemistry of silica nanospheres (25). The possibility of com-
bining multiple properties within one silica nanosphere as well
as the control over the final particle size over a broad range (20
nm to 5 um) make these composite particles especially suitable
as carriers for multiple diagnostically active materials (26—29).
Most importantly, a key feature for successful application of
this material in vivo is biocompatibility, which may be
significantly improved by appropriate surface modification.
Two distinct surface modifications to enhance the bioappli-
cability of silica nanospheres have been reported to date, which
both depend on the use of silane coupling agents. In the first
method, the silica spheres are terminated by an amine or thiol
group using APS or MPS (aminopropyltrimethoxysilane and
mercaptopropylmethoxysilane), to which biofunctional groups
can be covalently linked (24, 30—34). The second method
involves the modification of the silica surface by molecules that
already have a silane group integrated within the molecule (24, 32,
34, 35). Most of the aforementioned reports use both strategies
simultaneously to attach functional moieties, including antibod-
ies, paramagnetic molecules, and poly(ethylene glycol) (PEG),
through an amide bond. Although some variation in surface
functionalization is possible, there are several serious drawbacks
for these methods. First, due to steric hindrance and differences
in reactivity with coupling agents, it is not clear to what extent
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and in what ratio the silica surface is covered by the pegylated
and biofunctional molecules. Second, the density of the (pegy-
lated) coating around the silica spheres is not well-defined,
which limits the optimal use of the surface area payload and
may lead to suboptimal biocompatibility. In addition, depending
on the pH, this methodology results in the presence of negatively
positively charged hydroxyl/amine groups, which may unfavor-
ably affect the stability under physiological conditions. Third,
the flexibility of these methods is limited to molecules with
reactive groups for the covalent linking step.

In the current study, we report a novel strategy to coat silica
particles with a dense monolayer of lipids without the usage of
(silane) coupling agents. In the first step, the silica particles are
rendered hydrophobic, after which they are coated with both
paramagnetic and PEGylated lipids in a second step. This highly
flexible and widely applicable coating method for silica particles
also allows for the conjugation of target-specific molecules at
the surface of the nanoparticle. In the present case, we use highly
monodisperse silica particles that have a single core—shell—shell
(CSS) QD incorporated into the center and paramagnetic Gd-
DTPA-DSA in the lipid coating, to enable their detection with
both fluorescence techniques and MRI. As a proof-of-principle,
we demonstrate target-specific multimodality imaging of av/33-
integrin expression on cultured endothelial cells using our lipid-
coated QD/silica nanoparticles.

EXPERIMENTAL PROCEDURES

Materials. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(poly(ethylene glycol))-2000] (PEG-DSPE) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide-
(poly(ethylene glycol))2000] (Mal-PEG-DSPE) were purchased
from Avanti Polar Lipids. Gd-DTPA-bis(stearylamide) (Gd-
DTPA-DSA) was obtained from Gateway Chemical Technol-
ogy. Methanol (anhydrous, 99.8%), octadecanol (99%), Igepal
(CO-520), oleic acid (90%), octadecylamine (ODA 97%), and
octadecene (ODE, 90%) were purchased from Aldrich. Tetra-
ethyl orthosilicate (TEOS, 99%) was obtained from Johnson
Matthey. Acetone (p.a.), chloroform (p.a.), ammonia (25% in
water, p.a.), cadmium oxide (>99%), zinc oxide (>99%), and
HEPES (CgH/3N>04S, >99%) were purchased from Merck. The
HEPES buffer contained 2.38 g/ HEPES and 8.0 g/LL NaCl
(99.8%, Baker), and the pH was adjusted to 6.7 by addition of
a NaOH solution. Sulfur powder (99.999%) was obtained from
Alfa Aesar, and ethanol (>99.8%) from Riedel de Haén. The
cyclic 5-mer RGD (c(RGDf(-S-acetylthioacetyl)K)) was syn-
thesized at a purity of 95% by Ansynth Service BV (The
Netherlands).

