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Abstract

Various targeting strategies and ligands have been employed to direct nanoparticles to tumors that
upregulate specific cell-surface molecules. However, tumors display a dynamic, heterogeneous
microenvironment, which undergoes spatiotemporal changes including the expression of
targetable cell-surface biomarkers. Here, we investigated a dual-ligand nanoparticle to effectively
target two receptors overexpressed in aggressive tumors. By using two different chemical
specificities, the dual-ligand strategy considered the spatiotemporal alterations in the expression
patterns of the receptors in cancer sites. As a case study, we used two mouse models of metastasis
of triple-negative breast cancer using the MDA-MB-231 and 4T1 cells. The dual-ligand system
utilized two peptides targeting P-selectin and a.,f3 integrin, which are functionally linked to
different stages of the development of metastatic disease at a distal site. Using in vivo multimodal
imaging and post mortem histological analyses, this study shows that the dual-ligand nanoparticle
effectively targeted metastatic disease that was otherwise missed by single-ligand strategies. The
dual-ligand nanoparticle was capable of capturing different metastatic sites within the same animal
that overexpressed either receptor or both of them. Furthermore, the highly efficient targeting
resulted in 22% of the injected dual-ligand nanoparticles being deposited in early-stage metastases
within 2 h after injection.
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Nanoparticles provide many potential benefits to address the complexity of hard-to-treat
cancers. Initially, nanoparticles were developed to passively target the leaky endothelium of
primary tumors via the ‘Enhanced Permeability and Retention” (EPR) effect.! To further
increase targeting accuracy, various ligands and targeting strategies have been used to direct
nanoparticles to tumors that upregulate specific cell-surface molecules that are different
from healthy tissues. For example, various cell-surface receptors have been exploited to
target nanoparticles to cancer cells including folate, EGF, HER2 and integrin receptors. 2
In addition to single-ligand strategies, dual-ligand nanoparticles have also been exploited to
increase targeting selectivity and intracellular delivery to a cancer site that overexpresses
two targetable biomarkers.>

However, tumors represent a heterogeneous population consisting of a dynamic
microenvironment, which undergoes spatiotemporal changes including the expression of
targetable cell-surface biomarkers.!%-12 This is even more profound in the case of aggressive
primary or metastatic tumors at their early stage of development, which consist of small
clusters of malignant cells buried within healthy tissue.!? In this work, we investigated a
different strategy on the utilization of a dual-ligand nanoparticle. By using two different
chemical specificities, we sought to increase the targeting accuracy of a nanoparticle
towards cancerous sites that upregulate two cell-surface receptors. More importantly, we
also considered the spatiotemporal alterations in the expression patterns of the receptors in
cancer sites within the same animal or patient, leading to effective targeting of the subset of
sites that may predominantly express only one of the two receptors at any given time that
would be otherwise missed by a single-ligand strategy.

As a case study of hard-to-treat tumors, we used mouse models of metastasis of triple-
negative breast cancer (TNBC), which is a highly aggressive and deadly subtype of breast
cancer.!4 Targeting occult metastases within a large population of normal cells presents
unique challenges, making them nearly inaccessible to small molecules or nanoparticles. To
circumvent these challenges, we combined the dual-ligand system with a vascular targeting
strategy (Figure 1). Vascular targeting of metastasis may be more effective than deep tissue
targeting.!> Previous studies showed that extravascular metastases are preceded by
metastatic cancer cells residing inside the lumen of blood vessels in the liver and lungs. 6 17
Intravascular metastases continue to proliferate by generating their own microenvironment
and upregulation of specific cell-surface molecules.!6-19 In this context, it is well known
that circulating tumor cells (CTCs) use the adhesion molecules of the leukocyte adhesion
cascade to attach to the endothelium at the site of future metastasis. Specifically, both
selectins and integrins have been functionally linked to the development of metastasis at a
distal site.16- 20,21 Following the initial adhesion onto endothelium, a metastatic site
transitions from P-selectin-dependent cell rolling on the endothelium to firm attachment that
is mediated by a,f3 integrin (inset of Figure 1b).16-21-25 Thus, P-selectin- and a.,p3
integrin-mediated vascular targeting of a nanoparticle is specific towards blood vessels
associated with metastases at different stages of their development. Most notably, the size of
nanoparticles makes them suitable to a vascular targeting strategy due to their geometrically
enhanced multivalent avidity.!- 26 Using in vivo multimodal imaging and post mortem
histological analyses, this study demonstrates that a dual-ligand nanoparticle can effectively
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target metastatic disease in two mouse models of breast cancer metastasis due to the
spatiotemporal changes in expression of two metastasis-associated targets.

