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Any design of nanoparticle vectors for cancer therapy or
imaging must take into account the interaction of the
nanoparticles with the tumor microenvironment. Size,
charge, and shape have been shown to dominate this
interaction.[1,2] In vivo probing of solid tumors with particles
of different sizes simultaneously has thus far been challenging
due to the limitations of available nanosized probes.[3–5]

Fluorescent dextrans and other macromolecule probes have
been used in studies with intravital microscopy, but hetero-
geneities across samples has prevented their use for the
simultaneous imaging of a size series of probes within the
same tumor.[5] MRI contrast agents are another attractive set
of probes due to the minimally invasive nature of the
technology,[6, 7] but the lower spatial resolution of MRI limits
the imaging of heterogeneity within tumors, and the tech-
nique does not allow simultaneous imaging and tracking of a
size series of probes within the same tumor.

Besides being of distinctive and narrow hydrodynamic
sizes, nanoparticle probes used for spatial and temporal
tracking of distributions must satisfy the following minimum
criteria for successful in vivo studies: colloidal stability, low
protein adsorption, and high signal-to-background levels. The
work presented herein aims to create a nanoparticle toolset
that enables the in vivo study of distributions of different size

nanoparticles simultaneously within the same solid tumor. We
focus on fluorescent particles within a narrow charge range
and constant shape within the size range of 10–150 nm. The
behavior of nanoparticles in this size range following intra-
venous injection is of particular interest because it encom-
passes the size range of clinically approved nanoparticle-
based drug formulations for cancer therapy.[8] Quantum dots
(QDs) are especially attractive fluorescent materials for
biological imaging due to their spectral tunability in the
visible and infrared regions.[9, 10] QDs can be excited over a
wide range of wavelengths, have high two-photon absorption
cross-section, and are relatively photo-stable, thus allowing
long observation times. The hydrodynamic diameter (HD) of
water-dispersible single QDs can range from 5–40 nm
depending on the organic capping ligands.[11, 12] Larger-sized
nanoparticle constructs (> 40 nm) have been previously
achieved by aggregation,[13, 14] by adsorbing QDs to larger
particles,[15] or by growing silica shells around individual
QDs.[16] However, these larger constructs tend to have
limitations either in their size range, their stability in aqueous
solution, or in their brightness.

Herein, we present nanoparticles in the size range of 10–
150 nm that display distinct emission wavelengths for simul-
taneous imaging of transport in vivo and simultaneously are
highly luminescent, non-aggregated, and biocompatible.

For small-size particles (ca. 10–20 nm HD), we used
recently developed PIL-coated QDs (Figure 1a).[17] PIL-
coated QDs have a well-defined HD and they are stable
and bright in aqueous solutions (QY= 65 %). For 20–70 nm-
sized particles, individual QDs (CdSe/CdS,[17] core/shell, with
oleylamine and oleic acid caps) were coated with a silica layer
by a reverse microemulsion method (Figure 1b).[16]

The thickness of the silica shell was controlled by varying
the amount of the silica source. The choice of starting QD
structure proved to be crucial for preserving the photo-
luminescence efficiency of the nanoparticles after the growth
of the silica layer. In the case of CdSe/ZnS and CdSe/CdZnS
particles, the QD fluorescence was largely quenched after the
growth of the silica shell. Conversely, a successful formulation
was achieved for CdSe/CdS nanoparticles (4 CdS monolayers,
ca. 95 % QY in hexane), which exhibit QY of about 40 % after
silica growth. For particles larger than 100 nm, we used
preformed, commercially available silica particles as tem-
plates, to which QDs bearing positive amine groups were
electrostatically assembled (Figure 1 c). We found that pos-
itively charged QDs rapidly adsorb to negatively charged
silica particles when mixed together in water. The optimal
loading was determined by adding aliquots of QDs to the
silica sphere dispersion and monitoring the size distribution of
the silica/QD construct in real time by dynamic light
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scattering (DLS). Beyond a certain loading, the silica spheres
were observed to aggregate in solution. On average, each
silica sphere was coated with 20–30 QDs. The surfaces of the
silica/QD construct were further passivated using siloxane-
functionalized methoxy PEG chains (mPEG) for preventing
aggregation and for biocompatibility[17–19] and to satisfy the
requirement of a similar surface chemistry across the entire
nanoparticle size series.

After the PEGylation step, the QY of QDs assembled
onto the preformed silica spheres (> 100 nm HD) was about
40% in water. In the case of silica coated QDs (20–70 nm
HD), the QY after the PEGylation step was unchanged (ca.
40%) from that before PEGylation. The degree of PEGyla-
tion was estimated by thermogravimetric analysis (TGA). For
example, it was found that PEG (MW 5000) contributes 2.2%
to the PEGylated silica by weight (see Supporting Informa-
tion). Furthermore, PEG chain attachment to silica was
monitored and verified by z-potential measurements of the
particles (see Supporting Information). Silica particles that
are modified with both QDs and PEG chains have a
z potential of �9.0� 4.5 mV as a result of the cumulative
effect of the addition of PEG and positive QDs. Zeta
potentials of PEGylated inversed-micelle QDs and PIL-
coated QDs were �5.9� 4.0 mV and 5.1� 3.3 mV, respec-
tively. As these zeta potentials are quite small in magnitude,

charge should be a negligible factor in their transport
behavior.

