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Abstract

Enhanced visualization of breast cancer using X-ray microComputed Tomography is achieved
using 10nm-diameter Bi,S3 nanoparticles, modified to display a tumor homing peptide (LyP-1,
CGNKRTRGC). Accumulation within the tumor was increased by 260% over non-labeled
nanoparticles.
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Nanoparticles have shown great potential as contrast agents for /n vivo medical imaging of
several different cancer types.[1=3] Much of the work thus far has focused on nanoparticle
contrast agents for magnetic resonance and optical imaging studies.[4-8] More recently, X-
ray Computed Tomography (CT) probes based on iodine, gold, and bismuth nanomaterials
have been demonstrated /77 vivo.[® 9121 Here we present the synthesis and i vivo
characterization of bismuth sulfide (Bi,S3) nanoparticles labeled with the cyclic nine amino
acid peptide LyP-1 targeted to 4T1 breast cancer in mice. The nanoparticles showed limited
signs of acute cytotoxicity at concentrations up to 0.03 M Bi, and the LyP-1 peptide-labeled
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nanoparticles preferentially accumulated into 4T1 tumors both /n vitroand in vivo, enabling
acquisition of high fidelity CT images of the orthotopic tumor, particularly at the tumor
margins.

Tissue-specific medical imaging contrast agents are an emerging tool for diagnostic screens
for cancer. This study focused on one of the most common clinical imaging methods, X-ray
computed tomography (CT), using targeted Bi,S3 nanoparticles as the contrast agent. Bi,S3
nanoparticles are well suited as CT contrast agents due to the large atomic number of Bi (2=
83) compared to currently available clinical or pre-clinical alternatives such as iodinated (2=
53) or gold-based systems (z= 79), [12-14] and nanoparticles of Bi,S3 have been shown to be
equal or superior to iodinated CT contrast agents.l2] In order to provide tissue specificity
for the contrast agent, we used a nine amino acid cyclic peptide, CGNKRTRGC (LyP-1), as
a homing group. The molecular signature of the cells, lymphatics, and vessels associated
with tumors often differ from healthy tissues, and molecules that can specifically bind to
these features provide a route to deliver contrast agents in a site-specific manner.[15-20]

The homing peptide used in this study, LyP-1, was previously isolated from a screen using
MDA-MB-435 human cancer xenografts.[21] This was the first peptide that showed specific
homing to tumor lymphatic vessels in addition to other cells in tumor tissues. The ability of
species labeled with LyP-1 to target tumor-draining lymph nodes was confirmed by
blocking experiments, in which targeting was observed in the presence of free LyP-1.[22]
The cellular receptor for LyP-1 is the gC1q receptor p32 protein.[23] Elevated levels of this
protein have been detected in a variety of tumor cell lines, in addition to clinical samples of
human carcinoma.[23] The tumor cell lines used in this study, 4T1 mouse breast cancer cells,
are known to overexpress the p32 protein on their cell and mitochondrial membranes.[23]

To prepare the LyP-1 modified nanoparticles, inorganic BioS3 nanoparticles were first
synthesized by hot—injection of elemental sulfur into a boiling solution of bismuth acetate in
1-octadecene containing oleic acid. This procedure yielded Bi,S3 nanoparticles of the
expected elemental composition (energy dispersive x-ray spectrum, EDS, Figure S1), with
mean diameter (by transmission electron microscopy, TEM, Figure 1a, Figure Sic) of 10 +
1.2 nm and with a hydrophobic oleate surface coating. The oleate-coated nanoparticles were
then treated with a solution containing 1,2-diastearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)](PEGs5qgg-DSPE) (MW = 5000 g/mol) that contained a
maleimide terminal group. This resulted in a noncovalent micellar overcoating on the
nanoparticles. The LyP-1 peptide was then conjugated via thioether formation between the
maleimide and an A-terminal cysteine moiety on LyP-1.124-26] The resulting particle
formulations had an average hydrodynamic radius of 28 nm by dynamic light scattering,
DLS, (Figure S1). The LyP-1 peptide-labeled Bi,S3 nanoparticles had no effect on the
growth of cells (4T1 tumor cells or J774 macrophages), (Figure S2) during 24 hr incubation
periods at concentrations of bismuth reaching 0.5 mg/mL (2.39 mM Bi), corresponding to
19.7 uM of the LyP-1 targeting peptide, ca. 6.5 peptides per nanoparticle). The ICgq for the
targeting peptide in its free form is ca. 66 pM.[27] The LyP-1 labeled Bi,S3 nanoparticles
were internalized by the p32-expressing 4T1 cells with >3-fold greater efficiency relative to
non-labeled control Bi,S3 nanoparticles (Figure 1b). Despite the large degree of
internalization, the LyP-1 peptide formulation did not induce detectable cell death at the
concentrations used.