RESULTS

Synthesis of single and dual-ligand nanoparticles

As an all-purpose nanoparticle system, we used a 100-nm liposome with a composition
similar to a clinically used formulation.2” To compare the targeting efficacy of the dual-
ligand strategy, we fabricated a,f3 integrin-targeting nanoparticles (RGD-NP), P-selectin-
targeting nanoparticles (PSN-NP) and dual-ligand nanoparticles (dual-ligand-NP). All
nanoparticles were based on the same parent batch of liposomes. Using a lipid matrix of
DPPC and cholesterol, the lipids were dissolved in ethanol and hydrated with PBS at 60 °C
followed by sequential extrusion to size the liposomes to 100 nm. After extrusion, the
nanoparticles were dialyzed twice against PBS for 1 day using a 100 kDa MWCO dialysis
tubing. To fabricate the targeting variants of the nanoparticles, the a3 integrin-targeting
peptide c(RGDfC)?8 29 and P-selectin-targeting peptide CDAEWVDVS30- 3! were linked
on the distal end of the PEG(2000)-NH, coating of the parent nanoparticles. In the case of
the dual-ligand-NP, the particle’s surface was decorated with ~5,350 ligands at a 50:50 ratio
of the two peptides. The single-ligand variants contained ~2,600 ligands per NP. The exact
number of peptides on each nanoparticle formulation was determined using direct protein
assays (Bio-Rad Protein Assay using Coomassie Blue G-250 dyes). The details of the
formulations and their characterization are provided in Table S1 in Supporting Information.

The average diameter of extruded liposomal nanocarriers was verified by dynamic light
scattering and determined to be 104 £ 3.1 nm (with a polydispersity index of 0.033). Zeta
potential measurements revealed an overall neutral charge for these liposomes (2 + 0.17
mV). Further, we performed an in vitro stability test by dialyzing the liposome formulations
against PBS at 37 °C. The size of all formulations remained unchanged after dialysis (~106
nm). Over the period of 3 days, there was negligible change in the fluorescence signal of the
formulations (<3% of the initial label).

In addition, the cellular uptake in MDA-MB-231 and 4T1 cells indicated that the single and
dual-ligand nanoparticle variants displayed similar targeting efficacy (Figure S1 in
Supporting Information).

Targeting of dual-ligand nanoparticles to metastases in the MDA-MB-231 mouse model

We initially tested the dual-ligand strategy in a model of TNBC using the MDA-MB-231
cells. This model of metastasis was based on direct injection of cancer cells into blood
circulation in nude mice. Tail vein injection of MDA-MB-231-luc-GFP resulted mainly in
colonization in the lung. Figure 2a provides the timeline and schedule of in vivo imaging. To
use the animal model at a stage that is more informative and relevant to the human disease,
we monitored the progression of metastatic disease using non-invasive, longitudinal
bioluminescence imaging (BLI).

Once metastasis was established in the lungs of mice (n=5), a cocktail of three different
targeted nanoparticles was systemically injected. The cocktail contained equal number of
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particles of RGD-NP, PSN-NP and dual-ligand-NP. The mice were injected with a dose
containing ~3.7x10!2 nanoparticles of each formulation. Imaging was performed using
fluorescence molecular tomography (FMT), which allows the simultaneous imaging of four
different NIR fluorescence channels. In previous work, we used direct quantification of
nanoparticles (ICP analysis of tissue homogenates) to confirm in vivo FMT-derived
measurements of NIR-labeled nanoparticles.2® 32 More details about FMT and phantom
studies can be found in the Supporting Information. By using different NIR dyes on the
three nanoparticle variants, we visualized the in vivo fate of all three formulations in the
same animal. The NIR fluorophore was directly linked onto a lipid and therefore was buried
within the PEG coating. To be able to eliminate the interfering signal of circulating
nanoparticles in the bloodstream, we identified a low dose of administration of the
nanoparticles that facilitated easy detection of a successful targeting event on the blood
vessel walls of metastases.!2- 20 Figure 2b shows an example of FMT images of the same
animal 3 h post-injection, indicating the significantly superior targeting ability of dual-
ligand-NP over the RGD-NP variant (or PSN-NP; image not shown). We should note that
injection of the nanoparticles at the selected dose into healthy animals generated
undetectable signal in the thoracic region 3 h post-injection. Notably, quantification of the
fluorescence signals in each metastatic site showed that the performance of the dual-ligand-
NP was statistically insignificant compared to the single-ligand nanoparticles (Figure 2c).
However, such analysis can be quite misleading. When we looked closely at each metastatic
site separately (Figure 2d, y-axis is in logarithmic scale), the dual-ligand-NP was able to
consistently capture all the metastatic sites that would be otherwise missed if only one
ligand was used. For example, dual-ligand-NP achieved an at least 10-fold higher deposition
than RGD-NP in metastatic sites 1 and 3. Similarly, dual-ligand-NP exhibits superior
deposition over PSN-NP in metastatic site 7.