Synthesis of Silica-Coated QDs. CdSe (core) QDs (3.4 nm
in diameter) were synthesized by the conventional organome-
tallic synthesis route, described in detail elsewhere (36). The
CdSe QDs were coated with 7 monolayers of inorganic shells
(2 x CdS, 3 x CdgsZngsS, 2 x ZnS) according to a SILAR
method that was recently published by Xie et al. (37). Addition
of these shells was performed by adding precalculated amounts
of a 0.1 M precursor solution (Cd oleate, CdZn oleate, Zn oleate,
and sulfur in ODE) to 200 nmol CdSe QDs dispersed in a
mixture of 4.5 mL ODE and 1.5 mL ODA at 230 °C. Each
monolayer was allowed to grow for 10 min before the next
precursor solution was added). The CSS-QDs were purified by
precipitation and redispersion in a chloroform/acetone mixture
3 times. The resulting core—shell—shell (CSS) QDs increased
in size to 7.7 nm (£0.9 nm) and were photostable in air for
months, with a QY of 60%. The CSS-QDs were incorporated
in silica spheres by a reverse microemulsion method (/0). In
short, 1.3 mL Igepal was added to 10 mL cyclohexane and
stirred for 15 min (850 rpm). Subsequently, 2 nmol of QDs (in
100 uL cyclohexane), 80 uL. TEOS, and 150 uL. ammonia was
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added with 15 min of stirring in between the additions. After
the last addition, the mixture was stirred for 1 min, after which
it was placed in the dark for 1 week. The resulting silica-coated
QDs were centrifuged and redispersed in ethanol at least 3 times
to remove excess reactants from the silica synthesis (i.e., Igepal,
TEOS, ammonia, and water).

Lipid Coating of Silica Particles. The silica-coated QDs
were subsequently capped with a hydrophobic ligand, by adding
an excess of octadecanol (ODOH, 2.5 g in 5 mL of EtOH) to
a dispersion of 2 nmol of silica-coated QDs in 5 mL ethanol.
This mixture was first heated to 100 °C for 1 h to remove the
ethanol, after which the temperature was raised to 170 °C for
3 h to covalently link the ODOH to the silica spheres by a
condensation reaction (38). The QY of the CSS QDs and ODOH
coated QD/silica particles was determined by integrating the
emission spectra of these samples (in chloroform) and comparing
it to the integrated emission of both Rhodamine 6G and
Rhodamine 101 (assuming a QY of 90% and 95% for these
dyes, respectively). Each emission spectrum was corrected for
the relative absorbance of the sample at the excitation wave-
length (497 nm in case of Rhodamine 6G and 528 nm in case
of Rhodamine 101). Next, the ODOH-coated silica nanoparticles
(with a QD incorporated) were dispersed in chloroform/methanol
(20/1, v/v). PEG-DSPE, Mal-PEG-DSPE, and Gd-DTPA-DSA
were added in a molar ratio of 0.4/0.1/0.5. The amount of lipids
was 25 times higher than the calculated amount of lipids for a
monolayer on all nanoparticles. This solution was added to a
mildly basic HEPES buffer (20 mM HEPES, 135 mM NaCl,
pH 6.7) under vigorous stirring, which led to the formation of
an emulsion that was subsequently heated to 110 °C to evaporate
chloroform. Upon evaporation of chloroform, the milky suspen-
sion converted into a clear dispersion indicative of the total
removal of chloroform and the formation of lipid-coated QD/
silica nanoparticles. The excess of lipids was removed by
centrifugation (3000 rpm) of the lipid-coated QD/silica particles,
which were redispersed in HEPES buffer. The cyclic Smer RGD
(c(RGDfA(-S-acetylthioacetyl)K)) was conjugated to Mal-PEG-
DSPE included in the lipid layer as described previously (39).
In short, acetyl-protected peptide was deacetylated in 0.05 M
Hepes/0.05 M hydroxylamine-HC1/0.03 mM ethylenediamine
tetraacetic acid (pH 7.0) for 1 h at room temperature. The
activated peptide was added to the Mal-PEG2000-DSPE con-
taining particles. This preparation was stored at 4 °C under N,
overnight.