The pharmacokinetic behavior of the Bi,S3 nanoparticle formulation synthesized by the
current method is comparable to that of the previously published Bi,S3 nanoparticle
preparation used for microCT imaging.[*2] The Jn vivoblood circulation half — life (t;/5) of
LyP-1 labeled Bi,S3 nanoparticles in healthy female Balb/c mice (intravenously injected
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with 200 pL doses of 0.25 M bismuth) was 230 + 20 min, based on a single — component
pharmacokinetic model (Figure 2a).

The tissue distribution of bismuth was quantified in tumor-bearing mice 24 h postinjection
(>6 ty,), in order to allow the nanoparticle formulation sufficient time to clear from
circulation (Figure 2b). The size of the nanoparticles limits renal clearance, favoring splenic
and hepatic clearance mechanisms instead[28 291, and the presence of targeting peptide
exhibited no significant impact on the accumulation of the nanoparticles within these organs.
Splenic uptake corresponded to 26 — 27 % injected dose/g tissue and 17 — 20 % injected
dose/g tissue was found in the liver (Table S1). Only a small fraction of nanoparticles
(approximately 4 % injected dose/g tissue) were cleared renally. These renally cleared
nanoparticles are proposed to possess either a smaller core radius, or to have been degraded
to ionic bismuth /n vivo, either of which could be expected to be more readily cleared by the
kidneys. A similar proportion of Bi accumulated in the lungs, indicating that larger sized
agglomerates formed during circulation. While the accumulation observed in the kidneys
and lungs was small, more work is needed to determine the roles of agglomeration and
degradation on the toxicity and pharmacokinetic profiles of the material. The data (Figure 2b
and Table S1) show a marked increase in tumor accumulation of LyP-1 labeled
nanoparticles (8.4 £ 2.1 % injected dose/g tissue) relative to unlabeled nanoparticles (3.2 +
1.7 % injected dose/qg tissue).

Clearance of nanoparticles from circulation was monitored in organs harvested 4 h
postinjection, quantified by near-IR fluorescence images of Cy7-labelled nanoparticles
(Figure S3a). At this time point, clearance by the reticuloendothelial system (RES) was
dominated by the liver rather than the spleen. The kidneys also showed strong fluorescence
intensity, although this is likely attributable to an accumulation of Cy7-labeled polyethylene
glycolgggo —DSPE molecules shed from the nanoparticle micelle during circulation. In
agreement with the quantitative biodistribution data of Figure 2b, some nanoparticle
accumulation was observed in the lungs. The fluorescence images indicated strong
accumulation in the tumor tissues (Figure S3a). The distribution of the fluorophore appears
center heavy in the spleen, liver, and tumor tissue. However, /in vivo transverse microCT
scans showed accumulation of nanoparticles at the tumor periphery rather than in the core of
the tumor (Figure S4). The apparent discrepancy is attributed to free Cy7-labeled
polyethylene glycolspgg —~DSPE molecules that have been shed from the nanoparticle
assembly and diffused into the tumor. The total % injected dose/gram tissue of nanoparticles
in the tumor determined from the microCT data was less than in the liver or spleen (Figure
S3). However, the fluorescence signal from the tumor was higher than that from the liver
and spleen, indicating the accumulation of untethered Cy7-PEG500-DSPE in the core of the
tumor tissue.