Evaluation of the dual-ligand nanoparticle in the mammary 4T1 mouse model

Since human cancer as a disease is much more heterogeneous than one experimental tumor
model in terms of both tumors and hosts, we also used the murine 4T1 breast cancer cells,
which represent a model of TNBC. The 4T1 cell line is a mouse syngeneic mammary
adenocarcinoma. It is one of the few breast cancer cell lines that models the development of
metastatic disease and infiltration of leukocytes into the primary tumor due to the presence
of an intact immune system. This facilitates studies of TNBC development and metastasis in
immunocompetent mice, which acquire metastases at organs (€.9., lungs, liver, spleen)
similar to the human disease.33-35 We employed in vivo (FMT and BLI) imaging followed
by post mortem analysis (schedule is shown in Figure 3a). To recapitulate breast cancer in
the adjuvant setting, the primary 4T1 tumor was resected from the mammary fat pad of
mice, after metastatic disease had spread to distant organs. Longitudinal BLI imaging of
4T1-luc-GFP cells exhibited that the BLI signal disappeared from the primary site after
resection of the tumor at day 14.15 However, metastatic disease quickly appeared in the
lungs (Figure 3b).

The cocktail of the three different targeted nanoparticles was systemically injected to a
group of mice bearing 4T1 metastases (n=7 animals). Based on previously published
work,30 regions of interest (ROIs) were selected in the FMT image to indicate the location
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of major organs (Figure 3c). As shown in the representative example of Figure 3d, while
RGD-NP and PSN-NP co-localized only in one metastasis (out of 5 metastatic sites), many
micrometastases were targeted only by PSN-NP or RGD-NP. Importantly, the dual-ligand-
NP was able to capture metastases that were missed when only one ligand was used. The in
Vivo imaging data were verified by ex vivo organ imaging of the entire lung, in which we
used green (cancer cells) and red (nanoparticle) fluorescence imaging (Figure 3e). Using the
€X ViVo imaging as the gold-standard for confirmation, the targeting accuracy (on a per
lesion basis) of the dual-ligand approach was about 89% (out of the total number of
confirmed micrometastatic sites) in comparison to 55% and 72% for RGD-NP and PSN-NP,
respectively.

Using a dose of 3.7x1012 nanoparticles in each animal, we then compared the organ
distribution of dual-ligand-NP and standard non-targeted nanoparticles (NT-NP) in healthy
BALB/c mice (n=5 mice in each condition). The animals were euthanized 24 hours after
intravenous administration of dual-ligand-NP or NT-NP, and the organs were retrieved,
homogenized and analyzed. Overall, the biodistribution of the two formulations was similar
(Figure S2 in Supporting Information). As expected, both formulations accumulated
predominantly in the liver and spleen. Not surprisingly, the blood residence time of dual-
ligand-NP was lower than the non-targeted variant due to the faster recognition of the
peptide-decorated nanoparticles by the reticuloendothelial system. Furthermore, the
accumulation of dual-ligand-NP in the heart, lungs and kidney was less than 3% of the
injected dose per gram of tissue, which was comparable to the behavior of NT-NP. The
insignificant non-specific deposition of dual-ligand-NP in healthy lungs further supports the
enhanced selectivity and specificity of the nanoparticle in targeting lungs with metastatic
disease.

analysis

We performed detailed histological analysis in the 4T1 and MDA-MB-231 models to
evaluate the topology of metastatic cancer cells with respect to blood vessels and associated
expression of a3 integrin and P-selectin. In the case of the 4T1 model, after identifying the
presence of clusters of metastatic cells dispersed in the lungs, cancer cells were localized
predominantly on the endothelium (Figure S3 in Supporting Information). Imaging at high
magnification showed that these vascular beds were exactly the locations that overexpressed
a,P3 integrins or P-selectin. Most importantly, the expression of the two vascular markers
exhibited spatial variability. Histological analysis of lungs from the MDA-MB-231 model
displayed similar results (Figure S4 in Supporting Information).

