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Summary Nanoparticles are under active investigation for the detection and treatment of
cancer. Yet our understanding of nanoparticle delivery to tumors is limited by our ability to
observe the uptake process on its own scale in living subjects. We chose to study single-walled
carbon nanotubes (SWNTs) because they exhibit among the highest levels of tumor uptake
across the wide variety of available nanoparticles. We target them using RGD (arginine-glycine-
aspartic acid) peptide which directs them to integrins overexpressed on tumor vasculature
and on the surface of some tumor cells (e.g., U87MG as used here). We employ intravital
microscopy (IVM) to quantitatively examine the spatiotemporal framework of targeted SWNT
uptake in a murine tumor model. IVM provided a dynamic microscale window into nanoparticle
circulation, binding to tumor blood vessels, extravasation, binding to tumor cells, and tumor

retention. RGD-SWNTs bound to tumor vasculature significantly more than controls (P < 0.0001).
RGD-SWNTs extravasated similarly compared to control RAD-SWNTs, but post-extravasation we
observed as RGD-SWNTs eventually bound to individual tumor cells significantly more than RAD-
SWNTs (P < 0.0001) over time. RGD-SWNTs and RAD-SWNTs displayed similar signal in tumor for a
week, but over time their curves significantly diverged (P < 0.001) showing increasing RGD-SWNTs
relative to untargeted SWNTs. We uncovered the complex spatiotemporal interplay between
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these competing uptake mechanisms. Specific uptake was delimited to early (1—6 h) and late
(1—4 weeks) time-points, while non-specific uptake dominated from 6 h to 1 week. Our analysis
revealed critical, quantitative insights into the dynamic, multifaceted mechanisms implicated in

ulation in tumor using real-time microscopic observation.
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reacted overnight with 0.2 mM of thiolated RGD (cyclo-(Arg-
Gly-Asp-D-Phe-Lys)) or RAD (cyclo-(Arg-Ala-Asp-D-Phe-Lys))
ligand-targeted SWNT accum
© 2013 Elsevier Ltd. All right

Introduction

Nanoparticles (nps) have the potential to revolutionize can-
cer diagnosis and therapy. Yet the mechanisms of np delivery
to the disease sites remain poorly understood. When tar-
geted nps are injected for diagnostic imaging or therapy,
typically one only observes a macroscopic effect/picture
(via imaging, e.g., PET, SPECT, bioluminescence, Raman,
photoacoustics [1—3], or palpation) over time that is
assumed to be due to nanoparticles in the tumor. How-
ever, due to the lack of spatial and temporal resolution,
the underlying microscale interactions of nps that lead to
bulk signal at that site are inaccessible and thus not under-
stood. Even if histology or microscopy in living animals is
performed to understand np interactions, it is generally
at only a single time-point [4,5], or it is performed in
cell culture [6] which while valuable does not recapitulate
the complexity of the living mammal. We employ intravital
microscopy (IVM), which employs lasers and photodetectors
to microscopically image in living subjects [7], to directly
and dynamically (repeatedly over weeks) image nanoparti-
cle interactions at many time-points for the first time. This
study design enabled us to uncover previously misunder-
stood, critical features of nanoparticle targeting to cancer
in living subjects, such as the role of targeting ligands in
tumor specificity.

There remains great debate about how, and whether,
targeting ligands actually work in living subjects. Recent
literature indicates targeting only increases np specificity
of interaction with tumor cells, yet does not affect overall
uptake [8—11]. However, many other groups have demon-
strated differential levels of uptake between targeted
and untargeted nps [12,13]. This critical question thus
remains unresolved. We hypothesized that dynamic IVM
could provide unique insights into np behavior in tumors
in vivo. Our principal objective was to directly visual-
ize and elucidate the entire spatiotemporal framework of
microscale interactions between targeted nanoparticles and
the tumor from injection through vascular binding, extrava-
sation, tumor cell binding, and clearance. Herein we employ
targeted single-walled carbon nanotubes (SWNTs) and fre-
quently observe/quantify their behavior from injection
until ∼4 weeks post-injection to uncover the fundamen-
tal principles underlying np targeting. This enabled us to
discover an underlying framework for np targeting which
(1) helps resolve the dichotomy in the literature, (2) con-
firms the importance of temporal effects in targeting, and
(3) provides a general structure to help others predict and
understand how new nps may behave over space and time.
Deep comprehension of the dynamic mechanisms of np deliv-

ery has the potential to lead to broad advancement and
innovation in nanomedicine.

The enhanced permeation and retention (EPR)
effect reflects the tendency in tumors of circulating

i
h
i
b

erved.

acromolecules/particles to leak out of blood vessels (per-
eation/extravasation) and remain there (retention) [14].