Transmission Electron Microscopy (TEM) and Dynamic
Light Scattering (DLS). A Tecnai 10 (FEI Company) transmis-
sion electron microscope, operated at an acceleration voltage
of 100 kV, was used to take bright-field images. Samples were
prepared for negative staining by exchanging the buffer for a
0.125 M ammonium acetate and 0.26 mM EDTA adjusted to
pH 7.4. This solution was then mixed in a 1:1 ratio with a 2%
sodium phosphotungstate negative stain solution (pH 7.4).
Formvar-coated nickel grids were dipped in this solution and
imaged shortly afterward. The TEM micrographs were processed
using TIA software (Tecnai imaging and analysis software).
Measurement of the size distribution of the ODOH coated QD/
silica particles in chloroform and the Q-SiPal.Cs suspended in
deionized water was performed with a Malvern HPPS DLS
(dynamic light scattering) instrument equipped with a He—Ne
laser operating at 633 nm.

In Vitro Targeting Experiments. Human umbilical vein
derived endothelial cells (HUVEC) were cultured on gelatin
(0.2% in PBS) coated tissue culture flasks (Costar, Cambridge,
MA) in culture medium, RPMI-1640 (Life Technologies, Breda,
The Netherlands), 10% human serum, and 10% fetal calf serum
(HS and FCS; University Hospital Maastricht, The Netherlands),
2 mM glutamine (Life Technologies), 50 U/mL penicillin, and
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Scheme 1. Overview of the Multistep Synthesis of Q-SiPal.Cs*
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50 ng/mL streptomycin (ICN Biomedicals, Aurora, OH). For
all incubations, 1.5 x 10° cells of passage 2—3 were used for
experiments (at least n = 2). The cells were incubated for 8 h
with RGD conjugated nanoparticles or control nanoparticles at
a concentration of 0.07 nmol particles/mL medium. Association
of the different nanoparticles to endothelial cells was assessed
using fluorescence microscopy and magnetic resonance imaging.
A Leica DMIL phase contrast fluorescence microscope (Leica
Microsystems, Rijswijk, The Netherlands) equipped with a 20
W G4 HXL64250 Xenophot Halogen lamp (Leica) was used.
Parallel phase contrast and red fluorescence (using a BP645—675
filter, Leica) images of the endothelial cell monolayers were
taken at 200 x magnification. All fluorescence microscopy scans
were made with the same settings for laser power and detector
sensitivity, allowing direct comparison between different incu-
bations. The cell density for both incubations in Figure 2 was
comparable, and therefore, the difference in fluorescence
intensity arises from the difference in the level of association.

Fluorescence Imaging and MRI. Fluorescence imaging of
cell pellets was performed using the Xenogen IVIS-200 small
animal imaging system. A continuous external light source of
365 nm and an emission filter 610—630 nm were used.

MRI experiments were performed on a 6.3 T horizontal bore
magnet (Oxford Instruments, England) interfaced to a Bruker
(Bruker, Ettlingen, Germany) MR imaging console. A 3 cm
quadrature-driven birdcage coil was used. The cups containing
cell pellets were placed in a custom-made sample holder, capable
of carrying 4 Eppendorf cups. For absolute quantification of
T1, an inversion recovery fast T1-mapping sequence was used
with 80 different inversion times. In the experiment, TR was
20 s, TE was 9 ms, and the slice thickness was 0.7 mm. For
absolute quantification of T2, a multi-spin—echo sequence was
used with TR 2000 ms and 32 echos that had a 9 ms echo
spacing. A T1-weighted image of cell pellets of the three
incubations was generated with a TR of 1500 ms. In this image,

cells with a high content of Gd appear brighter than cells with
a low content of Gd or no Gd. In all the MRI experiments, the
FOV was 3 cm?, the matrix size 128 x 128 voxels, and the
slice thickness 0.7 mm.