We also examined animals histologically to verify the presence of dual-ligand-NP
nanoparticles in the majority of metastases. A representative image of an entire lobe of the
lungs is shown in Figure S5a (Supporting Information) displaying the presence of clusters of
metastatic cells dispersed in the lung. Fluorescence microscopy showed that dual-ligand-NP
particles were predominantly distributed in those same locations colonized by 4T1 cells.
Importantly, no nanoparticles were seen in locations of healthy tissues. Imaging at higher
magnification showed that the nanoparticles colocalized with the 4T1 cancer cells (Figure
S5b).
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Spatiotemporal changes in the distribution of P-selectin and a,f3 integrin-targeting
nanoparticles at micrometastatic sites

We used FMT imaging to assess the time-course of the distribution PSN-NP and RGD-NP
in mice bearing 4T1 micrometastases (Figure 4a). The cocktail contained RGD-NP, PSN-NP
and non-targeted nanoparticles (NT-NP). Different NIR dyes on the three nanoparticles
allowed us to simultaneously visualize their in vivo fate in the same animal (n=8). The
animals were imaged at day 19, 22 and 26 after tumor inoculation. At each time point, the
animals were injected with a new dose of the same cocktail. While NT-NP generated very
low signal in the thoracic region, RGD-NP and PSN-NP exhibited significant signal from
metastasis (Figure 4b). The fluorescence signal from RGD-NP and PSN-NP was
comparable, but we should emphasize that the variability among different metastatic spots
was high as indicated by the large standard deviations. For example, the signal profiles of
RGD-NP and PSN-NP from two hot spots of the same animal were fundamentally different
(Figure 4c). Following an analysis of all the metastatic spots (each animal had 2—4 spots;
total of 22 metastatic spots) for the three time points, we identified that the predominant
signal at the early-stage disease was from PSN-NP compared to RGD-NP (initial time point;
t=19 days), while the roles were reversed at the later stages of the disease (Figure 4d). These
spatiotemporal variations strongly suggest the need for a dual-ligand nanoparticle to target a
broad spectrum of the disease.

Scintigraphic imaging of early-stage metastasis

While in vivo fluorescence imaging provided high sensitivity, we sought to evaluate
targeting of metastasis at its very early stages of development using the dual-ligand-NP. Due
to the quantitative nature and extraordinary sensitivity of radionuclide imaging,3” we
selected gamma scintigraphy using Technetium-99m (°*™Tc) as a radionuclide label for the
nanoparticle. Using a so-called “shake and bake” radiolabeling method, we were able to
efficiently incorporate 9™Tc into the dual-ligand-NP via a chelator on the particle’s surface.
To resemble the early stage development of metastatic disease, we used the orthotopic 4T1
animal model at a very early time point. In the previous experiments, we used this animal
model at day 21 post-tumor inoculation after we had surgically resected the primary tumor.
In this study, we used the model at day 9 after tumor inoculation (Figure 5a). To test the
targeting accuracy of the 9*™Tc-dual-ligand-NP in identifying metastatic disease at an early
stage, we performed gamma scintigraphic imaging in a group of mice harboring 4T1
metastasis and a group of healthy mice (n=5 in each group). Figure 5b shows a
representative coronal gamma scintigraphy image of a mouse bearing 4T1 metastasis 120
min after administration of ~20 uCi of °™Tc-dual-ligand-NP. Scintigraphy imaging showed
that vascular targeting of the nanoparticle resulted in “hot spots” in the lungs of mice with
4T1 metastasis.

To validate the findings of in vivo imaging, we employed terminal studies immediately after
the last in vivo imaging session using ex vivo planar fluorescence imaging, scintigraphic
imaging and 3D cryo-imaging. Figure Sc shows images of serial cryo-sections of the entire
mouse, which were obtained using 3D reconstructions, providing ultra-high-resolution
fluorescence (i.e., GFP) volumes and location of each micrometastasis. Most importantly,
the findings of in vivo imaging were verified by ex vivo organ imaging. After the lungs were

ACS Nano. Author manuscript; available in PMC 2016 August 25.