PR is the major mechanism accounting for np distribution
nto tumor interstitium, but is not well-understood for
ps. For instance, in successful siRNA-nanoparticle work
n living subjects by Moore and co-workers, their nanopar-
icles accumulate ‘‘. . .in tumors, presumably resulting
rom enhanced permeability and retention’’ [15]. This is
haracteristic of current studies, in which it is unknown
though commonly hypothesized) how nps arrive at/remain
n tumors. Furthermore, the retention of nanoparticles is
f critical interest to the pharmaceuticals field [16]. These
uestions of delivery/retention have remained difficult
o answer since no dynamic microscopic studies of nps in
ive subjects have previously been done. Therefore, just
s IVM was used to study the hematopoietic stem cell
iche [17], we apply IVM to examine the dynamic niche of
he tumor-targeted np. This leads to insights that could
ave far-reaching effects on guiding the engineering and
hemistry of injectable nps’ physical structure and ligands,
n the imaging of nps as contrast agents or activation
s therapeutic agents, and details the interstitial and
ellular behavior of nps. Our dynamic, high-resolution
pproach could thus guide diagnostic tumor imaging and
herapeutic treatment time-points and delivery of various
anomedicines.

aterials and methods

anoparticle conjugates

e prepared red-dye labeled, peptide-conjugated SWNT
ioconjugates as previously reported, with slight mod-
fications [18]. After sonicating raw Hipco SWNTs in
n aqueous solution of DSPE-PEG5000-Amine (NOF Corp)
or 1 h, they were centrifuged at 24,000 × g for 6 h
o obtain short, PEGylated SWNTs in supernatant (∼500
EG chains per SWNT). SWNTs were filtered through
00 kDa filters (Millipore) to remove excess coating poly-
er. SWNTs were then conjugated to both RGD (or RAD) and
y5.5. To perform the conjugation, Cy5.5-NHS (Invitrogen)
nd sulfo-SMCC (sulfosuccinimidyl 4-N-maleimidomethyl
yclohexane-1-carboxylate) (Pierce) were mixed at a 1:5
olar ratio (0.2 mM:1 mM) and incubated with the SWNT

olution at pH 7.4 for 2 h (on average the final solution con-
ained ∼8 Cy5.5 molecules per SWNT). Upon removal of
xcess reagents, the SWNT solution was split equally and
n the presence of 10 mM tris(2-carboxyethyl) phosphine
ydrochloride (TCEP, Sigma—Aldrich) at pH 7.4, yield-
ng SWNT-PEG-Cy5.5-RGD and SWNT-PEG-Cy5.5-RAD with
oth Cy5.5 and RGD/RAD conjugated onto the surface of
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WNTs. Excess peptides were removed by multiple filtrations
hrough 100 kDa filters and washed away by distilled water.

orsal skinfold chamber

orsal skinfold chambers (DSC) were surgically implanted
nto male retired breeder C.B-17 SCID mice (>28 g body
eight). Mice were anesthetized using an IP injection of
ixed ketamine (100 mg/kg body weight) and xylazine

10 mg/kg body weight). The dorsal skin of the mice was
xtended and two sides of a titanium chamber (APJ Trad-
ng, Ventura, CA) were used to sandwich the skin. A ∼12 mm
iameter circle of skin was removed from one side of the
andwich and a 12 mm glass cover slip (Ted Pella, Redding,
A) was used to cover the skin. Animals were given carpro-
en at 3 mg/kg SC and 2—3 days to recover from surgery prior
o inoculation of a tumor underneath the cover slip. The
urgery, recovery, and imaging procedures were approved
y the Stanford IACUC.

umor model

o create a bright green imageable tumor environment,
uman glioblastoma cells (U87MG) (obtained from Ameri-
an Type Culture Collection) were labeled with enhanced
reen fluorescent protein (EGFP). The stable EGFP express-
ng cell lines were established using a lentiviral vector
pRRLsin18.CMV-EGFP, a gift from Luigi Naldini, HSR-TIGET,
taly) with an EGFP transgene. These cells were incubated
vernight in media containing high titer virus, after which
ells with very high EGFP expression were sorted using FACS.
CID mice (C.B-17 SCID, Charles River, Wilmington, MA) were
noculated with 200,000—300,000 U87MG-EGFP cells in the
orsal skinfold chamber in low volume by removing the glass
nd pipetting the cells in with PBS. Tumors were imaged
eginning ∼10 days after inoculation.

ntravital microscopy

SC-installed SCID mice were anesthetized with isoflurane
nd positioned beneath the objective of an IV-100 intrav-
tal microscope (Olympus, Center Valley, PA). Chambers
ere locked into position using a stainless steel, custom-
esigned stage. Long-circulating dye Angiosense 750 (VisEn
edical, Woburn, MA) was injected to outline the vascul-
ture. 180 �l of ∼400 nM SWNTs (RGD-SWNTs, RAD-SWNTs,
lain SWNTs (no peptide), and a 2.5× decreased concen-
ration of RGD-SWNTs) were subsequently injected. Mice
n = 20) were imaged during injection and for the following
h. They were re-imaged at 6—8, 12, and 24 h time-points,
very day for a week following injection, three times within
he second week post-injection, and at 3, 4, 5, and 6 weeks
ost-injection. Mice were imaged using the 488, 633, and
48 nm laser lines, and three output channels (green, red,
nd near-infrared). Output channels were scanned sequen-
ially to prevent filter bleed-through.
Data were analyzed using two customized algorithms
eveloped to quantify SWNT binding to tumor cells using flu-
rescence (quantified as percent particles bound/associated
or unbound/unassociated) to cells compared to either the
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otal number of particles in the field-of-view or the available
inding surface area of cells, see Supplementary Material),
s well as manual measurements of SWNT binding length
or vascular binding, measurements of SWNTs in tumor
acrophages compared with total amount of SWNTs in the

mage, and associated statistical tests described below.

tatistics

e quantified vascular binding and tumor cell binding over
ime, and performed statistics. All statistical analyses were
erformed with Stata Release 9.2 (StataCorp LP, College
tation, TX). A significance level of 0.05 was used.