RESULTS

Highly photostable and luminescent CdSe/CdS/Cdy sZng5S/
ZnS core—shell—shell (CSS) QDs were synthesized according
to a SILAR procedure reported by Xie et al. (37) Subsequently,
a reverse micelle method reported earlier (/0, /1) was used to
incorporate QDs in the center of highly monodisperse silica
particles of 31 nm (44 nm); see Figure 1A. The synthesis
involved the dispersion of hydrophobic QDs in cyclohexane,
to which a nonionic surfactant (Igepal), a silane precursor
(TEOS, tetraethyl orthosilacate), and catalyst (ammonia) were
added. The exact incorporation mechanism and details on the
synthesis are published elsewhere (40). In short, hydrolyzed
TEOS present in the initial reaction mixture (before adding
ammonia) replaces the hydrophobic ligands on the QDs. The
TEOS-coated QDs are then transferred to the hydrophilic interior
of the reverse micelles, where subsequent silica growth takes
place. The majority of the silica particles contained a single
QD in the center, while only a small fraction of the silica
particles contained 2 or more QDs per particle (Figure 1A).
Although the QD/silica particles thus obtained are soluble in
ethanol or water, the pharmacokinetics of charged surface
particles are unfavorable, typically due to a short circulation
half-life and/or accumulation in the lungs (47, 42). In order to
obtain bioapplicability by a dense lipid coating, the QD/silica
particles were first made hydrophobic by an octadecanol
(ODOH) coating. This was achieved using a well-known
condensation reaction (38), where the alcohol group of ODOH
reacts with the hydroxyl groups at the silica surface to form a
covalent bond, neutralizing the surface charges. The hydrophobic
QD/silica particles were subsequently coated with a dense
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Figure 1. (A) TEM image of monodisperse QD/silica particles of 31 nm (+4 nm) with a single QD (7.7 nm, black spots) incorporated in the center.
Inset shows an image from negative staining TEM, where the bright corona illustrates the hydrophobic layer around the silica particle. (B) DLS of
ODOH capped QD/silica nanoparticles and ODOH capped QD/silica nanoparticles encapsulated in lipids. (C) Absorption and emission spectra of
the CSS-QDs in silica. (D) Relaxation rates of the Q-SiPaLCs as a function of the concentration of Gd>* ions (determined by ICP-MS).

;\".

Figure 2. (A,C) Bright-field microscopy images and (B,D) fluorescence microscopy images of HUVEC incubated with (A,B) RGD-conjugated
nanoparticles or (C,D) non-conjugated (untargeted) nanoparticles. The scale bars correspond to 100 xm.

monolayer of lipids using a simple and fast procedure reported involves the addition of lipids and water to the hydrophobic
earlier for hydrophobic nanocrystals (39, 43). The procedure QD/silica particles in chloroform, followed by the evaporation
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of chloroform, leaving behind a clear suspension of well-
dispersed, uncharged silica particles in lipidic micelles. The total
synthesis procedure is schematically summarized in Scheme 1.
The lipid coating is versatile, because in principle any (func-
tional) amphiphile may be incorporated in this lipid layer. As
an example, we have used a combination of Gd-DTPA-based
lipids to introduce paramagnetic properties for MRI, pegylated
lipids to improve biocompatibility, and maleimide-terminated
(pegylated) lipids for conjugation of a biofunctional group. We
will refer to the synthesized QDs in silica with a paramagnetic
lipidic coating as Q-SiPaL.Cs.