1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Doolittle et al.

Page 7

perfused, planar fluorescence imaging and scintigraphic imaging indicate that the 9°™Tc-
dual-ligand-NP coincided with the locations of metastasis (Figure 5d).

To quantitatively evaluate the ability of the dual-ligand-NP to target metastasis, the signal
intensity in the lungs was measured in regions of interest enclosing the thoracic region.
Comparing mice bearing 4T1 metastasis and healthy mice after injection of the **™Tc-dual-
ligand-NP, quantification of the signal intensity indicated significant accumulation of the
dual-ligand-NP in metastatic sites (Figure 5e). Due to the highly efficient targeting of the
dual-ligand strategy, at 2 h after injection, 22% of the injected nanoparticles accumulated in
the lungs of mice with early-stage 4T1 metastasis. Furthermore, the negligible signal in the
thoracic region of healthy animals indicated the absence of non-specific accumulation of the
dual-ligand-NP in the lungs. Furthermore, measurement of the signal in the ex vivo
scintigraphy images confirmed the in vivo imaging.

DISCUSSION

As a case study of highly aggressive cancer, we selected triple-negative breast cancer
(TNBC) metastasis. '8 1938 TNBC is an extremely hard-to-treat subtype of breast cancer
with frequent relapse.'* While TNBC accounts for 15-25% of invasive breast cancers, their
highly metastatic phenotype causes disproportional mortality among breast cancer
patients.38 Here, we demonstrated the design of a dual-ligand nanoparticle capable of
recognizing the hard-to-reach microenvironment of metastasis in two mouse models of
TNBC, the 4T1 and MDA-MB-231 models. To enhance targeting of nanoparticles to hard-
to-reach cancer sites, we decorated the nanoparticle with two types of targeting ligands. Our
primary goal was to develop a targeted nanoparticle capable of ‘capturing’ the dynamic
microenvironment of aggressive cancers and the associated spatiotemporal changes in the
expression of targetable biomarkers. Taking under consideration the receptor size and
spacing and the overall size of receptor clusters,>® we did not expect simultaneous binding
of the same nanoparticle to both types of receptors but rather binding of different
nanoparticle on either receptor. In fact, our data pointed out that the dual-ligand strategy
achieved complementary targeting of different tumor sites. While other strategies have
exploited dual-ligand nanoparticles to increase the targeting specificity towards the same
cancer cell of a tumor,>- © we showed that the dual-ligand strategy facilitated high accurate
targeting of early stage metastases that were otherwise missed by a single-ligand strategy.

To design the dual-ligand nanoparticle, the process of metastasis had to be taken into
account. During initiation of metastasis, tumor cells undergo the so-called epithelial to
mesenchymal transition (EMT) and obtain migratory and invasive properties. In addition to
many factors, substrate-binding integrins are known to induce EMT. Once circulating tumor
cells (CTCs) enter the bloodstream, they attach to the endothelium of distant organ using the
adhesion molecules of the leukocyte adhesion cascade. In the initial stages of development
of metastasis, transient interactions of CTCs with the endothelium are supported by P-
selectin in a comparable manner to the recruitment of leukocytes during inflammation.*°
Rolling and tethering of CTCs to the endothelium, and the aggregation between tumor cells,
platelets and leukocytes is mediated by selectins.*!~* Following the initial adhesion of
CTCs onto the vasculature, the metastatic site transitions to a,f3 integrin-dependent firm
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attachment.16- 22-25 Qverall, platelets cooperate with c.f3 integrin to promote adhesion,
migration and invasiveness of metastatic tumor cells.16: 20, 46 Fyurthermore, the minimal
expression of a,f3 integrin on the endothelium of healthy tissues makes this vascular marker
suitable to our targeting approach.*’~4 Even though a5 integrin is found in the
extracellular matrix of healthy tissues, a 100-nm nanoparticle cannot extravasate through
intact endothelium of healthy tissues. Indeed, our in vivo and histological studies showed the
spatiotemporal targeting of the two selected vascular receptors in metastatic sites indicating
the need for a dual-ligand strategy.