ascular binding
ice were injected with SWNTs and SWNT binding along
essels was measured after injection in various vessels in
arious fields of view (FOVs) in each animal. Vessel length
nd width were measured to calculate vessel surface area
s the exposure variable. SWNT binding rates by group and
ver time were estimated and compared by zero-inflated
egative binomial regression adjusted for clustering of ves-
els within FOVs within animal, with vessel surface area as
he exposure variable. A Mann—Whitney test was performed
o compare experimental groups to control groups, and a
ruskal—Wallis test was used to compare control groups to
ne another.

umor cell binding
o quantify the amount of SWNTs associated with the
ell surface, images from each time-point from each
ouse were quantified via the algorithm discussed in

he intravital microscopy section above and subjected
o statistical tests. Greater than 1000 images were ana-
yzed. Measurements were made of bound/associated and
nbound/non-associated (to tumor cells, colored yellow in
ig. 5b) RGD- or RAD-SWNTs in multiple FOVs at various mag-
ifications (n = 12 mice) at 13 time-points from 1 day to 4
eeks after SWNT injection. Measurements were made using

wo different algorithms, and at two different intensity
hresholds (see Supplementary Material). Effects of ligand
RGD vs RAD) on the SWNT, algorithm, threshold, and time
ere assessed by negative binomial panel regression of par-

icle counts, with field-of-view size (1/magnification) as
xposure variable, and adjusted for clustering within ani-
al. Comparisons between conditions with p-values less

han 0.05 were considered significant. See Supplementary
aterial for more extensive analysis.

esults

inding to vascular endothelium

ascular targeting is an important option in the tumor tar-
eting arsenal, for instance, in therapeutic disciplines such
s anti-angiogenic treatments, vascular re-normalization

19,20], and in diagnostics for vascular imaging [21—23]. The
orsal skinfold chamber (Fig. 1a and b) represents a useful
ystem to study particle binding to the vasculature as part
f the np targeting framework (Fig. 1d).
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Figure 1 Mice are imaged with intravital microscopy on a customized stage (a). A titanium chamber surgically implanted into the
mouse dorsum with window (b). Schematic of 2 nm × 200 nm single walled carbon nanotubes employed, with PEG coating, Cy5.5
dye, and RGD or control RAD peptide functionalization (c). A schematic of a tumor and its vasculature system, illustrating the major
facets we observe in this study from entry of SWNTs, their binding to vasculature, to their extravasation and binding to tumor cells
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SWNTs are excellent cancer targeting agents (and
a uniquely promising solution to imaging and therapy
[12,24—30]; while debate remains, these SWNTs proved non-
toxic in live animals [31]), and we aimed to identify why
they target cancer so effectively (10—15% ID/g [24]). Such
work will likely increase their delivery efficacy allowing
acceleration of their transition into clinical utility [32],
in addition to further toxicity studies. SWNTs were con-
jugated to RGD (Fig. 1c) for targeting to integrin �v�3,
which is overexpressed on endothelium lining blood ves-
sels in tumors and on the cell membrane of tumor cells
such as U87MG. While histology or IVM have been used to
suggest that nps can target vasculature [33], it has never
been dynamically quantified to our knowledge. We injected
typically 70 pmol targeted SWNTs (RGD-SWNTs) or controls
(RAD-SWNTs or plain SWNTs conjugated to Cy5.5) into tumor-
bearing mice, or RGD-SWNTs into control non-tumor bearing
mice (n = 20). We focused on time-points from injection until
SWNTs cleared from the vasculature (typically ∼5—6 h p.i.
[24]) and only performed binding measurements on vascula-
ture after SWNTs had fully extravasated in order to minimize
confusion between circulating SWNTs and bound SWNTs. This
study design allowed us to quantify binding as a mean bind-
ing length along the vessel with respect to the total surface
area of vessels available for binding.

Within 4-6 h of injection, we observed that RGD-SWNTs
labeled parts of tumor vascular endothelium (Fig. 2a, where
binding is defined as np fluorescence along the inner surface
of the vessel rather than signal near to, but outside, the ves-
sel — extravascular signal represents extravasated SWNTs).
While some binding was visualized in the control conditions

(Fig. 2b—d), it was minimal relative to RGD-SWNT binding to
tumor vasculature (RGD-SWNT conditions bound neovascu-
lature more than controls, p < 0.0001, Fig. 2e). Even when
we reduced the RGD-SWNT injection quantity 2.5-fold, we
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bserved significantly more binding than controls (the RGD-
WNT groups did not differ significantly). RGD-SWNTs bound
t least 4× more than RAD-SWNTs.

Since quantum dots have been shown not to bind tumor
eovasculature individually [22,23], it is notable that dis-
ersed SWNTs are capable of binding (Fig. 2, as observed
y the presence of diffuse fluorescence along the vascu-
ar boundary). This may be due to their unique geometry
see Supplementary Discussion). Moreover, we occasion-
lly observed intense RGD-SWNT signal in highly tortuous
essels. We observed that such labeled tortuous vessels peri-
dically lost functionality (Supplementary Fig. 1), which
ould be due to extensive RGD binding which can induce
poptosis [34] (see Supplementary Discussion) and help
educe vessel functionality. We also note here that during
WNT circulation we observed SWNT uptake into circulat-
ng leukocytes (manuscript in preparation); this resulted in

surprising delivery mechanism that accounts for substan-
ial uptake in which these circulating cells extravasate into
umor and account for >20% of total RGD-SWNT accumula-
ion in tumor at 1 day p.i. (see Supplementary Fig. 2). Some
roportion of these cells remained in the tumor for days to
eeks in all SWNT conditions (manuscript in preparation),

o some fraction of the SWNT signal detected in the tumor
ver time is due to this uptake mechanism (discussed further
n section ‘‘Discussion’’).