The nanoparticles were characterized in terms of their size
and optical and magnetic properties. We performed transmission
electron microscopy (TEM) and negative staining TEM (Figure
1A) as well as dynamic light scattering (DLS) measurements
to determine the morphology and size of the silica particles
before and after applying the lipid coating. Negative stain TEM
(which allows the visualization of hydrophobic substances)
images were analyzed, revealing a hydrophobic layer of 3.9 nm
(£0.5 nm) around individual particles, illustrated by the bright
corona around the silica particle (Figure 1A, inset). This 4-nm-
thick hydrophobic layer confirms the presence of both the
ODOH coating around silica (~2 nm) and the stearyl chains of
the lipids (~2 nm) around the particles. As well as size
determinations established by TEM, the size of nanoparticles
in an aqueous environment can be estimated using dynamic light
scattering (DLS). This so-called hydrodynamic diameter was
determined to be 50 nm for ODOH coated QD/silica particles,
increasing to 58 nm after the application of the lipid coating
(Figure 1B). This increase is in reasonable agreement with what
one may expect in the case a single silica nanoparticle is coated
with both paramagnetic lipids (~2 nm) and pegylated lipids
(~10 nm). Figure 1C displays the absorption and emission
spectra. The emission spectrum is shown for the final Q-SiPalL.Cs
in HEPES buffer. The absorption spectrum in Figure 1C was
measured for the QDs in silica with an octadecanol coating,
dispersed in chloroform. The latter system is refractive-index
matched (in contrast to the Q-SiPaL.Cs in water), allowing for
a scattering-free absorption measurement and reliable determi-
nation of the quantum yield (QY). The absorption spectrum
displays multiple absorption features as a result of discrete
excitonic transitions in the CSS-QDs, which can be observed
due to the high quality and monodispersity of the QDs. The
initial QY of the CSS-QDs was 60%, but decreased as a result
of the silica coating. This decrease is difficult to measure due
to the scattering of the silica particles in ethanol, but it is
estimated that the QY after silica coating is 25%. Coating the
QD/silica particles with ODOH increased the QY to 35%, which
could be accurately determined because of the scattering-free
dispersion of the hydrophobic particles in chloroform. The QY
of the lipid-coated QD/silica particles in water was slightly lower
(by eye), which was again difficult to quantify due to scattering.
It should be noted that a significant QY enhancement of the
silica-coated QDs is observed upon UV illumination (which was
avoided here when determining the QY, to obtain the lower
limit). The silica coating and further coating steps did not change
the shape of absorption or emission spectra of the QDs. A
detailed discussion on the evolution of the QY of the QDs upon
incorporation in silica and photoactivation is published else-
where (40). The emission maximum of the CSS QDs lies at
630 nm. This relatively long wavelength is favorable for in vivo
fluorescence imaging because of the lower autofluorescence
levels of tissue for longer-wavelength excitation and the longer
penetration depth into tissue of light with this wavelength.

To make the particle also suitable as an MRI contrast agent,
Gd-DTPA-DSA was included in the lipidic coating of the
Q-SiPalL.Cs. This paramagnetic amphiphile consists of Gd-
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DTPA, a clinically used contrast agent for MRI, and two
saturated acyl chains with a chain length of 18 carbon atoms.
To evaluate the performance as an MRI contrast agent, the
longitudinal relaxation rates R1 of a dilution series were
determined at 60 MHz, and Gd contents of these samples were
determined by ICP-MS. From these data, the longitudinal
relaxivity r1 of the Gd** ions was calculated to be 14.4 mM !
s~ ' (Figure 1D), which is a factor of 3—4 higher than free Gd-
DTPA molecules in solution. This difference is ascribed to the
lower tumbling rate of the Gd-lipids in the micelle compared
to free Gd-DTPA molecules, enhancing the molar relaxivity
(35, 39, 44).

As mentioned above, the number of Gd ions was determined
by ICP-MS for a dispersion of Q-SiPaL.Cs. The concentration
of Q-SiPalL.Cs in this dispersion was estimated from the initial
number of QDs used for the silica synthesis at 0.24 M. We
found with ICP-MS that the concentration of Gd in the same
dispersion was 0.60 mM, which gives a number of 2500 Gd-
lipids per silica particle. The estimated maximum number of
lipids in a densely packed lipid layer surrounding a 31 nm silica
particle is approximately 5000, using a literature value of 60
A*/lipid (45). Since half of the lipids consisted of Gd-DTPA-
DSA, the estimated (2500) and experimentally determined
(2500) number of Gd-lipids are in excellent agreement, confirm-
ing a dense coating of lipids around the Q-SiPal.Cs. This is
further confirmed by the number of Cd ions that was determined
for the same dispersion using ICP-MS, which was found to be
0.50 mM. The number of Cd ions per CSS QD can be estimated
to be approximately 2200, by assuming an average wurtzite unit
cell volume of 1.1 x 107 m?® (for CdSe, CdS, and CdZnS)
with Z = 2 and taking into account the presence of Zn ions in
the outer shells. Assuming a number of 2200 Cd ions per QD,
the concentration of QDs in the dispersion is estimated to be
0.23 uM, which correlates well with the estimation above.

