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ABSTRACT
Nanoscale materials have increasingly become subject to intense investigation for use in cancer diagnosis and therapy. However, there is a
fundamental dearth in cellular-level understanding of how nanoparticles interact within the tumor environment in living subjects. Adopting
quantum dots (qdots) for their excellent brightness, photostability, monodispersity, and fluorescent yield, we link arginine-glycine-aspartic
acid (RGD) peptides to target qdots specifically to newly formed/forming blood vessels expressing rv�3 integrins. Using this model nanoparticle
system, we exploit intravital microscopy with subcellular (∼0.5 µm) resolution to directly observe and record, for the first time, the binding
of nanoparticle conjugates to tumor blood vessels in living subjects. This generalizable method enabled us to show that in this model qdots
do not extravasate and, unexpectedly, that they only bind as aggregates rather than individually. This level of understanding is critical on the
path toward ensuring regulatory approval of nanoparticles in humans for disease diagnostics and therapeutics. Equally vital, the work provides
a platform by which to design and optimize molecularly targeted nanoparticles including quantum dots for applications in living subjects.

Quantum dots (qdots) are single nanocrystal colloidal
semiconductors with exceptional fluorescent properties. This
makes them highly conducive to preclinical optical imag-

ing.1–8 Qdots have been used in living subjects to target
tissue-specific vascular biomarkers3 and cancer cells1,2,4,5,8

and to identify sentinel lymph nodes in cancer9–12 with the
potential for human translation, in addition to the impact they
continue to make as fluorescent tags in cell biology.6,8 While
ongoing toxicity and clearance studies remain to establish
their clinical utility in humans,13,14 their excellent intrinsic
optical reporter properties have made them an indispensable
tool in preclinical biology. This is true particularly for our
application of the qdot as a model nanoparticle (for nano-
particles of comparable size and shape) to study the binding
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and extravasation parameters of targeted nanoparticles in
tumor neovasculature.

Numerous types of nanoparticles have been shown to
enhance contrast in tumors with optical, nuclear, magnetic,
and other methods15–17 via whole animal imaging modalities.
Nanoparticles are modified to detect cancer by diverse means,
such as targeting molecules on the surface of tumor vascu-
lature and cancer cells in living subjects. Though these
nanoparticles typically are specifically designed to accumu-
late in tumors, little is understood about the mechanisms by
which this occurs at the vascular, cellular, and subcellular
levels. Nanoparticles often are either molecularly targeted
to tumors by linking tumor-specific targeting biomolecules
to the nanoparticle surface or designed to allow passive
extravasation in the tumor via the enhanced permeability and
retention (EPR) effect.15 Use of the EPR effect is simpler,
but because different types of tumors located at different sites
have varying levels of vascular leakiness,18,19 targeting (or a
multimechanism approach including both targeting and
EPR15) is preferred. We choose a strategy to target tumor

neovasculature in this work in order to avoid the problem
of differential extravasation and binding. Tumor neovascu-
lature/angiogenesis has become a prevalent target for both
therapeutics and diagnostics.20 Intravital microscopy has been
critical in beginning to unravel the architecture and physiol-
ogy of tumor neovasculature and immunology,9,21,22 yet little
information is available on the behavior of nanomaterials in
such vasculatures at the cellular level. Only recently have
intravital techniques begun to emerge as a vital tool for
studying the behavior of nanomaterials in vivo.23–26 Still, no
studies have explored nanoparticle binding in the tumor
neovasculature. This critical step has regulatory and design
implications for imaging and therapeutic nanoparticle target-
ing in tumor neovasculature.

In this work, we exploited intravital microscopy (IV-100,
Olympus, Center Valley, PA) to examine the binding of
neovascularly targeted fluorescent nanoparticles to tumor
neovasculature via direct cellular-level visualization in living
mice (Figure 1a). Arginine-glycine-aspartic acid (RGD)
and control peptide qdot conjugates were prepared as

Figure 1. Intravital microscopy used to investigate derivatized nanoparticles. (a) Our intravital microscope setup, with callout of a mouse
being imaged under a 10× objective. Ears were affixed to double-sided tape for motion stabilization. (b) The chemistry used to conjugate
cyclic RGD and RAD peptides to qdots for injection into mice.
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previously described with some modifications5 (see Figure
1b and Supporting Information for protocols). Nanocrystals
were 6–8 nm in diameter by transmission electron micros-
copy (TEM) (see Figure 2) and ∼20 nm hydrodynamically.5