WNT extravasation

e visualized SWNTs entering into the tumor circulation

the speed of which varied considerably, see Supplemen-
ary Movies 1—2) and their extravasation due to EPR for the
uration of SWNT circulation using IVM. We continued to
onitor identical sites of tumor nearly every day for a week,
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Figure 2 Vascular binding of SWNTs to blood vessels. (a) The vascular binding of specific RGD-SWNTs to tumor blood vessels (boxed
region magnified to illustrate a region of binding — SWNTs are in grayscale, tumor cells in green, and blood vessels in red). Arrows
point to regions of binding (grayscale) along the blood vessel surface. (b) Control RAD-SWNTs do not generally bind vasculature, as
shown with a representative field-of-view (arrow points to edge of blood vessel; no binding is observed). (c) Control plain SWNTs (no
peptide) display low binding to vasculature. The white arrow points to the edge of a blood vessel in which no binding is observed,
while the black arrow points to SWNT signal that is near to, but outside of, the vessel and thus is not included as being bound to
the vessel (instead, the SWNTs have extravasated). (a)—(c) Scale bars: 50 �m. (d) When RGD-SWNTs are injected intravenously into
a mouse without tumor, little binding results as illustrated in a representative field-of-view (arrow indicates the edge of a vessel;
no binding is observed). Scale bar: 40 �m. (e) Comparison of vascular binding across all experimental conditions computed as mean
binding length over available vessel surface area. RGD-SWNTs at both concentrations bound vessels significantly more than all other
g
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roups (p < 0.0001), but were not different from each other.

nd then weekly thereafter in order to understand the over-
ll kinetics of SWNT extravasation and retention within the
umor.

Due to their size/shape, SWNTs are capable of extrava-
ation in U87MG tumor [35]. Extravasation was observed to
e highly heterogeneous. The distribution was at times dis-
ersive (Fig. 3) and/or point-like (Supplementary Movie 3).
ased on the rise in interstitial fluorescence over several
ours, it is clear that RGD-SWNTs steadily extravasate and
ccumulate throughout the tumor interstitium (Fig. 3a and
). Control SWNTs (RAD-SWNTs and plain SWNTs) displayed
imilar extravasation properties as RGD-SWNTs (Supple-
entary Fig. 6). Over 4.5 h, the interstitial fluorescence

ntensity increased more than 3-fold in a typical FOV in a
ypical animal, while the fluorescence of within an inter-

al control (the tumor cells) remained approximately flat
minor variations are mostly due to small movements of the
ouse) (Fig. 3b). While Fig. 3 addresses SWNT extravasa-

ion/permeation into the interstitium (4—6 h p.i.), Fig. 4

P
S
t
a

ddresses the ‘‘retention’’ aspect of the EPR (Enhanced
ermeation and Retention) effect over weeks.

The retention of SWNTs over the first 12 days p.i. is
function of time and targeting ligand (Fig. 4a and b;

ee Supplementary Fig. 9 for the blood vessel channel at
ach point). RAD-SWNTs extravasate similarly to RGD-SWNTs
Fig. 4a, b at 4h p.i.) and their retention is also similar up to
days p.i. (Fig. 4a and b, at the same sites over time). Yet
y 7 days p.i. and afterward, the retention kinetics between
GD-SWNTs and RAD-SWNTs clearly appear considerably dif-
erent. After 1 week p.i., SWNT signal is observed in the
GD-SWNT condition, while it is minimal to non-existent in
he RAD-SWNT condition (quantified in Fig. 5c and d). SWNT
resence and quantification is verified by Raman microscopic
nalysis in live animals at 1 week p.i. (Supplementary Fig. 3).

lain SWNTs extravasate similar to the peptide-conjugated
WNTs. However, plain SWNTs cleared much more rapidly
han RAD-SWNTs, as they are mostly cleared by 3 days p.i.
nd almost fully cleared by 1 week p.i. (Supplementary
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Figure 3 SWNT extravasation into tumor. a. Selected time-points show extravasation in a selected region of U87MG tumor in
the dorsal skinfold chamber from pre-injection of RGD-SWNTs until 4.5 h p.i. of RGD-SWNTs at the same site. b. Region-of-interest
analysis of extravasation is graphed, illustrating the monotonic increase in RGD-SWNT presence in tumor interstitium over time
(linear trend slope = 203), while tumor cell fluorescence as an internal control remains flat (linear trend slope = −2) over 4.5 h. The
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tumor extravasation kinetics are representative of all SWNT con
tumor. Scale bar in the merged pre-injection panel represents 1

Fig. 3). These data demonstrate considerably different
kinetics between the plain SWNT and RAD-SWNT controls,
and may indicate the need for controls to be as similar
as possible to the experimental condition to make useful
comparisons (RAD is non-specific, and RAD-SWNTs are only 1
amino acid different in structure than RGD-SWNTs, making
RAD-SWNTs highly similar to RGD-SWNTs).