Taking into consideration that the 31 nm Q-SiPalL.Cs thus
carry approximately 2500 Gd-DTPA-DSA lipids per particle
(average between calculated and experimentally determined
value), the rl relaxivity per particle was estimated to be 36 000
mM~' s7'. The relaxivity of the Q-SiPaL.Cs per particle is
thereby a factor of 21 higher than for our previously reported
lipid-coated QDs (39), and a factor of 8—12 higher than Gd-
wedge-coated QDs that were recently reported (46). In another
recent report, the relaxivity of Gd-DOTA covalently attached
to silica was determined to be 23 mM ' s~ ' and apart from
the lower tumbling rate, the very high relaxivity was ascribed
to a higher water density close to the Gd-DOTA complexes
due to the absence of lipids (35). However, their maximum
relaxivity per particle was still a factor of 3 lower compared to
the Q-SiPaL.Cs due to a lower payload of the paramagnetic
complexes per particle. Similarly, the relaxivity per particle of
Q-SiPal.Cs is a factor of 40 higher than Mn-doped QDs that
were recently reported, despite their high molar relaxivity of
18 mM ' s~ (47). Other lipid-based particles, such as
liposomes (48, 49) or microemulsions (50), are capable of
carrying a much higher payload of Gd-chelates (typically 25 000
to 100 000 molecules) and therefore exhibit a higher relaxivity
per particle. On the other hand, such particles are considerably
larger (100 to 250 nm). Apart from rl, we also determined the
transverse relaxivity r2. The r2/rl ratio determines whether a
contrast agent is more suitable for T1-weighted or for T2-
weighted MRI. This value was determined to be 1.6 for our
nanoparticulate contrast agent and therefore can be considered
an effective T1 agent.

The characterization of the Q-SiPaL.Cs shows that they form
a very promising particle for dual modality imaging. A crucial
aspect for application, however, is their ability to be targeted
to specific cell types. To demonstrate the targeting potential of
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Figure 3. Pellets of cells incubated with RGD-conjugated targeted Q-SiPaLCs (left), non-conjugated untargeted Q-SiPaL.Cs (middle), and untreated
control cells (right) (A) in daylight and (B) illuminated with 365 nm UV. (C) Overlay of a black/white photograph and quantitative fluorescence
image of the different cell pellets under UV illumination at 365 nm (RGD = targeted, U = untargeted, C = control cells). The emission intensity
from U and C is too low (less than 20 x 10° counts) to be displayed by one of the colors in the scalebar. (D) Mean photon counts of the different

cell pellets.

this nanoparticle, it was tested on serum-activated human
umbilical vein endothelial cells (HUVEC) in vitro. Nanoparticles
can be targeted to these cells by conjugation of multiple RGD-
peptides to the maleimide exposing PEG-lipids. These tripep-
tides specifically bind to otv/33-integrin, an adhesion molecule
that is expressed by proliferating HUVEC (57). This receptor
is also predominantly present at angiogenically activated blood
vessels, such as those present in tumors (52), and has been used
for identification of angiogenesis with molecular imaging (57).
We conjugated ~650 RGD-peptides per particle using a method
described previously (39). In short, thiol exposing peptides were
covalently linked to the distal ends of maleimide-functionalized
PEG lipids incorporated in the outer lipid layer of the particle.
To assess the specificity of the contrast agent, HUVEC were
incubated with either RGD-functionalized nanoparticles (tar-
geted) or non-functionalized nanoparticles (untargeted, no RGD),
or they were not incubated with nanoparticles (control). We first
established the optimal incubation time on a limited number of
cells. Thereafter, incubations were done for 7 h at 37 °C in
tissue culture flasks containing ~1.5 x 10° HUVEC (n = 2).
Subsequently, cells were washed twice with PBS and fixed with
4% paraformaldehyde solution. In Figure 2A,B, bright-field and
fluorescence microscopy images are shown of HUVEC that were
incubated with RGD-conjugated nanoparticles. The Q-SiPal.Cs
are clearly associated with the cells and were found to be
internalized at a perinuclear location. Fluorescence images of
HUVEC incubated with untargeted Q-SiPal.Cs (no functional-
ization by RGD) showed marginal or no fluorescence (Figure
2C,D), similar to the untreated control cells (not shown). These
results demonstrate that lipid-coated QD/silica particles conju-
gated with RGD peptides are actively taken up by the activated
endothelial cells, and that nonspecific uptake (even after 7 h of
incubation) is negligible.