The hydrodynamic size of the particles was measured by
dynamic light scattering (DLS; Figure 2). All samples were of
uniform distribution except for the case of the inverse-micelle

QD-silica-PEG5000 (a, Figure 2). In this particular case,
the final PEGylation step produced a small amount of broadly
distributed aggregates in the 100 nm size range (8.6% by
volume). Fluorescence correlation spectroscopy (FCS) meas-
urements on this sample shows that only the main fraction
around 20 nm is luminescent, indicating that the non-lumi-
nescent aggregates most likely originate from PEG5000 silane
side reactions in the last PEGylation step. As it is not
luminescent, this small aggregate fraction would not interfere
with in vivo microscopy measurements.

The stability of the final particle constructs was tested by
incubating the particles in phosphate buffered saline (PBS;
4 h, 37 8C) and measuring particle size with DLS (see
Supporting Information). The particles were non-aggregated
under these conditions and of the same size as the control
particles (4 h, RT). We also carried out protein adsorption
measurements to estimate if the size of the particles would
increase in high protein concentration media, thus indicating
non-specific binding (see Supporting Information). This
experiment is of particular importance because it addresses
the question of nanoparticle size behavior under in vivo
conditions. After 4 h of incubation with fetal bovine serum
(FBS) at 37 8C, particles were analyzed by FCS and their size
compared to the control particles (incubated in PBS). FCS
measurements showed that the size regime of each member of
size series was maintained.

To assay the applicability of these nanoparticles as a
toolset for probing transport barriers in tumors and assessing
drug delivery parameters in vivo, we injected a mixture of
these nanoparticles intravenously into a SCID (severe
combined immunodeficiency) mouse bearing an Mu89

Figure 1. QD-based size series of particles and corresponding TEM
images. a) Water-soluble PIL-coated QDs (10–20 nm), b) single QDs
with PEGylated silica shell synthesized by reverse micelles (20–70 nm),
and c) silica spheres with electrostatically assembled PIL-coated QDs
followed by PEGylation for enhanced stability (100–150 nm). Scale
bars: 100 nm.

Figure 2. Dynamic light-scattering (DLS) data for water solutions of
PEGylated particles. Peak values: PIL-coated QDs (c, diameter
10.7�2.4 nm), inverse-micelle QD-silica-PEG5000 (a, diameter
21.6�3.1 nm, 91.4% by volume), inverse-micelle QD-silica-PEG5000
(g, diameter 56.7�10.1 nm), electrostatically assembled QD-silica-
PEG5000 (d, diameter 122.4�15.6 nm).
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human melanoma xenograft in a dorsal skinfold chamber. We
then carried out intravital multiphoton microscopy on the
tumor (Figure 3). To study the effects of size on nanoparticle
tumor penetration following extravasation (that is, distribu-

tion of particles from a vessel out into surrounding tissue) in
this tumor, we injected a mixture of 12 nm, 60 nm, and 125 nm
particles with different emission wavelengths (Figure 3a) and
imaged several regions of the tumor over the course of two
hours (Figure 3b). Through image analysis consisting of
vascular network tracing in 3D and intensity mapping
versus distance to the nearest vessel wall,[20] we determined
the penetration depth for each nanoparticle (Figure 3c).
Figure 3a shows a pseudo color image of the fluorescence
over all spectral channels, indicating the position of all
particles at time 30 min after injection. After an extravasation
period of 90 min, the position of particles was determined by
recording the fluorescence in defined spectral windows: blue
emission for 12 nm particles, red emission for 60 nm particles,
and green emission for 125 nm particles. Figure 3 b shows the
resulting fluorescence intensity maps at the 120 min time
point after subtracting the corresponding intensity maps at
the 30 min time point, thereby showing only the position of
those particles that diffused during the 90 min period. If there

is no spatial change, the image thus appears dark. Based on
the analysis, the 12 nm nanoparticles extravasate easily,
though heterogeneously, and diffuse away from the vessels
with minimal hindrance. In contrast, the 60 nm nanoparticles
do extravasate but do not leave the immediate perivascular
space (they remain within 10 mm of the vessel walls), whilst
the 125 nm particles do not appreciably extravasate. This
trend, observed in this particular tumor, is consistent with
interstitial transport barriers, such as the extracellular
matrix,[21–23] limiting the penetration of nanoparticles of
intermediate size while transvascular transport barriers,
such as pores in the vessel wall,[4] limit the extravasation of
larger nanoparticles. To verify that particle blood clearance is
not affecting the extravasation measurements, blood circu-
lation half-lives of size series were estimated (see Supporting
Information for details). 12 nm particles have 24.7� 4.0 h
circulation half-life, while 60 nm and 125 nm particles have
16.6� 1.60 and 9.7� 0.8 h circulation half-lives, respectively.
These circulation times are in the time range of previously
reported results[24] and are all significantly longer than
extravasation measurements performed in this study (2 h).

In summary, we have developed a size series of lumines-
cent, water-soluble particles within the 10–150 nm size range
for the purpose of studying the size-dependent properties of
particle distributions in solid tumors. The size series was
designed and constructed to meet each of the multiple criteria
required for size-dependent in vivo imaging. When simulta-
neously injected in vivo, the particles show size-dependent
transport within the same tumors and emerge as a potentially
powerful tool for studying biological transport processes. This
study demonstrates that QD-based nanoparticles allow direct
and simultaneously comparison of different sizes of nano-
particles in a given microenvironment; this technology is
promising for use in the quantitative real-time study of
transport parameters, the characterization of tissue hetero-
geneity for drug delivery, the development of in situ tissue
microenvironment probes, the measurement of living tissue
microrheology, and the screening of tissue modulating
therapies for enhancing nanomedicine delivery.
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