Approximately 30–50 covalently bound peptides enveloped
each qdot, which advantageously emits in the near-infrared
(NIR) region for in vivo imaging, and RGD-qdots were
shown to selectively bind integrin Rv�3 in cell culture on
various cell lines and ex vivo on excised tumor tissues.5 The
distribution and properties of RGD-qdots were examined
by TEM (Philips CM200 operating at 200 kV, FEI Co.,
Eindhoven, Netherlands) and light microscopy as well as
spectrophotometry (DU 640 from Beckman Coulter, Ful-
lerton, CA) and dynamic light scattering (DLS, using a
ZetaPlus Analyzer from Brookhaven Instruments Corp.,
Holtsville, NY) (see Figure 2 and Table 1). RGD was
employed because of the very significant role that RGD’s
target, integrin Rv�3, plays in tumor angiogenesis, prolifera-
tion, and metastasis.27 Enhanced green fluorescent protein
(EGFP)-expressing SKOV3 cells were inoculated in the ears
of mice and were imaged with intravital microscopy (Figure
1, see Supporting Information for methods). Angiosense 680
(VisEn Medical, Woburn, MA) was used to define blood
vessel walls due to its ability to remain within the vasculature
(Figure S1 in Supporting Information). We observed and
recorded in real time the binding of RGD-qdot aggregates
to tumor luminal endothelium soon after intravenous ad-
ministration via tail vein (movie S1, in Supporting Informa-
tion). Quantification of RGD-qdot binding events was
performed by examining many fields-of-view (FOV) in the
tumor, evaluating each FOV throughout the accessible range
of optically sectioned focal planes. Compared to RGD-qdots
in tumor, controls displayed minimal binding (Figures 3 and
4 and Table 1). Thus, for the first time we have demonstrated

the ability to directly follow the specific binding of nano-
particles to biomolecules expressed on tumor neovascular
endothelium.

We examined the vessel walls for indications of individual
qdot binding, because binding of many single RGD-qdots
on luminal endothelial cells would presumably fluorescently
outline vessel walls. Instead, interestingly and unexpectedly,
binding events appeared to be restricted to aggregates of
qdots tethering to multiple, discrete sites. This pattern was
unanticipated because the literature does not indicate par-
ticularly patchy or focal integrin Rv�3 expression on angio-
genic vessels.28 Excluding aggregate binding, no fluorescence
was visible on the neovascular endothelial lining once qdots
cleared the vasculature, implying minimal binding to luminal
endothelial cells by individual qdots. To explain this, we
hypothesized that too few individual qdots bound along the
vessel wall per voxel for our instrument’s (which employs
photomultiplier tubes) detection sensitivity. To test this, Rv�3-
positive U87MG cells were labeled with RGD-qdots in
culture and imaged using our intravital microscopessingle
RGD-qdots evidently outlined most cells (Figure S2 in
Supporting Information). The labeled U87MG cells were
subsequently injected into a mouse’s ear and reimaged in
the living mouse. Single U87MG cells were still visibly
bound by RGD-qdots, despite their residence in the ear
(Figure S2 in Supporting Information). This suggests our
instrument is capable of detecting the binding patterns of
individual RGD-qdots decorating single (and multiple)
endothelial cells along the tumor neovasculature. We there-
fore concluded that very few single qdots bound (potentially
due to laminar vascular flow or to the polyvalency effect, as
aggregates have many more RGDs available to bind than
single qdots). To further explore the aggregate phenomenon,
fluorescence microscopy was performed directly on wet

Figure 2. TEM and fluorescence of RGD-qdots. RGD-qdots dispersed in PBS (left) and in mouse serum (middle) as shown by TEM.
Overall concentration of qdots was identical in both conditions. Random (typical) fields-of-view were chosen. No aggregates were observed.
Fluorescence microscopy (right), by contrast, displays various aggregates.