Next, the cells were collected and transferred into small
Eppendorf cups. In daylight, there is no visual difference
between the different loosely packed cell pellets (Figure 3A).
Under UV illumination (365 nm), only the cells that had been
incubated with RGD conjugated Q-SiPalLCs exhibit a bright red
fluorescence and could clearly be distinguished from the two
other cell pellets (Figure 3B). In addition, we performed
quantitative fluorescence imaging on the different cell pellets
(Figure 3C) using the Xenogen IVIS-200. An external illumina-

tion source of 365 nm was used, while the photon count was
acquired using a spectral imaging filter of 620 nm. In Figure
3D, the mean photon counts of cell pellets incubated with
targeted particles, cell pellets incubated with untargeted particles,
and control cell pellets are depicted. ~25-fold and ~50-fold
differences in photon count were found between the targeted
and untargeted cell pellets and the targeted and control pellets,
respectively.

Finally, MRI was performed on these cell pellets. A T1-
weighted image of the different cell pellets is depicted in Figure
4A and clearly demonstrates higher signal intensity for the pellet
of cells incubated with the RGD-conjugated Q-SiPal.Cs (the
bright white circle) as compared to the control cell pellets (gray
circles). In addition, T1 relaxation times were determined in
order to allow a more quantitative evaluation of Q-SiPaL.Cs as
a MRI contrast agent. The mean values were 1706 ms, 2189
ms, and 2460 ms, for cells incubated with the targeted particles,
cells incubated with untargeted particles, and untreated cells,
respectively. The differences in relaxation rate R1 (1/T1)
between control cell pellets and cell pellets that were incubated
with the nanoparticles correlate with the concentration of
contrast agent in the cell pellets. Therefore, we calculated these
differences in mean relaxation rates between the control cell
pellets and the targeted or untargeted cell pellets. The values
clearly demonstrate the effective and specific targeting of this
nanoparticulate agent to angiogenically activated endothelial
cells (Figure 4B). (Scan parameters are in the Experimental
Procedures section.)

DISCUSSION

The Q-SiPaL.Cs reported here demonstrate the integration of
multiple imaging properties in a single bioapplicable nanopar-
ticle and the specific uptake by living cells. This nanoparticulate
probe has several advantages over existing agents in terms of
detection sensitivity (contrast) due to the high fluorescence
quantum yield (35%) and high relaxivity. It presents a new and
versatile platform for a wide range of contrast agents suitable
for multimodality imaging. Although the QDs were incorporated
in silica, more effort needs to be attributed to developing novel
stable QD formulations that are not based on Cd to further
reduce toxicity. In addition, for in vivo fluorescence imaging



Paramagnetic Lipid-Coated Si NPs with QD Core

Control

Untargeted

R1 (S_l)

RGD

Targeted

0.2 1

0.1 1

Bioconjugate Chem., Vol. 19, No. 12, 2008 2477

A Relaxation rates

Targeted Untargeted

Figure 4. (A) T1-weighted MRI of the different cell pellets (same pellets as displayed in Figure 3) revealed specific uptake of the targeted nanoparticles.
(B) Difference in relaxation rates (R1) of the targeted and untargeted cell pellets compared to the relaxation rate of the control cell pellet (set to
zero). The differences in relaxation rate reflect the concentration of contrast agent in the untargeted and targeted cell pellets.

purposes, fluorophores that emit photons with a wavelength
between 700 and 800 nm have significant advantages, especially
for deep tissue imaging (53). Therefore, this platform would
be more widely applicable if further modified to emit in the
near-infrared.