MicroCT images of live, tumor-bearing mice injected with Bi,S3 nanoparticles were
acquired over a 1-day time period postinjection (Figures 3 & S4). The contrast agent was
visualized by microCT in the vasculature immediately after injection, with subsequent scans
obtained at 2, 4.5, and 24 h postinjection. Consistent with the ex vivo half-life measurements
(Figure 2a), the /n vivo imaging data yielded ty;, for the nanoparticles to be ~ 4 h (Figure
S7). When injected at a total Bi concentration of 0.25 M (in 200 pL injected volume), the
blood pool was evident in the images (Figure S7 a—d). Volume-rendered images of the
mouse obtained immediately following administration showed a low degree of RES
clearance into the liver and spleen, and accumulation into a small portion of the tumor. As
time progressed, the RES organs became more discernible, indicative of nanoparticle
accumulation. Images obtained 24 h after injection (Figure S4d, S7d) revealed significant
removal of nanoparticles from the blood pool and accumulation in the liver, the spleen, and
the tumor. The tumor boundaries in particular are readily visible in the data for the targeted
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nanoparticle (Figure 3d, 3f) relative to the untargeted nanoparticle (Figure S5). Quantitative
analysis of the microCT contrast (in Hounsfeld units, Figures S3, S6) indicated that the
tumor contained 1.7 fold more LyP-1 labeled Bi,S3 nanoparticles than non-labeled BiyS3
nanoparticles after 4.5 h. This result is consistent with ICP-OES measurements, which
indicated that twice the quantity of targeted (LyP-1 labeled) Bi,S3 nanoparticles
accumulated in the tumor relative to unlabled Bi,S3 nanoparticles (Table S2). After 7 days,
LyP —1 labeled nanoparticles remained visible within the liver, spleen, and tumor tissues in
the microCT images (Figure S8), indicating prolonged retention of the particles within these
tissues. Notably, the intestines of the mouse also showed enhanced contrast, indicating that
the nanoparticles are removed via a hepatobiliary/fecal route.

The data presented here are consistent with previous observations of LyP — 1 peptide
increasing the homing efficacy of nanoparticles to tumors that express elevated levels of the
p32 cell surface receptor,[18: 30-33] and it extends this theme to a new class of X-ray contrast
agents, Bi,S3 nanoparticles. Following accumulation, the monodispersed BiyS3
nanoparticles yield sufficient contrast to provide quantitative, high fidelity CT images of
tumors for ~1 week postinjection. Notably, the nanoparticles appear to undergo clearance
from the mice via a fecal route during this time period. Although this limits the period of
imaging, it provides a safe mechanism for nanoparticle clearance.
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Figure 1.

Physical and /n vitro characterization of Bi,S3z nanoparticles. a, Transmission electron
micrograph of Bi,S3 nanoparticles encapsulated in PEGsqgq -DSPE labeled with LyP-1
peptide. b, quantity of Bi,S3 nanoparticles internalized by 4T1 cells /n vitro, 4 h after
incubation with Bi,S3 or LyP-1 labeled Bi,S3. The error bars in b correspond to the standard
deviation calculated from at least three experiments. The asterisk in b corresponds to p <
0.005.
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Figure 2.

In vivo circulation time and biodistribution of injected Bi,S3 nanoparticles. a, percentage of
LyP-1 labeled nanoparticles in the blood pool of healthy female Balb/c mice as a function of
time. Percentage of particles was quantified from the Bi concentration in plasma isolated
from blood drawn from the suborbital space, determined by inductively coupled plasma —
optical emission spectroscopy (ICP — OES). All error bars correspond to standard deviations
with a sample size n = 5. b, biodistribution of Bi,S3 nanoparticles in 4T1 tumor-burdened
mice 24 h postinjection as determined by ICP - OES (n=3, p =0.03). T = tumor, Sp =
spleen, Li = liver, K = kidney, Lu = lungs, H = heart, Br = brain, M = muscle. Red bars (left)
indicate injection of LyP-1 peptide-labeled Bi,S3 nanoparticles, blue bars (right) indicate
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injection with control Bi,S3 nanoparticles that were not labeled with peptide. The inset of b
shows the ratio of accumulated nanoparticles that contained the Lyp-1 peptide relative to
nanoparticles with no peptide attached. For all experiments in this Figure, the injected dose
corresponded to 200 pL of 0.25 M Bi.
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/

Figure 3.

Micro-computed x-ray tomography images of tumor-burdened mouse injected with LyP-1
targeted Bi,S3 nanoparticles. a—d, time images were obtained immediately post-injection (a),
2 h (b), 4.5h (c), and 24 h (d). The window level and window width values were adjusted to
show Bi»S3 nanoparticle accumulation in the organs and tissues. The major organs of the
reticuloendothelial system (RES) and the tumor are labeled as viewing guides in d: Li, Sp,
Tu indicate the liver, spleen, and tumor, respectively. e,f two-dimensional transverse CT
scans of the liver and spleen (e), and tumor (f), obtained 24 h post-injection of LyP-1 labeled
Bi,S3 nanoparticles. The injected dose corresponded to 200 pL of 0.25 M Bi.
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