RGD-SWNTs and RAD-SWNTs remained within tumor inter-
stitium at similar levels for up to 7 days after injection.
Afterward RGD-SWNTs persist while RAD-SWNTs are removed
from tumor, implying that the effects of targeting (i.e., RGD)

on retention in tumor are observed only after ∼7 days p.i.
Note the signal at 9 and 12 days p.i. in the RGD-SWNT condi-
tion is low (Fig. 4a). This dramatic reduction in overall signal
is attributable to the clearance of unbound RGD-SWNTs; we

u
o
t
i

ns (RGD-SWNTs, RAD-SWNTs, SWNTs) injected into mice bearing
m for all panels displayed in the figure.

se high-resolution imaging and quantitative image analysis
o show that the remaining RGD-SWNTs in tumor are bound
o the surface of tumor cells as described below.

umor cell binding and retention

ost nanoparticle-based imaging and therapeutic strategies
arget tumor cells. No matter the mechanism used to enable
articles to reach the interstitium (including extravasation,
s employed here, or active methods [36,37]), the nps must

sually interact with and bind directly to tumor cells in
rder to perform their function. This process of diffusion
hrough interstitium, binding to tumor cells, and retention
s not understood and remains a major question in, for
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Figure 4 SWNT retention in tumor. Time series showing the clearance of RGD-SWNTs (a) and RAD-SWNTs (b) at the same respective
site within each tumor from 4 h to 12 days p.i. SWNTs are present in abundance in tumor interstitium at early time-points, but they
clear at later time-points. At each time-point, the panel to the left displays the SWNT channel, while the right panel displays a
merged image that includes the tumor (and blood vessels (red) if their presence in that image does not obscure the view of SWNTs
and tumor). Note the similarity in retention between RGD and control in the early time-points, but qualitative divergence afterward.
In particular, RGD-SWNTs are still present at 9 and 12 days p.i. (white vertical arrows), while no RAD-SWNTs are observable at 9
and 12 days p.i. These data are quantified over many FOVs and mice in Fig. 5c-d. RGD-SWNTs in the interstitium are designated by
h ngle
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orizontal white arrows and blood vessels are designated with a
re designated by short horizontal white arrows in (b). All scale

nstance, the field of pharmaceutics. This section quanti-
atively addresses how retention is modulated by RGD as a
unction of binding to tumor cells.

Employing the same mouse cohort (n = 20), we used IVM
o image the tumor from injection until 4 weeks p.i., with
ime-points taken several times in the first day, nearly each
ay for a week, and then approximately weekly thereafter.
e acquired many micrographs for each mouse at each

ime-point, with >1000 images analyzed. To quantitatively
nalyze this volume of images, we developed algorithms to
valuate the binding of nps to tumor cells (Fig. 5b, Supple-
entary Figs. 4 and 5).
Early time-points displayed massive extravasation and lit-
le apparent specific tumor cell binding (Fig. 5a at 6h p.i.)
cross all conditions (except non-tumor bearing mice, in
hich little extravasation was observed, data not shown).
owever, we observed that as time post-injection increased,

a
c
t
S

d black arrows in (a); blood vessels in the RAD-SWNT condition
s for both (a) and (b): 40 �m.

GD-SWNTs tended to associate with the tumor cell sur-
ace (Fig. 5a, 4 days p.i.). By 4 days p.i., RGD-SWNTs
ere often bound to tumor cells, yet considerable quanti-

ies of RGD-SWNTs remained free in the tumor interstitium.
s time continued, however, unbound RGD-SWNT signal
ecreased; i.e., they were evidently cleared, and the RGD-
WNTs remaining in the tumor appeared to be predominantly
ound to tumor cells (Fig. 5a, 12 and 22 days p.i.; also com-
are 2—3 weeks p.i. for RGD-SWNTs (blue curves) in Fig. 5c
gainst Fig. 5d). Incredibly, by 3 weeks after injection, we
bserved RGD-SWNTs clearly bound to the surface of tumor
ells, often without free RGD-SWNTs in the region (Fig. 5a,
2 days; Supplementary Fig. 10 displays separated tumor

nd SWNT channels from 12 and 22 days p.i.). Interestingly,
ontrol RAD-SWNTs paralleled the behavior of RGD-SWNTs in
he early time-points up to 1 week p.i., while control plain
WNTs paralleled only the extravasation, and were cleared
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Figure 5 Quantitative SWNT binding to individual tumor cells over time. a. Representative high-magnification images of tumor
in the RGD-SWNT condition of live mice are shown over 3 weeks (6 h, 4, 12, and 22 days p.i.). Notice the decrease in RGD-SWNTs
in the extracellular space over time. At the 6 h and 4 day time-points, panels include tumor (left), SWNTs (center), and merged
(tumor + SWNTs); at 6 h RGD-SWNT signal is nearly as high away from tumor cells as it is on cells, while by 4 days p.i. RGD-SWNTs
have cleared considerably from the extracellular space. Merged images alone are shown at 12 and 22 days p.i.; at 12 days it appears
that most RGD-SWNTs in the FOV are on the cells, and at 22 days post-injection, essentially all the RGD-SWNTs in the image appear
bound to the tumor cells (see Supplementary Fig. 6 for RAD-SWNT images). Scale bars in all images are 10 �m. (b) To quantify
SWNTs bound to tumor cells compared with unbound SWNTs, raw images were binarized and custom algorithms were applied. SWNTs
were categorized using a color-coding scheme: SWNTs bound to tumor cell surface were yellow, SWNTs within tumor cells were
dark blue, SWNTS associated with SWNTs bound to cells were light blue, and SWNTs freely diffusing in interstitium were red. Bound
RGD-SWNTs and RAD-SWNTs were quantified from >1000 total images (n = 12 mice) processed via our algorithms from 1 day until
nearly 4 weeks p.i. (c) and (d). Bound (c) and unbound (d) RGD-SWNTs and RAD-SWNTs were plotted on log plots (curves with error
bars in Supplementary Fig. 5). The curves significantly diverge by 7 days p.i. in both (c) and (d) (p < 0.001), showing RAD particles
were removed at a faster rate than RGD particles (p < 0.001). Observe that both free RGD-SWNTs and free RAD-SWNTs decrease
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dramatically over time, as do bound RAD-SWNTs, but bound R
weeks.