Table 1. Statistics for Experimental Conditions
conditiona binding rate FOVs 95% conf int rate ratio 95% conf int P

normal 0.110 109 0.059–0.206
RGD low dose 0.562 32 0.333–0.889 5.11 1.92–13.62 0.001
RGD high dose 1.162 37 0.841–1.565 10.31 4.65–22.85 0.001
RGD block 0.047 85 0.013–0.120 0.43 0.14–1.34 0.146
RAD 0.018 110 0.002–0.066 0.17 0.04–0.75 0.019
unconjugated 0.022 45 0.001–0.118 0.20 0.03–1.55 0.124

a Statistics for experimental conditions. Poisson regression analysis was used to compare all qdot conditions to the normal mouse (no tumor) condition
injected with RGD-qdots. Binding rate, number of FOVs examined, rate ratio, p-value, and 95% confidence were calculated. RGD low and high doses in
tumor were significantly different from normal, as were RAD-qdots.
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RGD-qdot samples prior to injection. Aggregates were
clearly visible, with appearance analogous to that of the
aggregates observed in the blood vessels of mice (Figure
2). To investigate the nature of the qdot distribution on

the scale of individual qdots, TEM was performed on
RGD-qdots in PBS and incubated in serum. Scanning
through both samples surprisingly revealed no perceptible
aggregation (Figure 2). The discrepancy between the two

Figure 3. Direct visualization of binding of RGD-qdots to tumor vessel endothelium and controls. (a) Panel displays different output
channels of the identical imaging plane along the row with scale bars. In the green channel, individual EGFP-expressing cancer cells are
visible (marked by thick horizontal blue arrows; vertical blue arrow points to a hair follicle), while the red channel outlines the tumor’s
vasculature via injection of Angiosense dye. The NIR channel shows intravascularly administered qdots which remain in the vessels (i.e.,
they do not extravasate). Binding events are visible by reference to bright white signal. These are demarcated by arrows in the rightmost
merged image, in which all three channels have been overlaid. (b) Displays the same as (a) in a different mouse, except that 6 times the
RGD-qdot dose has been injected. Individual cells are not generally visible. Six binding events are observed in this FOV, as marked by
arrows in the merged image at right. White arrows in the bottom merged image designate areas of tissue autofluorescence. Typical images
of no binding in each control condition are shown in (c-f). Tumor neovasculature containing unconjugated qdots (c), normal vasculature
containing RGD-qdots (d), and tumor neovasculature containing RAD-qdots (e). (f) Tumor vasculature shortly after Cy5.5 injection (left)
and ∼20 min post-Cy5.5 injection (right). Individual cancer cells are visible before (left) and after dye extravasates (right, dyed red). Also
see movie S6 in Supporting Information. Horizontal white arrows indicate tissue autofluorescence, vertical blue arrows denote hair follicles
(which generally display autofluorescence in their center), and thick horizontal blue arrows indicate individual cancer cells.
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modalities is unclear, though TEM sample preparation (i.e.,
use of a dry sample in vacuum) may be responsible in part.
To further shed light on the issue, dynamic light scattering
was used to analyze aggregate dimensions. While the vast
majority of the solution consisted of individual qdots
(hydrodynamic diameter ∼20–25 nm), aggregates were
detected in three ranges: ∼150 nm, ∼500 nm, and ∼1200
nm. Aggregates falling below the resolution of the instrument
remain visible on the micrographs because sufficient fluo-
rescence is emitted (an aggregate as small as ∼150 nm
contains nearly 500 qdots) to enable visualization of the
aggregate’s point-spread function. The size of aggregates
seen on the images therefore does not correlate well with
the actual size of the aggregate.

At baseline dose of ∼30 pmol, RGD-qdot aggregates
bound on average more than once in every two FOVs; at 6
times this dose, RGD-qdots bound greater than once per
FOV (see Figures 3 and 4 and Table 1). Qualitative
differences appear between the two dose conditions, but there
is not a statistical difference (p < 0.13 for significance) based
on Poisson regression analysis using a negative binomial
model with p < 0.05 taken to be significant. Despite the
lack of a clear dose–response relationship, which might be
due to saturation of available binding sites or insufficient
FOVs for statistical purposes, RGD-qdots unambiguously
bound in tumor vessels. To test if this phenomenon was
specific to tumors, RGD-qdots were assessed in normal ear
vessels (i.e., mice which had never been exposed to cancer
cells). Though sporadic binding events were found in this
condition, RGD-qdots at both doses tested bound signifi-
cantly more frequently in tumor than in normal tissues (p <
0.001, see Figure 4 and Table 1). The binding events which
occurred in normal vasculature may have been due to
nonspecific binding of RGD-qdots, to expression of integrin
Rv�3 in normal tissues (which has been reported, albeit
diminished in quantity compared to angiogenic regions),28