Further, to enhance the targeting capabilities of a nanoparticle, the targeting system must be
designed according to the distinct microenvironment of metastasis.>® Micrometastasis
represents the early spread of the disease to distant organs resulting in small clusters of
cancer cells with sizes smaller than 2 mm (but larger than 0.2 mm) that lack angiogenic
activity and leaky endothelium.!3 Contrary to primary tumors with several millimeters in
diameter, the EPR strategy and deep tissue targeting of nanoparticles are not effective in
early-stage primary or metastatic cancerous sites. With our targets being a,f; integrin and
P-selectin on the remodeled endothelium of metastasis, vascular targeting of metastatic
disease is more effective than deep tissue targeting. Most importantly, the size of the
nanoparticles and the resulting multivalent avidity are very suitable to vascular targeting. In
fact, our multimodal imaging studies in two animal models of breast cancer metastasis
showed that the dual-ligand nanoparticle gained rapid access to and was deposited at
metastases within a few hours after systemic injection.

Considering the available nanoparticle designs and their adjustable ability to target cancer
sites, nanoparticles can be optimally designed in terms of biophysical and biochemical
interactions for site-specific targeting of very distinct tumor microenvironments. For
example, the biophysical interactions can be tweaked by changing the size and shape of a
nanoparticle, which may significantly alter the nanoparticle’s intravascular and interstitial
transport.>%- 31 In this study, we used a 100-nm liposome, which is an all-purpose,
commonly used nanoparticle. However, multi-ligand targeting schemes are not restricted to
one nanoparticle and can be adapted by any type of nanoparticle. In this work, we explicitly
focused on demonstrating that a dual-ligand strategy can significantly alter the biochemical
interactions of a nanoparticle with the complex tumor microenvironment. Future studies will
focus on further improvements by identifying the optimal ligand density for each ligand and
the optimal ratio of the two ligands. Considering the current advanced in cancer biology and
genetics, we expect more targetable cell surface molecules to continue becoming available,
which can be incorporated into highly comprehensive multi-ligand targeting systems.

CONCLUSIONS

This work demonstrated that a dual-ligand nanoparticle facilitated highly accurate targeting
of the early development of metastatic disease. Considering the dynamic microenvironment
of aggressive cancers and the spatiotemporal changes in the expression of cancer-specific
biomarkers, the dual-ligand strategy was able to target a broad range of the disease that
would be otherwise missed using single-ligand strategies.
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METHODS

Fabrication of single- and dual-ligand nanoparticles

Liposomal nanoparticles were fabricated using established methods.>? A lipid composition
of DPPC, cholesterol and DSPE-PEG(2000)-ligand in the molar ratio of 60-X:40:X was
used, where X was 2.5 or 5 mol% for the single-ligand or dual-ligand variants, respectively.

To prepare the DSPE-PEG-ligand, the a3 integrin-targeting peptide (c(RGDfC), Peptides
International) and P-selectin-targeting peptide (CDAEWVDVS, GeneScript) was conjugated
to DSPE-PEG-NH,. Each nanoparticle variant was labeled with a different NIR fluorophore
using Vivotag-S 645, Vivotag-S 680, or Vivotag-S 750 (Perkin Elmer), which contained an
NHS functional group. More details on the synthesis and characterization of the
nanoparticles are provided in the Supporting Information.

Tumor models

All animal procedures were conducted under a protocol approved by the CWRU IACUC.
We used the 4T1 and MDA-MB-231 tumor models in mice. The 4T1 and MDA-MB-231
cell lines were engineered to stable express firefly luciferase and green fluorescent protein
(GFP). Briefly, for the 4T1 model, we inoculated 0.5 x 10° 4T1 cells orthotopically in a no.
9 mammary fat pad of female BALB/c mice that was surgically exposed while mice were
anesthetized. We have previously established that disseminated metastases are developed
within 14 days of 4T1 inoculation. At that point, the primary tumor was resected using
established methods. The animals were used 5 days after surgery to allow the animals to
recover. For the MDA-MB-231 model, female athymic mice were injected via the tail vein
with 1.4 x 10 cells.

Bioluminescence imaging

After 10 days from tumor inoculation, bioluminescence imaging (BLI) was performed 10
min after intraperitoneal administration of 200 pl of D-luciferin (10 mg/ml) using a
preclinical In Vivo Imaging System (IVIS, Perkin Elmer). BLI was performed every 3-5
days until the terminal point of the study. At the terminal point, organs were extracted for

histological analysis.