rapidly thereafter. Qualitatively, RAD-SWNTs both associated
with the tumor cell surface and remained in the intersti-
tium (in fact, there was no statistically significant difference
between RGD-SWNTs and RAD-SWNTs bound to tumor cells
until a week p.i. (Fig. 5c, Supplementary Figs. 5 and 6)). Yet
after ∼7 days, there was a notable decrease in RAD-SWNTs
within the region, both bound to tumor cells and free in the
interstitium.

Using our algorithms, we quantified the above qualita-
tive observations. These algorithms are described in detail
in Supplementary Methods and Data (see Supplementary
Figs. 4 and 5). Briefly, we binarized the tumor cells in
our images (Fig. 5b) and employed several approaches to
categorize SWNTs using a color-coding scheme to differenti-
ate bound/associated SWNTs from internalized or unbound

SWNTs (Supplementary Fig. 4). We developed two image
analysis algorithms to quantify SWNTs (Supplementary Fig.
4). We used the algorithms to compute the quantities of
RGD-SWNTs and RAD-SWNTs on the surface of cells and freely

w
u
l
m

WNTs linger in the tumor and decrease steadily for nearly 4

iffusing in the interstitium (we omit plain SWNTs and non-
umor animals because they displayed minimal tumor cell
ssociation (and extravasation, in the non-tumor case) and
ere not retained long in the interstitium (see Supplemen-

ary Fig. 3, and non-tumor data not shown)). Similar to our
ualitative observations, RGD-SWNTs and RAD-SWNTs had
uantitatively similar tumor cell binding profiles until about
week p.i. (in fact, though the RGD-SWNT curve is always

learly at least slightly above the RAD-SWNT curve, the
uorescence at each time-point was not statistically dif-
erent until 1 week p.i. (Fig. 5c, Supplementary Fig. 5)).
he RGD-SWNT curve diverges significantly from the RAD-
WNT curve (p < 0.001), implying that at 1 week and beyond
GD-SWNTs tend to bind tumor cells over time in contrast
o RAD-SWNTs, which may only be transiently associated

ith the tumor cells. RGD-SWNTs show a steady, yet grad-
al decrease in tumor cell binding profile (approximately
inear in the logarithmic graph displayed), suggesting they
ay be in bound (predominantly) and unbound states for an
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xtended period (Supplementary Fig. 7). Notably, the RAD-
WNT curve rapidly diverges beginning after 7 days p.i., and
y 2 weeks p.i. a huge reduction is clear (Fig. 5c).

While tumor cell binding of SWNTs is critical, it only
rovides one attribute of SWNT interactions in tumor inter-
titium. We next observed the time-dependent behavior of
ree (unbound) RGD- and RAD-SWNTs in the tumor intersti-
ium in order to understand the overall kinetics of particle
ehavior and to place the tumor cell binding data in context.
he two curves (Fig. 5d) begin at the same point at 0 days
.i. (several hours after injection). This is immediately after
WNTs extravasated, confirming that the extravasation pro-
le of RGD-SWNTs is identical to that of control RAD-SWNTs.
hile the curves are substantially similar until ∼7 days p.i.,

hey are clearly slowly diverging, and this divergence is sig-
ificant (p < 0.001). Both curves significantly decrease over
ime (p < 0.001, Fig. 5c and d). Note that the shape of the
nbound RAD-SWNT curve (Fig. 5d) is similar to that of
he RAD-SWNT curve in the bound SWNT graph (Fig. 5c).
oth curves drop off dramatically around 10—14 days p.i.,
uggesting that after a certain threshold, the SWNTs are
leared likely because there is no specific interaction (e.g.,
igand—receptor) keeping them in the tumor region. How-
ver, the shape of the RGD-SWNT curve in the bound graph
Fig. 5c) is much different from that of the unbound RGD-
WNT curve (Fig. 5d). After a certain critical point, unbound
GD-SWNTs diminish rapidly while bound RGD-SWNTs con-
inue to decline gradually; this implies nearly all RGD-SWNTs
emaining in the tumor region are bound to tumor cells over
ime (by ∼3 weeks p.i. by comparison between the bound
nd unbound curves, in which the bound curve continues to
4 weeks p.i. nearly linearly on the log graph).