or to areas undergoing angiogenesis for reasons other than
cancer (e.g., wound healing, which is unlikely because no
evidence of wounds was observed, or young animals, 6–8
weeks of age). Lending credence to the hypothesis of

nonspecific or nonrobust binding due to low levels of normal
tissue integrin expression, RGD-qdots that were seemingly
bound to the normal vessels were observed to escape from
their binding sites back into circulation and to move around
the vessel walls (see movie S2 in Supporting Information).
Such departures from the vessel wall, which were also
observed in other controls, were neVer observed in the
experimental conditions of both doses of RGD-qdots in
tumor neovasculature.

RGD peptide is a strong and fairly specific binder of
integrin Rv�3 (∼400 nM affinity29) in in vitro cell experiments
and indirectly (without cellular-level evidence) in living
subjects.4,5,29–31 Nonspecific binding in tumors could never-
theless be caused either by nonspecific adsorption of the
RGD peptide or by the qdot surface to tumor neovasculature.
To control for this, similar peptide RAD was employed on
qdots. RAD-qdots are nearly equivalent in size and surface
chemistry to RGD-qdots, yet lack RGD-specific interaction.
RAD-qdots rarely (∼0.02 events/FOV, 50 pmol) bound
tumor neovasculature (see Figures 3 and 4 and Table 1).
While thedifferenceofRAD-qdotscomparedwithRGD-qdot
conditions is clearly significant (Figure 4), a significant
difference was seen even compared to the RGD-qdots-in-
normal-vessel condition (p < 0.019). In some instances,
RAD-qdot aggregates were observed slowing down or
stopping, yet they rapidly returned to the circulation (movie
S3 in Supporting Information). Because the only difference
in the RAD-qdot condition was a single amino acid
substitution in the binding moiety, RGD peptide on
RGD-qdots is highly likely mediating qdots’ interaction with
integrin Rv�3. To confirm this finding, in our subsequent
control we blocked integrin Rv�3 binding sites by presatu-
rating with an RGD-Cy5.5 conjugate which was previously
validated to bind to Rv�3 in cell culture and in living mice.30

Due to extravasation and consequent blurring of the vessel
edges, binding of RGD-Cy5.5 to tumor vessel walls was
not observable (see red channel in movie 4 in Supporting
Information). Administration of RGD-qdots (50 pmol)
shortly after blocking peptide led to only rare binding of the
conjugate to vessels (see Figures 3 and 4 and Table 1). More
common were instances in which RGD-qdots appeared to
gently rock, roll, and temporarily stop as they moved across
the neovasculature endothelial lining (movie S4 in Supporting
Information). We calculated that our blocking dose of
RGD-Cy5.5 was insufficient to saturate all RGD binding
sites (approximately half should have been blocked). Sup-
ported by recent work on the potency of RGD polyva-
lency,31,32 we hypothesize that the rocking motions may be
due to partial binding (i.e., fewer RGDs bind because many
integrins are blocked) which slows and sometimes even halts
the conjugates’ movements, but is insufficient to retain
binding.

The red color in movie S4 in Supporting Information is
caused by leakage of RGD-Cy5.5 from tumor neovascula-
ture into the tumor interstitiumsdue to the extravasation and
consequent blurring of the vessel edges, we did not observe
binding of RGD-Cy5.5 to vessel walls. Indeed, we observed
that RGD-Cy5.5 rapidly extravasated from tumor neovas-