Fluorescence in vivo imaging

Following establishment of the tumor models, Fluorescence Molecular Tomography (FMT)
imaging was performed at multiple time points after injection of a cocktail of nanoparticles
(t=0, 30 min and 2, 5, 24 hours). The cocktail contained equal number of particles of RGD-
NP, PSN-NP and dual-ligand-NP. The mice were injected with a dose containing ~3.7 x
1012 nanoparticles of each formulation. Each nanoparticle formulation was labeled with a
different NIR fluorescent dye (Vivotag). Phantoms for each formulation were used to
calibrate the FMT to take quantitative deposition measurements of regions of interest
containing lung metastasis. Organs from animals injected with saline were also imaged to
determine background fluorescence at all excitation wavelengths. To verify the findings of
in vivo imaging, organs were imaged ex vivo using 2D fluorescence imaging with a CRi
Maestro fluorescence imaging system.
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Histological evaluation

Immunohistochemistry was performed on a subset of the animals to evaluate the location of
metastatic cancer cells with respect to blood vessels and associated expression of af3
integrin and P-selectin. After the last imaging acquisition, the lungs were collected for
histological analysis. Details on the histological methods are provided in the Supporting
Information.

Scintigraphic imaging

The bifunctional chelating agent, p-SCN-Bn-DTPA was conjugated to a small portion of the
available surface amines on the dual-ligand-NP. Each particle contained ~240 DTPA
molecules. For 2MTc radiolabeling, a shake-and-bake method was employed with the
nanoparticle suspension containing a 10-fold excess of DTPA over the added **™Tc
radionuclide. Upon dilution with sterilized PBS to a desired activity of ~20 uCi in an
injection volume of 200 l, each animal was injected with a dose containing ~3 x 1010
nanoparticles. After injection, whole-body planar gamma scintigraphic imaging was
performed using a Gamma Medica FLEX small animal-imaging instrument (X-SPECT
system). To confirm the findings of the in vivo imaging, the lungs were imaged €X vivo using
the SPECT system and a CRi Maestro fluorescence imaging system to detect GFP-
expressing 4T1 cells (green channel). More details on the radiolabeling method are provided

in the Supporting Information.

3D cryo-imaging

After the entire lungs were harvested, they were preserved in 4% paraformaldehyde, soaked
in 30% sucrose in PBS, and frozen in OCT. The BiolnVision CryoViz was used to section
through each lung in slices of 25 um thickness, while bright-field and fluorescence images
of each tissue section were collected at 1.25X magnification. Using CryoViz software, a 3D
visualization was created for the bright-field organ view as well as a corresponding 3D
visualization of the distribution of GFP cancer cells in the lungs. Subsampling in 3D
reconstruction created the final images with a voxel size of 10.418 x 10.418 x 50 um. To
reflect visually distinguishable signal, a maximum intensity projection of the green signal in
the fluorescent acquisition image was obtained and thresholded. This image was overlaid
with the 3D bright-field reconstruction of the lungs.

Statistical analysis

Means were determined for each variable in this study and the resulting values from each
experiment were subjected to one-way analysis of variance with post hoc Bonferroni test
(SPSS 15, Chicago, IL). A P value of less than 0.05 was used to confirm significant
differences. Normality of each data set was confirmed using the Anderson-Darling test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ilustration of (a) the dual-ligand nanoparticle, and (b) targeting of the nanoparticles to

metastatic sites using vascular targeting and a dual-ligand strategy. Inset: Interactions of
circulating tumor cells and vascular bed.
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Figure 2. Evaluation of the ability of the dual-ligand nanoparticlesto target metastasisin vivoin
the MDA-M B-231 mouse model

(a) The synopsis shows the timeline and schedule of the in vivo imaging studies. After 25
days from systemic injection of MDA-MB-231 cells via the tail vein, bioluminescence
imaging (BLI) showed the development of metastasis in the lungs. Each metastatic site was
numbered, which is indicated on the BLI images. (b) Representative fluorescence molecular
tomography (FMT) images of the mouse with metastatic spots 4 and 5. FMT imaging was
performed 3 h after injection of a cocktail of RGD-NP, PSN-NP and dual-ligand-NP. ()
Using the different NIR fluorophores on each nanoparticle variant, the fluorescence signal in
the thoracic region of the FMT images was quantified for each formulation (n=5 mice).
Based on phantom measurements of each formulation using the FMT system, the
fluorescence signal was converted to nanoparticle concentration (means.d.; y-axis is in
logarithmic scale). (d) The total number of nanoparticles for PSN-NP, RGD-NP and dual-
ligand-NP is shown for each metastatic spot (y-axis is in logarithmic scale).
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Figure 3. Evaluation of the ability of the dual-ligand nanoparticlesto target metastasisin vivo in
the 4T 1 mouse model