Careful inspection of the curves and data shows that a
igher amount of even unbound RGD-SWNTs remain in the
umor region longer than RAD-SWNTs remain in interstitium.
oupled with the fact that RGD-SWNTs are binding to tumor
ells with greater longevity than RAD-SWNTs, this provides
vidence that the mechanism of np binding may be consid-
red a grand equilibrium process. That is, a dynamic process
s occurring in which RGD-SWNTs tend to remain bound to
he surface of tumor cells over time, while transiently asso-
iated (i.e., non-specific interactions) RAD-SWNTs clear over
he same period (which is ∼1 week in our model, see Sup-
lementary Data for discussion). Plain SWNTs extravasated
imilarly to RGD- and RAD-SWNTs, but rapidly cleared within
days (data not shown) and were at close to background

ignal by 1 week p.i. (Supplementary Fig. 3), which sug-
ests that even the presence of a non-specific peptide (RAD)
ttached to SWNTs confers an increased ability for SWNTs to
emain in tumors. These data indicate that the presence of a
umor cell-specific targeting ligand promotes accumulation
f SWNTs over time relative to untargeted SWNTs.

iscussion

he impact and utility of np targeting ligands on the ability
f nps to accumulate in tumor is a critical and somewhat

ontroversial topic. Recent studies suggest that target-
ng provides no benefit in agent accumulation [8—11], but
ather enables an agent to interact with its cognate and thus
ind to the desired cells. By offering the spatiotemporal

w
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esolution necessary to help resolve this question, our
ynamic microscale study partially confirms the above
ypothesis, but cautions that this perception is highly time-
ependent, i.e., targeting critically depends upon the time
fter injection at which one observes. In fact, our data show
elatively similar binding to/association with tumor cells
etween RGD-SWNTs and RAD-SWNTs (Fig. 5) in the first few
ays after injection, but differences increase as RGD-SWNTs
emain within the tumor interstitium for weeks while RAD-
WNTs persist for up to a week prior to departing en masse.
his fits with current literature, as others’ nanoparticle
easurements occurred 1 day after injection [8], or were
erformed over one week [9]. Notably, we only began
o observe differences between the quantity of unbound
argeted and untargeted particles after ∼1 week, while we
ere able to discriminate between the two in the bound

tate slightly earlier. Kirpotin et al. showed they could
istinguish between targeted and untargeted particles 44 h
fter injection [9]. Because this was quantified using flow
ytometry, a technique that is more sensitive but does not
llow testing under native conditions and is thus unlike our
maging approach, the wash conditions (and a host of other
arameters, see Supplementary Material) could explain
he discrepancy. Despite these differences, based on our
ata it is likely that if Kirpotin et al. had examined signal
t later time-points, the overall kinetic structure would
e similar to what we observed. In particular, the initial
evels of targeted and untargeted nps would be similar for
certain time period (during which targeted particles tend

o bind cells), yet over time targeted particles would tend
o remain bound and thus would not be cleared; conversely,
ntargeted particles would typically not be associated with
ells and would slowly be cleared by the lymphatic system
ver time. We assume that the decrease in fluorescence
ignal in this work is due to lymphatic clearance of nps,
s it has been shown that the major route of nanoparticle
learance out of tumors is typically via the lymphatic
ystem [38,39]; however, note that we have not directly
emonstrated that this is how the SWNTs clear in this
ork. Non-specific RAD-SWNTs likely clear more slowly than
xpected because they do display some (albeit non-specific)
ssociation with the tumor cells, which while not nearly
s strong as RGD-SWNT specificity, provides a mechanism
or them to remain in the interstitium for several days
compared with plain SWNTs which clear within 3 days).
e note here that while it is possible that the decreasing
uorescent signal we observed (e.g., Figs. 4 and 5) could
otentially be due to SWNT fluorescent signal decline due
n part to physiological conditions/fluorescence quenching,
hat is unlikely to be the major contributor because we
bserve that: (1) while there is a large decrease in SWNT
ignal in unbound RGD-SWNT as well as associated and
on-associated RAD-SWNT conditions (Fig. 5c and d), there
s a steady, very slow decrease in bound RGD-SWNTs (Fig. 5c,
lue curve) — this suggests that the large decrease observed
n unbound RGD-SWNT and both RAD-SWNT conditions was
redominantly due to actual departure of SWNTs from the
umor site rather than fluorescence decline. If the effect

ere due to fluorescence quenching by the physiological
nvironment, one would expect all conditions to decrease
imilarly (i.e., a large decrease would be observed across
ll conditions). This explanation, however, does not address
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Figure 6 Framework of RGD-SWNT tumor targeting. The
framework summarizes the periods of specific accumulation of
RGD-SWNTs in tumor. From ∼1 to 6 h p.i., the RGD on RGD-SWNTs
enables specific vascular binding. Afterward, up to 1 week p.i.,
extravasated SWNTs overwhelm specific vascular binding, ren-
dering the SWNT signal in tumor non-specific. Yet by 1 week p.i.
and afterward, unbound SWNTs are removed from tumor, so that
any RGD-SWNTs remaining are predominantly bound to tumor
cells. The final ‘‘specific’’ box (∼7—30 days) includes SWNTs
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the steady decrease of fluorescence signal observed in all
conditions beginning on day 0 and continuing throughout
the experiment (Fig. 5c and d). (2) This steady decrease
is likely due to a combination of SWNT clearance plus a
gradual decrease in fluorescence intensity over time due to
quenching/stability. We attributed the steady decrease as
due mostly to SWNT clearance, as we showed that intrinsic
Raman signal (which is due solely to SWNT presence and is
not affected by fluorescent issues nor physiological concerns
[25]) decreases in accord with fluorescence (from 1 to 3
weeks p.i., see Supplementary Fig. 8). Fluorescence has
been shown to be fairly well-retained under physiological
conditions in living subjects for at least 4 months [40], and
for at least several weeks in mice for organic dyes similar
to those used here [41]. To ensure that our nanoparticles
behave similarly, we tested our SWNT-dye conjugates under
mimicked physiological conditions (100% serum incubated
at 37 ◦C), and showed the average Cy5.5 fluorescence per
SWNT declined less than 5% over one week (Supplementary
Fig. 11). These data suggest the vast majority of the
fluorescence decrease observed in Fig. 5c and d is due to
SWNT clearance rather than SWNT-dye stability.