Figure 4. Comparison of binding rates between conditions tested.
Displays the binding rate (calculated as events/FOV) for each
experimental condition with 95% confidence intervals.
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culature (movie S5 in Supporting Information). This is not
unexpected due to the EPR effect.15 On the other hand, we
observed that neither RGD-qdots nor control qdot conditions
extravasated from tumor neovasculature in our SKOV-3 ear
tumor model (nor in our SKOV-3 flank tumor model, in
which SKOV-3 cells were implanted in the mouse hind leg,
unpublished observations) despite their relatively small 20–25
nm hydrodynamic diameter (see Figure 3, near-infrared
channel, and movies S1-S4 and S7 in Supporting Informa-
tion). Because the EPR effect and many studies suggest that
nanostructures extravasate in tumors,1,2,5,15,18 we performed
a positive control to verify the feasibility of extravasation
in SKOV-3 cell tumors. Cy5.5 dye was administered
intravenously, and within 20 min extravasated fluorophore
(dye) had diffused to infiltrate the majority of tumor (see
movie S6 in Supporting Information and Figure 3f), while
normal vasculature permitted considerably less dye to leak
(unpublished observations). Furthermore, during our blocking
experiment we observed that RGD-Cy5.5 conjugate rapidly
leaked from tumor neovasculature (movie S5 in Supporting
Information), which caused the fairly pervasive red hue in
the red channel of movie S4 in Supporting Information. Of
note, in contrast with the dye and dye-conjugate which
extravasated rapidly, little-to-no extravasation was detected
even when very small qdots (∼5 nm in hydrodynamic
diameter) were administered to an SKOV-3 tumor mouse
(unpublished observations). In general, commercially avail-
able Angiosense remained in the vasculature at approximately
constant levels for at least 2–3 h postinjection, while qdots
cleared from the vasculature (via reticuloendothelial system,
or RES, uptake33) in a linear fashion within 1–1.5 h (Figure
S1 in Supporting Information). Many studies report extrava-
sation of nanostructures (and larger particles18,23,34) from
tumor vessels in animal models,1,2,4,5,23 but the molecular size
cut-offs in such vessels have been reported to vary signifi-
cantly between different xenograft models reported18 and
even between different regions of the same vessel of a given
tumor.23 Our results suggest that this cutoff size variability
occurs even in the low nanoscale range. We found that
although qdots do not extravasate in the SKOV-3 ear or flank
xenografts, they clearly and rapidly extravasate when exposed
to the ears of mice inoculated with certain other tumor cell
lines (e.g., LS174T). Furthermore, we have shown that
although 5 nm qdots do not extravasate in the SKOV-3
model, ∼1 nm RGD-Cy5.5 easily does. Thus, the intravital
method we employ can be used for further study of
differential extravasation parameters, as this variability is
likely also to be a key hurdle for nanoparticle delivery in
human oncology.

To account for nonspecific binding by the qdots them-
selves, unconjugated qdots were administered (255 pmol).
Unconjugated qdots were observed entering and flowing
through tumor neovasculature (see movie S7 in Supporting
Information); however, these bare qdots rarely (∼0.02 events/
FOV) were associated with the tumor neovasculature (see
Figures 3c and 4 and Table 1). In all six experimental
conditions (Table 1), many aggregates were observed flowing
through tumor and normal vasculatures (movies S1-S4 and

S7 in Supporting Information and unpublished data), yet only
when RGD-qdots were exposed to neovascular tumor
environments did significant binding occur. We have thus
directly observed, at the cellular-to-subcellular level, the
specific binding of RGD-qdots to Rv�3 integrins in tumor
neovasculature. The in vivo assay employed here is gener-
alizable to assess the binding of any nanoparticle type,
targeting ligand, and in any vasculature (diseased or normal).
Using macroscopic optical imaging, Cai et al. showed that
near-infrared RGD-qdots target tumors in living mice.5

However, whether these RGD-qdots extravasated and bound
to tumor cells or bound to tumor vasculature was unknown.
On the other hand, Tada et al. recently demonstrated binding
of single Her-2/neu antibody-conjugated qdots to tumor cells
in living mice using a high-speed camera at high magnifica-
tion.2 Neither study, however, explains the process by which
nanoparticle accumulation actually occurs in tumors. Further,
previous approaches would not provide access to the “near-
binding” characteristics seen in controls (see movies S2–S4
in Supporting Information) that our method facilitated. This
information is likely to lead toward a better model of the
mechanism of binding and thus improved nanoparticle
construction. The present study bridges the gap between bulk
phenomena/macroscopic optical imaging and single qdot
studies by demonstrating significant binding in the FOVs of
experimental conditions. This is a critical step on the path
to understanding the parameters that will enable the design
of next-generation nanoparticles with superior tumor target-
ing properties and will ultimately help accelerate the approval
of nanoparticles by regulatory agencies for clinical use.