(a) The different protocols of in vivo imaging and ex vivo and histological analysis are
shown. (b) BLI images show a mouse before and after resection of the primary tumor. (C)
ROIs indicate the location of the different organs in an FMT image. (d) Representative FMT
images of a mouse with 4T1 metastasis are shown 3 h after injection of a cocktail of RGD-
NP, PSN-NP and dual-ligand-NP. After thresholding, the fluorescence signal of each
formulation was color-coded (green: RGD-NP; red: PSN-NP; blue: dual-ligand-NP). (€)
Using a CRi Maestro fluorescence imaging system, ex vivo imaging of lungs indicated the
colocalization of the targeted nanoparticles and 4T1 metastatic cells expressing GFP. (f)
Using the ex vivo images to confirm the location of metastatic sites in each mouse, the
targeting accuracy of the RGD-NP, PSN-NP and dual-ligand-NP was calculated as a
percentage of the metastatic sites being successfully captured by each formulation (n=7
mice; * P<0.05 by Student’s t-test).
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Figure 4. Spatiotemporal targeting of P-selectin and a,B3 integrin in vivo in the 4T 1 mouse
model

(a) Representative FMT images show targeting of nanoparticles to micrometastases 1 h
post-injection in a mouse bearing 4T1 breast cancer metastasis. Mice with 4T1 metastasis
(n=8 mice) were injected with a cocktail of a3 integrin-targeting nanoparticles (RGD-NP),
P-selectin-targeting nanoparticles (PSN-NP) and non-targeted nanoparticles (NT-NP)
containing equal number of particles per formulation. (b) Quantification of the fluorescence
signal from hot spots in the FMT images is shown for each formulation. Each animal
presented 2—4 hot spots (total 22 hot spots). The animals were imaged at three different time
points (t=19, 22 and 26 days after tumor inoculation) to capture early-stage and later stages
of metastatic disease. (C) Two hot spots from the same animal show the time-course of
signal for RGD-NP and PSN-NP. (d) Comparison of the signal for RGD-NP and PSN-NP
was performed for each hot spot in the early-stage (t=19 days) and late-stage disease (t=26
days). To consider a signal of a targeted nanoparticle superior than that of the other
formulation, it had to exhibit a difference of 100 pmoles of the fluorophore or greater, which
corresponded to the considerable difference of 4x10!! nanoparticles (~10% of the injected
dose). Only signals above 80 pmoles of fluorescence were included in the analysis, since
this was the detection threshold for the ‘non-specific’ signal of the non-targeted formulation.
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Figure5. Targeting early-stage metastasis using the dual-ligand nanoparticle
(a) The timeline and schedule is shown for the in vivo imaging studies and post mortem

analyses. (b) Using whole-body planar gamma scintigraphy, representative coronal image
shows the accurate targeting of a 9™Tc-labeled dual-ligand-NP to early-stage metastases in
the lungs of a mouse with 4T1 metastasis 2 h after injection. Following a systemic injection
of ~20 uCi of 2™Tc-dual-ligand-NP, the animals were imaged using a Gamma Medica X-
SPECT system. The animal model was used 9 days after orthotopic tumor inoculation in a
mammary fat pad, which was the time point of early onset of lung metastasis. (C) In the end
of the in vivo imaging session, the lungs of the animals were perfused, excised and imaged
ex Vivo using planar gamma scintigraphy, planar fluorescence imaging and 3D cryo-
imaging. 3D-cryo-imaging provided an ultra-high-resolution fluorescence volume of the
lungs showing the early onset and topology of metastatic disease. (d) Overlaying ex vivo
planar fluorescence and scintigraphy imaging of lungs, the colocalization of dual-ligand-NP
and 4T1 metastatic cells is shown. (€) The targeting efficacy of dual-ligand-NP was
compared in mice bearing 4T1 metastasis and healthy mice (n=4). Using a gamma
scintigraphy, both groups of animals were imaged 2 h after systemic injection of ~20 uCi
of 99MT¢-dual-ligand-NP. The signal intensity in the thoracic region was compared
quantitatively between the two groups.
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