In biomedical research, the two main applications of nano-
particles are their use as carriers for drugs and diagnostic active
materials. Their size varies from a few nanometers (QDs, iron
oxide nanoparticles, micelles) (39, 54, 55) up to hundred
nanometers (liposomes) (2) and even several hundred nanom-
eters (microemulsions) (50) to micrometers (microbubbles) (56).
Depending on the application and, importantly, the targeted site
(vascular versus extravascular), the size may dictate effective-
ness. For example, in a study by Stroh et al. it was shown that
QD containing silica particles of different sizes (100 nm versus
500 nm) extravasate from the vasculature into the tumor to
differing extents (57). Furthermore, size also dictates the
clearance pathway of nanoparticles and has a significant effect
on the circulation half-life. A recent study by Choi et al. (58)
has revealed renal clearance of particles with a hydrodynamic
diameter of less than 5.5 nm. Such small particles are therefore
cleared from the circulation relatively fast as compared to, e.g.,
long-circulating liposomes. The latter platform has a typical size
range of 100 to 200 nm and is used extensively in the field of
drug targeting, both preclinically and clinically (2). The
advantage of the current platform in terms of particle size is
twofold. First, the nanoparticles are highly monodisperse, as a
result of the reverse micelle method used to grow a silica shell
of a well-defined thickness. Another great advantage of our
particles is that they can be easily and accurately tuned to any
desired size from ~20 nm to over 1 um, by increasing the
diameter of the silica spheres. The silica shell is also expected
to prevent leaking of Cd and thus reduce the cytotoxicity due
to the Cd-containing quantum dots. In addition, any desired
fluorescence color or a combination of colors can be chosen to
allow for multiplexing or ‘“bar-coding” (59), by inserting
different kinds of QDs in the silica spheres. Furthermore, due
to the high surface area of the Q-SiPal.Cs, a high payload of
Gd-DTPA-DSA lipids can be integrated per particle. Therefore,
the relaxivity per particle is high and can even be increased
significantly by increasing the size of the silica particle. Target
specificity can be introduced using PEG-lipids with a functional
moiety, like maleimide used in this study. The number of
functional groups can be varied, which allows the creation of a
particle with multiple ligands. This can increase the targeting
efficiency of the particle due to multivalent interactions. This
is an important issue, since it was recently reported that the
target specificity of maleimide-targeted QDs may be poor when
a single QD contains less that 1 target peptide per QD, making
the uptake highly nonspecific, especially due to the small size
of a single QD (60). The design of our Q-SiPaL.Cs solves this

problem, because of the possibility of attaching multiple ligands
per particle. Furthermore, the nonspecific uptake of the Q-
SiPalL.Cs by HUVEC is shown to be negligible in this study.
The nanoparticles as designed in the present report can be
applied for imaging of ongoing angiogenesis as a diagnostic
tool in the management of cancer. Next to the RGD-peptides
used in this study, other ligands, such as antibodies (67),
antibody fragments (62), or proteins (63) may be conjugated in
a similar fashion. The PEG-lipids that surround the Q-SiPaL.Cs
ensure good pharmacokinetics and an improved biocompatibility
of the nanoparticles.

Finally, the presently reported contrast agent design offers
numerous possibilities to integrate a wide range of properties
for multimodality imaging. We have successfully demonstrated
a general and effective pathway for making silica (nano)spheres
bioapplicable and target-specific. We have recently investigated
the biocompatibility and biodistribution properties of the Q-
SiPal.Cs. In vitro, an elevated cell vitality was shown for the
lipid-coated particles as compared to the bare particles, while
in vivo the lipid-coated QD/silica particles displayed increased
circulation half-lives as a result of a diminished reticuloendot-
helial system clearance rate (64). In the future, this method can
be applied to any combination of contrast agents incorporated
in silica to make them suitable for biomedical applications. For
example, magnetite nanoparticles (for MRI detection), gold or
bismuth nanoparticles (for CT or EM detection), or fluorescent
materials (QDs, dyes, phosphor nanocrystals) can readily be
integrated in silica and can be made bioapplicable through the
procedure reported here. Additional properties may be added
to the particle by inserting paramagnetic or fluorescent am-
phiphiles in the lipidic coating, for example. Drug delivery and
gene targeting may also be functionalities that can be ac-
complished using this biocompatible silica nanoparticle platform.

In summary, we have developed a new method for making
bioapplicable silica nanoparticles that can serve as a contrast
agent for target-specific multimodality imaging. The nanoparticle
is composed of a QD incorporated in a silica sphere of 31 nm.
First, the silica surface is made hydrophobic, and subsequently,
it is surrounded by pegylated, paramagnetic, and biofunctional
lipids. This results in a highly monodisperse, fluorescent, and
paramagnetic contrast agent suitable for both fluorescence
imaging and MRI studies, and it shows a highly specific uptake
by HUVEC. The use of the presently reported method for
creating biocompatible and target-specific silica nanoparticles
opens a new platform for multimodality imaging contrast agents
by integrating any desired combination of contrast agents in
the silica nanoparticle and inserting (combinations of) functional
amphiphiles in the lipidic coating.
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