We are trying to understand on a deeper level why only
RGD-qdot aggregates, rather than individual qdots, bind to
the neovasculature and to determine if this is a more general
phenomenon that could be exploited in the pursuit of high
efficiency delivery of nanostructures to cancer. For instance,
we confirmed that the binding pattern observed with
RGD-qdotswasnot restricted to theSKOV-3modelsLS174T
tumor neovasculature displayed a similar binding pattern
(unpublished data). Our approach can be further generalized
by assessing the binding properties of other nanoparticles
and targeting ligands, as well as other sites of tumor
implantation (e.g., orthotopic models). Clearly other sites of
implantation or other species may produce different results.
We are now addressing how mathematical models of these
in vivo processes can help us explain the phenomena we
observed by reference to the strength of shear forces and
stresses on nano-to-microsized structures bound to vessel
walls compared with the strengths of varying polyvalent
affinities and nonspecific interactions keeping the structures
tethered. Because of the significance of these affinity
interactions to the effect we observed, we intend to quantify
the precise differences in binding affinity to Rv�3 integrins
between single qdots and aggregates to validate and guide
our mathematical models. It is known that fluid shear
modulates targeted nanoparticle adhesion to vessel walls35

and that multiple copies of targeting ligand facilitate poly-
valent binding to the cell surface, which significantly
strengthens the interaction.32 However, polyvalent binding
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to cell-surface biomolecules can only occur if the density of
surface biomolecules is sufficiently high. Considering that
the diameter of each cell-surface biomolecule may be 5–10
nm, binding of targeting ligands to multiple biomolecules
may be compromised for a qdot that is 20–25 nm in diameter.
Indeed, the ligand-to-receptor surface density ratio is known
to be a key feature in targeted nanoparticle design.36

Comparison of the force of monovalent and polyvalent
binding to the shear forces experienced by the nanoparticles
will thus yield insight into this issue. However, a mathemati-
cal model conforming more closely to the environment
existing within living subjects must be employed to generate
credible data for comparison and to draw reliable conclu-
sions. In our study, though larger aggregates are subject to
larger shear (the force is proportional to the square of the
radius),36 the larger surface area and increased number of
surface-bound RGDs may enable aggregates to remain bound
compared to individual qdots. This suggests a hypothesis that
a bimodal or polydisperse37,38 size distribution of injectable
nanoparticles may be superior for optimal uptake of nano-
particles in heterogeneous tumors rather than conventional
monodisperse formulations (e.g., use smaller nanoparticles
for potential EPR uptake and larger nanoparticles for binding
to vessel walls). Note, however, that such a polydisperse
distribution would be simultaneously difficult to reproducibly
generate from the manufacturing standpoint and to obtain
approval from the regulatory perspective. We must also
consider the contribution of laminar flow in the vessels to
the access that differently sized nanoparticles/aggregates have
to vessel walls. We do not yet understand the reasons for
aggregate binding and the evident lack of single RGD-qdot
binding. Our data nevertheless clearly and consistently
indicate this phenomenon in our model’s tumor neovascu-
lature. We have shown that our instrument is capable of
visualizing disperse (individual) RGD-qdots binding on
single cells in vivo (Figure S2 in Supporting Information)
and effectively excluded the possibility that disperse binding
is occurring in our tumor model.

This study demonstrates, to our knowledge, the first direct
visualization of nanoparticle conjugate binding to tumor
neovasculature. We effectively performed a nanoparticle
binding assay in living subjects while directly observing the
process. Using this method, we concluded that RGD-qdots
do not extravasate in an SKOV-3 mouse ear tumor model,
specifically bind their target in tumor neovasculature as
aggregates, and can be recorded doing so. The knowledge
thus gained is invaluable in helping to design and obtain
approval for future nanoparticle formulations. The study thus
portends the promise of studying nanoscale structures
interacting with microscale entities in living subjects.
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