Our data overall imply a general structure for np tar-
geting once the particles have extravasated: an interplay
in the tumor interstitium between binary states (cell-bound
and unbound particles) which are fixed (bound) or diffuse
freely through the interstitial space (unbound, likely to be
cleared lymphatically). Endowing a particle with specificity
(via, e.g., targeting peptides, antibodies, and aptamers
[22,42,43]) thus likely increases the time an average particle
remains in tumor, ultimately leading to increased accumu-
lation in tumor compared with the non-specific condition.
This concept explains our data; for instance, it explains
why we observe fewer untargeted agents in both associated
(Fig. 5c) and non-associated (Fig. 5d) states compared with
targeted (RGD) agent binding. The interplay is described
schematically for targeted particles (Fig. 6), illustrating the
time periods in which np targeting specificity is seen (the
time frame for the present experimental model is shown
along the bottom). Moreover, understanding the spatiotem-
poral processes involved in SWNT targeting has the potential
to increase the efficacy of SWNTs for imaging and therapy
by providing the framework to choose the most efficacious
time-points to image or treat cancer using targeted SWNTs;
increasing their efficacy is critical to hastening the utility of
SWNTs in the clinic [32,44].

This work applies IVM to understand the tumor targeting
framework of SWNTs, but limitations exist, including the fact
that here we have studied only one nanoparticle system, one
cell line, and one tumor site within the animals. Also, we
have examined tumors at only one stage of development,
and it is known that extravasation may vary across tumor
stages [45]. Moreover, the dorsal window tumor site that we
chose for its ability to allow long-term serial imaging may be
less natural than other sites; for instance, the tumor is more
compressed. In future studies other window chamber tech-
niques at more natural sites may be useful for serial imaging
[46]. Furthermore, we note that in this work we have not

established the relative quantities and rates of SWNT inter-
nalization into tumor cells; while we have this raw data, we
are addressing spatial resolution issues, particularly axial,
to be able to confidently resolve this important question.

0
o
(
q

hich are taken up by cells in the bloodstream and deposited in
umor, which can account for over 20% of SWNTs accumulated
n tumor by 1 day p.i (see Supplementary Fig. 2).

hile the timeframes we established in this system will
lmost certainly change as a function of nanoparticle/ligand
ype, tumor type, and site, the same analysis performed
ere can be performed under other conditions to resolve
he associated timeframes and parameters; yet it is likely
hat the general targeting framework we uncovered here
ill parallel how other nanoparticles target cancer in solid

umors and that the effect of the ligand on targeting will
e temporally dependent, that is, ligand specificity only
auses increased accumulation during specific time periods
Fig. 6). Interestingly, Liu et al. showed that RGD-SWNTs
arget tumor much better than a control at very early time-
oints [24]. The disparity with our data might be due to
everal factors, but likely the major cause is that the com-
arison was between RGD-SWNTs and control plain SWNTs
24]. Our results also showed that plain SWNTs did not tar-
et tumor as much as RGD-SWNTs even in early time-points
Supplementary Fig. 3 and data not shown for early plain
WNT time-points); however, our results show that a more
uitable control is RAD peptide, which mimics the presence
f RGD without its specificity. This control allows us to tease
ut the differences in targeting properties over time, and
o show that specific tumor cell targeting occurs only within
he context of the interstitial equilibrium process described
bove. Other differences between Liu et al.’s work and ours
nclude that the tumor is at a different site (which may
ead to major differences in extravasation and clearance,
s well as vascular targeting, which could be responsible for
he increase in RGD-SWNT specificity in the earliest (e.g.,

—6 h) time-points). Finally, we note that the phenomenon
f SWNT uptake driven by leukocyte targeting of tumor
Fig. 6) may partially confound some of our results on the
uantitative differences in targeting between RGD-SWNTs
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nd RAD-SWNTs as they are typically counted as free in
he interstitium. However, because SWNTs are delivered via
his mechanism in both conditions, the overall differential
ffects between conditions are expected to be minimal and
ill not change the conclusions (see Supplementary Material

or further discussion and for other limitations).
In summary, we employed IVM in the first study to directly

e-convolute the mechanisms underlying np delivery, exam-
ning targeting dynamics in live animals from injection
hrough vascular binding, extravasation, cell binding, and
etention/clearance. Our analysis suggests that specific tar-
eting is realized only at certain, limited time periods,
uch as early-stage vascular binding and late-stage targeted
umor cell binding, but not at other times. Our data further
ndicate that targeted tumor cell binding is an equilibrium
rocess in the tumor interstitium in which specific targeting
igands promote np adhesion to tumor cells, thereby lessen-
ng the likelihood of clearance. Our analysis also uncovered a
urprising delivery mechanism via specific leukocyte uptake
hat accounts for a substantial portion of RGD-SWNT accu-
ulation in tumor (>20%). Taken together, these analyses

ffer a new paradigm for SWNT/nanoparticle targeting,
uantifying the impact of a targeting ligand on several
elivery mechanisms, including vascular targeting, extrava-
ation, and tumor cell binding, which should help guide
he proper time-points for np-based diagnostic imaging and
herapeutic treatment.
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